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Abstract ǀ i 

Abstract 

Forest ecosystems are a vital part of the global carbon (C) cycle. Their potential 

to act as natural sinks of atmospheric CO2 is well known, being able to slow or 

reverse the increasing concentration of atmospheric CO2, which can contribute 

to reduce global warming and to prevent climate change. Therefore, it is 

necessary to deeply understand the ecosystem-atmosphere C exchange from the 

different forest biomes worldwide. Nevertheless, besides their importance in the 

Mediterranean basin, the C sink strength of Spanish black pine (Pinus nigra Arn. 

spp. salzmannii) forest ecosystems under natural conditions yet remains unknown. 

Besides, the current and future trends in Mediterranean fire regime as well as the 

null or limited post-fire resilience of this pine species make it a critical issue 

requiring additional efforts to address the lack of information regarding the 

forest-atmosphere interaction in recently burnt Spanish black pine stands under 

different degrees of burn severity. As well, it is worth to note that unravelling 

how slope-aspect modulates post-fire C fluxes within severely burnt landscape 

has yet to be addressed in this fire-disturbed pine forest ecosystems. In order to 

better understand the significance of different forest ecosystem C cycling 

processes and to increase the reliability and consistency of the estimates of the 

net ecosystem C exchange and its main component fluxes, a cross-validation of 

these C fluxes estimated by fully independent approaches with unrelated errors 

should be convenient in C cycling studies. Currently, the biometric and flux 

chamber-based methods (BM) and the eddy-covariance technique (EC) are the 

foremost methodologies to quantify the ecosystem-atmosphere C exchange, 

although the analysis of the consistency of BM- and EC-based C fluxes is fairly 

difficult; therefore, only few studies have conducted comparisons at both site-

level or global-scale. 

Within this framework, this Thesis examines over 3 years (2011-2013) the 

magnitude, temporal and spatial patterns, and environmental controls of the net 

ecosystem C exchange and its component C fluxes in a salvage-logged Spanish 

black pine forest located at the Cuenca Mountain Range Natural Park (Castilla-

La Mancha Region, central-eastern Spain). We measured C fluxes along a burn 

severity gradient (unburnt, low burn-severity, and high burn-severity). 

Concretely, this work focuses on early stages following fire (1.5-4.5 years post-

burn) comprising simultaneous measurements of BM and EC approaches. In 

addition, this Thesis also assess the spatio-temporal patterns of post-fire C fluxes 

from both the soil and decaying tree stumps between opposing slope-aspects 

(north- vs. south-facing) within the severely burnt landscape. Thus, after 

conventional salvage logging was performed, four experimental sites (approx. 

two ha each, about 500 m apart) were established based on a burn-severity map: 

i) an unburnt control site (UB, mature forest), ii) a low burn-severity site (LS), iii) 

a south-facing high burn-severity site (HSS), and iv) a north-facing high burn-
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severity site (HSN). The experiments included in the Chapters of this Thesis 

monitored and quantified, at ecosystem-level, the main C fluxes at unburnt and 

burnt sites by using different methodologies. The C loss from decaying tree 

stumps was estimated via wood mass loss (indirect method) and via in situ 

chamber-based CO2 flux measurements (direct method) at the LS, HSS, and 

HSN sites (Chapter 1). The total soil respiration was measured through both 

automated and manual chamber-based measurements along the burn severity 

gradient (UB, LS, HSS, and HSN sites; Chapter 2). The aboveground 

autotrophic respiration was determined at both UB and LS sites through the 

analysis of complex and simple scale-up methods. These methods did or did not 

account for, respectively: i) the vertical variation in the total wood CO2 efflux 

within individual pine trees, and ii) the effects of both the leaf ageing (current- 

vs. previous-years needles) and light inhibition (darkness vs. light) on foliar 

respiration (Chapter 3). The gross primary production (GPP) was estimated at 

both the UB and LS sites through two different modelling approaches. One of 

them was based on the C-mass balance, which was calculated as the sum of the 

aboveground net primary production, the total belowground C flux, and the 

aboveground autotrophic respiration. The other approach was based on the 

whole-canopy photosynthesis-modelling, which was obtained by combining an 

environmental-dependent non-rectangular hyperbolic light-response model, 

applied to different pine needle age-cohorts, and coupled to a two-leaf scaling-

up strategy (i.e., sunlit and shaded canopy fractions). These GPPC and GPPM 

estimates, respectively, were then used in order to estimate the net ecosystem 

production (NEPC and NEPM, respectively) at both sites from ecosystem 

respiration (Reco) estimates obtained in previous Chapters (Chapter 4). Finally, 

the net ecosystem C exchange (NEE or NEPEC) and its components (GPP, and 

Reco) were assessed at both the LS and HSS sites by using year-round (January-

December 2012) eddy-covariance (EC) measurements (Chapter 5). 

Our findings revealed that the UB site acted as moderate C sink over the whole 

study period (2011-2013), with a mean annual NEPC and NEPM of 2.43 and 2.04 

Mg C ha-1 year-1, respectively. This study ascertained that the GPP was the largest 

C flux at this mature pine forest. The mean relative contribution of soil, 

aboveground wood tissues (stem+branches), and needles to the Reco was 51, 26 

and 23%, respectively, confirming that the total soil respiration was the major 

source of C release involved in the ecosystem-atmosphere C exchange at this site. 

This research showed that the low severity surface fire did not substantially alter 

the GPP, Reco, and NEP estimates compared to the nearby UB site; therefore, 

the LS site also acted as a moderate C sink (i.e., the mean annual NEPC and NEPM 

estimates over the period 2011-2013 were 2.09 and 1.82 Mg C ha-1 year-1, 

respectively; the annual NEPEC estimate in 2012 was 2.69 Mg C ha-1 year-1). 

However, the high severity stand-replacing fire, which shifted the forest 
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ecosystem into a sparse grassland, induced a strong alteration on the ecosystem 

C exchange that lead to the HSS site behave as a moderate C source (i.e., the 

annual NEPEC estimate in 2012 was -2.08 Mg C ha-1 year-1). Tree stumps can be 

considered as hot spots of CO2 production during their early stages of decay, 

although their contribution to the Reco, which was significantly higher at both the 

HSS and HSN sites than those at the LS site, was insignificant at this burnt forest 

ecosystem. Low severity surface fire induced a limited alteration of the total soil 

respiration rates compared to the UB site because similar abiotic and biotic 

factors were observed at both unburnt and low burn-severity sites. In contrast, 

both the HSS and HSN sites showed a general increase in total soil respiration 

rates than those at the UB site, which was attributed to the influence of 

ameliorating soil environmental conditions, but especially to the C flux from 

decaying stump roots. Overall, our diachronic experiment has also revealed that 

more C was released from both the soil and decaying tree stumps at the south-

facing slope-aspect, which occurred under warmer and drier conditions than 

those occurred at the north-facing slope aspect. In addition, our findings showed 

that the low severity surface fire did not induce the modification of the 

aboveground (wood+needles) respiratory processes in the remaining pine trees 

after fire compared to the unburnt ones. 

Based on simultaneous BM and EC measurements performed at the LS site 

during 2012, our findings showed that ecosystem-level observations obtained by 

the EC approach provided analogous estimates of annual GPP but slightly 

smaller estimates of annual Reco compared to those from BM approach. 

Consequently, it resulted in a relatively low overestimation of annual EC-based 

NEP estimates in comparison with those obtained by BM approach. The 

discrepancy between both EC- and BM-based Reco estimates was associated with 

complex error sources. Overall, the high convergence between BM-EC C fluxes 

evidenced the reliability and consistency of both approaches to quantify the 

ecosystem-atmosphere C exchange at this burnt pine forest ecosystem. 

In this study, we also built on efforts to verify common sampling methodologies 

as well as to develop innovative strategies to obtain accurate BM-based C flux 

estimates. Our work confirmed that the C flux from partially buried stumps left 

on site was more accurately characterized by the direct (CO2 flux chamber) 

method rather than the indirect (wood mass loss) method. Our findings 

established that a combined effort with automated and manual chamber-based 

measurements helped to enhance the accuracy of upscaled total soil respiration 

rates by reducing bias associated with the non-optimally timed manual sampling. 

This study also suggested that the quantitative analysis of wood CO2 efflux 

regarding both the tree size distribution within the stand as well as the vertical 

variation within individual trees allowed providing improved ecosystem-level 

estimates. Our study highlighted the need to incorporate both the needle age and 
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light inhibition variations in the needle respiration when estimating this C flux at 

the ecosystem-level. Although several simplifying assumptions were implicated, 

the 3-year convergence of annual GPP estimates obtained by both the C-mass 

balance and whole-canopy photosynthesis-modelling approaches served as an 

important cross-validation, demonstrating that these laborious and independent 

approaches provided reliable ecosystem-level GPP estimates. 

Overall, this Thesis represents a considerable step forward to fill gaps in 

knowledge concerning the ecosystem-atmosphere C exchange in burnt Spanish 

black pine stands during the early stages following fire. This study also 

contributes to better understanding of the methodologies for monitoring and 

quantifying ecosystem C exchange through the simultaneous application of both 

the BM and EC approaches. 
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Resumen 

Los ecosistemas forestales son una parte vital del ciclo global del carbono (C). Su 

potencial para actuar como sumideros naturales de CO2 atmosférico es bien 

conocido, siendo capaces de ralentizar o revertir la creciente concentración de 

CO2 atmosférico, lo cual puede contribuir a reducir el calentamiento global y 

prevenir el cambio climático. Por lo tanto, es necesario entender profundamente 

el intercambio de C entre ecosistema-atmósfera de los diferentes biomas 

forestales de todo el mundo. Sin embargo, además de su importancia en la cuenca 

mediterránea, el potencial como sumidero de C de los ecosistemas forestales de 

pino laricio (Pinus nigra Arn. spp. salzmannii) en condiciones naturales todavía 

sigue siendo desconocido. Además, la tendencia actual y futura del régimen de 

incendios en el Mediterráneo así como la nula o limitada resistencia post-incendio 

de esta especie, lo convierten en un problema crítico que requiere esfuerzos 

adicionales para abordar la falta de información sobre la interacción bosque-

atmósfera en masas de pino laricio recientemente quemadas bajo diferentes 

grados de severidad de incendio. Asimismo, cabe señalar que el esclarecimiento 

de como la orientación del terreno modula los flujos de C post-incendio dentro 

del paisaje severamente quemado aún no se ha abordado en estos ecosistemas 

forestales de pino perturbados por el fuego. Con el fin de comprender mejor la 

importancia de los diferentes procesos de ciclo del C del ecosistema forestal y 

aumentar la fiabilidad y consistencia de las estimaciones del intercambio neto de 

C del ecosistema y de sus principales componentes de flujos de C, una validación 

cruzada de estos flujos de C estimada mediante métodos totalmente 

independientes con errores no relacionados debería ser conveniente en los 

estudios del ciclo de C. Actualmente, los métodos basados en mediciones 

biométricas y de cámaras de flujo (BM) y la técnica eddy-covariance (EC) son las 

principales metodologías para cuantificar el intercambio de C entre ecosistema-

atmósfera, aunque el análisis de la consistencia de los flujos de C basados en 

mediciones BM y EC es bastante difícil; por lo tanto, solo unos pocos estudios 

han llevado a cabo este tipo de comparaciones tanto a nivel de sitio como a escala 

global. 

En este marco, esta tesis examina a lo largo de 3 años (2011-2013) la magnitud, 

los patrones temporales y espaciales, y los controles ambientales del intercambio 

neto de C del ecosistema y de los flujos de C de sus componentes en un monte 

de pino laricio gestionado post-incendio y ubicado en el Parque Natural de la 

Serranía de Cuenca (Castilla-La Mancha, centro-este de España). Nosotros 

medimos los flujos de C a lo largo de un gradiente de severidad de incendio (no 

quemado, severidad baja y severidad alta). Concretamente, este trabajo se centra 

en etapas tempranas después del incendio (1.5-4.5 años después de la quema) 

integrando mediciones simultáneas basadas en métodos BM y EC. Además, esta 

tesis también evalúa los patrones espacio-temporales de los flujos de C post-



Resumen ǀ vi 

incendio tanto del suelo como de los tocones en descomposición entre 

orientaciones del terreno opuestas (norte-sur) dentro del paisaje severamente 

quemado. Así, después de la realización de las labores de extracción de la madera 

quemada, se establecieron cuatro sitios experimentales (aprox. dos hectáreas cada 

uno, separados aprox. 500 m) a partir de un mapa de severidad de incendio: i) un 

sitio control no quemado (NQ, bosque maduro), ii) un sitio de baja severidad de 

incendio (SB), iii) un sitio de alta severidad de incendio con orientación sur (SAS), 

y iv) un sitio de alta severidad de incendio con orientación norte (SAN). Los 

experimentos incluidos en los Capítulos de esta Tesis monitorizaron y 

cuantificaron, a nivel ecosistema, los principales flujos de C en sitios no 

quemados y quemados utilizando diferentes metodologías. La pérdida de C de 

tocones en descomposición fue estimada mediante la pérdida de masa de madera 

(método indirecto) y mediante mediciones in situ basadas en cámaras de flujo de 

CO2 (método directo) en los sitios SB, SAS y SAN (Capítulo 1). La respiración 

total del suelo fue medida a través de mediciones automáticas y manuales basadas 

en cámaras a lo largo del gradiente de severidad de incendio (sitios NQ, SB, SAS 

y SAN, Capítulo 2). La respiración autotrófica aérea fue determinada en los sitios 

NQ y SB mediante el análisis de métodos de escalado complejos y simples. Estos 

métodos tuvieron en cuenta o no, respectivamente: i) la variación vertical en el 

flujo total de CO2 de la madera dentro de cada pino y ii) los efectos del 

envejecimiento foliar (acículas jóvenes vs. adultas) y de la inhibición de la luz 

(oscuridad vs. luz) en la respiración foliar (Capítulo 3). La producción primaria 

bruta (PPB) fue estimada en los sitios NQ y SB mediante dos métodos de 

modelización diferentes. Uno de ellos estaba basado en el balance de masa de C, 

el cual fue calculado a partir de la suma de la producción primaria neta aérea, el 

flujo total de C subterráneo y la respiración autotrófica aérea. El otro método 

estaba basado en la modelización de la fotosíntesis del dosel arbóreo completo, 

la cual fue obtenida mediante la combinación de un modelo de respuesta a la luz 

hiperbólico no rectangular dependiente de las condiciones ambientales, aplicado 

a cohortes de acículas de diferente edad y acoplado a una estrategia de escalado 

de dos hojas (i.e., fracción del dosel en luz y en sombra). Estas estimaciones de 

PPBC and PPBM, respectivamente, fueron utilizadas para estimar la producción 

neta del ecosistema (PNEC y PNEM, respectivamente) en ambos sitios a partir de 

las estimaciones de respiración del ecosistema (Reco) obtenidas en los capítulos 

anteriores (Capítulo 4). Finalmente, el intercambio neto de C del ecosistema 

(INE o PNEEC) y sus componentes (PPB y Reco) fueron evaluados en los sitios 

SB y SAS utilizando mediciones de eddy-covariance (EC) durante todo el año 

(enero-diciembre de 2012) (Capítulo 5). 

Nuestros hallazgos revelaron que el sitio NQ actuó como un sumidero de C 

moderado durante todo el período de estudio (2011-2013), con una PNEC y 

PNEM media anual de 2.43 y 2.04 Mg C ha-1 año-1, respectivamente. Este estudio 

acreditó que la PPB fue el mayor flujo de C en este pinar maduro. La contribución 
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relativa media del suelo, madera (tronco+ramas) y acículas respecto a la Reco fue 

del 51, 26 y 23%, respectivamente, confirmando que la respiración total del suelo 

fue la principal fuente de emisión de C involucrada en el intercambio de C entre 

ecosistema-atmósfera en este sitio. 

Esta investigación mostró que el incendio de superficie de baja severidad no 

alteró sustancialmente las estimaciones de PPB, Reco y PNE en comparación con 

el sitio NQ cercano; por lo tanto, el sitio SB también actuó como un sumidero 

de C moderado (i.e., las estimaciones medias anuales de PNEC y PNEM durante 

el periodo 2011-2013 fueron 2.09 y 1.82 Mg C ha-1 año-1, respectivamente; la 

estimación anual de PNEEC en 2012 fue 2.69 Mg C ha-1 año-1). Sin embargo, el 

incendio de alta severidad, el cual transformó el ecosistema forestal en un pastizal 

disperso, indujo una fuerte alteración en el intercambio de C del ecosistema que 

condujo al sitio SAS a comportarse como una fuente de C moderada (i.e., la 

estimación anual de PNEEC en 2012 fue -2.08 Mg C ha-1 año-1). Los tocones 

pueden considerarse como focos de producción de CO2 durante sus primeras 

etapas de descomposición, aunque su contribución a la Reco, la cual fue 

significativamente mayor en los sitios SAS y SAN que en el sitio SB, fue 

insignificante en este ecosistema forestal quemado. El incendio de superficie de 

baja severidad indujo una alteración limitada de las tasas de respiración total del 

suelo en comparación con el sitio NQ debido a similares factores abióticos y 

bióticos fueron observados en ambos sitios. En cambio, los sitios SAS y SAN 

mostraron un aumento general en las tasas de respiración total del suelo en 

comparación con las obtenidas en el sitio NQ, lo cual se atribuyó a la influencia 

de la mejora de las condiciones ambientales del suelo, pero especialmente al flujo 

de C procedente de las raíces de los tocones en descomposición. En general, 

nuestro experimento diacrónico también reveló que se liberó más C tanto del 

suelo como de los tocones en descomposición en la orientación sur, lo cual 

ocurrió en condiciones más calientes y secas que las acontecidas en la orientación 

norte. Además, nuestros hallazgos demostraron que el incendio de superficie de 

baja severidad no indujo la modificación de los procesos respiratorios aéreos 

(madera + acículas) en los pinos restantes después del incendio en comparación 

con los pinos no quemados. 

En base a las mediciones simultáneas de BM y EC realizadas en el sitio SB 

durante 2012, nuestros hallazgos mostraron que las observaciones obtenidas a 

nivel ecosistema por el método EC proporcionaron estimaciones análogas de 

PPB anual pero estimaciones ligeramente inferiores de Reco anual comparadas con 

las derivadas del método BM. En consecuencia, esto dio lugar a una 

sobreestimación relativamente baja de las estimaciones anuales de PNE basadas 

en el método EC en comparación con las obtenidas por el método BM. La 

discrepancia entre las estimaciones de Reco basadas en los métodos EC y BM se 

asoció con complejas fuentes de error. En general, la alta convergencia BM-EC 
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entre los flujos de C evidenció la fiabilidad y la coherencia de ambos métodos 

para cuantificar el intercambio de C entre ecosistema-atmósfera en este 

ecosistema forestal quemado. 

En este estudio, también desarrollamos esfuerzos para verificar frecuentes 

metodologías de muestreo así como desarrollar estrategias innovadoras que 

permitan obtener estimaciones precisas de flujos de C basados en el método BM. 

Nuestro trabajo confirmó que el flujo de C de los tocones parcialmente 

enterrados que quedaron en el sitio se caracterizó con mayor precisión por el 

método directo (cámara de flujo de CO2) en lugar de por el método indirecto 

(pérdida de masa de madera). Nuestros hallazgos establecieron que un esfuerzo 

combinado con mediciones automáticas y manuales basadas en cámaras ayudó a 

mejorar la precisión del escalado de las tasas de respiración total del suelo 

mediante la reducción del sesgo asociado con el muestreo manual no realizado 

óptimamente en el tiempo. Este estudio también sugirió que el análisis 

cuantitativo del flujo de CO2 de la madera en relación con la distribución del 

tamaño del árbol dentro de la masa así como la variación vertical dentro de los 

árboles individuales permitió proporcionar mejores estimaciones a nivel 

ecosistema. Nuestro estudio destacó la necesidad de incorporar la edad de la 

acícula y las variaciones de inhibición de la luz en la respiración de las acículas al 

estimar este flujo de C a nivel ecosistema. Aunque varias suposiciones 

simplificadas fueron establecidas, la convergencia de las estimaciones anuales de 

PPB obtenidas durante los 3 años por el balance de masa de C y la modelización 

de la fotosíntesis del dosel arbóreo completo sirvieron como una importante 

validación cruzada, demostrando que estos métodos laboriosos e independientes 

proporcionaron fiables estimaciones de PPB a nivel ecosistema. 

En general, esta tesis representa un avance considerable para subsanar las 

carencias en el conocimiento existente sobre el intercambio de C entre 

ecosistema-atmósfera en masas de pino laricio quemadas durante las primeras 

etapas posteriores al fuego. Este estudio también contribuye a una mejor 

comprensión de las metodologías para monitorear y cuantificar el intercambio de 

C del ecosistema a través de la aplicación simultánea de los métodos BM y EC. 
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1. General introduction 

1.1. Carbon exchange between biosphere and atmosphere: 
The role of forest ecosystems 

1.1.1 Overview of the global carbon cycle 

The global carbon (C) cycle consists of a series of carbon pools or reservoirs in 

the Earth’s system, i.e., the atmosphere, the oceans, reserves of fossil fuels, and 

the terrestrial biosphere, including vegetation and soils (Houghton, 2003), which 

store and exchange fluxes of C at different rates and quantities, and with different 

lifetimes (Ciais et al., 2013). The balance of the C cycle varies in time and space; 

this includes its dependency on environmental conditions such as climate, 

atmospheric conditions, nutrient supply, and water availability, as well as on 

human activities (Ciais et al., 2013; Denman et al., 2007). 

From a conceptual point of view, C fluxes can be divided into fast and slow fluxes 

(Ciais et al., 2013; Riebeek, 2011). Fast fluxes move C between ephemeral 

reservoirs such as the atmosphere, the ocean, surface ocean sediments, 

vegetation, soils, peat, and freshwaters. Within these reservoirs, C turnover times 

range from a few years for the atmosphere, to decades or millennia for the ocean, 

land vegetation and soils (Ciais et al., 2013). Slow C fluxes consist mainly of 

geological processes (volcanism, chemical weathering, erosion, and 

sedimentation on the sea floor), which exchange small quantities of C (< 0.3 PgC 

year-1) between the slow and fast reservoirs (Ciais et al., 2013). As a consequence, 

turnover times of slow reservoirs are 10.000 years or longer and can be assumed 

relatively constant in time with little human-induced perturbations over the last 

centuries (Raymond and Cole, 2003). During the Holocene (beginning 11700 

years ago prior to the Industrial Era), C cycling within the fast reservoirs was 

close to a steady state (Ciais et al., 2013). By contrast, fossil fuel extraction from 

slow geological reservoirs, and their combustion, resulted in an extraordinary 

rapid transfer of C from the slow into the fast reservoirs, thus causing an 

unprecedented, major human-induced perturbation in the carbon cycle (Boden 

et al., 2016; Bonan, 2016; Ciais et al., 2013; Le Quéré et al., 2016). 

 

1.1.2. Global carbon cycle before the pre-Industrial Era (prior to 1750) 

1.1.2.1. Carbon reservoirs 

In the atmosphere, carbon dioxide (CO2) is the dominant carbon bearing trace 

gas, although additional trace gases including methane (CH4), carbon monoxide 

(CO) and still smaller amounts of hydrocarbons, black carbon aerosols and 

organic compounds are also present (Ciais et al., 2013; Denman et al., 2007). 

Historically, the atmospheric CO2 concentration obtained from ice-core records 
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has shown considerable fluctuations over the last 800.000 years, which varied 

between 180 ppm during glacial (cold) up to 290 ppm during interglacial (warm) 

periods (Fig. 1) (Ciais et al., 2013; Lüthi et al., 2008; Siegenthaler et al., 2005). 

During the last 7.000 years prior to 1750 (i.e., pre-Industrial Era), the atmospheric 

CO2 concentration was relatively stable, showing very slow changes (increase) 

from 260 to 280 ppm (Fig. 1) (Ciais et al., 2013; Elsig et al., 2009). At the 

beginning of industrial era in 1750, the atmospheric CO2 concentration was 278 

± 5 ppm (Fig. 1) (Ciais et al., 2013), resulting in an atmospheric content mass of 

590 ± 11 PgC (Fig. 2; 1 ppm CO2 = 2.12 PgC) (Ballantyne et al., 2012; Sundquist 

et al., 2009). 

 

Figure 1. a) Atmospheric CO2 concentrations in parts per million (ppm) for the past 

800000 years. Adapted from Lindsey (2017), based on NOAA Climate.gov graph and 

EPICA Dome C data (Lüthi et al., 2008) provided by NOAA NCEI Paleoclimatology 

Program. b) Atmospheric CO2 concentrations during 1958-2016. Adapted from Le 

Quéré et al. (2016). Monthly data during 1980-2016 are from NOAA/ESRL 

(Dlugokencky and Tans, 2016). Monthly data during 1958-1979 are from the Scripps 

Institution of Oceanography (Keeling et al., 1976). Mean seasonal cycle during 1980-

2016 based on NOAA/ESRL data is also shown. 
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Of the three major Earth’s system reservoirs, approximately 90% of C is stored 

in the oceans (Fig. 2) (Ussiri and Lal, 2017). Thus, while the dissolved organic 

carbon (700 PgC) and surface ocean (900 PgC) contribute to a substantial 

fraction of oceanic C stocks, the intermediate and deep sea represent the largest 

reservoir of C of the Earth’s system (37100 PgC, predominantly as dissolved 

inorganic carbon) (Ciais et al., 2013; Denman et al., 2007; Sundquist et al., 2009). 

The remaining ocean C reservoirs are represented by marine biota (3 PgC) and 

ocean floor sediments (1750 PgC) (Ciais et al., 2013). 

The terrestrial biosphere reservoir contains C in organic compounds in 

vegetation biomass (450 to 650 PgC) (Prentice et al., 2001), and in soils to 3m 

depth (2400-3200 PgC) (Sundquist et al., 2009), of which, the dead organic matter 

in litter and soils to 1m depth contain a significant part (Fig. 2; 1500 to 2400 PgC) 

(Batjes, 1996). Most terrestrial C is stored in the vegetation and soils of forest 

ecosystems, which cover ≈ 30% of the land surface (Grace, 2004) and hold ≈ 

75% of the living organic C (Houghton, 2003; Sabine et al., 2004). There is an 

additional amount of old soil C in wetland soils (300 to 700 PgC) (Bridgham et 

al., 2006) and in permafrost soils (1700 PgC) (Tarnocai et al., 2009). 

Coal, oil and gas are the residuals of organic matter formed millions of years ago 

by green plants, which escaped oxidation, became buried in the Earth, and over 

the time were transformed to a fossil form (Houghton, 2003). Thus, the fossil 

fuel reservoir contains a significant amount of C (Fig. 2; 1002-1940 PgC) (Ciais 

et al., 2013). 

 

Figure 2. A simplified schematic of the global C cycle. Adapted from Ciais et al. 

(2013) and Le Quéré et al. (2016). Black numbers and arrows indicate best estimates of 

C reservoir mass (PgC, where 1 PgC = 1015 gC) and exchange fluxes (PgC year-1) prior 

the Industrial Era. Red numbers in reservoirs denote cumulative changes of 

anthropogenic C over the Industrial Era. Red numbers and arrows indicate annual 

anthropogenic fluxes averaged over 2006-2015. A positive cumulative change means 

that a reservoir has gained C since 1750. 
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1.1.2.2. Carbon exchanges between reservoirs 

In terrestrial biosphere reservoir before the anthropogenic influence, plant 

photosynthesis was responsible for a CO2 uptake of 108.9 PgC year-1, while 

respiration and, to a lesser extent, by disturbances such as wildfires, were together 

responsible for the emission of 107.2 PgC year-1 (Ciais et al., 2013). Thus, the 

terrestrial biosphere was a small annual sink of C (Fig. 2; 1.7 PgC year-1) (Ciais et 

al., 2013). 

Rivers and freshwaters represent a direct link between the terrestrial and the 

ocean reservoirs. A smaller but significant amount of carbon (1.7 to 2.7 PgC year-

1) was transferred from soils to freshwaters and then either out-gassed as CO2 

into the atmosphere (0.8 to 1.2 PgC year-1), buried in aquatic sediments (0.2 to 

0.6 PgC year-1), or delivered by rivers into the ocean (0.9 PgC year-1) 

(Aufdenkampe et al., 2011; Cole et al., 2007). 

Atmospheric C redistributes into the ocean through ocean-atmosphere gas 

exchange, which is driven by the partial CO2 pressure difference between the air 

and the sea (Ciais et al., 2013). On the whole, oceans absorbed from the 

atmosphere approximately 60 PgC year-1 and released 60.7 PgC year-1. Thus, the 

ocean source was a small annual source of C (Fig. 2; 0.7 PgC year-1) (Ciais et al., 

2013). 

 

1.1.3. Evolution of the global carbon cycle since the Industrial 

Revolution 

Human activities have significantly influenced the global C cycle (Boden et al., 

2016; Bonan, 2016; Ciais et al., 2013; Le Quéré et al., 2016). Since the beginning 

of the Industrial Era, humans have been producing energy by burning of fossil 

fuels (coal, gas, and oil) and producing cement, processes that are increasing 

emissions of CO2 into the atmosphere (FFCO2) (Boden et al., 2011; Ciais et al., 

2013). Between 1750 and 2015, FFCO2 contributed to a release of 410 ± 20 PgC 

to the atmosphere, with a current increasing rate about 9.3 ± 0.5 PgC year-1 

averaged over 2006-2015 (Fig. 2) (Boden et al., 2016; Le Quéré et al., 2016). Land 

use and land cover changes (mainly deforestation; LULC) have been identified 

as the second largest source of anthropogenic CO2 emissions to the atmosphere 

(Ciais et al., 2013). Since 1750, LULC changes have induced an expansion of 

cropland and pasture areas, corresponding to about 38% of the total ice-free land 

area (Foley et al., 2011). However, the LULC CO2 emissions are partly offset by 

other land uses such as afforestation, vegetation regrowth on abandoned lands, 

and other deliberate land management activities that enhances CO2 fixation from 

atmosphere (Houghton et al., 2012; Ussiri and Lal, 2017). Thus, LULC activities 

have released an additional 190 ± 65 PgC during 1750-2015, with a current 
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increasing rate around 1.0 ± 0.5 PgC year-1 averaged over the last decade (2006-

2015; Fig. 2) (Giglio et al., 2013; Houghton et al., 2012). As a result of FFCO2 

and LULC processes, which cumulative emissions for 1750-2015 were 600 ± 70 

PgC, the concentration of CO2 in the atmosphere has increased by ≈44%, from 

278 ± 5 ppm to 399.4 ± 0.1 ppm in 2015 (Fig. 1) (Dlugokencky and Tans, 2016; 

Le Quéré et al., 2016). This CO2 increment corresponded to an increase of 260 

± 5 PgC in the atmosphere during 1750-2015, with an increasing rate of 4.5 ± 

0.1 PgC year-1 over 2006-2015 (Fig. 2) (Dlugokencky and Tans, 2016; Le Quéré 

et al., 2016). Therefore, the current (2015) C content in the atmosphere is equal 

to 850 PgC (Ussiri and Lal, 2017), with additional trace gases including CH4 (≈3.7 

PgC) and CO (≈0.2 PgC) (Ciais et al., 2013). In this way, there is a growing 

scientific concern about the influence of anthropogenic increase in atmospheric 

CO2, which is the primary anthropogenic greenhouse gas (GHG), on Earth’s 

climate change and global warming (IPCC, 2014). Thus, CO2 is cumulatively 

responsible for approximately 55% of greenhouse-gas-related climate forcing, 

popularly known as “the greenhouse effect” (Houghton et al., 1990). In turn, 

rising rates and magnitudes of warming has led to changes of the climate system 

and will continue to pose a great challenge for future generations (IPCC, 2014). 

Consequently, the rising atmospheric CO2 content induces a disequilibrium in 

the exchange C fluxes between the atmosphere and the land and oceans, 

respectively (Ciais et al., 2013). The ocean reservoir has acted as a C sink, storing 

175 ± 20 PgC during 1750-2015, with a current increasing rate of 2.6 ± 0.5 PgC 

year-1 averaged over 2006-2015 (Fig. 2) (Boden et al., 2016; Le Quéré et al., 2016). 

The uptake of anthropogenic C by the ocean is primarily a response to increasing 

CO2 in the atmosphere, which implies a rising atmospheric CO2 partial pressure 

that induces a globally averaged net-air-to-sea flux (Ciais et al., 2013; Graven et 

al., 2012). 

The terrestrial biosphere reservoir not affected by LULC processes has also acted 

as a C sink over the industrial period (1750-2015), with a cumulative uptake of 

165 ± 70 PgC, and which has been increasing at 3.1 ± 0.9 PgC year-1 over 2006-

2015 period (Fig. 2) (Boden et al., 2016; Le Quéré et al., 2016). This C sink is 

owing to the CO2 uptake through plant photosynthesis is higher than the CO2 

release through respiration and, to a lesser extent, by disturbances such as 

wildfires. As a whole, increased terrestrial ecosystem C storage may have resulting 

from the effects of CO2 fertilization (enhancements of photosynthesis under 

elevated atmospheric CO2 levels) (Ciais et al., 2013; Sitch et al., 2015), increased 

nitrogen (N) deposition (Bonan and Levis, 2010; Yue et al., 2016; Zaehle and 

Dalmonech, 2011), and changes in climate favouring C sinks such as longer 

growing seasons in mid-to-high latitudes (Gloor et al., 2009; Nemani et al., 2003). 

Forest area expansion due to afforestation and forest regrowth (Bellassen et al., 

2011; Houghton, 2010; Pacala et al., 2001; Williams et al., 2012) as well changes 
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in forest management and reduced harvest rates (Nabuurs et al., 2008) are also 

responsible for the net atmosphere-to-land C sink on terrestrial ecosystems. 

Therefore, the net balance of all terrestrial ecosystems, those affected by land use 

change and the others, is thus close to neutral since 1750, with an average loss of 

25 ± 70 PgC, with a current rate of 2.1 ± 0.7 PgC year-1 averaged over 2006-2015 

(Boden et al., 2016; Le Quéré et al., 2016). 

 

1.1.4. The role of forest ecosystems in the global carbon cycle 

In this context, terrestrial ecosystems, and particularly forest ecosystems, play an 

important role in the global C cycle since they are the main control of 

atmospheric CO2 dynamics because they act as natural sinks of atmospheric CO2 

(Friend et al., 2007) and are thought to offer a mitigation strategy to slow or 

reverse the build-up of atmospheric CO2, and hence reduce the global warming 

(Luyssaert et al., 2007; Pan et al., 2011). A comprehensive assessment of 

ecosystem C balance in forests is therefore of paramount importance for the 

global change research community (Xu et al., 2014). However, despite all the 

work that has been done so far, our understanding of the magnitude, temporal 

and spatial patterns, and environmental controls of the net ecosystem C exchange 

and its component fluxes remains limited in different biomes (Oliphant, 2012), 

such as, for instance, the Mediterranean forest ecosystems (Fernández-Martínez 

et al., 2014). This finding emphasizes the need for additional studies to 

disentangle the C sink strength of these forest ecosystems under current and 

future climate scenarios. 

 

1.2. Processes involved in the ecosystem carbon exchange 

Net ecosystem production (NEP) represents the C balance of an ecosystem 

through the process of sequestration and loss (Chapin III et al., 2001; Randerson 

et al., 2002). Specifically, NEP has been defined as the difference between two 

larger C fluxes of opposite sign: ecosystem-level CO2 uptake by photosynthetic 

assimilation rate (gross primary production, GPP) and CO2 release from 

ecosystem respiration (Reco) (Eq. (1), Fig. 3) (Chapin III et al., 2006). Thus, 

ecosystems exhibiting positive NEP are acting as C sinks, while ecosystems 

exhibiting negative NEP are acting as C sources (Campbell et al., 2004). 

ecoRGPPNEENEP                                      (1) 

Net ecosystem exchange (NEE) is the net CO2 exchange with the atmosphere, 

i.e., the vertical and lateral CO2 flux from the ecosystem to the atmosphere, and 

has been used as a short-term (daily to annual) approximation of NEP 

(Baldocchi, 2003; Chapin III et al., 2006). Aside from conventionally being 
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opposite in sign (a positive NEE is a positive flux to the atmosphere), NEE 

differs from NEP in omitting non-atmospheric gains and losses of respiration-

derived dissolved inorganic C (DIC) (Chapin III et al., 2006). NEE approaches 

NEP when this latter C flux is small (Chapin III et al., 2006). Conceptually, NEE 

and NEP can be considered equivalent in value, in that both constitute the 

difference between GPP and Reco (Curtis et al., 2002). 

 

Figure 3. Schematic diagram of carbon fluxes and storage that determinate the net 
ecosystem production (NEP) in a forest ecosystem. NEE: net ecosystem exchange, 

GPP: gross primary production, Reco: ecosystem respiration, SR: total soil respiration, 
RH: heterotrophic respiration, RAb: belowground autotrophic respiration, RH-fwd: 

heterotrophic respiration from decomposition of fine woody debris, RH-cwd: 
heterotrophic respiration from decomposition of coarse woody debris, RAa: 

aboveground autotrophic respiration, RW: total wood CO2 efflux, RF: foliar respiration, 
AGB: aboveground biomass, L: litterfall, ANPP: aboveground net primary production, 
BNPP: belowground net primary production, BNPPRF: fine-root production, BNPPRC: 

coarse-root production, NPP: net primary production. 
 

GPP refers to the total amount of C fixation by autotrophic C-fixing tissues in 

an ecosystem (Chapin III et al., 2006). Reco integrates several different soil and 

plant processes, so it may be separated functionally into respiration of 

autotrophic and heterotrophic organisms (Eq. (2)) (Jassal et al., 2007; Reichstein 

et al., 2012). The synthesis of new plant tissue from CO2, water and nutrients and 
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the maintenance of living tissues are energy demanding processes (Amthor, 2000; 

Penning De Vries et al., 1974). Hence, some photo-assimilated compounds are 

lost from the ecosystem as autotrophic respiration (RA) due to the costs 

associated with growth and maintenance of foliage, wood, and roots. The litter 

and/or soil layer carbon pools are subjected to decomposition by microbial 

activity, a process defined as heterotrophic respiration (RH). The decomposition 

processes that contribute to RH include decomposition of current year biomass, 

but also contain decomposition of organic matter that accumulated in the 

ecosystem during the last decades, centuries or millennia. 

In addition, RA may be separated spatially into above- and belowground 

respiration components (Eq. (3)) (Reichstein et al., 2012). Aboveground RA (RAa) 

has two CO2 flux components: total wood CO2 efflux (RW, which is in turn 

comprises stem and branch CO2 efflux, i.e., ES and EB, respectively) and foliar 

respiration (RF) (Fig. 3) (Chambers et al., 2004; Litton et al., 2007; Ryan et al., 

2009). Belowground RA (RAb) is composed by the respiration of live roots, their 

mycorrhizal fungal symbionts and other closely root-associated microorganisms 

dependent on recent photosynthate (Fig. 3) (Högberg and Read, 2006). 

HAeco RRR                                                (2) 

AbFWAbAaA RRRRRR                                  (3) 

Furthermore, the total soil respiration (SR), which is the addition of RH and RAb, 

is considered as the main contributor of Reco in several forest ecosystems (e.g., 

Curiel Yuste et al., 2005; Guidolotti et al., 2013; Matteucci et al., 2015; Tang et 

al., 2008). Other respiratory components as the heterotrophic respiration from 

decomposition of fine and coarse woody debris (RH-fwd and RH-cwd) can be a 

significant part of Reco (Eq. (4), Fig. 3) (Harmon et al., 2011). 

cwdHfwdHFWeco RRSRRRR                              (4) 

The amount of photosynthates that is not used for respiration and is available 

for other processes is obtained from the balance between GPP and RA, which is 

defined as the net primary production (NPP); the net flux of C from the 

atmosphere into organic matter (i.e., foliage, branches, stems, reproductive 

organs, and roots) (Eq. (5)) (Chapin III et al., 2006; Clark et al., 2001). 

ARGPPNPP                                              (5) 

NPP is usually estimated as the total increment of new organic matter produced 

during a specified interval (Clark et al., 2001), i.e., the sum of the net increments 

in aboveground and belowground live biomass plus C losses in root exudates, 

herbivory, and emissions of volatile organic compounds, which contribution to 

total NPP is marginal (Chapin III et al., 2006). Thus, in practice, NPP is the sum 
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of above- and belowground net primary production, ANPP and BNPP, 

respectively (Eq. (6), Fig. 3) (Clark et al., 2001; Litton et al., 2007). 

BNPPANPPNPP                                          (6) 

ANPP is estimated as the sum of the aboveground biomass increment (ΔAGB), 

which is defined as the net increase in biomass C of all aboveground tree 

components (foliage and wood -including branches and stems-) and the litterfall 

(L) production rate (Eq. (7)) (Clark et al., 2001). 

LAGBANPP                                            (7) 

BNPP can be estimated as the sum of fine- and coarse-root production (BNPPRF 

and BNPPRC, respectively; fine roots Ø ≤ 5 mm) (Eq. (8)) (Jiménez et al., 2014; 

Rambal et al., 2014). 

RCRF BNPPBNPPBNPP                                      (8) 

In addition, BNPP can be estimated assuming that RAb is a constant fraction of 

BNPP: 

CUETBCFBNPP                                          (9) 

Where TBCF is the total belowground carbon flux and CUE is the carbon-use 

efficiency of belowground production (commonly assumed as 0.5) (Giardina et 

al., 2005; Litton and Giardina, 2008). The TBCF is defined as follows (Giardina 

and Ryan, 2002; Nouvellon et al., 2012; Ryan et al., 2010): 

 StSLR CCCCELSRTBCF                   (10) 

Where SR is the total soil respiration, L is the litterfall, E is the C flux transported 

off the site (by leaching of the dissolved organic and inorganic C, erosion, or CH4 

emission), ΔCR is the increase in root biomass C content, ΔCL is the increase in 

aboveground litter biomass C content on the forest floor, ΔCS is the increase in 

mineral soil C content, and ΔCSt is the C loss from decomposition of dead wood. 

The imbalance between NPP and RH also determines the NEP (Chapin III et al., 

2006): 

HRNPPNEP                                            (11) 

Additionally, the term net ecosystem carbon balance (NECB) denotes the net 

rate of C accumulation (positive sign) or loss (negative sign) by an ecosystem 

including physical, biological, and anthropogenic processes (Chapin III et al., 

2006). 

PCDOCDICVOCCHCO FFFFFFNEPNECB  4              (12) 

Where NEP is the net ecosystem production (C sink, C source, or C neutral), FCO 

is the net carbon monoxide (CO) absorption or efflux, FCH4 is the net methane 
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(CH4) consumption or efflux, FVOC is the net volatile organic C (VOC) absorption 

or efflux, FDIC is the net dissolved inorganic C (DIC) input or loss to the 

ecosystem, FDOC is the net dissolved organic C (DOC) input or loss to the 

ecosystem, and FPC is the net lateral transfer of particulate (non-dissolved, non-

gaseous) C into or out of the ecosystem by processes such as animal movement, 

soot emission during fires, water and wind deposition and erosion, and 

anthropogenic transport or harvest (Chapin III et al., 2006). 

Extrapolation of NECB to larger temporal and spatial scales has been termed net 

biome production (NBP) (Schulze and Heimann, 1998). Both NECB and NBP 

represent a full accounting of the terrestrial C balance, which is beyond the scope 

of the current research objectives. 

 

1.3. Measuring and modelling carbon fluxes at ecosystem-
level 

Estimation of the C exchange between forest ecosystems and the atmosphere 

depends on complex relations among the physical, chemical, and biological 

processes involved (Friedlingstein et al., 2006); therefore, it has been studied on 

various temporal and spatial scales (Chapin III et al., 2006). Ecosystem-level C 

fluxes can be mainly determined by direct measurement of the ecosystem CO2 

exchange or by integration and upscaling of the component C fluxes that sum up 

the total ecosystem gas exchange. Thus, two main empirical approaches are used 

to quantify NEP (or NEE), GPP, and Reco estimates: the biometric and flux 

chamber-based methods (BM) (Campioli et al., 2016; Gielen et al., 2013; Gough 

et al., 2008; Peichl et al., 2010) and the eddy-covariance technique (EC) (Aubinet 

et al., 2012; Baldocchi, 2003; Reichstein et al., 2007). 

 

1.3.1. Biometric and flux chamber-based methods (BM) 

The BM approach uses a well-established but un-standardized set of techniques 

(Fig. 4), from chamber-based CO2 flux measurements, which include leaf 

cuvettes (Atkinson et al., 1986; Collatz et al., 1991; Field et al., 1982), as well as 

whole-plant (Denmead et al., 1993; Goulden and Field, 1994), and soil 

(Livingston and Hutchinson, 1995; Pumpanen et al., 2004) chambers, to repeated 

inventory studies for the estimation of change in C stock in biomass (Clark et al., 

2001) and in soil (Amundson, 2001; Lal et al., 2001). Dead wood respiratory (i.e., 

decomposition) C flux can be estimated by both direct (chambers) and indirect 

(wood mass loss or density change through repeated surveys) methods 

(Herrmann and Bauhus, 2008; Russell et al., 2015). 
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Chamber-based methods are most frequently used to estimate ecosystem C flux 

due to their low cost and ease of use (Epron et al., 1999; Lavigne et al., 1997; 

Tang et al., 2008; Xu et al., 2001; Zha et al., 2004). However, upscaling from 

small-scale measurements or modelling of C exchange to determine tree- or 

ecosystem-level are nor trivial. Thus, while the cuvette is placed on a leaf or twig, 

the chamber is located over a plant (herb, shrub or tree), soil or woody debris; 

therefore, these measurements are only made on a small portion of the surface 

or biomass, and they must be finally upscaled (i.e., integrated) at the ecosystem-

level. Upscaling involves extrapolation of chamber-based C flux measurements 

both in space (i.e., from cuvette or chamber to the whole ecosystem) and in time 

(i.e., from periodic or intermittent measurements to a half-hourly to an annual 

time step) (Reichstein et al., 2012). Most commonly, chamber-based C 

measurements have been conducted with manual chambers, which offer great 

spatial but low temporal resolution (Koskinen et al., 2014). The use of automated 

chamber systems can improve the accuracy of C exchange upscaling, although 

they require a substantial technical and economical effort (Bastviken et al., 2015; 

Burrows et al., 2005). Carbon flux estimates at the ecosystem-level based on 

cuvette/chamber measurements also require the use of suitable and 

representative upscaling scalar variables of the study area; e.g., main soil-surface 

areas (i.e., bare soil and under vegetation cover), leaf area index or leaf biomass, 

whole-tree stem and branch sapwood volumes or areas, amount and state of 

decay of woody debris (Almagro et al., 2009; Guidolotti et al., 2013; Reichstein 

et al., 2012; Tang et al., 2008; Tarvainen et al., 2014); and/or environmental 

factors (e.g., soil water content, soil temperature, air temperature, 

photosynthetically-active radiation) (Matteucci et al., 2015; Reichstein et al., 2012; 

Rodríguez-Calcerrada et al., 2012) for the integration of measurements at annual 

scale using empirical models. 
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Figure 4. Example of biometric and flux chamber-based measurements. Photograph 

author: Eduardo Martínez García. 

 

Biometric measurements based on forest biomass inventory studies rely on 

allometric equations for overstory trees, which relate diameter at breast height 

(DBH, 1.30 m) to leaf, bole, branches and coarse roots biomasses, to scale 

incremental changes in DBH to ΔAGB and/or BNPPRC at plot and/or 

ecosystem scales (Barford et al., 2001; Clark et al., 2001). Analogously, these 

terms are also estimated by destructive sampling for understory vegetation 

(mosses, herbs, grasses, and shrubs) at approximately peak biomass, although 

allometric equations usually include understory crown coverage, canopy volume 

as well as mean basal diameter as independent variables (Law et al., 2008) and/or 

a given set of stand conditions as scalars (Suchar and Crookston, 2010). However, 

despite the importance of BNPPRF in NPP estimates, it remains one of the 

attributes of terrestrial ecosystems with the most uncertainties in its estimation 
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(Giardina and Ryan, 2002). Thus, a variety of approaches to estimate BNPPRF 

exist, which can be grouped in: (1) methods involving direct root sampling, 

including sequential coring, in-growth cores, rhizotron/minirhizotron-based 

technique, excavation and isotope dilution, and (2) methods without root 

sampling, including nitrogen budget and regression and simulation models 

(Milchunas, 2009). Estimation of litterfall and aboveground litter on the forest 

floor are essential for understanding the ANPP at the ecosystem-level and to 

quantify the transfers of C from live vegetation to the soil C pools. Usually, in 

situ observations rely on litter traps that store falling matter or on litter collection 

campaigns spread in time to quantify these carbon fluxes (Ravindranath and 

Ostwald, 2008). Dead wood (i.e., standing snags, downed logs and woody debris, 

as well as stumps) is a significant component of forest ecosystems, which 

estimates of carbon stored and released during its decomposition have been 

usually addressed in synchronic studies based on chronosequences (Bond-

Lamberty et al., 2003; Boulanger and Sirois, 2006; Garrett et al., 2010; Shorohova 

et al., 2008). Quantifying soil C stocks and rates of change over time have been 

conventionally addressed employing soil coring method and analysing for C 

concentration (Law et al., 2008), although recent developments in near-infrared 

spectroscopy (NIRS) and laser-induced breakdown spectroscopy (LIBS) have led 

to improve its estimation (Whitehead et al., 2010). 

Advantages of the BM approach include valuable insights into forest ecological 

processes and C dynamics (Campioli et al., 2016; Curtis et al., 2002; Luyssaert et 

al., 2009), and a broad applicability across different forest types and 

meteorological conditions without the requirements imposed by the EC 

technique (see below) (Aubinet et al., 2012; Campioli et al., 2016). In addition, 

Campioli et al. (2016) reported that this approach takes advantage of the fact that 

it is also useful for evaluating the impact of ecosystem manipulative experiments 

on the C cycle (e.g., Lu et al., 2017; Norby et al., 2016; Schindlbacher et al., 2012), 

whereas EC technique cannot be applied to experimental plots of limited size 

(Aubinet et al., 2012; Eugster and Merbold, 2015). 

On the other hand, BM approaches have drawbacks. Biometric and chamber-

based C measurements involve ongoing laborious and time-consuming 

requirements (Campioli et al., 2016; Hermle et al., 2010). In particular, chamber-

based C measurements are usually performed on few replicated individuals, plant 

organs (e.g., few leaves), and/or small-scale surfaces (e.g., soil, stem, and/or 

branches) that need to be up-scaled at the ecosystem-level, assuming 

homogeneity i) within and among plants, ii) spatially into the soil, and iii) in all 

relevant environmental factors. Consequently, the empirical regressions defining 

the response of C exchange to environmental and physiological driving factors 

can differ from those detected with independent micrometeorological 

measurements (Denmead et al., 1993; Ruimy et al., 1995). Furthermore, 
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chamber-based measurements are prone to a variety of potential uncertainties 

associated with so-called chamber effects (Mossier, 1990); therefore, cuvettes 

and/or chambers may disturb the environment and alter CO2 concentration as 

well as pressure gradients, turbulent fluctuations and air flow (Baldocchi, 2003; 

Wang et al., 2010). Most C fluxes cannot be easily monitored continuously (e.g., 

photosynthetic CO2 uptake of leaves) or even directly (e.g., autotrophic 

respiration from roots), making their upscaling at ecosystem-level more 

challenging. Finally, considerable errors in ecosystem-level C flux estimates are 

associated with inaccurate sampling approaches; e.g., indirect estimates of C flux 

from decaying dead wood (Russell et al., 2015), not taking into account the 

vertical variation in RW within individual trees (Katayama et al., 2014; Ryan et al., 

2009; Tarvainen et al., 2014), and/or measuring limitations for the changing 

respiratory physiology of leaves over its leaf span, daytime/night-time periods, 

sun or shade environments, and vertical gradients within the canopy position 

(Atkin et al., 2013; Ayub et al., 2011; Crous et al., 2012; Rodríguez-Calcerrada et 

al., 2012; Villar et al., 1995). In addition, the accuracy of the upscaling C fluxes 

largely depends on the suitability of the scalar multipliers used (Wang et al., 2010). 

Biometric measurements are also usually based on simplified sampling plot 

designs, in which the number, size, shape, and representativeness of the plots 

have implications for accuracy and precision in measuring and monitoring C 

stock changes within the sampled ecosystem (Ravindranath and Ostwald, 2008). 

Annual growth variability of individual trees can be derived from repeated 

measures of DBH of marked trees in permanent sample plots and/or from tree-

ring width data, but both methodologies have measurement uncertainty (Foster 

et al., 2014; Holdaway et al., 2014). Furthermore, biomass C increment of 

overstory trees may be inferred from allometric equations that are i) not species- 

and/or site-specific, ii) implemented beyond a DBH range of overstory trees for 

which they were developed, and iii) not reflect correctly the amount of C that is 

allocated belowground. In addition, the biomass C increment of understory 

vegetation has not been widely reported (Chen et al., 2017). Moreover, there are 

practical limitations with measuring temporal changes in mineral soil C 

inventories, which is commonly thought to be relatively stable, and there exists 

the possibility that some potentially important components of the C budget have 

not been accounted for (e.g., deadwood and litter pools) (Campioli et al., 2016; 

Seedre et al., 2011). 

 

1.3.2. Eddy-covariance technique (EC) 

The eddy-covariance (EC) technique allows high frequency measurements of 

ecosystem-atmosphere fluxes of carbon, water and energy (Baldocchi, 2003). EC 

measurements encompass high temporal resolution (from minutes to years) at 
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representative ecosystem scale (from hectares to several squared kilometres) to 

ecosystem-level processes. EC technique is very attractive for long-term 

continuous monitoring of the net ecosystem C exchange at ecosystem-level since 

its measurements are direct and non-invasive (Baldocchi, 2003). 

This technique, first proposed by Montgomery (1948), Obukhov (1951), and 

Swinbank (1951), was derived from broad scientific and technological 

developments in the field of micrometeorology (Aubinet et al., 2001). But it was 

in the early 90’s that the first yearlong study of continuous C exchange at 

ecosystem-level began (Wofsy et al., 1993). Thus, the implementation of EC 

systems expanded in successive years, especially, in developed countries 

(Goulden et al., 1996; Greco and Baldocchi, 1996; Valentini et al., 1996). In fact, 

in 1997, regional networks of EC flux measurements site were operating in 

Europe (CarboEurope-flux) (Valentini et al., 2000) and North America 

(AmeriFlux) (Running et al., 1999). In recent years many EC observation sites 

have been established, leading to the development of the global Fluxnet 

micrometeorological network (http://fluxnet.fluxdata.org/) (Baldocchi et al., 

2001), which encompasses, in turn, other regional networks across the globe 

(AmeriFlux, AfriFlux, AsiaFlux, ChinaFlux, EuroFlux, ICOS, JapanFlux, Oz-

Flux, etc…; http://fluxnet.fluxdata.org/about/regional-networks/). 

The EC technique measures simultaneously fluctuations of high-speed vertical 

(w) and horizontal (u and v) components of wind velocity and temperature from 

a three-dimensional (3-D) sonic anemometer and fluctuations of densities of CO2 

and H2O from fast-response, non-dispersive infrared gas analyser (IRGA) (Fig. 

5). Sampling rate frequency is 10 to 20 Hz (Oliphant, 2012). However, 

instrumentation used at various sites is not standardized. Different commercially 

available 3-D sonic anemometers have been widely used, which have specific 

characteristics that have to be considered with respect to data acquisition 

(Munger et al., 2012). The gas analysers are divided into two main categories: 

open-path (OP) IRGA, in which the gas concentration is measured in situ close 

to the anemometer, or closed-path (CP) IRGA, in which the air is sucked down 

through a tube from an intake close to the anemometer (Haslwanter et al., 2009). 

There are pros and cons for each of the two systems: i) OP systems have typically 

lower power demand and require infrequent calibrations (Burba et al., 2010; 

Detto et al., 2011), ii) OP systems are susceptible to data loss during precipitation, 

dew, icing and/or dirt (Burba et al., 2010), and iii) both systems require different 

post-processing data corrections for inadequate system response, which has an 

especially large effect on CP systems (Burba et al., 2008; Järvi et al., 2009). 

http://fluxnet.fluxdata.org/
http://fluxnet.fluxdata.org/about/regional-networks/
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Figure 5. Example of eddy covariance systems. Photograph author: Eduardo Martínez 

García. 

 

Vertical flux densities of CO2 (Fc, μmol CO2 m
-2 s-1), latent heat (LE, W m-2), and 

sensible heat (H, W m-2) between vegetation and the atmosphere are calculated 

from the covariances between vertical wind velocity (w´) and a respective scalar 

(Eq. (13-15)) (Mammarella et al., 2016): 
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Where ρd is the dry air density (kg m-3), cp the specific heat capacity of dry air (J 

kg-1 K-1), Lv the latent heat of vaporisation for water (J kg-1), T the temperature 

(K) and Ma and Mw the molar masses of dry air and water, respectively. The terms 
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fractions of CO2, and H2O. Overbars and primes represent temporal averaging 

and fluctuations, respectively. By convention, positive flux densities represent 

mass and energy transfer away from ecosystem to atmosphere (in C cycling terms 

a source) and negative values denote the reverse (a sink) (Baldocchi and Vogel, 

1996; Oliphant, 2012). 

Following the CO2 mass balance equation (Eq. (16)) (Feigenwinter et al., 2004; 

Finnigan et al., 2003), Fc corresponds to the net ecosystem exchange (NEE), 

assuming no storage (Fs, μmol CO2 m
-2 s-1) and horizontal and vertical advection 

(Fha and Fva, respectively, μmol CO2 m
-2 s-1) CO2 fluxes. 

hvhasc FFFFNEE                                      (16) 

Fs can be measured with vertical profiles of CO2 concentration between the 

ground and the height of the flux sensors (Aubinet et al., 2001). Although this 

term can contribute significantly in tall-canopy forest ecosystems (Wang et al., 

2016), Fs measurement is routinely neglected (Hutyra et al., 2008). Fha and Fva 

terms are assumed to be negligible over ideal flat and homogeneous terrain and 

under good turbulent mixing (Heinesch et al., 2008). 

EC data processing involves several stages, such as pre-processing, flux 

calculation, flux correction and flux quality assurance/control (QA/QC) (see 

Aubinet et al. (2012) for further details). In general, most of the required steps 

and corrections are site- and instrument-specific (Mammarella et al., 2016), which 

are commonly processed by commercially software packages, although other 

products of EC customers are available. 

Like BM-based methods, EC also has some drawbacks (Campioli et al., 2016). 

First, this technique can potentially lead to underestimation of fluxes, usually 

ecosystem respiration at night-time period, due to both an insufficient air 

turbulence mixing (Baldocchi, 2003; Falge et al., 2001; Gu et al., 2005; Papale et 

al., 2006) and a significant horizontal and vertical advection (van Gorsel et al., 

2009; van Gorsel et al., 2008; van Gorsel et al., 2007). This drawback is 

particularly important in the presence of non-ideal flat topography (Oliphant, 

2012; Richardson et al., 2012), favouring shallow nocturnal air drainage flows 

(Aubinet, 2008), or in presence of tall-dense-canopy forest ecosystems (Thomas 

et al., 2013). Second, EC measurements performed under less favourable 

turbulence conditions must be filtered based on a site-specific friction velocity 

(u*) threshold with the rejection of observational records (Aubinet et al., 1999; 

Goulden et al., 1996; Gu et al., 2005; Massman and Lee, 2002; Papale et al., 2006). 

Thus, this rejected data, along with the missing data due to system malfunctioning 

periods and/or maintenance and calibration, result in gaps in the EC datasets 

time series. Gaps in the time series can typically range from 20% to 60% of half-

hourly records (Moffat et al., 2007). Consequently, the development of gap-filling 

methods has received particular attention since the choice between different 
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methods could contribute variation to biases in the annual sums of NEE (Moffat 

et al., 2007). Third, EC has a persistent inability to close the surface energy 

budget, leading to fears that if energy fluxes are being underestimated, then C 

fluxes may also be underestimated (Baldocchi, 2003; Stoy et al., 2013). Fourth, 

EC measures NEP directly, but its two main components, ecosystem 

photosynthetic CO2 uptake (gross primary production, GPP), and ecosystem 

respiration (Reco), can only be estimated indirectly by post-processing partitioning 

algorithms which empirically separate both assimilatory and respiratory fluxes 

from the NEP signal based on ancillary data (e.g., soil and/or air temperature) 

(Lasslop et al., 2010; Reichstein et al., 2005). Site level partitioning results can 

vary significantly between approaches (e.g., from night-time methods (Reichstein 

et al., 2005) and daytime methods (Lasslop et al., 2010)), look-up tables, 

ecophysiological models and artificial neural networks (Desai et al., 2008; Moffat 

et al., 2007) to isotopes of CO2 (Wehr and Saleska, 2015), carbonyl sulphide 

(COS) exchange (Asaf et al., 2013; Commane et al., 2015), sun-induced 

fluorescence (SIF) (Parazoo et al., 2014), and the photo-chemical reflectance 

index (PRI) (Hilker et al., 2014), so the use of partitioned fluxes should be 

cautious, moreover when different approaches can lead to different conclusions 

(Desai et al., 2008; Stoy et al., 2006). 

Ultimately, the global distribution of EC towers aims at a wider 

representativeness of the world’s ecosystems. Thus, a large array of ecosystems 

across biomes has been studied in the context of their C exchange and annual C 

sink or source behaviour (Serrano-Ortiz et al., 2009). Consequently, while our 

understanding of ecosystem functioning across a large range of climatic zones 

has improved considerably over the last decade through continuous and long-

term time series of C fluxes (Baldocchi, 2014; Galvagno et al., 2017), forest 

ecosystems bordering the Mediterranean basin have received much less attention 

in global terrestrial C estimates (Allard et al., 2008). 

 

1.3.3. Comparison between BM- and EC-based carbon fluxes 

BM and EC approaches are fully independent with unrelated errors (Gielen et 

al., 2013); therefore, the comparison between both has been developed as the 

most suited way to corroborate them (Gielen et al., 2013; Gough et al., 2008; 

Peichl et al., 2010; Speckman et al., 2015; Wang et al., 2017). However, the cross-

validation of C fluxes estimated by both approaches is fairly difficult (Dore et al., 

2003); therefore, only few studies have focused on addressing this task (e.g., 

Campioli et al., 2016; Gielen et al., 2013; Gough et al., 2008; Hermle et al., 2010; 

Luyssaert et al., 2009; Peichl et al., 2010; Speckman et al., 2015; Wang et al., 2010; 

Wang et al., 2017; Xu et al., 2014). It was found that BM and EC provided 

comparable GPP estimates but slightly different Reco estimates, which was mainly 
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due to the underestimation of this C flux by EC approach (Campioli et al., 2016; 

Wang et al., 2017; Xu et al., 2014). Consequently, a lower BM-EC convergence 

has been described for NEP estimates, which was related to the small magnitude 

of this C flux compared to GPP and Reco and the partial convergence between 

BM- and EC-based Reco estimates (Campioli et al., 2016; Gough et al., 2008; Wang 

et al., 2010). 

In practice, it is a necessary step that ecosystem-level component estimates 

obtained by BM-EC methods are cross-checked against each other before being 

reported (Luyssaert et al., 2009) owing to i) the limited understanding of BM-EC 

convergence, ii) the need of take urgently into account harmonized 

methodological aspects to improve their convergence, and iii) the need to 

enhance of our ability to assess and simulate the C exchange of terrestrial 

ecosystems. 

 

1.4. Effects of fire on ecosystem carbon exchange 

1.4.1. Past, present, and future wildfires in the Mediterranean basin: An 

overview 

1.4.1.1. Fire-related traits in Mediterranean basin plant communities 

Wildfire is the predominant natural disturbance in the ecosystems in the 

Mediterranean basin region (Certini et al., 2011). These fires are essential 

components of the dynamics of ecosystem functioning, playing a major role in 

vegetation changes (Lavorel et al., 1998; Moreno and Oechel, 1994), by modelling 

landscape features (Marzano et al., 2012; Pausas and Verdú, 2005; Verdú and 

Pausas, 2007), and contributing to create and maintain habitat heterogeneity and 

to promote plant diversity (Blondel et al., 2010; Moreira et al., 2001). All of this 

contributes identifying this area as a biodiversity hotspot (Valladares et al., 2014). 

The main factors determining wildfire recurrence in the Mediterranean basin is 

debated (Keeley et al., 2012; Pausas et al., 2008); it results from a complex 

climate-vegetation relationship (Valladares et al., 2014). In the Mediterranean 

basin region, landscapes are dominated by a wide diversity of fire-prone 

Mediterranean-type ecosystems (Naveh, 1975). As a consequence, many species 

have acquired different adaptive mechanisms to persist and regenerate after 

wildfire, i.e, post-fire resprouting (lignotuber, epicormic buds, rhizomes, roots, 

etc) and propagule-persistence (hard-coated seeds, serotinity) capacities (Pausas 

and Verdú, 2005). Also many species are capable of using both post-fire 

regeneration mechanisms, although it does not seem to have been favoured along 

the evolution in the Mediterranean basin (Pausas et al., 2004). The dominant 

natural ecosystems in the Mediterranean basin are therefore commonly viewed 

as rather resilient to fire and able to cope with the natural high fire-recurrence 



Introduction ǀ 22 

regimes observed (Pausas and Verdú, 2005). However, many other fire-prone 

Mediterranean communities, mainly dominated by seeding species, are not 

resilient to fire (Pausas et al., 2008; Retana et al., 2012); therefore, they could 

easily shift to another community type after the fire (Rodrigo et al., 2004). 

Besides, vast areas throughout the Mediterranean basin region are dominated by 

a wide range of woodland and shrubland ecosystems composed by xeric pines 

and schlerophyll-oaks, which usually show a dense shrubby understory (Keeley 

et al., 2012). Consequently, these Mediterranean ecosystems usually have a high 

fuel load, which show a homogenous vertical and horizontal structure of highly 

flammable fuel types (Saura-Mas et al., 2010). Under these conditions, 

Mediterranean woodlands and shrublands tend to accumulate a large amount of 

standing and/or downed dead wood (high dead-to-live fuel ratio), which results 

in increasing probability to fire (Baeza et al., 2011). In turn, fire risk increases 

with increasing plant flammability (availability to burn), which is usually higher 

in seeder than in resprouter species (Saura-Mas et al., 2010), and being modulated 

by different plant traits such as tissue moisture content and chemical composition 

and fuel area-to-volume ratio (Fernandes and Cruz, 2012; Saura-Mas et al., 2010). 

Additionally, both fuel flammability and availability are controlled by climate by 

acting both on fuel moisture (direct effect) and fuel structure (indirect effect), 

respectively (Pausas and Paula, 2012). Thus, besides a specific source of ignition, 

the probability of Mediterranean vegetation to burn is very sensitive to its fuel 

flammability, which depends on the span and degree of the dry season in 

summer, but also on fuel availability (load and connectivity), which often 

increases when wet conditions occur in previous year or in the fire season within 

the current year (Pausas and Bradstock, 2007; Pausas and Fernández-Muñoz, 

2012; Pausas and Paula, 2012). Therefore, the response of Mediterranean 

ecosystems to fire severity and frequency is also strongly dependent on climate, 

which is a primary driver of the inter-annual fire regime of Mediterranean 

ecosystems (Bedia et al., 2014; Koutsias et al., 2013; Pausas, 2004). Consequently, 

wildfires occurrence should be very sensitive to global warming (Pausas and 

Fernández-Muñoz, 2012). 

 

1.4.1.2. Wildfires in the European Mediterranean region 

According to the fire database of the European Forest Fire Information System 

(EFFIS, www.effis.jrc.ec.europa.eu/applications/data-and-services/) during the 

period 1990-2015, ca. 75.000 wildfires take place every year in the regions of the 

European Union (EU), burning, on average, 4600 km2 year-1 of forest area. Over 

95% of the wildfire ignitions in EU are due to direct anthropogenic causes, which 

include agricultural practices, negligence and arson (Ganteaume et al., 2013; San-

Miguel-Ayanz et al., 2013; Turco et al., 2017). The European Mediterranean 

http://www.effis.jrc.ec.europa.eu/applications/data-and-services/
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region, EUMed hereafter, is a highly populated area where nearly 200 Million 

people live in just 5 Southern EU countries: France, Greece, Italy, Portugal, and 

Spain (San-Miguel-Ayanz et al., 2013). The EUmed is strongly affected by 

wildfires, accounting for approximately 88% of the total burnt area (BA) and 

72% of the number of fires (NF) that occur in the EU from 1990 to 2015. In 

that period, these 5 countries experienced ≈54.000 wildfires year-1, which burnt 

on average 4060 km2 year-1 (Fig. 6), although the statistics vary considerably from 

one year to the next clearly influenced by seasonal/annual meteorological 

conditions (humidity, temperature, wind). Roughly, Spain can be considered as 

the major country affected by wildfires in the EUmed during 1990-2015 

(accounting for 33 and 32% of the total BA and NF, respectively). 

 

1.4.1.3. Fire regime trend in Spain 

According to the Spain’s EGIF database (General Statistics of Wildfires; 

www.mapama.gob.es/es/desarrollo-rural/estadisticas/Incendios_default .aspx) 

for the period 1975-2017, upward changes in NF and BA were observed at the 

beginning of the study period, while downward changes in both parameters were 

mostly observed from the late 1990s to the present (Fig. 7). 

 

Figure 6. Burnt area (BA, km2) and number of fires (NF, n) in the European 

Mediterranean region (EUMed) from 1990 to 2015. Data source: EFFIS European 

Fire Database. 

 

 

http://www.mapama.gob.es/es/desarrollo-rural/estadisticas/Incendios_default%20.aspx
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Figure 7. Burnt area (BA, km2) and number of fires (NF, n) in Spain from 1975 to 

2017. Data source: EGIF Database. 

 

Thus, the main drivers of the early upward change point in the 1970s were the 

increase in fuel load and continuity as well as the landscape-level fire-hazard, 

which were due to the changes in socio-economic factors and land-use and land-

cover (LULC) dynamics (Moreno et al., 2014; Pausas and Fernández-Muñoz, 

2012; Viedma et al., 2015). Thus, the massive emigration from rural areas during 

1950-1960s caused an agriculture abandonment of marginal areas and the change 

in the domestic energetic sources (from wood to others) (Viedma et al., 2015; 

Vilar et al., 2016). After such changes, the recovery after land abandonment with 

high flammable vegetation at the early successional stages increased sharply 

landscape fire-hazard (Baeza et al., 2011; Loepfe et al., 2010; Viedma et al., 2015). 

Concomitant to land abandonment was the trend of afforestation, mainly with 

conifers (Pausas et al., 2008), and densification (Maestre and Cortina, 2004). All 

these factors increased the spatial biomass accumulation and continuity of 

landscapes favouring the fire-hazard (Viedma et al., 2015). The increasing trend 

in population density and the wildland-urban interfaces also increase the fire risk 

(Martínez et al., 2009). In addition, climate plays an important role, especially 

producing a high level of interannual variability; which is also identified as a 

primary driver of upward changes in the NF and BA, controlling fuel 

flammability and fuel structure due to warmer and drier conditions (Bedia et al., 

2014; Moreno and Chuvieco, 2013; Pausas, 2004). 

Fire management may have influenced the downward change point in the late 

1990s, reducing both the NF and BA, given the strong fire-prevention and 

suppression policies carried out (Moreno et al., 2014), even though inter-annual 



Introduction ǀ 25 

variability of fires is closely linked with annual climate fluctuations (Bedia et al., 

2014; Pausas, 2004). Nevertheless, it should be noted that fire suppression 

policies seem to be effective at reducing small fires, but not large ones (≥ 500 ha; 

Fig. 8) in recent years (Cardil and Molina, 2013; Piñol et al., 2005). Thus, large 

fires represent a small fraction of the total NF (average 1975-2017: 0.5%) but are 

responsible for a large percentage of the total BA (average 1975-2017: 35%). 

Thus, fire regime shifted from fuel-limited to a drought-driven regime and forest 

area widely burnt by large fires (Pausas and Fernández-Muñoz, 2012). 

 

Figure 8. Burnt area (BA, km2) and number (NF, n) of large (≥ 500 ha) fires in Spain 

from 1975 to 2017. Data source: EGIF Database. 

 

1.4.1.4. Future scenarios 

It is widely accepted that ongoing climate change is bringing more frequent and 

intense heat wave episodes and longer periods of drought with warmer and drier 

conditions, mainly in summer season (Cardil et al., 2015). Because of that, it is 

expected a very likely increase fire activity of wildfires in EUmed countries in the 

future (IPCC, 2014; Moreira et al., 2011). However, the impact of the climate 

change on the frequency and burnt area by fires is not easy to predict, although 

it is likely that large and severe fires will occur in Spain in forthcoming decades 

(Moreno et al., 2009; Valladares et al., 2014). Also long-term field experiments of 

climatic manipulation have documented that climate change is already affecting 

Mediterranean ecosystems, accelerating the replacement of dieback dominant 

vegetation from pines to shrubs (Galiano et al., 2010; Peñuelas et al., 2017). 

Evidence also shows that forest ecosystems dominated by fire-sensitive species 

can suffer fire-related shifts in post-fire vegetation composition type, usually 

from tree-dominated forest to a system dominated by shrubs (Martín-Alcón and 
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Coll, 2016). Furthermore, the recovery after agricultural land abandonment with 

shrubs continues nowadays widely spread in Spain (Moreno et al., 2009). All 

above mentioned changes lead to increased risk of fire due to the presence of 

vegetation with higher fuel load, higher flammability, faster accumulation rates, 

and higher landscape connectivity on recovered areas. If this effect is coupled 

with lower fuel moisture because of future harsh (warmer/drier) meteorological 

conditions, the consequence of which will further increase the risk of fire-

outbreak and -spread in higher areas (Moreno et al., 2009). In view of all these 

factors, wildfires are likely to be more frequent, more extensive and more severe 

(Lecina-Diaz et al., 2014; Moreno et al., 2009). 

However, negative prospects of increased fire outbreaks in Spain as the climate 

change progresses may be offset by the implementation of land-use planning 

policies (Gallardo et al., 2016) as well as by improvements in forest fire 

management practices in accordance with the priorities of prevention, detection 

and suppression (Moreno et al., 2009): i) fire prevention and fuel management 

techniques (e.g., mechanical thinning, prescribed burning, controlled livestock 

grazing, etc…) (Marino et al., 2014), ii) remote sensing-based fire danger 

monitoring and forecasting (Chowdhury and Hassan, 2015), and iii) active fire 

suppression policies (Brotons et al., 2013). 

Consequently, based on the current and future trends in fire regime is essential 

to helping to identify the impact of wildfires on the C exchange between the 

atmosphere and terrestrial fire-prone ecosystems in the Mediterranean basin, and 

more specifically in Mediterranean Spain, in order to disentangle the role of these 

fire-disturbed ecosystems in the global C cycle. 

 

1.4.2. Effect of burn severity on ecosystem carbon exchange 

Wildfires are an important component of the terrestrial C cycle and one of the 

main pathways for movement of C from land surface to the atmosphere 

(Baldocchi, 2008). The ecosystem C balance integrated over long time periods 

(i.e., several decades) in fire-adapted systems with a constant fire return interval 

is zero, meaning that C losses from tree mortality, wildfire combustion, and 

decomposition are balanced by C accumulation in live and dead vegetation and 

soils (Harmon, 2001; Loehman et al., 2014). However, over the short time 

intervals (i.e., few decades) and relatively fine spatial scales (i.e., forest stand), this 

disturbance can have a significant negative effect on the ecosystem C balance 

since it may reorganize post-fire above- and belowground C pools and alter 

dynamics as well as reduce magnitudes of ecosystem C fluxes, which together 

can tip the C balance from sink to source in burnt ecosystems compared to 

unburnt ecosystems (Kashian et al., 2006; Loehman et al., 2014). 
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However, the alteration of ecosystem C balance by fire varies with time (Kashian 

et al., 2006). Immediately following the disturbance, fire can influence the C 

balance in an ecosystem in several ways (Hurteau and Brooks, 2011). Fire can 

affect plant growth directly by killing vegetation, thereby preventing it from 

sequestering additional carbon through photosynthesis (Hurteau and Brooks, 

2011). Fire is a combustion process of short-lived biomass components (leaves 

and twigs), litter, shrubs and small woody debris plus some hollow standing dead 

trees (Keith et al., 2014), which converts a portion of the C on a site to immediate 

emissions to the atmosphere, producing mostly CO2, but also carbon monoxide 

(CO), methane (CH4), and particulate matter (soot and ash) (Dore et al., 2008; 

Loehman et al., 2014; Meigs et al., 2009; Sullivan et al., 2011). The C transfer to 

the atmosphere varies depending on the available fuel for burning, the fuel 

characteristics (moisture content, state of decay, wood density, etc…), the 

climatic conditions, and the typology of combustion (flaming or smoldering) 

(Barbosa et al., 2008; Hollis et al., 2010). Fire can also convert a fraction of the 

burning biomass due to incomplete combustion in charcoal or black carbon, 

which is relatively stable and can remain in the system for considerable periods 

of time (DeLuca and Aplet, 2008). 

Over longer time periods, fire effects on the C balance in an ecosystem follow a 

systematic progression based on the balance between C loss and gain. Thus, C is 

lost from soil respiration (SR), decomposing fire-induced dead wood (dead and 

downed standing trees [snags and logs, respectively], coarse and fine woody 

debris [CWD and FWD, respectively], and partially buried tree stumps; RH-fwd and 

RH-cwd), and respiration of regenerating vegetation (RAa and RAb) (Irvine et al., 

2007). The C gain comes from photosynthesis of regenerating vegetation (GPP) 

(Irvine et al., 2007). Thus, it is appreciable an alteration of the ecosystem-level C 

fluxes by fire at burnt stands when compared to unburnt stands, and can last 

variable periods, from a few years to decades following the wildfire (Amiro et al., 

2010; Dore et al., 2008; Dore et al., 2012). 

Several studies (Dore et al., 2008; Ghimire et al., 2012; Odum, 1969; Oris et al., 

2013) have documented that during the early post-fire stages, RH losses may 

exceed gains via NPP (NPP = GPP - RA). This is because fire-induced tree 

mortality causes a temporal decline in NPP, which is related to decreased rates 

of GPP and both RAa and RAb after fire (Li et al., 2014). In contrast, increased 

post-fire RH rates are expected to occur from decomposing dead wood present 

following fire (Harmon et al., 2011; Muñoz-Rojas et al., 2016), which C loss tend 

to be faster during its early decay stages (Harmon et al., 2011). In addition, post-

fire RH rates can be stimulated both by a progressive nutrient and organic 

substrate input from decaying dead wood improving soil fertility as well as by 

improved soil environmental conditions (non-limiting soil moisture and warm 

temperatures because of the reduction of post-fire canopy cover), which can 
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increase microbial soil respiration (RH) (Harmon et al., 2011; Irvine et al., 2007; 

Marañón-Jiménez et al., 2011; Muñoz-Rojas et al., 2016; Smith et al., 2010). This 

can result in a single large pulse in the contribution of RH immediately after fire 

(Harmon et al., 2011; Irvine et al., 2007), or multiple pulses caused by differences 

in decomposition rates of multiple types of detritus left by fire as well as lags in 

fire associated mortality and/or decomposition (Harmon et al., 2011). Together, 

these patterns may shift the relative contribution of both RH and RAb to the total 

soil respiration (SR) after fire (Irvine et al., 2007; Smith et al., 2010). Thus, most 

studies in different ecosystems report decreased SR in burnt areas compared to 

unburnt areas (Czimczik et al., 2006; Litton et al., 2003; López-Serrano et al., 

2016; Marañón-Jiménez et al., 2011; Sullivan et al., 2011), although others report 

no change (Irvine et al., 2007; Meigs et al., 2009) or even an increase (Gathany 

and Burke, 2011; Muñoz-Rojas et al., 2016). Finally, as a result, NEP (NEP = 

NPP - RH) is negative which means the burnt ecosystem acts as a C source to the 

atmosphere for a short-term period (mainly up to few years after fire) because 

the increased microbial soil respiration, decomposition of dead wood, and 

absence of vegetative cover (Fig. 9). 

After the early post-fire stages, NPP initially increases, reaches a maximum, and 

then decreases with further stand development (Fig. 9) (Goulden et al., 2011; 

Kurz et al., 2013; Oris et al., 2013). This decrease results from the combined 

effect of i) a decline in GPP with increasing age, and ii) a more slowly decrease 

of RA following the change in GPP in aging forest (Tang et al., 2014). 

Simultaneously, RH decreases as fire-induced dead wood become largely 

decomposed (Fig. 9) (Ghimire et al., 2012). As a result, ecosystem changes from 

a C source to a C sink (i.e., NEP becomes positive), returning to its pre-fire level 

during the mid-succession of stand development and slowly declining thereafter 

(Fig. 9) (Ghimire et al., 2012; Kurz et al., 2013). However, different post-fire 

properties such as the species composition, the rate of recovery and the stand 

structure after fire may affect the trajectories of ecosystem C fluxes over the long-

term period, mainly because of different rates of C uptake and storage by 

vegetation (Kashian et al., 2006). 
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Figure 9. Generalized schematic of the dynamics of ecosystem-level C fluxes 

following a fire disturbance. The time of fire is indicated by the dotted vertical line. 

Hypothesized trends were digitized from Goulden et al. (2011) Fig. 1. 

 

However, the magnitude and rate of post-fire trajectories of NEP and its 

components may not follow the classical trend described above (Ghimire et al., 

2012). Thus, the level of alteration of post-fire ecosystem C fluxes increases with 

increasing burn severity (Dore et al., 2008; Ghimire et al., 2012; Rocha and 

Shaver, 2011). Burn severity (also referred to as fire severity) is defined 

operationally as the loss or consumption of organic matter, both above- and 

belowground (Keeley, 2009). Thus, wildfires can create a mosaic of different burn 

severity patches, classified at low-, moderate- and high-burn severities (DeBano 

et al., 1998), and unburnt areas within their perimeter (Úbeda et al., 2006; Vega 

et al., 2010), dependent on differences in fireline intensity, residence time (heating 

duration), fuel moisture, pre-fire species composition, stand age, topography, or 

prevailing weather conditions during fire (Keeley, 2009; Rocha and Shaver, 2011). 

Increasing burn severity has a direct increasing effect on tree mortality (Ghimire 
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et al., 2012), dead wood, litter and duff fuel consumptions (Ghimire et al., 2012), 

direct C emissions (Ghimire et al., 2012; Wiedinmyer and Hurteau, 2010), and 

amounts of legacy decomposing dead wood (Keyser et al., 2008), and slowing 

effect on ecosystem recovery (Dore et al., 2008). 

High burn-severity fire sites are associated with strong and long-lasting impacts 

on ecosystem C exchange (Ghimire et al., 2012). Hence, post-fire NEP crossover 

time from C source to C sink increases with increasing fire severity, related to: i) 

a slower recovery of GPP, RAa, and RAb rates with post-fire vegetation succession 

(Dore et al., 2012), ii) a larger and more persistent increase of RH rates, attributed 

in part to the decomposition of high quality and quantity of dead wood (Irvine 

et al., 2007; Muñoz-Rojas et al., 2016; Smith et al., 2010). However, different 

studies (Dore et al., 2012; Meigs et al., 2009) have described a decrease in RH after 

high burn-severity fires, which may be related to the litter and surface organic C 

reduction caused by combustion (O'Neill et al., 2002), and/or reduction of dead 

wood legacy by post-fire burnt wood management practices (Castro et al., 2011; 

Priewasser et al., 2013); see Section 4.3 for further details). This decrease in RH 

rates would reduce the post-fire NEP crossover time. The uncertainty in post-

fire RH rates after high-burn severity fires has led to different patterns in SR; thus, 

some studies have reported that SR increases with fire severity (Muñoz-Rojas et 

al., 2016), whereas other studies have reported the opposite (Hu et al., 2017). 

Also the conversion from forest to other vegetation types (e.g., shrubland or 

grassland) following high-severity fires exists (Hurteau and Brooks, 2011). For 

instance, the lack of resilience of conifer forests due to edaphic changes (Kazanis 

and Arianoutsou, 2004), topographic and physiographic variation (Pausas et al., 

1999), altered environmental conditions (Céspedes et al., 2012; Montes-Helu et 

al., 2009), and seeder species with low seeding recruitment (Rodrigo et al., 2004), 

will cause a replacement of conifer-dominated forest by grass- or shrub-

dominated landscapes (Stephens et al., 2016). In general, this shift from dense to 

sparse stands would result in a substantially reduced capacity to carbon 

sequestration (e.g., lower NEP values), and a much larger C loss (Kashian et al., 

2006). 

In general, fire-carbon studies that examine fire effects on C fluxes at ecosystem-

scale have tended to focus on the assessment between burnt sites affected by 

high burn-severity fires and unburnt sites (Amiro et al., 2010; Irvine et al., 2007; 

Mkhabela et al., 2009; Rocha and Shaver, 2011). However, far less attention has 

been directed towards low burn-severity fires that can have a shorter-term, 

reduced impact on the ecosystem C exchange (Ghimire et al., 2012; Meigs et al., 

2009). Previous studies on post-fire C fluxes have mainly been performed in 

temperate forests (Dore et al., 2008; Dore et al., 2012; Ghimire et al., 2012; Irvine 

et al., 2007; Kashian et al., 2006; Meigs et al., 2009), and, to a lesser extent, in 

boreal forests (Amiro et al., 2010; Iwata et al., 2011; Mkhabela et al., 2009), 
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tropical forests (Beringer et al., 2007), and even in artic ecosystems (Rocha and 

Shaver, 2011). In contrast, as far we know, despite the past, present and future 

importance of wildfires in both the Mediterranean basin and, specifically, in 

Spain, similar data at ecosystem-scale for post-fire Mediterranean ecosystems are 

sparse (Serrano-Ortiz et al., 2011). Moreover, many of the studies are medium- 

(within 5 to 25 years post-fire) to long-term (greater than 25 years post-fire) 

synchronic studies based on chronosequences (e.g., Amiro et al., 2010; Dore et 

al., 2008; Dore et al., 2012; Meigs et al., 2009; Mkhabela et al., 2009); therefore, 

although a large variability can be present in the dynamics and magnitude of the 

post-fire C fluxes during the initial post-fire stages (within 1 to 5 years post-fire), 

early comprehensive diachronic studies have been performed to a lesser extent 

(e.g., Irvine et al., 2007; Rocha and Shaver, 2011). 

Therefore, further efforts should be made to expand our understanding of the 

impact of different burn severities on the C balance of recently burnt 

Mediterranean ecosystems, especially those ecosystems with null or limited post-

fire resilience. 

 

1.4.3. Effect of post-fire burnt-wood management on ecosystem carbon 

exchange 

One of the first management decisions after the occurrence of a wildfire, and one 

with important implications for restoration the vegetation, is whether, when and 

how to extract the burnt wood (Santana et al., 2016). During the last decade forest 

managers have routinely practised salvage logging, being one of the most 

common post-fire burnt wood management practices worldwide after different 

severity wildfires (Castro et al., 2011; Marañón-Jiménez et al., 2011; Marañón-

Jiménez et al., 2013; Serrano-Ortiz et al., 2011). The post-fire salvage logging 

practice consists of removal of the burnt trees and management of the remaining 

woody debris (branches, logs, and snags) by masticating or chipping, which 

commonly renders a landscape devoid of most of the woody biomass (Marañón-

Jiménez et al., 2013). This post-fire management practice is carried out after fire 

for several reasons; to recover some of the value of the wood (Lindenmayer and 

Noss, 2006; McIver and Starr, 2000; Moreira et al., 2012), to facilitate subsequent 

reforestation activities (Bautista et al., 2004; McIver and Starr, 2000; Peterson et 

al., 2009), to reduce the risk of accidents by falling burnt trees (Vallejo et al., 

2012), to reduce the fuel accumulation for future secondary wildfires due to fallen 

burnt trees and snags (Peterson et al., 2015), to reduce the risk of insect 

infestation (Santolamazza-Carbone et al., 2011; Stadelmann et al., 2013), and to 

reduce landscape visual impact (Vallejo et al., 2012). 

However, despite being so widely implemented, post-fire salvage logging is under 

an intense debate about its suitability (Lindenmayer et al., 2008), as it can 
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adversely affect a large set of ecosystem functions and processes (Castro et al., 

2012; Marañón-Jiménez et al., 2013). More specifically, some authors argue that 

the nature and timing of logging operations may increase soil compaction caused 

by the heavy machinery used and the skidding of logs, which leads to reduced 

water infiltration and accelerated erosion (Fernández et al., 2007; McIver and 

McNeil, 2006). Salvage logging can also have impacts on natural post-fire 

vegetation patterns (Marañón-Jiménez et al., 2013). Therefore, it may change the 

natural successional dynamics of the post-fire ecosystem (Beschta et al., 2004; 

Lindenmayer et al., 2004), thus reducing the species richness and/or diversity 

(Bradbury, 2006; Leverkus et al., 2014; Purdon et al., 2004), and altering 

negatively the tree seedling bank and/or resprouts what causes a reduction in 

seedling emergence and regeneration capacity (Leverkus et al., 2014). In contrast 

to these potential negative impacts of salvage logging, the continued presence of 

remaining logs, snags, branches and other logging residues in unsalvaged forests 

can promote tree seedling recruitment in several ways (Marañón-Jiménez et al., 

2013). Thus, woody debris left on the forest floor reduce the exposure of soil 

surface to direct solar radiation, thereby resulting in a decrease in soil warming 

and evaporation, which in turn helps to maintain a higher soil water content levels 

(Bautista et al., 2004; Castro et al., 2011). In this way, felled logs and branches 

scattered over the ground can act as nurse structures which can provide both 

reduction of herbivore damage (Castro, 2013) and soil environmental 

amelioration that promote seedling establishment (Castro et al., 2011). In 

addition, dead wood represents a large pool of nutrients (Johnson et al., 2005; 

Kappes et al., 2007; Marañón-Jiménez and Castro, 2013), that can be 

progressively incorporated into the mineral soil during its decomposition process 

(Johnson et al., 2005; Marañón-Jiménez and Castro, 2013; Marañón-Jiménez et 

al., 2013; Zhou et al., 2007), thus becoming available for the regenerating 

vegetation (Augusto et al., 2000; Stoddard et al., 2008). 

In addition, all above may translate to a higher capacity for vegetation recovery 

and hence ecosystem photosynthetic C uptake (i.e., GPP) in unsalvaged forests 

compared to salvage-logged forests (Serrano-Ortiz et al., 2011). Furthermore, 

ecosystem respiratory C release (i.e., Reco) can also be enhanced in unsalvaged 

forests where a large-scale legacy of decomposing wood is present. This may be 

explained by several factors. First, higher vegetation recovery may induce an 

increase in RA rates (Amiro et al., 2010; Goulden et al., 2011). Second, higher SR 

rates can result from higher soil nutrient availability, higher soil microbial activity, 

soil environmental amelioration, and higher root respiration rates (García-Orenes 

et al., 2017; Marañón-Jiménez et al., 2011; Reichstein et al., 2003). Third, the large 

downed and/or standing dead wood pool release C into the atmosphere during 

its decaying process, which may increase the RH rates (Harmon et al., 2011). 

Therefore, salvage logging applied after a wildfire has the potential to reduce both 
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the opposing fluxes in the C cycle (i.e., GPP and Reco), and hence reduce the post-

fire NEP in salvage-logged forests (Serrano-Ortiz et al., 2011). 

In previous post-fire studies on the C balance (Marañón-Jiménez et al., 2011; 

Serrano-Ortiz et al., 2011), the influence of the burnt trees and the remaining 

woody debris (branches, logs, and snags), which were left standing/scattered on 

the ground (unsalvaged forest) or removed from the site (salvage-logged forest) 

has been usually taken into account. Meanwhile, the relative contribution of the 

remaining post-fire tree stumps in decay process to the ecosystem C balance have 

been completely ignored in unsalvaged forests, and especially in salvage-logged 

forests, despite becoming the main dead wood pool left to decompose in the 

latter ones. Concretely, this decaying dead wood could contribute significantly to 

the RH rates during the first post-fire years (Harmon et al., 2011); therefore, a 

better knowledge regarding to its influence on ecosystem C release would seem 

fundamental in studies of logging effects on ecosystem C exchange. 

In this way, post-fire burnt wood management can potentially alter the C balance 

in burnt ecosystems, especially during the short- and medium-term post-fire 

stages, but there is scant information on this subject (Marañón-Jiménez et al., 

2011; Serrano-Ortiz et al., 2011). Furthermore, it is worth to note that the 

implications of salvage logging operations in the post-fire C balance has not been 

directly addressed in most studies analysing the ecosystem C exchange in burnt 

areas (e.g., Dore et al., 2008; Dore et al., 2012; Irvine et al., 2007). Therefore, 

although future studies do not explicitly analyse the effect of post-fire burnt 

wood management on the ecosystem C balance owing to the rates of C release 

in the remaining decaying dead wood are tedious to implement and difficult to 

measure directly (Harmon et al., 2011; Russell et al., 2015), it should be important 

understand how post-fire logging practices could influence the NEE and its 

components in burnt areas. 

 

1.4.4. Effect of slope-aspects on ecosystem carbon exchange at burnt 

areas 

Topography has considerable effects on both the soil and vegetation components 

of the C cycle in forest ecosystems (Griffiths et al., 2009; Måren et al., 2015). 

Between the topographic factors, slope-aspect has a main role in determining 

local site microclimate (Bennie et al., 2008; Måren et al., 2015), which in turn 

could influence the spatial and temporal variations of C stocks and fluxes across 

a landscape. 

In many landscapes, it is common knowledge the presence of ecological 

significant microclimate gradients in received solar radiation, soil temperature 

and moisture, near-surface air, evapotranspiration rates, shape snow 
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accumulation, and snowmelt timing between north- and south-facing slopes, all 

of which impact site water balance (Bennie et al., 2008; Berryman et al., 2015; 

Gómez-Brandón et al., 2017b; Måren et al., 2015). In the Northern Hemisphere, 

south-facing slopes show a higher solar radiative input, more xeric and warmer 

conditions, earlier snowmelt, and faster soil moisture decline following 

precipitation events than north-facing slopes (Berryman et al., 2015; Måren et al., 

2015). This hydrothermal regime differences are closely associated with higher 

tree density, biomass and C stocks, and plant species composition in forests 

located at the north-facing slopes (Desta et al., 2004; Gilliam et al., 2014; Måren 

et al., 2015). Along with this, the south-facing slopes have usually showed lower 

tree growth, productivity, and seedling regeneration rates (Måren et al., 2015; 

Osem et al., 2013). As present vegetation also influences processes such as runoff 

and erosion, there may be plant-environmental feedbacks leading to more 

extreme abiotic differences between north- and south-facing slopes (McAuliffe 

et al., 2014). North-facing slopes usually have higher soil nutrient content, which 

is a result of a higher leaf area index (LAI) and thus higher litter production and 

thicker soil organic layer, faster weathering, and faster decomposition rate of litter 

compared to south-facing slopes (Desta et al., 2004; Gómez-Brandón et al., 

2017b). Slope-aspect also has a significant influence on composition and activity 

of soil fauna and microbial communities (Ascher et al., 2012). Previous findings 

reported higher soil fauna population and species composition at the south-

facing slopes (Ascher et al., 2012; Salmon et al., 2008). In contrast, higher levels 

of microbial biomass and enzymatic activities have been usually observed at the 

north-facing slopes (Ascher et al., 2012; Bardelli et al., 2017). On xeric slope-

aspects (i.e., south-facing) within an ecosystem, lower soil organic matter (SOM) 

content has been usually observed (Egli et al., 2009; Griffiths et al., 2009). 

Because of the interdependent linkages between microclimate, vegetation, and 

soil observed within both the north- and south-facing slopes, it can result in high 

spatial and temporal variability in C fluxes of forest ecosystems located at 

opposing slope-aspects. Previous ecological studies regarding to topographically 

induced changes in opposite slope-aspects have mainly addressed their influence 

on forest stand characteristics, vegetation cover, and species composition 

(Gilliam et al., 2014; Måren et al., 2015). In addition, they have focused on soil 

physical, chemical, and microbiological properties (Ascher et al., 2012; Egli et al., 

2009; Griffiths et al., 2009), but, however, they have leaved quite aside subjects 

as the ecosystem-atmosphere C exchange characterization. In this context, few 

slope-aspect studies have assessed the local topographic variation in C fluxes, 

which focused more on the assess the influence of soil meteorological factors 

(mainly both soil temperature and water content) (Berryman et al., 2015; Kang et 

al., 2003; Riveros-Iregui and McGlynn, 2009; Wang et al., 2015) and vegetation 

heterogeneity (Atkins et al., 2015) on controlling the topographic variability of 

SR. To the date, fewer works have addressed the variations of environmental 
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conditions between opposing slope-aspects on leaf photosynthesis gas exchange 

(Letts et al., 2010; Zheng et al., 2011). However, to our best knowledge, previous 

works addressing slope-driven changes of remaining ecosystem C fluxes are still 

lacking. It should be noted that despite some studies have tackled the influence 

of different slope-aspects on dead wood decomposer community (Gómez-

Brandón et al., 2017a) and decay dynamics (Fravolini et al., 2016; Petrillo et al., 

2015), there is a lack of knowledge regarding to the topographic influence on the 

respiration rates of decomposing dead wood. 

The topographic-induced effect on the spatial and temporal variability in C fluxes 

in unburnt forest ecosystems can likely vary after wildfires and subsequent post-

fire burnt wood management practices. Thus, both burn severity and logging 

practices may induce post-fire changes on forest ecosystem by reducing the 

overstory tree canopy cover and the understory herbaceous and shrub layer 

(Ghimire et al., 2012; Irvine et al., 2007; Leverkus et al., 2014; Meigs et al., 2009), 

modifying the ground surface cover (Castro et al., 2011; Ghimire et al., 2012), 

affecting soil microclimate conditions (Dore et al., 2008; López-Serrano et al., 

2016; Marañón-Jiménez et al., 2011), and altering hydrological properties such as 

infiltration, runoff, erosion, and water-repellency (Moody et al., 2013; Vieira et 

al., 2015; Wagenbrenner et al., 2015). Such changes in turn can exacerbate 

differences in C fluxes between north- and south-facing slopes. Consequently, 

this divergence could be more important between opposite salvage-logged forest 

stands affected by high burn-severity fires, in which higher post-fire changes are 

expected to occur, especially during the early post-fire stages. However, the 

analysis of slope-aspect effect on post-fire C fluxes of forest ecosystems has yet 

to be addressed. To fill this gap, there is an urgent task unravelling how spatio-

temporal patterns of post-fire C fluxes differ between opposing slope-aspects, 

which could be particularly necessary in early-stages after post-fire logging of 

severely burnt stands. On the basis of the greater importance of RH losses from 

SR and the remaining woody debris during the early stages following wildfire 

(Ghimire et al., 2012; Harmon et al., 2011; Irvine et al., 2007; Muñoz-Rojas et al., 

2016) and post-fire burnt wood management practices (Marañón-Jiménez et al., 

2011), a better knowledge regarding to their topographic-induced variability 

would be desirable. 

 

1.5. The role of fire on Spanish black pine forest ecosystems 

1.5.1. Pinus nigra Arn. in Europe: General characteristics and 

distribution 

Pinus nigra Arn., known as European black pine or Black pine, is a conifer of the 

family Pinaceae (Ceballos and Ruiz de la Torre, 1971; Mirov, 1967; Price et al., 

1998) that is considered as a relict species (Vidaković 1991). The natural 
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populations of Black pine have been subjected to changes in different glacial and 

interglacial episodes of climatic change and geological events (Afzal-Rafii and 

Dodd, 2007; Plaza et al., 2012; Thompson et al., 2005). Furthermore, it is thought 

that these populations decreased substantially due to increased human activities 

during the last millennia (Enescu et al., 2016). Thereby, although Black pine 

extends over more than 3.5 million hectares (Isajev et al., 2004), the present 

distribution of the species is very fragmented, appearing from Asia Minor, in the 

southern part of the Mediterranean, through the Balkans, to the northernmost 

populations, located in the Iberian Peninsula and North of Morocco (Fig. 10) 

(Vidaković, 1991). 

Black pine can be found in a wide range of environmental conditions (Naydenov 

et al., 2006), being tolerant to poor soils and supporting a wide range of climates 

across its geographical range (Arbez and Millier, 1971; Debazac, 1971; Lee, 1968). 

Moreover, Black pine is a light-demanding species (Isajev et al., 2004; Vidaković, 

1991), intolerant to shade but resistant to wind and drought (Isajev et al., 2004). 

This species is usually found at altitudes ranging from 350 to 2200m but its 

optimal range is between 800 and 1500m (Enescu et al., 2016). Generally, it can 

grow on a variety of locations from high mountain zones (Specht, 1988), low 

elevation mountains around the Mediterranean basin (Naydenov et al., 2006), or 

even at the sea level along the Adriatic coast (Lee, 1968). 

The natural and fragmented distribution of this species contributed for the high 

variability of morphological, physiological, anatomical, and genetic traits among 

different regions (Scaltsoyiannes et al., 1994). This has led to an attribution of 

different taxonomic names which resulted on an infraspecific taxonomic 

classification that is still debated after several years (Afzal-Rafii and Dodd, 2007). 

Different authors (Gaussen et al., 1993; Quézel and Médail, 2003; Vidaković, 

1991) consider Pinus nigra as a “complex” of allopatric species, which can be 

divided into six subspecies: i) ssp. dalmatica (Vis.) Franco, ii) ssp. laricio (Poiret) 

Maire, iii) ssp. mauretanica (Maire & Peyerimh.) Heywood, iv) ssp. nigra, v) ssp. 

pallasiana (Lamb.) Holmboe, and vi) ssp. salzmannii (Dunal) Franco (Fig. 10). 
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Figure 10. Global distribution of Pinus nigra Arn. Adapted from EUFORGEN (2009), 

www.euforgen.org. 1: ssp. dalmatica, 2: ssp. laricio, 3: ssp. mauretanica, 4: ssp. nigra, 5: ssp. 

pallasiana, and 6: ssp. salzmannii. 

 

1.5.2. Spanish black pine: Distribution, biology and ecology 

The distribution range of the Pinus nigra Arn. spp. salzmannii, known as Spanish 

black pine, includes the Eastern portion of the Iberian Peninsula, and a small part 

of Southern France (Fig. 11). This species is usually found at altitudes ranging 

from 500 to 2000 m but its optimal range is between 800 and 1500m (López-

González, 2007). In Spain, this subspecies is widely distributed in mesozoic 

mountainous areas on carbonate sedimentary rocks, concretely in the forest areas 

of the Iberian (Cuenca, Beceite, Javalambre, Maestrazgo, Gúdar, Peñagolosa, and 

Alto-Tajo mountains; eastern core of distribution) and Baetic (Segura-Cazorla-

Villas, Alcaraz, Mágina, María, Filabres, Baza, Nevada, and Tejeda-Almijara 

mountains; south core of distribution) ranges (Regato-Pajares and Elena-

Rosselló, 1995; Regato and del Rio, 2009; Regato et al., 1995). Spanish black pine 

populations can be also found in the central and eastern Pyrenees (north core of 

distribution), with exceptionally relict populations in areas of the Central range 

(Gredos and Guadarrama mountains; central-western core of distribution) 

(Regato-Pajares and Elena-Rosselló, 1995; Regato and del Rio, 2009; Regato et 

al., 1995). 

 

 

 

http://www.euforgen.org/
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Figure 11. Natural distribution of Spanish black pine in Spain. Adapted from Regato 

and del Rio (2009). 

 

Different authors (Elena Rosselló et al., 1985; Sánchez Palomares et al., 1990) 

differentiate the Spanish black pine in two varieties in Spain: i) var. pyrenaica, 

located in Pyrennees and Eastern Iberic Range, and ii) var. hispanica, which is 

found in both the Iberic and Baetic ranges. 

This species is one of the most important species in Spain not only for their 

widespread distribution (625.000 ha of pure stands, 3.4% of total forest area) 

(Montero and Serrada, 2013), and important contribution to the total wood stock 

(7.4%) (Montero and Serrada, 2013), but also because this species has an essential 

role in its ecological (based on its carbon storage, soil protection against erosion 

and recreational activities), and socio-economic (based on its high economic 

importance for wood production owing to appreciate wood properties) 

importance (del Río et al., 2017; Espelta et al., 2003; Martín-Benito et al., 2008). 

The region of Castilla-La Mancha has approximately 250.000 ha of pure Spanish 

black pine stands, which composes more than 40% of its total forest area in 

Spain; these stands are mainly distributed throughout the Cuenca Mountain 

Range, and concretely at the province of Cuenca (Lucas-Borja et al., 2012). 

Following López-González (2007), Spanish black pine is a medium-sized tree 

that grows up to 40 m tall with straight stem. Its bark is usually light-grey to dark 

grey-brown (giving rise to its Latin name “nigra”), and becomes deeply furrowed 

longitudinally on older trees. On young individuals, the crown is pyramidal with 

lateral branches almost to ground level, becoming ovoid-shaped on older trees. 

Needles are in pairs 10-16 cm long, 1.0-1.5 mm wide, and straight, which 

normally persist on the tree for 3-6 years. This conifer is monoecious, producing 
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separate male (staminate) and female (ovulate) strobili on the same tree. 

Staminate strobili occur in catkins clustered at the base of new twigs, which are 

cylindrical, bright yellow, and about 15-20 mm long. Ovulate strobili (conelets) 

occurs in groups of 2-3, which are reddish, and ovoid in shape. Cones are sessile 

and horizontally spreading, 4-8 cm long, 2.5-3.0 cm wide and reddish-brown to 

yellowish-brown in colour. The seeds are grey-brown, 5-7 mm long, and long-

winged, which are dispersed from January through May. 

 

1.5.3. Impact of wildfires on Spanish black pine forests 

According to the Spain’s EGIF database, during the period 2001-2010 the 

percentage of burnt area covered by Spanish Black pine forest stands was around 

3.4% of the total burnt area in Spain. Thereby, although the surface fire regime 

of this species is lower than other fire-prone species in Spain in the past decade 

(e.g., Pinus Pinaster Ait., 27.0%; Pinus halepensis Mill., 11.0%; Quercus ilex L., 7.6%), 

wildfires have substantially decimated the forest area occupied by the Spanish 

black pine in Spain in recent years (Fulé et al., 2008; Pausas et al., 2008; Retana 

et al., 2012), being the most fire-affected Mediterranean mountain pine species 

in Spain. 

In the wildfire context, Spanish Black pine is considered well-adapted to low 

severity fires, being able to survive surface fires due to its thick bark and few 

lower branches (Fulé et al., 2008). However, this species has a relatively low 

capacity of resilience after high severity wildfires (Christopoulou et al., 2014; 

Martín-Alcón and Coll, 2016; Retana et al., 2002). It is widely known that the 

natural regeneration of this species is complicated due to its non-serotinous 

character (Retana et al., 2002; Rodrigo et al., 2004; Tíscar and Linares, 2014) and 

the absence of post-fire soil seed bank (Ordóñez et al., 2005; Tapias et al., 2001), 

in addition the prevailing harsh microclimate conditions and poor shrub-cover 

during decades after the fire (Martín-Alcón and Coll, 2016; Retana et al., 2002). 

All these factors induce that its post-fire recruitment into the burnt area may be 

rare or non-existent during the early post-fire stages (Martín-Alcón and Coll, 

2016; Ordóñez et al., 2004; Retana et al., 2012; Retana et al., 2002). 

Medium- to long-term post-fire recovery of Spanish black pine in burnt areas 

depends almost exclusively on long-distance seed dispersal from surviving seed 

sources (i.e., neighbouring unburnt patches or sparse tree individuals) 

(Christopoulou et al., 2014; Ordóñez et al., 2006; Ordóñez and Retana, 2004; 

Ordóñez et al., 2005; Retana et al., 2002). Nevertheless, the arrival of dispersed 

seeds to the burnt area does not necessarily imply an adequate seedling 

establishment (Retana et al., 2012). Thus, there were many other limiting factors 

that can strongly mediate Spanish black pine post-fire seed germination, such as 

ineffective colonisation from unburnt edges and post-dispersal seed predation 
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(Ordóñez et al., 2004; Ordóñez et al., 2006; Ordóñez et al., 2005). Moreover, 

germinated seeds in burnt areas are affected by intra and inter specific 

competition (Ordóñez et al., 2006) and environmental constraints 

(Christopoulou et al., 2014). Together with all the disadvantages mentioned 

above, the natural post-fire regeneration of this species is complicated since it 

also depend on a accentuated mast seeding condition, in which the Spanish black 

pine populations tend to fruit in alternate years with good seed crops occurring 

every 5-6 years (Alejano et al., 2008; Tapias et al., 2001). Thus, the coincidence 

of non-masting years and absence of unburnt areas would have a strong impact 

on the post-fire pine recruitment, since the seedling establishment during the first 

few years after fire with low vegetation cover have higher probability of survival 

(Ordóñez and Retana, 2004; Retana et al., 2012). Consequently, as the natural 

post-fire Spanish black pine resilience may be null or limited, special attention is 

essential for improved post-fire ecosystem recovery understanding and forest 

management decision-making of burnt forests of this species. 

Increasing burn severity can increase the risk of a major shift in post-fire 

vegetation composition and structure of Spanish black pine ecosystems, which 

can lead to a fire-induced type conversion from pine forest to shrubland or 

grassland (Martín-Alcón and Coll, 2016), with the consequent short- to long-term 

profound effects on ecosystem-atmosphere C exchange at this Mediterranean 

mountain ecosystem. Furthermore, future climate-fire interaction, such as 

potential increases in fire frequency, extension, and severity under future, warmer 

and drier climate, may drive persistent shifts in the C balance of fire-disturbed 

Spanish black pine ecosystems. However, the ecosystem C exchange of these 

Mediterranean ecosystems under natural conditions yet remains unknown and, 

in turn, is also necessary to quantify the effects of wildfires with different degrees 

of burn severity on the forest C dynamics. 
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2. Justification of the study 

The scientific background identifies different key research needs within the 

framework of the present PhD Thesis. As mentioned earlier, previous research 

emphasizes the need for studies that help to increase our understanding on the 

ecosystem C exchange of fire-prone forest ecosystems in the Mediterranean 

Basin. Among them, the C sink strength of Spanish black pine forest ecosystems 

under natural conditions yet remains unknown. 

Particularly, based on the current and future trends in wildfire regime as well as 

the null or limited post-fire resilience of this pine species, further efforts should 

be made to expand our knowledge of the impact of wildfires with different 

degrees of burn severity on the ecosystem-atmosphere C exchange of recently 

burnt Spanish black pine stands. As well, unravelling how slope-aspect modulates 

variability of C fluxes during the early stages following severe wildfire and 

salvage-logging practices has yet to be addressed within Spanish black pine forest 

ecosystems. 

In order to disentangle the role of these fire-disturbed ecosystems in the global 

C cycle, it is important to quantify their ecosystem-level component C fluxes by 

different approaches (e.g., biometric and flux chamber-based methods (BM) and 

eddy-covariance technique (EC)) to obtain cross-checked estimates of the 

ecosystem C exchange as well as to help us understand the significance of 

different processes in the ecosystem-atmosphere C exchange. 

Within this framework, the main objective of this Thesis is to determine the 

magnitude, temporal and spatial patterns, and environmental controls of the net 

ecosystem C exchange and its component C fluxes in a salvage-logged Spanish 

black pine forest. We measured C fluxes along a burn severity gradient (unburnt, 

low burn-severity, and high burn-severity). Concretely, this work focuses on early 

post-fire stages (1.5-4.5 years post-burn) comprising simultaneous measurements 

of BM and EC approaches. The secondary objective is to examine the spatio-

temporal patterns of post-fire C fluxes from both soil and decaying tree stumps 

between opposing slope-aspects (north- vs. south-facing) within the severely 

burnt landscape. 

 

3. Objectives and Thesis outline 

The scope of this research can be concretized through six main specific 

objectives: 

1. To analyse the environmental drivers of the early decomposition stages 

of tree stumps and to quantify their annual C loss at ecosystem-level at 

sites with different burn severity (low vs. high). 
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2. To determine the spatial and temporal variability of soil respiration 

during the early post-fire stages and to quantify the annual soil respiration 

rates at ecosystem-level along a burn severity gradient (unburnt, low, and 

high). 

3. To examine the spatial and temporal patterns of both soil respiration and 

C loss of decaying tree stumps between opposing slope-aspects (south- 

vs. north-facing slope) within high burn-severity area. 

4. To determine the effective partitioning of the aboveground autotrophic 

respiration of pine trees into its total wood CO2 flux and foliar respiration 

components and to quantify their annual ecosystem-level rates at both 

unburnt and low burn-severity sites. 

5. To compare the significance of different modelling approaches for 

estimating the annual gross primary production in order to deduce the 

net ecosystem production rates at both unburnt and low burn-severity 

sites. 

6. To assess the daily and seasonal variation of the net ecosystem C 

exchange and its components at salvage-logged sites with different burn 

severity (low vs. high). 

This study combines BM and EC approaches for quantifying the ecosystem C 

exchange and its component C fluxes. Thus, BM methods are applied in the 

Objectives 1-5, whereas the EC technique is used in the Objective 6. 

 

4. Thesis structure 

In order to achieve the general objective by meeting the specific objectives, the 

results are presented and discussed in Chapters 1-5 of this manuscript. Each 

Chapter is presented as free-standing module that can be read independently of 

the other sections, and arranged as abstract, introduction, material and methods, 

results, discussion, and conclusions sections. 

 Chapter 1 (Objectives 1 and 3): 

This Chapter concerns the analysis of the post-fire C released during 2011-

2013 by the tree stumps left to decompose after conventional salvage logging 

operations. This pattern was analysed during their early stages of 

decomposition (1.5 to 4.5 years post burn), when the fastest decaying 

process is expected to occur. Tree stump C loss was estimated at a low burn-

severity site and two high burn-severity sites (i.e., south- and north-facing 

slope) by two different ways: (1) via wood mass loss (CLi, indirect method), 

and (2) via in situ CO2 efflux measurements (CLd, direct method). 
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Supplementary material related to this Chapter is presented in its Appendix 

A. 

 

 Chapter 2 (Objectives 2 and 3): 

In this Chapter, we evaluate the medium-term dynamics (1.5 to 4.5 years 

post burn) of the combined effect of logging practices and different burn 

severities (low and high) on the total soil respiration rates compared to an 

unburnt stand. In addition, we also analysed in more detail the effect of 

opposing slope-aspects (i.e., south- and north-facing slope) within the high 

burn-severity area on the spatio-temporal variability of soil respiration. 

Using both automated and manual soil respiration measurements, an 

upscaling approach involving spatio-temporal approach integration was 

applied between 2011 and 2013 consisting of (1) the determination of soil 

type areas at plot-level (i.e., area of influence of roots of trees or stumps and 

bare soil) defined from automated seasonal linear transects and (2) the 

upscaling of soil respiration at plot-level. Here, soil respiration was first 

modelled from manual measurements performed at midday by combining 

abiotic (soil temperature and soil water content) and biotic parameters 

(diameter at breast height), and then a correction of this modelled soil 

respiration estimates for daytime and night-time periods was applied. 

Supplementary material related to this Chapter is presented in its Appendices 

A and B. 

 

 Chapter 3 (Objective 4): 

This Chapter focuses on the upscaling of the total wood CO2 efflux and the 

foliar respiration at both unburnt and low burn-severity sites from biometric 

and flux-chamber measurements taken between 2011 and 2013. In this 

study, we compared complex and simple scale-up methods which did or did 

not account for the vertical variation in the total wood CO2 efflux within 

individual pine trees and the effects of leaf ageing (current- vs. previous-

years needles) and light inhibition (darkness vs. light) on foliar respiration, 

respectively. Finally, aboveground autotrophic respiration rates provided by 

both methods were reported at both study sites. Supplementary material 

related to this Chapter is presented in its Appendices A and B. 

 

 Chapter 4 (Objective 5):  

This Chapter addresses the question how two different laborious BM 

approaches for estimating the annual gross primary production can influence 
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the annual net ecosystem production estimates at both unburnt and low 

burn-severity sites between 2011 and 2013. First, we estimated the annual 

gross primary production by two different modelling approaches. On the 

one hand, we used a C-mass balance approach, defined as the sum of the 

aboveground net primary production, the total belowground carbon flux, 

and the aboveground autotrophic respiration. On the other hand, we used a 

whole-canopy photosynthesis-modelling approach, obtained by combining 

an environmental-dependent non-rectangular hyperbolic light-response 

model applied to different pine needle age-cohorts and coupled to a two-

leaf scaling-up strategy. We then estimated their corresponding annual net 

ecosystem production based on both these annual gross primary production 

estimates along with a single ecosystem respiration dataset, obtained from 

the previous C components (Objectives 1-3). Supplementary material related 

to this Chapter is presented in its Appendices A and B. 

 

 Chapter 5 (Objective 6):  

The research interest of this Chapter is to assess the effect of fire on the net 

ecosystem C exchange and its components (gross primary production and 

ecosystem respiration) at both low and high burn-severity sites year-round 

using eddy covariance measurements. Applying widely used post-processing, 

gap-filling and partitioning EC data approaches, we also analysed their daily 

and seasonal variation to interpret the differences in the measured C fluxes 

and underlying processes during the year 2012. Supplementary material 

related to this Chapter is presented in its Appendices A and B. 

 

To summarize the work done in this Thesis, Fig. 12 specifies the main 

characteristics of the different study sites, the C flux measurements and 

approaches considered, as well as the Chapter of the Thesis where they are 

described and addressed. 
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Figure 12. Overview of the Thesis structure. BM: approach based on biometric and 

flux chamber-based methods, EC: approach based on eddy-covariance technique, CLi: 

tree stump C loss estimated via indirect method (wood mass loss), CLd: tree stump C 

loss estimated via direct method (CO2 flux chamber), SR: total soil respiration, RAa: 

aboveground autotrophic respiration, GPP: gross primary production, Reco: ecosystem 

respiration, NEP: net ecosystem production, and NEE: net ecosystem exchange. 

Arrows represent fluxes: i) red and blue arrows denote respiratory and production 

fluxes, respectively, and ii) green arrows denote C sink/source strength. 
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1. Study area and experimental sites 

The study was conducted in a Spanish Black pine forest ecosystem located at the 

Cuenca Mountain Range (Castilla-La Mancha Region, central-eastern Spain; 1400 

m a.s.l.; “Cerro Candalar” and “Ensanche de Las Majadas” forests [numbers 131 

and 133 in the Public Utility Catalogue of the province of Cuenca]; UTM position 

X: 588021, Y: 4456203, ETRS89 UTM 30N). Within this area, a large natural 

wildfire burnt ca. 1800 ha in July 2009 (Fig. 1). The climate is typical continental 

Mediterranean with warm, dry summers and cold, rainy winters with a mean 

annual air temperature and precipitation of 10.1ºC and 647 mm, respectively 

(average 30-year 1980-2010). The study area is dominated by a hilly landscape 

and has a shallow soil over calcareous hard rock with frequent rock outcrops. 

Spanish black pines dominate the upper canopy layer, with Scots pine (Pinus 

sylvestris L.), Lusitanian oak (Quercus faginea Lam.), and Spanish juniper (Juniperus 

thurifera L.) also present. The forest understory consists of shrub-type vegetation 

and grasses, including Juniperus communis L., Juniperus oxycedrus L., Crataegus 

monogyna Jacq., Buxus sempervirens L., Brachypodium retusum (Pers.) Beauv., and 

Dactilis glomerata L. 

The experimental design was based on a nested factorial design with two factors: 

i) burn severity (three levels: unburnt, low, and high), and slope-aspect nested 

within burn severity effect (two levels in high burn severity: south- and north-

facing slope). Thus, four experimental sites (ca. two ha each and about 500 m 

apart; Fig. 1) were established in January 2011 based on a burn-severity map (Fig. 

1). Thus, we defined (1) an unburnt control site (UB, undisturbed and unlogged 

forest), (2) a low burn-severity site (LS), (3) a south-facing high burn-severity site 

(HSS), and (4) a north-facing high burn-severity site (HSN). The terrain was 

relatively flat at both the UB and LS sites with a mean slope of ≈ 5%. In contrast, 

both severely burnt sites were located on a gently sloping terrain with a mean 

slope of ≈ 10%. All sites had a similar in elevation, soil type, and total rainfall. 

Conventional salvage logging was performed at the burnt sites by the local Forest 

Service between August and December 2010; all the burnt trees were felled and 

the logs were removed with a log forwarder while remaining woody debris 

(branches and small snags) were chipped at the roadside by machine. After the 

fire and logging, the vegetation composition at the LS site was similar to the 

unburnt forest (described above; Fig. 2). However, vegetation at both the HSS 

and HSN sites was principally represented by herbs (Eryngium campestre L., 

Picnomon acarna L., Euphorbia nicaeensis All. and Brachypodium retusum (Pers.) Beauv.) 

and sparse shrubs (Juniperus communis L. and Berberis hispanica Boiss. & Reut.; Fig. 

2). A detailed description of pre- and post-fire forest stand characteristics at each 

site is provided in the individual Chapters. 
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Figure 1. Location of the wildfire (a), division of the study area into burn severity 

classes (b) and the study sites locations (c). UB: unburnt site, LS: low burn-severity site, 

HSS: south-facing high burn-severity site, and HSN: north-facing high burn-severity 

site. Inventory plots (15 m radius) are represented by black circles. Thick black lines 

are the contour lines (20 m interval). Burn severity classes were obtained with the 

differenced Normalized Burn Ratio index (dNBR, Key and Benson (2006)) 

classification: i) green: unburnt, ii) yellow: low burn-severity, iii) orange: moderate 

burn-severity, and iv) red: high burn-severity. 
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Figure 2. Appearance of the experimental sites in May 2012. 

 

2. Overview of the sampling plan, methodologies, and 
instrumentation 

2.1. Outline of the sampling plan 

In order to achieve the main research Objectives, this Thesis involved 

performing different activities, including field work, lab work, and analytical-

modelling techniques. An outline of the sampling plan and activities of the 

present Thesis is shown in Table 1. 

The approach of this Thesis is integrative because Chapters 1-3 provide essential 

inputs for Chapter 4, which in turn provides important information for Chapter 

5. 

It also should be noted that Chapters 1-4 (BM approach) interact and require 

additional cross-cutting activities (i.e., activities 1, 2, 8, 11, 12, and 13). 

A detailed description of each activity is provided in the individual Chapters. 
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Table 1. Gantt chart of the sampling plan from 2011 to 2014. Outlined below is a brief 

description of the activities. 

 

 

2.2. Performed activities 

 Activity 1: Field survey (A1; Chapters 1-4) 

A field survey was carried out in January 2011, in which 9 circular plots (15 

m radius) were randomly established in representative locations on each 

study sites (n = 36 plots in total). We geographically located every living tree 

or stump on each plot and recorded the tree diameter at breast height (1.30 

m aboveground, DBH, cm) and stem-bark char height (Hch, cm) for each 

tree and the height (h, cm), bark thickness (Bt, cm), and top and base 

diameters (0.15 m aboveground, DSt and DSb, respectively, cm) for each 

stump. The DBH and the annual growth rate (GR, annual ring width; mm 

year-1) of all living trees at the UB and LS sites during 2011-2013 were 

estimated by taking two opposite increment core samples per tree in January 

2014 with a 5-mm increment borer (Haglöf, Langsele, Sweden) in 28 and 26 

representative trees at the UB and LS sites, respectively (n = 108 cores in 

total). We took a random stratified sample to include a wide range tree sizes 

within the stand (5-55 cm DBH). 

In addition, the total tree height (Ht, m) and live crown height (Hlc, m; height 

of the lowest live branch of the tree) of living trees were estimated from site-

specific allometric equations. Equations were obtained from a sample of 

eight representative trees standing at each plot at both the UB and LS sites. 

Sampled trees were randomly selected in a stratified way to include a wide 

range tree sizes within the plot (5-55 cm DBH). 
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 Activity 2: Environmental measurements (A2; Chapters 1-4) 

Different environmental variables were measured on a half-hourly basis 

between 2011 and 2013 at each study site; stump temperature (Tst, ºC; on 

top of tree stumps located at LS, HSS, and HSN sites; n = 3 Tst probes per 

site), soil temperature (Ts, ºC; at each site; n = 10 Ts probes per site), soil 

water content (SWC, %; at each site; n = 2 SWC probes per site), air 

temperature (Ta, ºC; at 4 m height in a plot at UB and LS sites; n = 1 Ta 

probes per site), sapwood temperature (Ts, ºC; at breast height [1.30m], mid-

stem, and mid-crown in trees at UB and LS sites; n = 28 Ts probes in total), 

and incoming shortwave radiation (K↓, W m-2; on top of a 27-m-tall 

meteorological tower located at LS site; n = 1 K↓ probe in total). 

 

 Activity 3: C loss of tree stumps based on wood mass loss (A3; Chapter 

1) 

The C loss (kg C) from the aboveground wood of the decaying stumps 

between 2011 and 2013 was calculated as the difference between their 

undecomposed and decomposed C content. In order to obtain both the 

undecomposed aboveground wood bulk density and C concentration of 

stumps, we analysed 18 wood slices obtained from the basal part (0.15 m 

aboveground) of 18 living trees via a destructive sampling carried out in June 

2012. In addition, we also analysed 18 wood cores extracted at 0.15 m 

aboveground level from other 18 living pines, which were taken with a 5-

mm increment borer (Haglöf, Langsele, Sweden). Furthermore, both the 

decomposed aboveground wood bulk density and C concentration of 

stumps were estimated at the LS, HSS, and HSN sites from 12 decaying 

stumps in December 2013. Sampling consisted of four small (DSt ≈ 25 cm), 

four medium (DSt ≈ 35 cm) and four big stumps (DSt ≈ 50 cm), from which 

a rectangular-shaped sample was taken from the aboveground part of each 

stump using a chain saw. The C concentration of both the undecomposed 

and decomposed wood samples was determined with a LECO TruSpec 

CHNS analyser (LECO Corporation, St. Joseph, MI, USA). 

 

 Activity 4: C loss measurements of tree stumps based on CO2 efflux rates 

(A4; Chapter 1) 

We measured stump CO2 efflux (Rstump, µmol CO2 m-2 s-1) fortnightly or 

monthly between May 2011 to December 2013 at the LS, HSS, and HSN 

sites (n = 40 Rstump measurement campaigns per site). Rstump was measured in 

situ using a portable infrared gas analyser coupled to a soil CO2 flux chamber 

(Li-6400XT and Li-6400-09, respectively; Li-Cor, Environmental Division, 
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Lincoln, NE, USA). Three replicate measurements, lasting 3-4 min in total, 

were taken and averaged for each sampling point (metallic collar) on each 

campaign and averaged. Each campaign lasted around 2 h and was 

performed from 10:00-13:00h (solar time). At each site, six metallic collars 

(10.4 cm in diameter and 5 cm in height) were randomly placed on the top 

of small (n = 2), medium (n = 2), and big (n = 2) tree stumps. 

 

 Activity 5: Soil respiration based on manual CO2 efflux measurements 

(A5; Chapter 2) 

At each study site, we measured manually soil respiration (SRM, µmol CO2 

m-2 s-1) fortnightly or monthly between March 2011 to December 2013 (n = 

43 SRM measurement campaigns per site) using a portable infrared gas 

analyser coupled to a soil CO2 flux chamber (Li-6400XT and Li-6400-09, 

respectively). Three replicate measurements, lasting 3-4 min in total, were 

taken and averaged for each sampling point (metallic collar) on each 

campaign and averaged. Each campaign lasted around 3 h and was 

performed at midday (from 11:00-14:00h, solar time). In total, 10 SR collars 

(10.4 cm in diameter and 5 cm in height) were established per site: 5 collars 

were located 0.30 m away from trees (at the UB and LS sites) or stumps (at 

the HSS and HSN sites), and 5 collars were randomly located inside of 

different canopy-cover gaps (at least 6 m away from the nearest tree or 

stump). 

 

 Activity 6: Soil respiration based on automated CO2 efflux measurements 

(A6; Chapter 2) 

Automated measurements of soil respiration (SRA; µmol CO2 m
-2 s-1) were 

taken in 8 seasonal campaigns (distributed between 2011 and 2013) and 

performed on 2 consecutive and representative days of each season (n = 16 

sampling days per site) using an automated multi-chamber soil CO2 flux 

measurement system (Li-8100A+Li-8150, with 8 dark non-transparent long-

term chambers type Li-8100-104, Li-Cor Environmental Division, Lincoln, 

NE, USA). Each chamber took measurements repeatedly every 30 min over 

a 24 h sampling period over a PVC collar (20.3 cm in diameter and 11.4 cm 

in height). The closure time was 120 s, and at least the first 20 s (i.e., “dead 

band” mixing period) was discarded each time. SRA measurements were 

performed along two transects, one between a large and a small tree at the 

LS site, and other between a large and a small stump at the HSS site, which 

were established to obtain two linear gradients at each site. 
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 Activity 7: Fine-root biomass (A7; Chapter 2) 

Fine-root (< 2 mm diameter) biomass was sampled in December 2011, 2012, 

and 2013 at each study site using 12 soil cores (5 cm in diameter and 10 cm 

in depth) placed randomly adjacent (≤ 0.5 m) to representative SRM collars. 

 

 Activity 8: Litter biomass on the forest floor (A8; Chapter 2 and 4) 

The mean annual litter biomass on the forest floor was sampled in 

December 2011, 2012, and 2013 at each study site using 16 square quadrats 

(25×25 cm) placed randomly adjacent (≤ 0.5 m) to representative SRM 

collars. 

 

 Activity 9: Stem CO2 efflux measurements (A9; Chapter 3) 

Stem CO2 efflux per unit of stem surface area (ESs, µmol CO2 m
-2 s-1) was 

measured at breast-height (BH, 1.30m) in 18 trees at the UB and LS sites. In 

addition, ESs was measured vertically on 5 of those trees at BH, mid-stem, 

and mid-crown. ESs was measured in situ using a portable infrared gas 

analyser coupled to a soil CO2 flux chamber (Li-6400XT and Li-6400-09, 

respectively). In total, we placed 28 collars on and took 45 monthly or 

fortnightly measurements per collar between March 2011 to December 

2013, using a hydraulic platform crane (Parma 12, MATILSA, Zaragoza, 

Spain) for canopy measurements. One measurement on each collar on each 

sampling date was taken. Measurements were replicated three times on each 

collar and taken the mean value. Each measurement campaign lasted around 

3 hours and was performed from 10:00-13:00h (solar time). 

 

 Activity 10: Annual growth rate and sapwood volume of the truncate 

wedge-shaped figure enclosed inside the ESs collars (A10; Chapter 3) 

The annual GR (mm year-1) during 2011-2013 close to each ESs collar on 

each tree was measured from one increment core sample taken in January 

2014 (n = 28 cores in total). We also determined the sapwood thickness after 

identifying the heartwood-sapwood boundary by 10% ferric chloride 

solution staining (dark green and light green colour reactions, respectively). 

We acquired images of the wood cores and analysed them using a leaf-area 

meter (Win Dias 3, Delta-T Devices, Cambridge, UK). 
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 Activity 11: Sapwood volume and biomass of pine trees (A11; Chapters 

3 and 4) 

Both the whole-stem and whole-branch sapwood volumes at the tree level 

(SVs and SVbr, respectively; dm3 tree-1), as well as the biomass (kg tree-1) of 

stem, branches, foliage, and coarse roots (Ø ≥ 5mm), were estimated from 

site-specific allometric equations. Equations were obtained from a 

destructive sampling of 8 and 10 living pine trees at the UB and LS sites, 

respectively, carried out on 16th June 2012. 

 

 Activity 12: Needle-level respiration and photosynthesis rates (A12; 

Chapters 3 and 4) 

Light-response curves of net CO2 assimilation rates (Anet, μmol CO2 m
–2 s–1) 

were measured on 22 campaigns from November 2011 to December 2013, 

in both current- and previous-year needle cohorts (i.e., CY and PY, 

respectively) from the fully-exposed upper canopy (sunlit canopy fraction) 

of three representative trees at the UB site. 

Light-response curves were conducted from 10:00-11:30h (solar time) using 

a portable infrared gas analyser equipped with a 6 cm2 chamber coupled to 

a red-blue light source (Li-6400XT and Li-6400-02B LED, respectively; Li-

Cor, Environmental Division, Lincoln, NE, USA). Two fully-expanded and 

attached fascicles (four needles) per cohort were selected from one twig of 

each tree on each date for the gas-exchange measurements. In total, 132 

independent light-response curves were performed. Next, the needles 

enclosed in the chamber were harvested and the projected needle areas were 

estimated by analysing them in the laboratory using a leaf area meter (Win 

Dias 3, Delta-T Devices, Cambridge, UK). We then used these areas to re-

compute the gas-exchange variables with the standard algorithms provided 

in the Li-6400XT simulator. 

Anet was measured at different light intensities, i.e., 1800, 1500, 1200, 900, 

600, 300, 150, 140, 130, 120, 110, 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10 

μmol photons m-2 s-1 of photosynthetic photon flux density (PPFD). Net 

CO2 assimilation rate at saturating irradiance (Amax, μmol CO2 m
–2 s–1) was 

measured at 1800 μmol photons m-2 s-1. Needle respiration in darkness (Rfd, 

μmol CO2 m
–2 s–1) was measured at 0 μmol photons m-2 s-1 after a 10-minute 

dark period. Needle respiration in light (Rfl, μmol CO2 m
–2 s–1) was estimated 

using the Kok method, from the y-axis intercept of a first-order linear 

regression fitted to the Anet-irradiance plots of measurements made over the 

40-150 μmol photons m-2 s-1 irradiance range. 
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Repeated light-response curves could not be performed at the LS site 

because of time constraints. However, to overcome this, we carried out a 

preliminary sampling exercise at the UB and LS sites in June 2011, in order 

to compare Rfd, Rfl, and Amax parameters in trees and CY/PY needle cohorts 

at both sites. Thus, we did not observe any significant differences between 

them; therefore, we assumed that needle-level respiratory and assimilation 

rates obtained at the UB site were also representative of the LS site. In 

addition, repeated light-response curves could not be performed on the 

shaded canopy fraction of trees because of time constraints. However, to 

overcome this, we carried out a preliminary sampling exercise on the lower 

canopy (shaded canopy fraction) of the sampled trees at the UB site before 

starting our formal measurement campaigns, in which the Amax of both CY 

and PY shaded needles was measured at two campaigns in November 2012. 

Thus, for each campaign, two fully-expanded and attached fascicles per 

cohort were selected from 5 different twigs of each tree. 

 

 Activity 13: Leaf area index estimation (A13; Chapters 3 and 4) 

The daily leaf area index (LAI, m2 m−2 day-1) between 2011 and 2013 was 

estimated for each plot at the UB and LS sites based on the Moderate 

Resolution Imaging Spectroradiometer (MODIS) product (MOD15A2) and 

the semi-direct allometric LAI obtained from the destructive sampling (16th 

June 2012). 

 

 Activity 14: Litterfall (A14; Chapter 4) 

The litterfall was collected monthly from 2011 to 2013 from two 

representative plots at the UB and LS sites using permanently installed 

rectangular traps (mesh size < 0.5 mm, 1 m2) placed 0.6 m above the topsoil. 

Thus, 12 litter-traps per plot were systematically located (spaced at 2 m apart) 

at each site. Litter was sorted into needles, twigs, branches, cones, seeds, 

reproductive organs and miscellaneous (mainly consisting of bark and small 

needle pieces). 

 

 Activity 15: Radiation interception by the canopy (A15; Chapter 4) 

First, the incoming K↓ radiation was divided into direct and diffuse 

components, from which the incoming diffuse and direct 

photosynthetically-active radiation (PAR, μmol photons m-2 s-1) were 

obtained between 2011 and 2013. In addition, a two-leaf strategy was used 

for scaling-up photosynthesis from leaf-to-canopy for each plot at the UB 
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and LS sites, by dividing the canopy into both sunlit and shaded fractions. 

This allowed us to determine the proportion of the LAI attributed to CY or 

PY needles in each sunlit/shaded fraction. Then, shaded needles were 

modelled to absorb diffuse, scattered-diffuse, and scattered-beam PAR 

while sunlit needles also absorbed direct-beam PAR. 

 

 Activity 16: Eddy covariance measurements (A16; Chapter 5) 

Two analogue eddy covariance (EC) systems were installed at the LS and 

HSS sites, mounted on top of a 27- and 9-m height tower, respectively. 

Fluxes of CO2 (Fc, μmol CO2 m
-2 s-1), latent heat (LE, W m-2), and sensible 

heat (H, W m-2) were measured at each site during 2012 by an open-path 

infrared gas analyser (Li-7500A, Li-Cor, Environmental Division, Lincoln, 

NE, USA). Wind speed (3-D) and sonic temperature were simultaneously 

measured by a 3-axis sonic anemometer (81000, R.M. Young Inc., Traverse 

City, MI, USA). Complementary meteorological variables were also 

measured in both micrometerological towers (further information can be 

found in Chapter 5). Fc, LE, and H were calculated from raw data acquired 

at 10 Hz frequency and binned in 30-min data files, while meteorological 

variables were made at 1 Hz frequency, averaged/summed (rainfall) to 10-

min, which were subsequently averaged/summed (rainfall) at 30-min 

intervals. EC quality controls, post-processing, and footprint analysis, 

friction velocity (u*) filtering, data gap-filling and flux partitioning on net 

ecosystem exchange (NEE), gross primary production (GPP), and 

ecosystem respiration (Reco) are also described in detail in Chapter 5. 

 

3. Overview of the data analysis, writing, peer-review 
process, and publication of the manuscripts 

The manuscripts included as Chapters in the present Thesis either are published 

in peer-reviewed scientific journals or are ready for submission. This process 

took place between the first trimester of 2014 and the second trimester of 2017. 

An outline of the main stages for the achievement of these manuscripts is shown 

in Table 2. 
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Table 2. Gantt chart of the main stages of the manuscripts from 2014 to 2017. 
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Abstract 

Post-fire carbon released by the decomposition process of tree stumps in a 

Spanish black pine (Pinus nigra Arn. ssp. salzmannii) forest of the Cuenca Mountain 

range (Spain) was assessed during the first three years after felling fire-killed trees. 

Carbon loss was estimated at high- and low-burn severity sites by two different 

ways: (1) via wood mass loss (indirect method); and (2) via in situ CO2 efflux 

measurements (Rstump, direct method). By the indirect method, different 

aboveground wood decomposition parameters were estimated, i.e. decay rate (ka) 

and half-life period (t0,5). By the direct method, multiple regression models related 

stump diameter and temperature to instantaneous Rstump. The results indicate that 

C loss depended on post-fire environmental conditions and woody substrate 

quality (i.e. stump size). Both methods showed similar C release patterns, with 

higher values obtained by the direct method for all study sites and tree stump 

sizes, likely because a portion of the CO2 originating in the belowground part of 

stump was diffused through the decomposed aboveground part. Using the 

defined Rstump models for ecosystem upscaling, the annual C loss of the study sites 

ranged from 0.009 ± 0.002 to 0.148 ± 0.025 Mg C ha-1 year-1. Thereby, stumps 

could be considered hot spots of CO2 production during their early stages of 

decomposition, which particularly at post-fire managed areas, with large numbers 

are left to decompose, can represent a significant and poorly studied part of the 

total ecosystem respiration. 

 

Keywords 

Mediterranean mountain ecosystem, coarse woody debris, wood mass loss, CO2 

efflux, hot spots 
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1. Introduction 

Wildfire is a natural ecological factor and the most important disturbance in 

Mediterranean ecosystems (Fournier et al., 2012). Climate warming in the 

Mediterranean region has increased the intensity and frequency of large-scale 

wildfires, which have affected more than 4 million ha in the Mediterranean region 

of Spain in the last 20 years (Uribe et al., 2013). Wildfires directly control both 

vegetation dynamics and structure, and play a key role in the carbon cycle by 

reorganizing the post-fire carbon pools (Fournier et al., 2012). This disturbance 

produces a huge amount of coarse woody debris (CWD), including all the non-

living woody biomass not contained in the litter pool (Olajuyigbe et al., 2011). 

However, while the recent concern has focused in downed and standing coarse 

wood (Harmon et al., 2011), the role of decaying tree stumps, referred to 

hereafter as stumps, have scarcely been studied before (Garrett et al., 2010; Melin 

et al., 2009; Olajuyigbe et al., 2011; Palviainen et al., 2010; Shorohova et al., 2012; 

Shorohova et al., 2008), being completely ignored in post-fire Mediterranean 

mountain ecosystems, despite becoming the main CWD pool left to decompose 

in managed areas. 

Only few studies have investigated the amount, structure, decomposition rates 

and carbon losses of post-fire CWD, being most frequently studied in unburnt 

ecosystems (Jomura et al., 2008). Identifying the contribution of the CWD 

carbon loss to the total ecosystem respiration (Reco) can significantly improve the 

understanding of C dynamics in post-fire ecosystems (Van Miegroet et al., 2007). 

Thus, a large pulse of C loss could be obtained from the partially buried stumps 

during their earlier stages of decomposition in post-fire areas as a consequence 

of the unusual decomposition conditions, directly influenced by the post-fire 

forest structure and environmental drivers of decay, principally temperature and 

moisture of dead wood (Bond-Lamberty et al., 2002; Hagemann et al., 2010; Liu 

et al., 2006; Zhou et al., 2007). This initial period is when the fastest 

decomposition and nutrient release are expected to occur (Olajuyigbe et al., 2011; 

Palviainen et al., 2004). Furthermore, differences in C loss at the stand-level can 

be influenced by differences in fire-related stump abundance (Hagemann et al., 

2010; Harmon et al., 2011). So, considering them to be individual units of C 

emission to the atmosphere, we hypothesize that the stumps could act as hot 

spots of CO2 production in recently burnt ecosystems, showing a great 

contribution to total C loss not proportional to the area they cover at the stand-

level. 

The accuracy in the stump C loss estimations can differ as a result of variable 

sampling strategies, ranging from diachronic studies based on chronosequences 

(wood mass loss method) to direct CO2 flux measures (direct method) (Forrester 

et al., 2012; Herrmann and Bauhus, 2008). Nevertheless, in spite of being a more 

accurate method, the C loss estimation by the direct method has been rarely used 
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on stumps, with only few works conducted in boreal forests (Bond-Lamberty et 

al., 2002; Hagemann et al., 2010; Wang et al., 2002), temperate coniferous forests 

(Forrester et al., 2012; Gough et al., 2007; Herrmann and Bauhus, 2013; Jomura 

et al., 2008; Mackensen and Bauhus, 2003; Olajuyigbe et al., 2012), and tropical 

forests (Chambers et al., 2001). 

We measured the C loss from the early stages of stump decomposition at sites of 

different burn severities in a Spanish black pine forest. These measurements were 

carried out during the first three years after felling fire-killed trees by post-fire 

management practices. The objectives of this study were to: (1) analyse the 

environmental drivers of stump decomposition at sites of different burn severity; 

(2) estimate decay rates (ka) and half-life period (t0.5) of the aboveground woody 

part of stumps; (3) compare C loss from stumps based on wood mass loss 

(indirect method) and in situ CO2 efflux rates (direct method); and (4) estimate 

the stand-level total and annual C loss from the stumps. 

 

2. Materials and methods 

2.1 Study area, experimental design and field survey 

The study area, located at 1400 m a.s.l. in the Cuenca Mountain Range Natural 

Park (Castilla-La Mancha Region, central-eastern Spain; 40º 15´ N; 1º 57´ W), 

was affected by a natural wildfire caused by a lightning storm which burnt approx. 

1800 ha in July 2009 (Fig. 1). Typical of the region, the fire was of varied severity 

and produced a complex spatio-temporal mosaic of disturbance severities 

(unburnt, low-, moderate-, and high-burn severity patches) across the landscape. 

Different post-fire management practices depending on the proportion of stand-

level tree mortality were carried out by the local Forest Service in December 2010 

throughout the burnt area to restore the vegetation. Burnt snags were felled and 

removed, combined with the elimination of the remaining woody debris 

(branches, logs, and snags) by chipping by the roadside. 

The sampling area is slightly hilly (slopes ≤ 10%) with a shallow soil over 

calcareous hard rock with frequent rock outcrops. The climate is Mediterranean-

type with an average annual precipitation of 652 mm, which occurs mostly in 

spring and autumn, leaving dry summers. The mean annual temperature was 

11.1ºC, with extreme values ranging between -9.8ºC and 34.4ºC. In this area, the 

Spanish black pine (Pinus nigra Arn. ssp. salzmannii) dominates the upper canopy 

composition, with scattered trees of Pinus sylvestris L., Quercus faginea Lam. and 

Juniperus thurifera L. The understory is dominated by shrubs (Juniperus communis L., 

Juniperus oxycedrus L., Crataegus monogyna Jacq., Buxus sempervirens L. and Genista 

pumila ssp. rigidissima (Vierh.)), and herbs (Brachypodium retusum (Pers.) and Dactilis 

glomerata L.). For more details of the study area, see Dadi et al. (2015). 
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Figure 1. Location of the wildfire (a), division of the study area into burn severity 

classes (b) and the study sites locations (c). Sites: LS = low-burn severity site, HSS = 

high-burn severity site of southern aspect and HSN = high-burn severity site of 

northern aspect. Inventory plots (15 m radius) are represented by black circles. Thick 

black lines are the contour lines (20 m intervals). Burn severity was described by dNBR 

index classification: (i) green = unburnt, (ii) yellow = low-burn severity, (iii) orange = 

moderate-burn severity, and (iv) red = high-burn severity. 

 

Into the wildfire area, the three experimental sites (approx. two ha each), 

separated by about 500 m, were selected based on a burn severity map calculated 

using the differenced Normalized Burn Ratio index (dNBR, Key and Benson 

(2006), Fig. 1). We established (1) a low-burn severity site (LS, affected by surface 

fire); (2) a high-burn severity site of southern aspect (HSS, affected by active 

crown fire); and (3) a high-burn severity site of northern aspect (HSN, affected 

by active crown fire). At these sites, in order to compare satellite-derived values 

with ground-based measurements of burn severity, a field survey campaign to 

determine tree mortality and pre- and post-fire canopy cover was carried out after 

the wildfire (January 2011). Nine circular plots (15 m radius) within each site were 

randomly established in representative locations of the burnt and unburnt stand 
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conditions at each experimental site. Stumps, defined as the standing cut tree 

boles left protruding from the ground after the fire-killed tree had been cut, and 

remaining live trees were geographically located (with both GPS and terrain 

measurements) in each plot. For each living tree, the diameter at breast height 

(DBH, cm), and total tree height (TH, m) were measured. Furthermore, the 

height (h, cm), bark thickness (Bt, cm), top and base diameters (DSt and DSb, 

cm) were measured for each stump. A conical shape was assumed for each stump 

and its aboveground wood volume outside bark (VSo, m
3 stump-1) was calculated 

(Eq. (1)). 

 
3

22 rrRRh
VSo





                                       (1) 

Where h is the height of the stump in m; R and r are the maximum (lower part 

of the stump, close to the soil) and minimum (top part of the stump) radii in m, 

respectively. For the aboveground wood volume inside bark (VSi, m
3 stump-1), R 

and r were computed without considering the bark thickness, assuming the same 

thickness at the top and the base of the stump. 

We selected both severities (low- and high-burn severities) due to different post-

fire crown coverage (Table 1), and therefore different soil and dead wood 

environmental conditions. Further, we analysed more thoroughly the high-burn 

severity area (2 exposures) where major differences in post-fire C loss of decaying 

stumps were expected to occur in comparison to the LS site. All the sites were 

similar in elevation, soil type and total rainfall terms. At the beginning of the 

study, the vegetation structure and composition at the LS site were similar to the 

unburnt forest (described above), but at the HSS and HSN sites consisted 

principally of herbaceous vegetation (Eryngium campestre L., Picnomon acarna L., 

Euphorbia nicaeensis All. and Brachypodium retusum (Pers.) Beauv.) and sparse shrubs 

(Juniperus communis L. and Berberis vulgaris L.). 
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Table 1. Pre and post-fire forest stand characteristics at the experimental sites. Sites: LS 

= low-burn severity site; HSS = high-burn severity site of southern aspect, and HSN = 

high-burn severity site of northern aspect. Mean values and standard errors (in brackets) 

are shown. n = 9 circular plots of 15 m radius at each site. 

 Site 

Forest stand characteristics LS HSS HSN 

 Live trees 

Tree Density (N, trees ha-1)    

Pre-fire 1420 (170) 1220 (150) 1190 (170) 

Post-fire 850 (80) 0 0 

Basal Area at 1.30 m (BA1.3 , m2 ha-1)#    

Pre-fire 39.9 (3.0) 30.6 (3.9) 30.9 (3.8) 

Post-fire 35.1 (2.3) 0.0 0.0 

Crown coverage (%)+    

Pre-fire 74.6 (5.4) 61.6 (5.8) 61.7 (6.3) 

Post-fire 60.9 (3.1) 0.0 0.0 

 Dead wood (stumps) 

Total stump biomass (ws, t ha-1) *    

Pre-fire - - - 

Post-fire 4.5 (0.7) 36.3 (5.6) 36.4 (5.4) 

Basal Area at 0.15 m (BA0.15 , m2 ha-1) *    

Pre-fire - - - 

Post-fire 8.5 (1.8) 43.1 (4.7) 43.4 (4.5) 

# Diameter at breast height (DBH) of fire-killed trees was estimated by an allometric 

relationship between the diameter outside bark at the basal part of live tree (0.15 m 

aboveground, Dbo, cm) and diameter at breast height (1.30m aboveground, cm) 

(Supplementary Table S1). 

+ Estimated by an allometric relationship between DBH and projected crown surface 

area of live trees (CSA, m2) (Supplementary Table S2). 

* Without data of pre-fire conditions. All the sampled stumps come from fire-killed trees. 

 

2.2 C loss and decay measurements based on wood mass 
loss (indirect method) 

2.2.1 Undecomposed aboveground wood determinations 

From a destructive sampling of 18 living trees carried out in June 2012, which 

were selected by stratified random sampling to obtain a well-distributed sample 

along the range of diameters within the stand (DBH ranged from 5 to 55 cm), a 
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representative wood slice (3-4 cm thick) was taken from the basal part of each 

sampled tree (at 0.15 m aboveground level). Furthermore, 18 wood cores were 

extracted from other living trees (selected by stratified random sampling within 

the stand) at 0.15 m aboveground level with a 5-mm increment borer (Haglöf, 

Langsele, Sweden). The dimensions and fresh volume of each wood core and 

slice were calculated in the laboratory. Afterwards, they were oven-dried at 80ºC 

for 48 h to constant weight to determine the dry weight. In this way, the 

undecomposed aboveground wood bulk density (D0, kg m-3, dry mass divided by 

fresh volume) was obtained. 

From nine of the 18 slices (well-distributed sample along the range of diameters), 

a woody sample (approx. 500 g from each slice) was taken for chemical analysis. 

These sub-samples were mixed and homogenised by passing them through a 

hammer flail mill fitted with a 1-mm gauge. The C concentration of the 

undecomposed wood samples (C0, %) was determined with a LECO TruSpec 

CHNS analyser (LECO Corporation, St. Joseph, MI, USA). 

 

2.2.2 Decomposed aboveground wood determinations 

At each experimental site 12 decaying stumps were chosen in December 2013, 

selecting the most representative according to the stump diameter classes of each 

site. Thus, sampling consisted of four small (DSt ≈ 25 cm, SS stumps), four 

medium (DSt ≈ 35 cm, MS stumps) and four big stumps (DSt ≈ 50 cm, BS 

stumps) (Supplementary Table S3). One rectangular-shaped sample was taken 

from the aboveground part of each stump using a chain saw, and then height, 

length and thickness were measured. This sample was taken as closely as possible 

to the ground, in the direction of the maximum diameter of the stump cross-

sectional area, including sapwood and heartwood components. The samples were 

oven-dried at 80ºC for 48 h and weighed. Afterwards, the decomposed 

aboveground wood bulk density (Dt, kg m-3, dry mass divided by fresh volume) 

was calculated for each sample. Then, their undecomposed parameters, i.e. C0 

(%) and D0 (kg m-3; predicted by linear regression, Supplementary Table S4), were 

estimated from the undecomposed aboveground wood samples (Section 2.2.1.). 

The C concentrations of each decomposed wood sample (Ct, %) were calculated 

using the same methodology described for undecomposed wood samples 

(Section 2.2.1.). Finally, the undecomposed and decomposed aboveground 

woody dry masses of each stump sampled (m0 and mt, kg stump-1, respectively) 

were calculated by respectively multiplying D0 and Dt by VSi. 
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2.2.3 Total C loss estimation based on the indirect method 

The indirect total C loss from the aboveground wood of the decaying stumps (T-

CLi, kg C stump-1) for the whole period between 2011 and 2013 was calculated 

as the difference between their undecomposed C content (Cm0, kg C stump-1) 

and decomposed C content (Cmt, kg C stump-1), which were calculated by 

multiplying their m0 and mt masses by their C0 and Ct concentrations, 

respectively. 

 

2.2.4 Decay rate and half-life period parameters 

A single exponential model was used to determine the aboveground wood decay 

rate (ka, kg m-3 year-1) for each decaying stump (Eq. (2)), assuming that time since 

the stump was created (t) was equal to 3 years (the number of years since the 

post-fire management operations were carried out). 

   
t

DD
k t

a

lnln 0 
                                           (2) 

Furthermore, their half-life period (50% decomposition or t0.5) was estimated 

(Eq. (3)). 

  aa kkt 693.05.0ln5.0                                       (3) 

 

2.3 C loss measurements based on CO2 efflux rates (direct 
method) 

2.3.1 Stump CO2 efflux measurements 

Forty measurements of stump CO2 efflux (µmol CO2 m-2 s-1), referred to 

hereafter as stump respiration (Rstump), were taken per site from May 2011 to 

December 2013 with 1 or 2 sampling periods per month. Rstump was measured in 

situ using a portable infrared gas analyser (Li-6400XT, LI-COR, Environmental 

Division, Lincoln, NE, USA) coupled to a small soil chamber (6400-09; LI-COR, 

Environmental Division, Lincoln, NE, USA) 962 cm3 in volume (diameter of 9.5 

cm). Measurements were replicated three times at each sampling point (metallic 

collar) and averaged. It took 3–4 min to take the three replicate readings. One 

measurement on each sampling point on each sampling day was taken. 

At each site, six metallic collars (5 cm high, 10.4 cm in diameter) were randomly 

placed in a stratified way: two collars on small stumps (SS), two collars on 

medium stumps (MS) and two collars on big stumps (BS). We used the same 

stump diameter classes sampled by the indirect method to make the results 

comparable (Supplementary Table S3). These metallic collars were located on the 
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top of the stump, which contained part of the originating sapwood and 

heartwood (ratio ~ 80-20%), and remaining in the same initial place throughout 

the study period (repeated measures) to avoid additional effects (other than the 

considered factors) due to the random variation in placement of the chamber 

(see Supplementary Fig. S1 for more details of the set-up of the collars). They 

were placed on the stumps 2 weeks before starting measurements to minimise 

any potential stump disturbance effects. Each measurement campaign lasted 2 

hours and was done in the daytime from 10:00 h to about 13:00 h (solar time). 

The measurement order was rotated among the three experimental sites during 

campaigns to prevent confounding effects by diurnal trends. Rstump measurements 

were not taken on days following a rain event in order to avoid an 

underestimation of the CO2 efflux due to the wetting of wood, which could cause 

altered gas diffusion (personal observation). 

 

2.3.2 Ancillary data 

At each study site, for one stump of each stump size, stump temperature (Tst, 

ºC) was measured on a half-hourly basis close to the stump respiration collar with 

a temperature probe (PB-5002-1M5, Gemini data loggers (UK) Ltd.) inserted at 

a depth of 10 cm in a drill hole (Ø <5 mm) sealed with silicone. Recordings were 

monitored with a Tiny Tag data logger (Gemini data loggers (UK) Ltd.) (see 

Supplementary Fig. S1). We assigned the same Tst to the other stump of the same 

stump size at each study site. Further, at a depth of 10 cm, we measured half-

hourly soil temperature (Ts, ºC), with a temperature probe (TMC20-HD, Onset 

Computers, Bourne, MA, USA), and soil water content (SWC, %), with a 

moisture probe (VH400-LV, Vegetronix, Sandy, Utah, USA), both close to one 

stump (MS stump size) at each study site. Both recordings were monitored with 

HOBO data loggers (Onset Computers, Bourne, MA, USA). The moisture 

probes were calibrated by a gravimetric method. All data loggers were 

downloaded while taking Rstump measurements, when sensor performance was 

also checked and damaged sensors were fixed or replaced. 

 

2.3.3 Annual and total C loss estimation based on the direct method 

For the direct estimation of the annual and total C loss from stumps during the 

first three years after felling fire-killed trees, we first modelled instantaneous Rstump 

(μmol CO2 m
-2 s-1) using a multiple regression analysis with stump top diameter 

inside bark (DSti, cm), stump temperature (Tst, ºC; up to 3rd order polynomial) 

and their interaction (in simple terms) as predictive continuous variables, 

including site (S = 1, S = 2 and S = 3 for LS, HSS and HSN sites, respectively) 

and year (Y = 1, Y = 2 and Y = 3 for 2011, 2012 and 2013, respectively) as 
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predictive dummy variables. Depending on the best statistical fit, we used the 

following general model for Rstump (Eq. (4), the dummies for site and year are not 

shown): 

  TstDStaTstaTstaTstaDStaaR iistump  5

3

4

2

3210 exp          (4) 

We applied the Rstump models on a half-hourly basis using the Tst data for the 18 

monitored stumps. Subsequently, they were integrated to obtain the direct annual 

and total C losses (A-CLd, kgC stump-1 year-1; T-CLd, kg C stump-1, respectively) 

of each stump. 

 

2.4 C loss upscaling at the stand-level 

The annual C loss at the stand-level (Mg C ha-1 year-1) between 2011 and 2013 

was calculated by applying different power regression models defined by relating 

the A-CLd (Section 2.3.3.) to DSti for each study site (Eq. (5)). 

b

id DStaCLA                                             (5) 

Afterwards, these models were applied to individual stump data recorded in the 

survey plots of each burnt site. 

 

2.5 Data analyses and statistics 

A multifactor ANOVA was performed to test for significant differences in soil 

environmental and stump parameters, ka and t0.5, C0 and Ct, annual and total C 

loss and differences between the C loss estimation methods. Previously, the data 

sets were tested for assumptions of normality (Kolmogorov-Smirnov test) and 

homogeneity (Levene’s test) of variances, being log-transformed if necessary. 

Anyway, the results in the manuscript were shown with no conversion into the 

log scale. A Fisher’s least significant differences (LSD) test at the 95% confidence 

interval was used to test which mean values differed significantly from the others 

(the significance level was set at p ≤ 0.05). 

To analyse the factors that affected Rstump a General Linear Model (GLM) was 

used. The factors were study year (Y), study site (S), stump size (Ss) and all the 

double interactions among them. In addition, the exact point where 

measurements were taken (collar effect, P) was considered random to take into 

account the repeated measures that we took in this experiment (exact point of 

measurement nested within S×Ss factors). 

Multiple regression models for Rstump (Eq. (4)) were simplified with a forward 

stepwise regression method. The best models were chosen by selecting the 

highest R2, lowest SEE, lack of co-linearity in the predictor variables (low 
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variance inflation factor), and by graphically analysing residuals for bias and for 

autocorrelation by computing a Durbin-Watson statistic. Correction for bias of 

regression models, as a result of the log-transformation of the dependent 

variable, was made using CF as the correction factor, where CF = exp(SEE2/2) 

and SEE was the standard error of estimation, according to Sprugel (1983). GLM 

was also used for A-CLd modelling, including continuous (DSti) and dummy (site) 

variables as the predictive variables (Eq. (5)).  

All the statistical analyses were performed with the Statgraphics Centurion XVI 

software (StatPoint Technologies, Inc., Virginia, USA). 

 

3. Results 

3.1 Overview of pre and post-fire forest stand characteristics 

Before the wildfire, the forest stand characteristics were similar across the 

experimental sites (Table 1). However, after the wildfire, the distribution of live 

trees changed predictably with burn severity, with 40% (mainly trees DBH ≤ 15 

cm) and 100% tree mortality for low- and high-burn severities, respectively 

(Table 1). Thus, the stumps from fire-killed trees were the largest CWD left to 

decompose in these burnt areas (Table 1). 

 

3.2 Environmental drivers of stumps decomposition and C 
loss 

During the whole study period, mean annual Ts and SWC varied markedly 

between years, showing the same trend at all the sites. Thus, 2011 was the 

warmest and driest year while 2013 was the coldest and wettest. Intermediate 

values were found for Ts and SWC at all sites in 2012 (Table 2). The highest 

mean annual Ts was observed at the HSS site, without significant differences 

between LS and HSN sites for all the years (Table 2). For mean annual SWC, the 

HSN site showed the highest values during the whole study period, without 

significant differences between LS and HSS sites (Table 2). The mean annual Tst 

also varied between the years at all the sites, showing the same trend as the mean 

annual Ts (Table 3). In general, all the sites showed a similar pattern between Tst 

and the stump size, the bigger the stump size, the higher the mean annual Tst 

(Table 3). Further, compared to the mean annual Ts, a higher mean Tst was 

observed for the BS stump size throughout the study period at all sites. 
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Table 2. Soil temperature (Ts, ºC) and soil water content (SWC, %) measured on a half-

hourly basis for each year and site (mean values with standard errors in brackets). 

 Ts (ºC)*  SWC (%)* 

Site 2011 2012 2013  2011 2012 2013 

LS 11.7 (0.4)a 11.1 (0.4)a 10.5 (0.4)a  35.2 (0.8)ab 39.2 (0.6)ab 39.5 (0.6)a 

HSS 14.0 (0.4)b 13.1 (0.4)b 12.0 (0.4)b  33.6 (0.8)a 38.1(0.7)a 40.5 (0.6)ab 

HSN 11.6 (0.5)a 10.8 (0.5)a 10.4 (0.4)a  36.1 (0.7)b 40.7 (0.6)b 42.0 (0.5)b 

* For each column, lower-case letters (a, b) compare means between sites. Equal letters 

for each year means non-significant differences (Fisher’s LSD test at p < 0.05). 

 

Table 3. Half-hourly stump temperature (Tst, ºC) measured for each stump size, year 

and site. Stump size: small = SS, medium = MS and big = BS. Mean values and standard 

errors (in brackets) are shown. 

  Tst (ºC)* 

Site Stump size 2011 2012 2013 

LS 

SS 8.9 (0.3)a 8.6 (0.4)a 8.4 (0.4)a 

MS 10.3 (0.4)b 9.9 (0.4)b 9.8 (0.5)b 

BS 11.7 (0.4)c 11.3 (0.4)c 11.3 (0.5)c 

Mean 10.3 (0.2)A 9.9 (0.2)A 9.9 (0.3)A 

     

HSS 

SS 12.1 (0.5)a 10.3 (0.5)a 8.8 (0.5)a 

MS 13.5 (0.5)ab 11.5 (0.5)ab 10.7 (0.5)b 

BS 14.8 (0.5)b 12.8 (0.5)b 12.5 (0.5)c 

Mean 13.5 (0.3)C 11.5 (0.3)B 10.7 (0.3)B 

     

HSN 

SS 9.4 (0.5)a 8.8 (0.5)a 8.7 (0.5)a 

MS 11.4 (0.5)b 10.5 (0.6)b 10.4 (0.5)b 

BS 12.5 (0.5)b 11.8 (0.5)b 11.7 (0.5)b 

Mean 11.1 (0.3)B 10.4 (0.3)A 10.3 (0.3)AB 

* For each column, lower-case letters (a, b, c) compare means between stumps sizes at 

each site while upper-letters (A, B, C) compare means between sites. Equal letters mean 

non-significant differences (Fisher’s LSD test at p < 0.05). 

 

3.3 Aboveground wood decomposition parameters: decay 
rate (ka) and half-life period (t0.5) 

The estimated mean D0 of decaying stumps sampled in December 2013 increased 

with the stump size with values ranging between 563.8 ± 4.7 to 643.2 ± 8.8 kg 

m-3 (Table 4). After three years of decomposition, these decaying stumps showed 
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a mean Dt which varied significantly between sites (519.7 ± 7.0, 427.3 ± 14.0 and 

479.2 ± 11.9 kg m-3 for LS, HSS and HSN sites, respectively). Thus, a progressive 

pattern of density loss and mean ka increment was observed from SS to BS tree 

stump sizes, especially clear in the high-burn severity sites (Table 4). Inversely, 

mean t0.5 values decreased with stump size, which were the lowest at the HSS site 

(9 ± 2 years). 

 

Table 4. Mean values of undecomposed and decomposed aboveground wood bulk 

density (D0 and Dt, kg m-3, respectively), aboveground wood decay rate (ka, kg m-3 year-

1) and half-life period (t0.5, years) for each stump size and site. Standard error values are 

given in brackets. 

Site 
Stump 

size 
n 

D0
* 

(kg m-3) 

Dt
* 

(kg m-3) 

ka
* 

(kg m-3 year-1) 

t0.5
* 

(years) 

LS 

SS 4 563.8 (4.7)a 526.3 (9.1)a 0.023 (0.007)a 36 (7)b 

MS 4 599.2 (4.1)b 523.0 (13.9)a 0.046 (0.011)ab 18 (5)a 

BS 4 643.2 (8.8)c 509.1 (14.4)a 0.078 (0.012)b 10 (2)a 

Mean 12 602.1 (10.3)A 519.5 (7.0)C 0.049 (0.009)A 21 (4)B 

       

HSS 

SS 4 566.6 (8.9)a 482.6 (17.8)b 0.054 (0.014)a 16 (4)b 

MS 4 604.4 (2.3)b 415.0 (10.0)a 0.126 (0.008)b 6 (1)a 

BS 4 637.2 (7.5)c 384.2 (11.1)a 0.169 (0.014)c 5 (1)a 

Mean 12 602.7 (9.4)A 427.3 (14.0)A 0.116 (0.016)B 9 (2)A 

       

HSN 

SS 4 572.8 (2.6)a 521.0 (9.7)b 0.032 (0.007)a 26 (6)b 

MS 4 607.6 (1.1)b 474.7 (16.7)ab 0.083 (0.011)b 9 (1)a 

BS 4 639.1 (7.1)c 442.0 (11.3)a 0.123 (0.011)c 6 (1)a 

Mean 12 606.5 (8.5)A 479.2 (11.9)B 0.080 (0.012)A 14 (3)AB 

* For each column, lower-case letters (a, b, c) compare means between stump sizes at 

each site, while upper-letters (A, B, C) compare means between sites. Equal letters mean 

non-significant differences (Fisher’s LSD test at p < 0.05). 

 

3.4 C loss estimation based on the indirect method 

Compared to undecomposed wood samples, which showed a mean C 

concentration (C0) equal to 52.1 ± 0.3%, 52.2 ± 0.1% and 52.3 ± 0.1 % for SS, 

MS and BS stump sizes, respectively, the decomposed wood samples showed a 

significant increase in their mean C concentration (Ct) at all the sites (Fig. 2). 

Thus, the mean Ct did not differ significantly between sites (53.7 ± 0.2%, 53.7 ± 

0.3% and 55.5 ± 0.4 % for LS, HSS and HSN sites, respectively), and no major 

differences were observed between the stump sizes at all the sites (Fig 2). 
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Figure 2. Carbon concentration of undecomposed wood samples (C0, %) compared 

to decomposed wood samples (Ct, %) for each study site and stump size (SS = small, 

MS = medium and BS = big). Standard errors are shown by vertical bars. 

 

In this way, the mean T-CLi of the aboveground wood of decaying stumps for 

the whole study period did not differ significantly between sites, with higher 

values observed at HSS and HSN sites (1.59 ± 0.49 and 1.36 ± 0.44 kg C stump-

1, respectively), being considerably lower at LS site (0.80 ± 0.30 kg C stump-1). At 

all sites, the T-CLi increased the larger the stump size was (Fig. 3a). 
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Figure 3. Total carbon loss (kg C stump-1) from sampled stumps by size, comparing 

(a) the indirect method (T-CLi) and (b) the direct method (T-CLd) at each site. Vertical 

bars show the standard errors. 

 

3.5 C loss estimation based on the direct method 

Rstump differed between sites, years and stump sizes (Table 5). Higher mean Rstump 

values were observed at the HSS site during all the years, with significant 

differences between LS and HSN sites only in 2013 (Table 6). A significant inter-

annual variability was observed at the HSS site, with decreasing mean Rstump values 

from 2011 to 2013. A less clear pattern was observed for the other sites, showing 

similar mean Rstump values across the whole study period, although slightly higher 

at the HSN site in 2013 (Table 6). Significant differences were also observed 

depending on the stump size during all the study period, with a clear increase in 

Rstump with the stump diameter in all sites, especially noticeable at the HSS site 

(Table 6). In general, a wide range of Rstump rates was observed, with similar 
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minimum values at all sites (ranging from 0.3 to 3.5 μmol CO2 m
-2 s-1), but with 

hugely different maximum values, which ranged from 29.6 to 76.2, from 47.3 to 

147.2 and from 30.7 to 124.1 μmol CO2 m-2 s-1 at LS, HSS and HSN sites, 

respectively (Fig. 4). The exact point where measurements were taken (for each 

stump size class and site) was not significantly affected in the diachronic study 

(repeated measures) throughout the study period (Table 5). 

 

Table 5. Significance levels of the main factors and their interactions affecting stump 

CO2 efflux (Rstump, μmol CO2 m-2 s-1) for the whole study period. No significant factors 

(p > 0.05) are displayed in bold. 

Factors* Df F p 

Main factors    

Year (Y) 2 5.35 0.005 

Site (S) 2 210.53 0.000 

Stump size 

(Ss) 

2 426.66 0.000 

Interactions    

Y×S 4 6.88 0.000 

Y×Ss 4 0.39 0.817 

S×Ss 4 34.08 0.000 

P(S×Ss) 

(random) 

6 0.18 0.981 

Full model+ 24 13.61 0.000 

n = 720 R2 = 31.9 % SEE = 22.7 

* Year (Y): 2011, 2012 and 2013; Site (S): LS =low-burn severity site, HSS = high-burn 

severity site of southern aspect and HSN = high-burn severity site of northern aspect; 

Stump size (Ss): SS = small, MS = medium and BS = big; Y×S: interaction between year 

and site; Y×Ss: interaction between year and stump size; S×Ss: interaction between site 

and stump size. P(S×Ss) (point of measurement nested within site and stump size). 

+ n: Sample size; R2: Coefficient of determination; SEE: standard error of estimation; all 

models were significant, p < 0.05. 
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Table 6. Mean values and standard errors (in brackets) of stump CO2 efflux (Rstump, 

μmol CO2 m-2 s-1) for each site, stump size and year. 

  Rstump
* (μmol CO2 m-2 s-1) 

Site Stump size 2011 2012 2013 

LS 

SS 10.72 (1.3)a 10.86 (1.6)a 10.27 (1.6)a 

MS 15.72 (1.9)a 17.42 (2.7)a 16.35 (2.7)ab 

BS 23.77 (2.8)b 25.65 (3.8)b 24.65 (4.2)b 

Mean 16.73 (1.4)A 17.98 (1.7)A 17.09 (1.8)A 

     

HSS 

SS 24.26 (3.2)a 16.69 (2.3)a 12.58 (1.7)a 

MS 46.69 (5.9)b 32.13 (4.5)b 25.57 (3.9)b 

BS 79.90 (10.9)c 51.77 (7.4)c 44.30 (6.2)c 

Mean 50.29 (5.1)B 33.53 (3.3)B 27.49 (2.8)B 

     

HSN 

SS 12.74 (1.8)a 10.41 (1.6)a 10.24 (1.5)a 

MS 20.36 (3.1)a 19.23 (3.0)a 23.98 (3.6)a 

BS 40.23 (5.6)b 39.17 (6.4)b 44.35 (7.6)b 

Mean 24.45 (2.7)A 22.94 (2.7)A 26.19 (3.2)B 

* For each column, lower-case letters (a, b, c) compare means between stump sizes at 

each site, while upper-letters (A, B) compare means between sites. Equal letters mean 

non-significant differences (Fisher’s LSD test at p < 0.05). 

 

According to the factors affecting Rstump, nine stepwise multiple regressions were 

performed per site and study year (Table 7). The resulting models accurately 

described Rstump (log-transformed), explaining 92.7-94.1% of variation, with a 

SEE lower than 0.20 (log-units). 
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Figure 4. Box and whisker plots of stump CO2 efflux (Rstump, μmol CO2 m-2 s-1) in 

relation to stump size and site. Rstump data for the whole study period (2011-2013) were 

used. The middle line indicates the median values, the upper extent of the box 

indicates the 75th percentile, and the lower extent indicates the 25th percentile. The 

whiskers indicate the lower and the upper adjacent values. 

 

Rstump showed a clear seasonal pattern, varying markedly over the year, which was 

repeated during the 3 study years at all sites, influenced directly by changes in Tst 

(Fig. 5). Rstump had the lowest values in winter, which rapidly increased in late 

spring, reaching the highest values in midsummer (August) and dropped in late 

autumn (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 ǀ 102 

Table 7. Multiple regression models of Rstump (μmol CO2 m-2 s-1, log-transformed) for each year and site, and statistics for goodness of fit 

using the Eq. (4). DSti: Stump top diameter inside bark (cm). Tst: Stump temperature (ºC). 

    DSti Tst Tst2 Tst3 DSti×Tst       

Model Site Year a0 a1 a2 a3 a4 a5 F p R2 (%) SEE CF+ n 

1 

LS 

2011 0.71 0.021 0.234 -0.0068 9.93×10-5  1037.4 < 0.001 93.7 0.10 1.0053 60 

2 2012 0.71 0.023 0.225 -0.0036   1662.9 < 0.001 93.3 0.16 1.0122 90 

3 2013 0.83 0.022 0.242 -0.0066 7.85×10-5  1576.2 < 0.001 93.7 0.15 1.0113 90 

               
4 

HSS 

2011 0.77 0.013 0.189 -0.0027  9.24×10-4 1559.5 < 0.001 94.1 0.11 1.0056 60 

5 2012 1.46 0.013 0.118  -2.00×10-5 4.97×10-4 1554.0 < 0.001 93.7 0.13 1.0082 90 

6 2013 1.49 0.006 0.139 -0.0023  1.41×10-3 2432.9 < 0.001 94.1 0.10 1.0051 90 

               
7 

HSN 

2011 1.02 0.023 0.204 -0.0072 9.25×10-5 9.26×10-4 451.3 < 0.001 92.7 0.20 1.0197 60 

8 2012 0.79 0.025 0.156 -0.0025  1.04×10-3 1472.0 < 0.001 93.6 0.17 1.0154 90 

9 2013 0.85 0.016 0.226 -0.0078 8.59×10-5 1.69×10-3 1778.1 < 0.001 94.1 0.16 1.0129 90 

F ratio, p-value, coefficient of determination (R2, %), standard error of the estimation (SEE, log-units), and the sample number (n) from the 

regressions are shown. 

+ Sprugel (1983) correction factor: QeCF  ;  22SEEQ   
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Figure 5. Modelled mean half-hourly and measured Rstump (μmol CO2 m-2 s-1) for the 

study sites, stump sizes and years. Lines and symbols represent modelled mean half-

hourly data and measured data, respectively. The x-axis units represent time in days 

since January 1st, 2011. 
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The estimated mean A-CLd from Rstump measurements showed a gradual 

increment with the increase in stump size at all sites and years, clearly showing 

the inter-annual variability described above (Fig. 6). Thus, for the stump C loss 

upscaling to stand-level, nine power regression models were tested, in which A-

CLd correlated positively with DSti (Table 8). 

There were no significant differences in the estimated mean T-CLd between sites, 

although higher values were observed for the stumps sampled at high-burn 

severity sites (1.39±0.50, 2.21±0.91 and 1.74±0.71 kg C stump-1 at the LS, HSS 

and HSN sites, respectively). Furthermore, a clear T-CLd increment was observed 

as stump size increased at all sites (Fig. 3b). 

 

Table 8. Power regression models (and statistics for goodness of fit) for the annual C 

loss estimated by the direct method (A-CLd, kg C stump-1 year-1) for each study site and 

year using the Eq. (5). DSti: Stump top diameter inside bark (cm). 

    DSti      

Model Site Year a b F p R2 (%) SEE n 

1 

LS 

2011 7.39×10-6 3.08 

3641.2 < 0.001 99.9 0.04 18 2 2012 1.06×10-5 3.08 

3 2013 1.07×10-5 3.08 

          
4 

HSS 

2011 9.18×10-6 3.28 

385.1 < 0.001 98.8 0.15 18 5 2012 9.18×10-6 3.22 

6 2013 6.11×10-6 3.28 

          
7 

HSN 

2011 2.16×10-6 3.58 

1637.4 < 0.001 99.5 0.09 18 8 2012 2.16×10-6 3.58 

9 2013 2.16×10-6 3.61 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, 

log-units), and the sample number (n) from the regressions are shown. 
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Figure 6. Annual C loss estimated by the direct method (A-CLd, kg C stump-1 year-1) 

from sampled stumps regarding year, size and site. Vertical bars show the standard 

errors. 

 



Chapter 1 ǀ 106 

3.5 Comparison of the total C loss obtained by both methods  

Both estimates of mean total C loss (T-CLi and T-CLd) showed a similar pattern, 

namely an increasing loss with increasing stump size (Fig. 3a,b). However, 

considerable differences were observed between them at all sites and stump sizes, 

with higher C loss estimated with the closed chamber technique (Fig. 7). Thus, 

the ratio T-CLd to T-CLi showed that the smallest stumps released much more C 

estimated by the direct than by the indirect method in all sites, which was 

gradually reduced with the increment in stump size (Fig. 8). Further, this ratio 

showed higher values at the LS site, being more similar at high-burn severity sites 

(Fig. 8). 

 

Figure 7. Total C loss (kg C stump-1) estimated by the indirect method (T-CLi) vs. 

direct method (T-CLd). Vertical and horizontal bars show the standard errors. The 1:1 

line (continuous) is also shown. 

 

3.6 Annual and total C loss at the stand-level 

Across the study period, as expected, the LS site showed the lowest annual C loss 

at the stand-level (Table 9). The high-burn severity sites displayed a considerable 

annual C loss, especially at the HSS site (Table 9). Across all sites, the annual C 

loss showed a significant inter-annual variability from 2011 to 2013, with a 

decreasing C loss trend at the HSS site, but with a more steadily increasing C loss 

trend at the LS and HSN sites (Table 9). 
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Figure 8. The ratio of T-CLd to T-CLi for each study site and stump size. Standard 

errors are shown by vertical bars. 

 

The LS site showed the lowest values of total C loss at the stand-level 

(0.033±0.008 Mg C ha-1) because its stump abundance was lower (Table 1) and 

the stump decomposition process occurred more slowly than at high-burn 

severity sites (Table 4). By contrast, these highly disturbed sites released much 

more C to the atmosphere (0.370±0.062 and 0.290±0.052 Mg C ha-1 at HSS and 

HSN sites, respectively). Further, this total C loss was different between the 

stump diameter classes (from 5 to 55 cm) of each study site (Supplementary Fig. 

S2). Thus, non-significant differences between stump diameter classes were 

observed at the LS site. However, at high-burn severity sites, the stumps whose 

diameters ranged between 35 and 45 cm (representing approx. 11% of number 

of stumps and 38% of total basal area at both sites) were those that contributed 

most to the total C loss (58.9% and 62.0% at HSS and HSN sites, respectively). 
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Table 9. Annual (Mg C ha-1 year-1) and total (Mg C ha-1) C loss from decaying stumps 

for each site. Represented mean values and standard errors (in brackets). 

Site 2011* 2012* 2013* Total* 

LS 0.009 (0.002)a 0.012 (0.003)a 0.013 (0.003)a 0.033 (0.008)a 

HSS 0.148 (0.025)c 0.123 (0.020)b 0.099 (0.017)b 0.370 (0.062)b 

HSN 0.093 (0.017)b 0.093 (0.017)b 0.103 (0.019)b 0.290 (0.052)b 

* For each column, lower-case letters (a, b, c) compare means between sites. Equal letters 

mean non-significant differences (Fisher’s LSD test at p < 0.05). 

 

4. Discussion 

4.1 Environmental drivers of stump decomposition and C 
loss 

Given the similar pre-fire stand characteristics (Table 1), elevation and soil type 

between the sites, the observed differences in stump decomposition and C loss 

could be directly attributed to the combined effect of different burn severities 

and post-fire management practices, which created different post-fire forest 

structures and canopy covers. These changes resulted in a variable (LS site) or 

total elimination (HSS and HSN sites) of canopy shading that directly altered the 

spatial patterns of the main soil and stump environmental variables (i.e., Ts, SWC 

and Tst), as has been reported in previous studies (Forrester et al., 2012; 

Hagemann et al., 2010; Ma et al., 2010). 

Thus, a soil and stump warming effect were caused by increases in direct sunlight 

reaching the forest floor, which was directly correlated with the reduction in 

canopy cover at all burnt sites (Ma et al., 2010). Nevertheless, similar values were 

observed in Ts and Tst between LS and HSN sites (Table 2 and Table 3), 

probably due to the northern aspect of the HSN site, whose response was clearly 

different from that at the HSS site. In addition, the stumps showed a large 

increase in Tst with increasing size at all sites (Table 3). This increment could be 

due to (1) an increment of direct solar radiation absorbed by stumps as a result 

of a larger horizontal exposed surface (cm2), (2) the wood darkening process 

during wood decay and (3) burning effects on outer bark (blackened by charring). 

Post-fire SWC levels may rise or drop after canopy removal depending on site-

soil factors and/or remainder vegetation reflected in different physiological water 

demand (Hagemann et al., 2010). In general, the high variability in SWC observed 

at high burn-severity sites could be due to the different soil evaporation processes 

as a consequence of their different aspect (Table 2). Despite a higher 

physiological water demand from living trees and herbaceous plant recovery (i.e. 
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transpiration rates), the LS site showed intermediate SWC levels (Table 2) 

probably due to a lower soil evaporation process. 

In this way, the warmer and moister conditions obtained after the complete 

elimination of canopy cover after wildfire at high-burn severity sites could 

directly increase the rates of stump decomposition and C loss, like those 

described in other works after canopy removal (Forrester et al., 2012; Innes et 

al., 2006; Ma et al., 2010). 

 

4.2 Aboveground wood decomposition characteristics and C 
loss estimated by the indirect method 

The present study is, to our knowledge, the first to analyse decaying tree stump 

dynamics in a post-fire managed ecosystem where stumps constitute the main 

CWD pool left to decompose. Furthermore, in relation to other most studied 

ecosystems (Garrett et al., 2010; Melin et al., 2009; Olajuyigbe et al., 2011; 

Palviainen et al., 2010; Shorohova et al., 2012; Shorohova et al., 2008), woody 

decomposition in such Mediterranean mountain ecosystems have been poorly 

analysed. 

The use of the single-exponential model for predicting aboveground wood decay 

rates (ka), based on the assumption that the decomposition rate was proportional 

to the wood density loss, has been widely used (Mackensen and Bauhus, 2003; 

Olajuyigbe et al., 2011; Tobin et al., 2007). The ka rates reveal that the decay 

process was faster as the stump size became bigger at all sites, being clearly higher 

at high-burn severity sites (Table 4). These results confirm the idea that the stump 

size (i.e. substrate itself) and the post-fire environmental conditions affect the 

stump decay rate (Forrester et al., 2012; Olajuyigbe et al., 2012; Shorohova et al., 

2008; Zhou et al., 2007). Further, the estimated ka rates were higher than those 

suggested by many other published CWD studies (principally logs and snags) 

where values ranged between 0.048 and 0.090 kg m-3 year-1 for other coniferous 

species (Forrester et al., 2012; Garrett et al., 2010; Gough et al., 2007; Jomura et 

al., 2008; Liu et al., 2006; Palviainen et al., 2010; Shorohova et al., 2008). These 

higher ka rates could be due to the diachronic nature of this study as it was carried 

out immediately after felling fire-killed trees, analysed only the first three years of 

decomposition, a period in which the fastest decomposition process is expected 

to occur (Olajuyigbe et al., 2011; Palviainen et al., 2004), and did not regard more 

advanced decomposition stages, unlike the majority of synchronic research works 

based on chronosequence approaches. Nevertheless, the estimated mean t0.5 

values (21, 9 and 14 years at the LS, HSS and HSN sites, respectively) were 

comparable to previous works (Mackensen and Bauhus, 2003; Olajuyigbe et al., 

2011; Shorohova et al., 2008). 
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The post-fire T-CLi of decaying stumps showed a similar behaviour to the ka rates 

related to stump size and study site, with minimum values in SS stumps which 

ranged from 0.04 ± 0.01 to 0.18 ± 0.10 kg C stump-1, reaching maximum values 

in BS stumps at 1.93 ± 0.54 to 3.51 ± 0.82 kg C stump-1 (Fig. 3a). The period of 

study (first 3 years of decomposition) and the lack of information on C loss from 

aboveground decaying stumps (not to mention the species and the ecosystem 

type) did not allow a direct comparison with other similar works. However, a 

handicap in this study, also found in many other CWD studies, is that the 

sampling of the stump decay process was concentrated on the aboveground part. 

The belowground wood decay process (i.e., coarse roots) has been less 

thoroughly investigated due to the huge effort and long time required to correctly 

measure this component (Olajuyigbe et al., 2011). However, this component has 

produced varying decomposition rates in relation to the aboveground 

component (similar rates (Garrett et al., 2008), slower (Janisch et al., 2005; 

Palviainen et al., 2010) or faster (Olajuyigbe et al., 2011; Shorohova et al., 2012)), 

probably due to changes in belowground conditions in comparison to above as 

result of the different environmental conditions at each site and/or forest types. 

 

4.3 CO2 efflux from decaying stumps 

As far we know, this study is the one of the first attempts to study in situ CO2 

efflux of stumps which were left intact in the field to experience natural climatic 

conditions in a post-fire Mediterranean mountain ecosystem and during their 

early stages of decay, when the fastest and greatest C loss would be expected to 

occur (Harmon et al., 2011; Palviainen et al., 2010). 

As a consequence of the higher decay rates observed (Section 4.2.), stimulated by 

exceptional decomposition conditions (Section 4.1.), the sampled stumps showed 

a higher mean annual CO2 efflux rates (Table 6) than the rates observed in other 

similar CWD studies (Bond-Lamberty et al., 2002; Forrester et al., 2012; 

Hagemann et al., 2010; Herrmann and Bauhus, 2013; Jomura et al., 2008; 

Mackensen and Bauhus, 2003; Olajuyigbe et al., 2012; Wang et al., 2002). In that 

way, we assume that the post-fire decaying stumps could be considered as hot 

spots of CO2 production during their early stages of decay before reaching a 

maximum pulse of CO2 efflux. However, this diachronic study was too short in 

time to determine if the sampled stumps had reached this maximum pulse during 

the study period.  

The Rstump rates estimated by the site-specific multiple regression models (Table 

7) were consistent with the instantaneous Rstump measurements at all sites and 

years (Fig. 5). These models included some key factors that control their CO2 

efflux rates, such as substrate dimensions (represented by DSti) and stump 

environmental variables (Tst), which explained more than 92% of its variation. 
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Thus, these models showed that the Rstump rates were related positively to DSti 

indicating that the increase in wood decay rate (Section 4.2.) enhanced the Rstump 

rates, which agrees with the results reported in other CWD studies (Bond-

Lamberty et al., 2002; Gough et al., 2007; Hagemann et al., 2010; Olajuyigbe et 

al., 2012). Further, these models included the Tst (in simple, quadratic and/or 

cubic terms) as a driving variable of the temporal change of Rstump, being the most 

commonly used parameter for modelling CWD CO2 efflux (Hagemann et al., 

2010; Olajuyigbe et al., 2012) and the major environmental factor that influences 

microbial activity and decay rates of dead wood (Chambers et al., 2001; Jomura 

et al., 2007; Mackensen and Bauhus, 2003; Olajuyigbe et al., 2012). Consequently, 

a strong temperature-dependent seasonal pattern was observed from the 

instantaneous Rstump measurements (Fig. 5), clearly identified by the defined 

models, which demonstrated that the temporal variation of Rstump was strongly 

controlled by Tst. However, the variability in Rstump also increased with rising Tst, 

suggesting that, as it increased, other factors such as CWD moisture content also 

influenced Rstump (Hagemann et al., 2010). Moisture content is a difficult 

parameter to measure correctly in the CWD pool because many destructive 

measurements and replicates are required to assess its temporal pattern (Yoon et 

al., 2014). Further, the effects of burning on CWD moisture content are complex, 

depending on burn severity of outer bark, CWD size, relative position with the 

forest floor and post-fire stand structure (Bond-Lamberty et al., 2002; Boulanger 

and Sirois, 2006; Shorohova et al., 2008). Along with this, CWD moisture content 

co-varies greatly with CWD temperature (Liu et al., 2013), a frequent process in 

drought-stressed ecosystems such as Mediterranean ecosystems. In this way, we 

assumed that stump wood moisture effect could explain a slight variation in the 

observed Rstump. Therefore, although not all Rstump variation was explained by the 

models, we consider that Tst was still the major determinant for Rstump in this 

post-fire ecosystem. 

Nevertheless, although the multiple regression models (Table 7) fitted reasonably 

well, modelling Rstump rates from manual measurements repeatedly carried out 

over a relatively short period of the day (midday) could overestimate the 

estimated direct annual and total C losses (A-CLd and T-CLd, respectively). Thus, 

the Rstump rate is likely to be substantially lower at night-time, similarly to what 

happens with soil CO2 efflux (e.g., Gaumont-Guay et al., 2006; Savage and 

Davidson, 2003; Shi et al., 2006). Therefore, continuous automated Rstump datasets 

should be needed to identify clearly this effect along the seasons of the year and 

the implications for daily, annual and inter-annual Rstump modelling. 
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4.4 Differences in the C loss estimated by the direct and 
indirect method 

Despite the considerable differences found between both methods used to 

estimate the C loss during the early stages of stump decay, this study clearly shows 

that its measurement through the wood mass loss (indirect method) and the CO2 

efflux measurement using closed chambers (direct method) were directly 

comparable, showing the same C release patterns depending on the study site 

and stump size, although higher total C losses were estimated by the latter (Fig. 

3a,b). 

During this study, we hypothesised that the measured CO2 efflux at the top of 

the sampled stumps originated from both the above- and belowground 

(principally coarse roots) parts. Therefore, we assumed that while a portion of 

CO2 produced from the belowground part was diffused through adjacent soil, 

another portion was diffused through the decomposed aboveground part, which 

facilitated its diffusion as a consequence of the great structural changes resulting 

from decay progression, i.e. wood tracheids and vessels created passages in the 

longitudinal direction of the decayed wood, density decreased, and the 

breakdown of cell walls created additional air paths and passages (Hicks and 

Harmon, 2002). Nevertheless, as the decay process advances, certain amount of 

CO2 produced by the soil located below the stump could be channelled through 

it. Unfortunately, no measurements were made to separate above- and 

belowground origins of CO2, therefore, further analyses are needed to examine 

this hypothesis. 

The ratio T-CLd to T-CLi indicated that the smallest stumps released 

proportionally much more C than the biggest ones (Fig. 8). This pattern could be 

due to an easier CO2 diffusion process from the below- to aboveground parts in 

these small stumps as a result of (1) a lower initial wood density, (2) a closer 

relation between sapwood area/surface area (99.5±0.4%, 83.5±9.8% and 

79.9±6.3% for SS, MS and BS stump sizes, respectively; data not shown), and (3) 

a shorter total height (8.3±0.7, 12.3±0.9 and 14.1±0.9 cm for SS, MS and BS 

stump sizes, respectively; data not shown). In addition, the small stumps could 

present higher root decay rates as a consequence of smaller root diameter (Mao 

et al., 2011). Furthermore, this ratio was different between sites, showing lower 

values at the high-burn severity sites (Fig. 8). This can be explained because the 

sites could have had different belowground decomposition levels. It is well-

known that this process is controlled by both abiotic factors, mainly Ts and SWC, 

and biotic factors such as the decomposer organisms present in soil (Chen et al., 

2002). We hypothesised that the coarse root decomposition could be greater at 

low- than at high-burn severity sites as result of (1) more abundant post-fire 

fungal and bacterial decomposers in soil as well as a faster colonisation, and (2) 
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better post-fire soil conditions for their growth rates (lower Ts linked to adequate 

SWC levels). 

Following Yoon et al. (2014), the real CO2 efflux from stumps may be more 

accurately characterised by the closed chamber technique, therefore 

extrapolations from wood mass loss measurements might underestimate the 

genuine C loss in short-term studies. However, the fact that we used a readily 

available small soil chamber (and therefore small Rstump metallic collars) may 

involve several potential sources of error. Thus, the chamber size restricted the 

chance to analyse the C flux on the top of the smallest stumps (diametric classes 

< 25 cm). Further, due to the lack of space to place the chamber in the lateral 

surface of the aboveground part of the sampled stump, this approach did not 

allow the CO2 measurement from the whole stump. However, we assume that 

the lateral CO2 diffusion would be small due to (1) the gaseous diffusion 

resistance provided by outer bark (Herrmann and Bauhus, 2008) and (2) the 

higher ratio between the upper and lateral (without bark) stump surfaces 

(70.6±5.0%, 60.1±3.9% and 54.2±4.3% at LS, HSS and HSN sites, respectively; 

data not shown), which implies that the lateral surface contributes less than the 

upper one to the total stump C loss. 

 

4.5 Annual and total C loss from decaying stumps at the 
stand-level 

In spite of the research on C dynamics and the accumulation of CWD in different 

ecosystems in recent decades (Liu et al., 2013), there is a lack of information 

regarding to the role of decaying stumps in post-fire carbon cycling in 

Mediterranean ecosystems. Thereby, this study extends knowledge on the 

scarcely studied stump C loss during the first years after a wildfire, in which 

period this decaying detritus could increase hugely the heterotrophic respiration 

at the stand-level (Harmon et al., 2011). 

Decomposition will determine the longevity and turnover of C stored in stumps, 

which in turn determines their C loss (Zhou et al., 2007). C loss depends on large 

fluctuations in the abundance of stumps, especially in disturbed ecosystems after 

a wildfire (Hagemann et al., 2010; Harmon et al., 2011). At the same time, the 

accuracy in the C loss estimation can differ as a result of variable sampling 

strategies, ranging from chronosequences to direct gas flux measurements 

(Forrester et al., 2012; Herrmann and Bauhus, 2008). All these uncertainties cause 

a great variability in the range of the annual C loss estimated in previous works, 

principally carried out in unburnt forests (Bond-Lamberty et al., 2002; Forrester 

et al., 2012; Gough et al., 2007; Janisch et al., 2005; Jomura et al., 2007; Van 

Miegroet et al., 2007). Therefore, although the estimated annual C loss from 

stumps during their early stages of decomposition, with values ranged from 0.009 
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± 0.002 to 0.148 ± 0.025 Mg C ha-1 year-1 (Table 9), is within the range reported 

by other scarce post-fire CWD studies (Bond-Lamberty et al., 2002), there are 

too many differences between studies to make them directly comparable. 

However, it should be noted that although the annual C loss was relatively small 

compared to other respiratory sources, especially with the annual soil C loss 

averaged across several Mediterranean woodlands (7.13 ± 0.88 Mg C ha-1 year-1, 

Raich and Schlesinger (1992)), the obtained results provide a novel insight that 

post-fire early decaying stumps could act such as hot spots of CO2 production, 

especially at high-burn-severity sites, where annual C loss was not proportional 

to the total area they covered at the stand-level (< 1%). Therefore, compared to 

soil C loss, stumps C loss could contribute significantly to the forest-atmosphere 

C exchange during the first post-fire years. 

 

5. Conclusions 

This study involved a first attempt to quantify C loss from stumps at different 

burn severity sites in a Spanish black pine forest, an important forest type in the 

Mediterranean Region. The results suggested that the C loss estimates could be 

improved by use of closed chamber techniques instead of wood mass loss 

measures. Stump C emissions depended on post-fire environmental conditions 

and woody substrate quality (i.e. stump size), being higher at high-burn severity 

sites, especially the southerly exposed one, than at low-burn severity site. Stumps 

could be considered hot spots of CO2 production during their early stages of 

decomposition, which particularly at post-fire managed areas, with large numbers 

are left to decompose, can represent a significant and poorly studied part of the 

total ecosystem respiration. 
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Appendix A. Supplementary material 

 

Supplementary tables 

1. Diameter at breast height of fire-killed trees estimated from live trees 

of the destructive sampling 

Table S1. Allometric relationship between the diameter outside bark at the basal part of 

live tree (0.15 m aboveground, Dbo, cm) and diameter at breast height (1.30m 

aboveground, DBH, cm). We assume that Dbo is equal to the stump top diameter 

outside bark (DSto, cm). The equation form is bDbaDBH o  . 

a b F p R2 (%) SEE n 

-4.87 1.04 1450.94 <0.001 98.9 1.64 18 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample number (n) from the regression are shown. 

 

2. Estimation of projected crown surface area of live trees 

Table S2. Allometric relationship between diameter at breast height (DBH, cm) and 

projected crown surface area (CSA, m2). The equation form is bDBHaCSA  . 

a b F p R2 (%) SEE n 

-2.44 1.53 65.88 <0.001 80.5 0.53 36 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample number (n) from the regression are shown. 
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3. Dimensions of the stumps sampled by both indirect and direct 

methods 

Table S3. Mean dimensions of stumps (DSto, stump top diameter outside bark, cm; 

VSo, aboveground woody volume outside bark, dm3 stump-1) sampled by both indirect 

and direct methods. Site: LS = low-burn severity site; HSS = high-burn severity site of 

southern aspect and HSN = high-burn severity site of northern aspect. Stump size: small 

= SS, medium = MS and big = BS. Mean values and standard errors (in brackets) are 

shown. 

  Indirect method  Direct method 

Site Stump   

size 
n DSto

*     

(cm) 

VSo
*          

(dm3 stump-1) 

 n DSto
*   

(cm) 

VSo
*            

(dm3 stump-1) 

LS 

SS 4 24.4 (1.4)a 5.2 (0.7)a  2 24.1 (0.5)a 3.8 (0.6)a 

MS 4 38.1 (0.6)b 16.2 (0.8)b  2 36.2 (0.2)b 11.3 (0.6)b 

BS 4 50.9 (3.1)c 36.0 (5.8)c  2 50.1 (0.8)c 25.4 (1.6)c 

Mean 12 37.8 (3.4)A 19.1 (4.2)A  6 36.8 (4.8)A 13.5 (4.0)A 

         

HSS 

SS 4 25.5 (3.1)a 6.0 (1.5)a  2 22.2 (0.2)a 3.2 (0.8)a 

MS 4 36.6 (0.7)b 16.7 (1.0)b  2 37.5 (1.8)b 13.9 (2.6)b 

BS 4 48.0 (2.4)c 32.3 (4.4)c  2 48.7 (0.4)c 31.2 (3.1)c 

Mean 12 36.7 (3.0)A 18.3 (3.5)A  6 36.1 (4.9)A 16.1 (5.3)A 

         

HSN 

SS 4 27.5 (1.2)a 7.3 (1.3)a  2 24.6 (1.0)a 4.4 (1.1)a 

MS 4 40.2 (0.3)b 19.4 (1.0)b  2 36.4 (0.7)b 16.7 (0.6)b 

BS 4 49.2 (2.4)c 35.9 (6.6)c  2 47.6 (1.8)c 27.9 (0.7)c 

Mean 12 38.9 (2.8)A 20.9 (4.1)A  6 36.2 (4.2)A 16.3 (4.3)A 

* For each column, lower-case letters (a, b, c) compare means between stumps sizes at 

each site while upper-letters (A, B) compare means between sites. Equal letters mean 

non-significant differences (Fisher’s LSD test at p < 0.05). 

 

4. Undecomposed aboveground wood bulk density (D0, kg m-3) of the 

decaying stumps sampled by the indirect method 

Table S4. Relationship between the diameter inside bark at the basal part of live tree 

(0.15 m aboveground, Dbi, cm) and undecomposed aboveground wood bulk density 

(D0, kg m-3). We assume that Dbi is equal to the stump top diameter inside bark (DSti, 

cm). The equation form is bDbaD i 0 . 

a b F p R2 (%) SEE n 

499.61 3.46 65.88 <0.001 95.3 30.55 36 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample number (n) from the regression are shown. 
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Supplementary figures 

1. Stump CO2 efflux (Rstump) set-up on top of stumps 

Each Rstump metallic collar (5 cm high, 10.4 cm in diameter) was located on the 

top of the stump with a silicone sealant. They had three welded metal spikes (2 

cm length) to help their set-up above the stump. Further, they had a small hole 

(0.5 cm diameter) in the lower part to avoid the water left inside after rainfall 

from stagnating, which was blocked while Rstump measurements were done. Each 

collar was placed at approx. 5 cm from the edge of the bark, containing part of 

the original stump sapwood and heartwood surfaces. Consequently, the Rstump 

measurements did not take into account the bark attached to stumps. 

 

Figure S1. Stump CO2 efflux set-up on top of the stump. 
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2. Total C loss at the stand-level (Mg C ha-1) by stump diameter classes 

 

Figure S2. Total C loss at the stand-level (Mg C ha-1) represented by stump diameter 

classes (5-55 cm) for each site. Vertical bars show the standard errors. 
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Abstract 

The interaction between burn severity and subsequent post-fire logging practices 

may exert a direct effect on soil respiration (SR) in recently burnt stands. This 

effect is associated with the modification of microclimatic conditions, soil carbon 

inputs, and the decay rates of woody detritus. In addition, slope aspect may 

determine SR rates by modifying the microclimatic conditions in post-fire 

environments. In this study, we assessed the changes in SR rates during the early 

(1.5-4.5 years) post-fire stages in a burnt and logged Spanish Black pine forest 

along a burn-severity gradient: (1) an unburnt site (UB), (2) a low burn-severity 

site (LS), (3) a south-facing high burn-severity site (HSS), and (4) a north-facing 

high burn-severity site (HSN). Monthly or fortnightly manual SR measurements 

(SRM) were taken at midday between 2011 and 2013. In addition, we also 

quantified the litter layer and fine-root biomass at each site. Multiple regression 

models combining abiotic (both soil temperature and water content, Ts and 

SWC, respectively) and biotic (tree diameter at breast height, 1.30 m) were used 

for midday SRM modelling. For temporal and spatial scaling of SR at the stand-

level, we performed 8 seasonal campaigns of automated SR measurements (SRA) 

along 4 linear gradients from trees or stumps to inter-tree/stump gaps with the 

aim of: (1) determining the main soil-surface areas (soil close to trees or stumps 

and/or soil away from them; SC and SA soil, respectively) and (2) correcting the 

modelled daily daytime and night-time SRM rates. 

Our results showed a significant reduction in fine-root biomass at the burnt sites, 

although over the 3-year study period this figure did tend to increase. The amount 

of litter was similar between sites suggesting that logging practices may influence 

the amount of post-fire detritus. We also found that the spatial variability in soil 

microclimate was high and was primarily influenced by post-fire canopy cover as 

well as the slope aspect. SR rates significantly varied between years and were 

higher in SA soil compared to SC soil at all the sites we studied. Higher SR rates 

were observed close to stumps compared to those close to trees, highlighting the 

large relative contribution of this decaying debris to post-fire SR rates. In the 

medium-term, the combined effect of fire and logging practices may lead to an 

increase in the annual stand-level SR at high burn-severity sites after fire. In 

contrast, the interaction between fire and logging practices did not alter the post-

fire SR rates at the LS site during the same time period. Our results also 

underscored the dependence of post-fire SR rates on the slope aspects within the 

high-severity fire area. Finally, this study showed that our integrated spatio-

temporal approach could be a useful tool for obtaining more accurate SR 

estimates for short-, medium- and long-term stand-scale carbon cycling studies 

in burnt areas. 
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1. Introduction 

Wildfires are the predominant natural disturbance in the forest ecosystems 

bordering the Mediterranean basin (Certini et al., 2011). These disturbances can 

have a significant effect on the carbon balance of these Mediterranean 

ecosystems, both by directly releasing C into the atmosphere via vegetation and 

litter combustion and by altering carbon-flux components such as soil respiration 

(SR, see Appendix A for a list of abbreviations) (Marañón-Jiménez et al., 2011; 

Muñoz-Rojas et al., 2016). Most studies in different ecosystems report that SR is 

decreased in burnt areas compared to unburnt areas (Czimczik et al., 2006; Litton 

et al., 2003; López-Serrano et al., 2016; Marañón-Jiménez et al., 2011; Sullivan et 

al., 2011; Uribe et al., 2013), although others report no change (Irvine et al., 2007; 

Meigs et al., 2009) or even an increase (Gathany and Burke, 2011; Muñoz-Rojas 

et al., 2016). Moreover, several studies indicate that the period of post-fire 

changes in SR can fluctuate from a few years to decades following the wildfire 

(Köster et al., 2015; Sullivan et al., 2011). These soil respiratory responses to fire 

depend largely on the burn severity (also referred to as fire severity) and the 

subsequent post-fire wood management practices (i.e., salvage logging) which 

can determine the recovery pathways followed by the forest ecosystem (Castro 

et al., 2011; Marañón-Jiménez et al., 2011; Muñoz-Rojas et al., 2016; Uribe et al., 

2013). Salvage logging is widely used worldwide and simplifies the fuel mass and 

post-fire stand structure (Castro et al., 2011; Leverkus et al., 2014; Marañón-

Jiménez et al., 2011). Thus, the combined effect of burn severity and logging 

practices directly influence post-fire SR rates by reducing the overstory tree 

canopy cover and the understory herbaceous and shrub layer (Muñoz-Rojas et 

al., 2016), altering nutrient availability and soil microbial communities (Pourreza 

et al., 2014), affecting soil environmental conditions (Marañón-Jiménez et al., 

2011), and modifying the amount of woody debris scattered on the ground 

(Castro et al., 2011). Together, these alterations may shift the relative 

contribution of both heterotrophic (SRhet) and autotrophic (SRaut) soil respiration 

after fire. Although tree mortality may restrain post-fire SRaut rates, this effect can 

be shrouded by the stimulation of SRhet rates both by environmental ameloration 

of the soil as well as the progressive nutrient and organic substrate input from 

decaying burnt wood improving soil fertility in burnt and logged areas (Castro et 

al., 2011; Gathany and Burke, 2011; Harmon et al., 2011; Irvine et al., 2007; 

Marañón-Jiménez et al., 2011; Smith et al., 2010). Notwithstanding, the 

interaction between burn severity and logging practices and its effects on SR have 

only been sparsely documented in Mediterranean ecosystems (Marañón-Jiménez 

et al., 2011). In addition, while the SR in burnt areas have been assessed in long-

term synchronic studies using chronosequences (Bond-Lamberty et al., 2004; 

Czimczik et al., 2006; Köster et al., 2015; Smith et al., 2010), how post-fire SR 

dynamics are affected during the early post-fire stages of ecosystem recovery is 
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less studied (Marañón-Jiménez et al., 2011; Muñoz-Rojas et al., 2016). Therefore, 

early comprehensive diachronic studies of short- (< 1 year post-fire) and/or 

medium-term (1-5 years post-fire) SR are needed in post-fire areas which 

comprise complex mosaics of unburnt and logged areas with different degrees of 

burn severity and in which a complex spatial pattern of SR is anticipated. 

To scale-up SR rates (based on instantaneous chamber-based measurements) to 

the stand level, the mechanisms and quantification of the temporal and spatial 

SR variation must be better understood. Previous studies have examined the 

spatial variability of SR at different scales, from (1) the tree-level through linear 

transects from nearest single-tree to canopy gaps, analysing the spatial 

contribution of tree root respiration (Millard et al., 2008; Scott-Denton et al., 

2003; Tang and Baldocchi, 2005), and (2) the stand-level using systematic 

sampling designs with many SR measurement points linked to the spatial 

arrangement of trees and canopy structure (Knohl et al., 2008; Luan et al., 2012; 

Ngao et al., 2012; Søe and Buchmann, 2005). Thus, in view of the large spatial 

variability in post-fire SR sources in different burnt logged areas, we used a 

spatially-limited sampling design and integrated both methodologies as a practical 

tool for scaling up instantaneous post-fire SR measurements to stand-level SR 

estimates. In addition, the temporal variability of SR, from hourly to inter-annual 

variations, has been described using manual and automated chamber 

measurement sampling strategies (Almagro et al., 2009; Laganière et al., 2012; Li 

et al., 2008; Luan et al., 2012; Marañón-Jiménez et al., 2011; Savage and 

Davidson, 2003; Uribe et al., 2013). Soil temperature (Ts), soil water content 

(SWC), and their interactive effects are recognized as the main abiotic factors 

controlling the temporal variability of SR in Mediterranean post-fire ecosystems 

(López-Serrano et al., 2016; Marañón-Jiménez et al., 2011; Uribe et al., 2013), 

moreover, the influence of different slope aspects produces significant 

heterogeneity in both factors (Inclán et al., 2008; Kang et al., 2003; Wang et al., 

2015). However, while these soil environmental factors can drive slope aspect-

related SR variations in different forest ecosystems (Kang et al., 2003; Wang et 

al., 2015), this issue has not been specifically studied in post-fire Mediterranean 

ecosystems. In addition, both Ts and SWC are also directly influenced by the 

forest structure and canopy cover after fire and/or logging (Barba et al., 2013; 

Dore et al., 2014; Hagemann et al., 2010; López-Serrano et al., 2016; Ma et al., 

2010; Martínez-García et al., 2015; Muñoz-Rojas et al., 2016). The temporal 

variability of SR is also linked to biotic factors, among which are coarse and fine-

root biomass activity (Laganière et al., 2012; Luan et al., 2011; Saiz et al., 2006; 

Vargas and Allen, 2008), aboveground litter input (Saiz et al., 2006), and decaying 

woody debris (Martínez-García et al., 2015), which are differentially altered in 

post-fire logged areas (Harmon et al., 2011; Meigs et al., 2009). Thus, 

understanding how these abiotic and biotic factors regulate post-fire SR in logged 
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areas with varying burn severities and slope-aspects will give insight into the 

mechanisms driving SR variation after fire. 

In this study, we assess the combined effect of different burn severities (low and 

high) and post-fire logging on the magnitude of SR during the early post-fire 

stages (1.5-4.5 years post-burn) in a Mediterranean mountain ecosystem. We 

hypothesize that the combined effect of fire and logging contributes to SR 

alterations, in relation to modifications in soil environmental conditions, soil 

carbon inputs (litter), and the decay rates of woody detritus. Furthermore, 

different slope aspects also imply variations in environmental conditions, which 

may also determine the rates of vegetation recovery and detritus decomposition. 

Therefore, we also analysed SR in opposing aspect-slopes at high burn-severity 

sites. Our objectives were: (1) to quantify and characterize the spatial and 

temporal variability of SR at both unburnt and burnt logged sites, (2) to analyse 

the effect that slope aspect exerts on SR at high burn-severity sites (north-facing 

slope vs. south-facing slope), and (3) to determine the annual SR rates at the 

stand-level across the sites from 2011 to 2013. 

 

2. Material and methods 

2.1 Study area and experimental sites 

The study was conducted in a Spanish Black pine (Pinus nigra Arn. ssp. salzmannii) 

forest stand located at the Cuenca Mountain Range Natural Park (Castilla-La 

Mancha Region, central-eastern Spain; 1400 m a.s.l.), where a natural wildfire 

burnt around 1800 ha in July 2009 (Supplementary Fig. S1). The climate is 

Mediterranean, with warm, dry summers and cold, rainy winters; the mean annual 

precipitation is 652 mm and mean annual temperature is 11.1ºC, with values 

ranging between -9.8 ºC and 34.4 ºC (Martínez-García et al., 2015). The study 

area is slightly hilly (slopes ≤ 10%) and has a shallow soil over calcareous hard 

rock with frequent rock outcrops (Martínez-García et al., 2015). Spanish black 

pines dominate the upper canopy layer, with Scots pine (Pinus sylvestris L.), 

Lusitanian oak (Quercus faginea Lam.), and Spanish juniper (Juniperus thurifera L.) 

also present. 

Four experimental sites (approximately two ha each and about 500 m apart; 

Supplementary Fig. S1) were established in January 2011 based on a burn-severity 

map and calculated using the differenced Normalized Burn Ratio index (dNBR, 

Key and Benson (2006); Supplementary Fig. S1). Thus, we defined (1) an unburnt 

control site (UB, undisturbed and unlogged forest, UTM position X: 588445, Y: 

4455170, ETRS89 UTM 30N), (2) a low burn-severity site (LS, UTM position X: 

587971, Y: 4456218, ETRS89 UTM 30N), (3) a south-facing high burn-severity 

site (HSS, UTM position X: 587738, Y: 4456916, ETRS89 UTM 30N), and (4) a 
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north-facing high burn-severity site (HSN, UTM position X: 587930, Y: 4456508, 

ETRS89 UTM 30N). All the sites were similar in elevation, soil type, and total 

rainfall. Conventional salvage logging was performed at the burnt sites by the 

local Forest Service between August and December 2010; all the burnt trees were 

felled and the logs were removed with a log forwarder while remaining woody 

debris (branches and small snags) were chipped at the roadside by machine. After 

the fire and logging, the vegetation composition at the LS site was similar to the 

unburnt forest (described above). However, vegetation at both the HSS and HSN 

sites was principally represented by herbs (Eryngium campestre L., Picnomon acarna 

L., Euphorbia nicaeensis All. and Brachypodium retusum (Pers.) Beauv.) and sparse 

shrubs (Juniperus communis L. and Berberis hispanica Boiss. & Reut.). 

 

2.2 Field survey 

First we carried out a field survey to determine tree mortality after the wildfire 

(January 2011) and then we randomly established 9 circular plots (15 m radius) 

in representative locations on the UB and LS sites (Supplementary Fig. S1). We 

geographically located (with both GPS and terrain measurements) every living 

tree or stump on each plot and recorded the tree diameter at breast height (1.30 

m aboveground, DBH, cm) and total height (Ht, m) for each tree and the height 

(h, cm), bark thickness (Bt, cm), and top and base diameters over bark (0.15 m 

aboveground, DSto and DSbo, cm) for each stump. Next, to estimate the increase 

in DBH over the 3-year period, two opposite increment core samples per tree 

were taken in January 2014 with a 5-mm increment borer (Haglöf, Langsele, 

Sweden) in 28 and 26 trees at the UB and LS sites, respectively; we took a random 

stratified sample to include a wide range of tree sizes within the stand (5-55 cm 

DBH). After air drying the increment core-samples in the laboratory, we 

mounted them on grooved wooden boards, polished them with progressively 

finer-grained sandpaper, and measured the tree-ring widths to the nearest 0.01 

mm using a LINTAB 5 tree-ring measurement system (Frank. Rinn SA, 

Heidelberg, Germany). 

 

2.3 Soil respiration based on manual measurements 

Manual SR measurements (SRM) were taken according to a stratified random 

sampling design to capture the variability of the site in terms of the two main 

soil-surface areas: (1) soil close to trees or stumps (SC) and (2) soil away from 

trees or stumps (SA). Five trees at the UB and LS sites and five stumps at the 

HSS and HSN sites were randomly selected in one plot at each site to represent 

the SRM in SC (SRM
SC). One metallic collar (10.4 cm in diameter and 5 cm in 

height) was inserted 0.30 m away from each stem or stump. Further, one collar 
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was also randomly inserted at the center of five canopy-cover gaps inside of the 

same plot (at least 6 m away from the nearest tree or stump) to represent the SRM 

in SA (SRM
SA); in total, 10 SRM collars were established per site. Each soil collar, 

which had 3 spikes (4 mm in diameter and 4 cm in length) to keep it in place, was 

inserted 0.5-1.0 cm into the soil one week before the first measurement; all the 

collars were left in place for the whole study period. We took 43 fortnightly or 

monthly SRM measurements per collar between March 2011 to December 2013 

using a portable infrared gas analyser coupled to a soil CO2 flux chamber (Li-

6400XT and 6400-09, respectively; Li-Cor, Environmental Division, Lincoln, 

NE, USA). Three replicate measurements lasting 3-4 min in total were taken and 

averaged for each collar on each campaign. Each campaign lasted around 3 h and 

was performed at midday (from 11:00-14:00 h, solar time). We rotated the sample 

measurement order at the 4 sites over the campaigns to prevent any confounding 

effects from diurnal trends. 

 

2.4 Soil temperature and water content measurements 

Soil temperature (Ts, ºC) was measured at a depth of 10 cm close to each SRM 

collar (n = 10 Ts probes per site) using a temperature probe (TMC20-HD, Onset 

Computers, Bourne, MA, USA). Soil water content (SWC, %) was measured at 

the same depth, close to one SRM
SC and SRM

SA collar at each site (n = 2 SWC 

probes per site) using a moisture probe (VH400-LV, Vegetronix, Sandy, Utah, 

USA); all the probes were installed approximately 30 cm away from the collars. 

The temperature and water content probes were connected to HOBO data 

loggers (Onset Computers, Bourne, MA, USA) programmed to take readings at 

30-min intervals. We performed a soil-specific calibration for SWC probes to 

convert raw readings in volts into volumetric SWC (% vol.) using the soil at the 

study sites. 

 

2.5 Fine-root biomass and litter layer 

In December 2011, 2012, and 2013, the fine roots and litter layer on the forest 

floor were sampled in 6 soil cores (5 cm in diameter and 10 cm in depth) and 8 

square quadrats (25 × 25 cm), respectively per soil-surface area, placed randomly 

adjacent (≤0.5 m) to representative SRM soil collars. In total, 12 cores and 16 

quadrats were taken per site per year. Fine roots (< 2 mm diameter) were carefully 

extracted in the laboratory. Fresh soil was carefully separated from the roots by 

sieving the soil through a 2 mm mesh; litter was sorted into needles, woody 

debris, and miscellaneous. Both components were then oven-dried at 65 °C for 

24 h and then weighed. 
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2.6 Determination of the soil-surface areas at the plot-level 

2.6.1 Linear gradients of automated soil respiration measurements 

Automated SR measurements (SRA) were performed along two transects: one 

between a large and a small tree at the LS site, and other between a large and a 

small stump at the HSS site. Both transects were established in an east-west 

direction crossing an inter-tree/stump gap (Fig. 1) to obtain two linear gradients 

at each site (T1-T2 and T3-T4 for trees and stumps, respectively; Fig. 1). Each 

gradient was arranged along a line projected from the tree/stump to the gap. The 

length (2.5-5.0 m) and the SRA sampling points (3-5 PVC collars) of each gradient 

varied based on the tree crown radius (Rc, m; estimated for fire-killed tree stumps 

as described in Supplementary Table S1). SRA was measured in 8 seasonal 

campaigns (distributed between 2011 and 2013) performed on 2 consecutive and 

representative days of each season (n = 16 sampling days per site) using an 

automated multi-chamber soil CO2 flux measurement system (Li-8100A+Li-

8150, with 8 dark non-transparent long-term chambers type Li-8100-104, Li-Cor 

Environmental Division, Lincoln, NE, USA). Each chamber took measurements 

repeatedly every 30 min over a 24 h sampling period. The closure time was 120 

s, and at least the first 20 s (the “dead band” mixing period) was discarded each 

time. The chambers were placed over PVC collars (20.3 cm in diameter and 11.4 

cm in height) inserted 1.0 cm into the soil one week before the first measurement. 

All the collars remained inserted at the same position for the whole study period. 

Before starting the SRA campaigns, a near one-to-one agreement between the SRA 

and SRM devices (Li-8100A and Li-6400XT, respectively) was measured (

06.108.0  MA SRSR ; R2 = 98.2, p <0.001, n = 20 simultaneous SR records). 

 

2.6.2 Determination of the area of influence of each tree or stump on soil 

respiration 

Following Tang and Baldocchi (2005), we studied how SRA decreases with 

distance from each tree or stump along a linear gradient, fitting a non-linear 

reciprocal-X function by using the Marquardt non-linear regression method for 

each gradient and measurement campaign (Supplementary Table S2). We then 

used these empirical curves to estimate the radius of the area of influence of each 

tree or stump on SR (RISC, m; Supplementary Fig. S2), which can be interpreted 

as the cut-off distance from each tree or stump at which there is a significant 

change in SR (see Section 1 in the Supplementary Material for further details). 

Finally, different linear regression models were defined to predict the RISC at the 

tree- or stump-level for each season of the year by relating RISC to DBH, and 

these were used to estimate the individual area of influence (AISC, m2; 

Supplementary Table S3) for each one, assuming the RISC around the whole tree 

or stump was equal (i.e., a circular AISC). 
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Figure 1. A schematic of linear gradients of the automated measurements of soil 

respiration (SRA) established for trees (a; T1-T2) and stumps (b; T3-T4). Grey circles 

indicate the real or estimated tree crown of the living trees or the fire-killed trees, 

respectively. The striped white dots indicate the SRA sampling points and their distance 

to the tree or stump along each linear gradient. T1: linear gradient for the large tree 

(5.0 m length, 5 collars), T2: linear gradient for the small tree (3.0 m length, 4 collars), 

T3: linear gradient for the large stump (4.0 m length, 5 collars), and T4: linear gradient 

for the small stump (2.5 m length, 3 collars). DBH: Tree diameter at breast height (1.30 

m aboveground, cm). Db: Diameter at the tree base or stump top (0.15 m 

aboveground for both, cm). Cd: Crown diameter (m). 

 

2.6.3 Soil-surface areas at the plot-level 

To quantify the fractions of each soil-surface components at the plot-level, we 

obtained the SC surface area (SCarea, m2 m-2) by summing the AISC of all the 

individual trees or stumps in the plot, and the SA surface area (SAarea, m
2 m-2) as 

the difference between the SCarea and the total surface area of the plot (706.86 

m2). Next, we recalculated both fractions (i.e., SCarea-R and SAarea-R, m2 m-2) after 
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subtracting the AISC areas overlapping from adjacent trees or stumps (OAAISC, m2 

m-2; Supplementary Fig. S3). 

 

2.7 Temporal and spatial scaling of soil respiration to the 
stand-level 

2.7.1 Manual soil respiration modelling 

To estimate the midday SRM rates in SA and SC soils at each site (SRM
SA-m and 

SRM
SC-m, respectively; μmol CO2 m-2 s-1), we defined two different regression 

models (Eq. (1) and (2)). 

 2
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210 exp SWCaSWCaTsaTsaaSR mSA
M                    (1) 

 2
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3210 exp SWCaSWCaTsaTsaDBHaaSR mSC
M            (2) 

Where Ts (ºC) is the soil temperature, SWC (%) is the soil water content, DBH 

(cm) is the tree diameter at breast height of the tree or stump (see Supplementary 

Table S1 for details of DBH estimation for fire-killed trees), and a0, a1, a2, a3, a4 

and a5 are the model coefficients. 

Extrapolation of the modelled midday SRM rates to daily daytime and night-time 

flux values may cause significant overestimation bias (Davidson et al., 2002; 

Savage and Davidson, 2003) and so we explored different regression models 

which can compensate for this error. They are defined by relating the corrected 

mean daily daytime and night-time SR rates (SRi-j-c, μmol CO2 m
-2 s-1; themselves 

defined by using the first and last sampling points of each linear gradient of SRA 

[Section 2.6.1.] as representative SRA sampling points) to their respective 

modelled SRM
SC-m and SRM

SA-m rates (Eq. (3)). 

b
mji

M

cji SRaSR )(                                         (3) 

Where subscript i refers to the soil-surface area (i.e., SC or SA soil) and the 

subscript j refers to the daily period (i.e., daytime or night-time). 

 

2.7.2 Annual soil respiration at the stand-level 

The annual SR in SA soil at the stand-level (SRSA-annual, Mg C ha-1 year-1) was 

obtained by using Eq. (4). 
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Where the constant 0.021618 is used to convert µmol CO2 m
-2 s-1 to g C m-2, 

SAarea is the fraction of the soil without any influence from trees or stumps at the 

plot-level (m2 m-2), SRSA-day-c and SRSA-night-c are the corrected half-hourly daytime 

and night-time SR values, respectively (µmol CO2 m
-2 s-1), subscript i refers to the 

Julian day (i = 1,…, 365) and subscript j refers to the half-hourly periods per day 

(j = 1,…, 48). Finally, these figures were integrated to obtain the SRSA-annual for 

each study year. 

To spatially scale up the SR of soil close to trees or stumps, first we obtained the 

mean daily daytime and night-time SR for the estimated AISC of each tree or 

stumps (SRAISC-day and SRAISC-night, respectively; µmol CO2 m
-2 s-1); see Section 2 in 

the Supplementary Material and Supplementary Table S4 for the methodology 

we used to determine it. Next, we obtained the annual SR in SC soil at the stand-

level (SRSC-annual, Mg C ha-1 year-1) by using Eq. (5). 
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Where the constant 0.021618 is used to convert µmol CO2 m
-2 s-1 to g C m-2, AISC 

is the fraction of the area of soil close to each tree or stump at the plot-level (m2 

m-2), SRAISC-day and SRAISC-night are the corrected half-hourly daytime and night-time 

SR values (µmol CO2 m
-2 s-1), subscript i refers to the Julian day (i = 1,…, 365), 

subscript k refers to the trees in the plot (k = 1,…, n) and subscript j refers to 

the half-hourly periods per day (j = 1,…, 48). Finally, these figures were 

integrated to obtain the SRSC-annual for each year. 

Because some AISC areas overlapped with adjacent trees or stumps (Section 

2.6.3.), we recalculated both SRSC-annual and SRSA-annual without taking the SR from 

these overlapping tree or stump areas into account, to obtain the recalculated 

annual SR at the stand-level for both soil-surface areas (SRSC-annual-R and SRSA-annual-

R, Mg C ha-1 year-1). In addition, we estimated the recalculated mean annual SR of 

both SC and SA soils (SRSC-R and SRSA-R, respectively; µmol CO2 m
-2 s-1). Finally, 

the annual SR at the stand-level (SRannual, Mg C ha-1 year-1) was obtained as the 

sum of SRSC-annual-R and SRSA-annual-R. All analyses and half-hourly integration data 

were processed in Matlab 7.14.0 (R2012a, The MathWorks Inc., Natick, MA, 

USA). 

 

2.8 Statistical analysis 

Statistical analyses were performed using SPSS software (version 19.0; IBM corp., 

Armonk, NY, USA) and Statgraphics Centurion XVI software (StatPoint 

Technologies, Inc., Virginia, USA). The effect of the site, soil-surface area, and 
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year effect on SR were analysed with a repeated-measures ANOVA 

(rmANOVA), in which the between-subject effects evaluated were the site and 

soil-surface area and the within-subject effect was the analysis year. Because the 

year factor was unbalanced (n = 12, 15 and 16 campaigns in 2011, 2012, and 

2013, respectively), the analysis was run by selecting similar sampling days in each 

year (data not shown). Ts and SWC were also similarly tested with an 

rmANOVA. The other data were analysed using analysis of variance (ANOVA) 

and forward stepwise multiple regression models (to test SRM
SC-m and SRM

SA-m, 

including the year as a predictive dummy variable and calculating a correction 

factor [CF] for the bias introduced by log-transformation of the dependent 

variable were calculated according to Sprugel (1983)). The data sets were tested 

prior to analysis for normality (Kolmogorov-Smirnov test) and homogeneity 

(Levene’s test) of variance, and log-transformed where necessary. Fisher’s LSD 

post hoc tests were used (setting the level of significance at p ≤ 0.05) to compare 

the means. 

 

3. Results 

3.1 Overview of post-fire forest-stand characteristics 

Following the fire, the trees experienced low (≈40%, mainly trees with DBH ≤ 

15 cm) and total (100%) mortality at the low- and high burn-severity sites, 

respectively (Table 1). Increasing burn severity increased the aboveground 

biomass removed and the belowground biomass left to decompose (considering 

the buried necromass of the stumps as the largest woody debris pool at the burnt 

logged sites; Table 1). Similar above- and belowground biomasses were observed 

after fire at both the sites which still had presence of living trees (the UB and LS 

sites, Table 1). 
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Table 1. Post-fire forest-stand characteristics at the experimental sites. UB: unburnt site, 

LS: low burn-severity site, HSS: south-facing high burn-severity site, and HSN: north-

facing high burn-severity site. N: stand tree density (trees ha-1), AGB: aboveground 

biomass of live trees (Mg ha-1), BGB: belowground biomass of live trees (Mg ha-1), Nfk: 

stand fire-killed tree density (trees ha-1), AGBfk: aboveground biomass of fire-killed trees 

(Mg ha-1), and BGBfk: belowground biomass of fire-killed trees (Mg ha-1). Mean values 

and standard errors (in brackets) are shown. n = 9 plots at each site. 

 

3.2 Soil-surface areas at the plot-level based on linear 
gradients of automated soil respiration measurements 

3.2.1 Automated soil respiration along the linear gradients 

According to the non-linear reciprocal X-functions, the relationship between SRA 

and the distance from the nearest tree or stump was negative for all the gradients 

and campaigns (Supplementary Table S2). SRA rates were significantly lower in 

the soil away from trees or stumps than those close to them, although higher SRA 

rates were measured closer to the stumps than to the trees (Supplementary Fig. 

S4). A clear seasonal difference in SRA was observed for all the gradients; the 

stumps showed the highest SRA rates in summer whereas in spring SRA was 

highest in the trees (Supplementary Fig. S4). Both trees and stumps showed their 

lowest SRA rates in winter. 

 

3.2.2 Determination of the areas of influence of trees and stumps on soil 

respiration 

Across all the seasons, the RISC was higher in larger trees and stumps than in 

smaller ones (Supplementary Fig. S5a). Although non-significant differences 

were observed in RISC between trees and stumps, the stumps showed higher 

mean RISC values than the trees (Supplementary Fig. S5b), and this was 

significantly higher in summer for both the trees and stumps (Supplementary Fig. 

S5b). Moreover, the linear regression models we defined and used to estimate 

AISC at the tree- or stump-level accurately described the RISC for each season of 

the year (Supplementary Table S3). 

 

 Live trees  Fire-killed trees 

Site N AGB BGB  Nfk AGBfk BGBfk 

UB 1456 (232) 166.2 (26.5) 41.7 (6.6)  - - - 

LS 850 (78) 181.8 (15.7) 45.4 (3.9)  564 (104) 18.0 (4.3) 4.5 (1.1) 

HSS - - -  1220 (150) 146.4 (23.0) 36.3 (5.6) 

HSN - - -  1190 (170) 147.1 (21.9) 36.5 (5.4) 
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3.2.3 Soil-surface areas at the plot-level 

There were no significant differences between the sites in terms of the fraction 

of the soil-surface areas at the plot-level before or after subtracting the 

overlapping OAAISC areas of adjacent trees or stumps; this represented a relatively 

a small fraction of the SCarea at all the sites (Supplementary Table S5) and there 

were no significant differences in SR compared to SA soil (Supplementary Table 

S6). Within the soil-surface areas, the recalculated SA area represented the main 

fraction at all sites (Supplementary Table S5). 

 

3.3 Temporal and spatial variations in the fine roots and litter 
layer 

The litter layer was similar at all the sites over the whole study period (Fig. 2a). 

No significant differences were observed between years at the UB and LS sites, 

but the litter tended to decline between 2011 and 2013 at both high burn‑severity 

sites (Fig. 2a); higher litter values were observed in SC soil than in SA soil at all 

the sites (Fig. 2b). Within soil-surface areas, both the UB and LS sites showed 

similar litter values in SA soil, whereas the values recorded at both high burn-

severity sites tended to be higher. In contrast, the UB site showed higher litter 

values in SC soil compared to the burnt sites (Fig. 2b). Litter-layer components 

also varied significantly between the sites and years (Supplementary Fig. S6). 

Increasing burn severity resulted in an overall reduction in fine-root biomass in 

every year studied (Fig. 2c). While the UB site had highest values in 2011 than in 

2012 and 2013, the fine-root biomass varied markedly between years at all of the 

burnt sites, but tended to increase between 2011 and 2013 (Fig. 2c). Similarly to 

the litter layer, we measured higher fine-root biomass values in SC soil than in 

SA soil at all the sites (Fig. 2d), and fine-root biomass also tended to be lower the 

more severe the fire had been for both soil-surface areas (Fig. 2b). 
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Figure 2. Mean annual litter layer (g m-2; a-b) and fine root biomass (g m-2; c-d) by site 

and soil-surface area. In a) and c), lower-case letters indicate differences between the 

years for each site while upper-case letters indicate differences between the sites for 

each year. In b) and d), lower-case letters indicate differences between the soil-surface 

areas for each site while upper-case letters indicate differences between the sites for 

each soil-surface area. Error bars represent the standard error of the mean. 

 

3.4 Temporal and spatial variations in soil temperature and 
water content 

The site, soil-surface area, and year as well as their interactions had a significant 

effect on both SWC and Ts at all the sites, although there was some non-

significant variation in both soil-surface areas for Ts (Table 2). Both Ts and SWC 

displayed a clear seasonal pattern which was very similar between the soil-surface 

areas and sites, and which showed a strong covariance (Fig. 3a-d). Significant 

inter-year variability was observed for both Ts and SWC over the 3-year period, 

and this showed the same trend at all the sites (Fig. 3a-d). Thus, 2011 was the 

warmest and driest year while 2013 was the coldest and wettest year, and 

intermediate values were observed at all the sites in 2012 (Fig. 3a-d). The mean 

annual Ts and SWC values were higher in SA soil compared to SC soil at the UB 

and LS sites for every year, although the opposite pattern was observed at the 
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HSS and HSN sites (Supplementary Fig. S7). In general, the high burn-severity 

sites showed higher mean annual Ts values in both soil-surface areas, and these 

values were slightly higher at the HSS site as a consequence of its aspect 

(Supplementary Fig. S7). The high burn-severity sites also showed higher mean 

annual SWC values in SC soil, with higher values at the HSN site as a result of 

its aspect (Supplementary Fig. S7). 

 

Figure 3. Seasonal variability in soil temperature (Ts, ºC; a-b), soil water content 

(SWC, %; c-d), and midday manual soil respiration (SRM
i, μmol CO2 m-2 s-1; e-f) for 

each soil-surface area (soil close to trees or stumps and soil away from them; SC and 

SA soils, respectively) for each site and year. Symbols represent the mean and bars 

represent the mean standard errors. The x-axis units represent time in days since 

January 1st, 2011. 
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Table 2. Summary of repeated measures analysis of variance (rmANOVA) for soil temperature (Ts, ºC), soil water content (SWC, %) and 

midday manual soil respiration (SRM, μmol CO2 m-2 s-1). df: degrees of freedom of the numerator and denominator, respectively. F: value of 

the F statistic. p: critical probability of the analysis. 

Parameter  Ts  SWC  SRM
 

Source  df F p  df F p  df F p 

Between-subject             

Site (S)  3, 14592 73.32 ***  3, 2912 10.86 ***  3, 472 28.87 *** 

Soil-surface Area (SA)  1, 14592 0.67 ns  1, 2912 3.98 *  1, 472 221.05 *** 

S×SA  3, 14592 4.76 *  3, 2912 15.89 ***  3, 472 36.83 *** 

Within-subject             

Year (Y)  2, 29184 1996.63 ***  2, 5824 283.99 ***  2, 944 20.03 *** 

Y×S  6, 29184 60.20 ***  6, 5824 4.95 ***  6, 944 21.62 *** 

Y×SA  2, 29184 15.42 ***  2, 5824 14.05 ***  2, 944 12.10 *** 

Y×S×SA  6, 29184 4.90 ***  6, 5824 31.50 ***  6, 944 9.78 *** 

Error  14592    2912    472   

p-value: ns = not significant, * p < 0.05, ** p < 0.001 and *** p < 0.0001. 
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3.5 Temporal and spatial variations in soil respiration 

Site, soil-surface area, and year significantly affected SRM rates (Table 2). Both 

SRM
SC and SRM

SA rates showed a clear seasonal pattern for all the years and sites, 

and markedly varied over the year (Fig. 3e-f). A similar pattern was observed for 

the SRM
SA rates at all the sites and for the SRM

SC rates at the UB and LS sites; the 

maximum rates were in the spring and autumn and minimums were in winter, 

but both SRM rates clearly decreased in summer due to the effect of summer-

drought. However, at the high burn-severity sites, the highest SRM
SC rates were 

observed in summer (Fig. 3e). The SRM
SA rates tended to decline between 2011 

and 2013 at all the sites (Fig. 4a). A similar pattern was observed for the SRM
SC 

rates at the UB and LS sites, but not at the high burn-severity sites where the 

maximum rates were reached in 2012 and 2013 at the HSS and HSN sites, 

respectively (Fig. 4b). The mean annual SRM
SC rates were higher than the mean 

annual SRM
SA rates at all the sites and for all three years, particularly at the high 

burn-severity sites (Fig. 4a-b). The mean annual SRM
SA rates did not differ 

between the sites, although slightly lower values were observed at the HSN site 

(Fig. 4a). Analogously, non-significant differences were observed for the mean 

annual SRM
SC rates between the UB and LS sites, where the slope aspect also 

played a significant role, resulting in higher SRM
SC rates at the HSS site compared 

to the HSN site (Fig. 4b). 

In order to scale up both the SA and SC soil-surface area SRM rates at the stand-

level, different regression models were applied to the midday SRM rates (Table 3) 

and the corrected mean daily daytime and night-time SR rates (Table 4). 

The recalculated mean annual SR rates in both SA and SC soils described a similar 

inter-year pattern to the midday SRM at all the sites (Fig. 4a-d), and the SRSA-R 

rates were clearly lower than the midday SRM
SA rates at all the sites in all three 

years (Fig. 4e). However, SRSC-R rates decreased more than the midday SRM
SC 

rates, an effect that was especially clear at the high burn-severity sites (Fig. 4f). 

Overall, the post-fire SR in our study ranged from 0.82 ± 0.02 to 1.10 ± 0.02 and 

from 1.54 ± 0.02 to 2.71 ± 0.05 μmol CO2 m
-2 s-1 for SRSA-R and SRSC-R rates, 

respectively (Fig. 4c-d). 
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Figure 4. Mean annual SR rates based on midday manual measurements (SRM
i, μmol 

CO2 m-2 s-1) and the recalculated mean annual SR rates (SRi-R, μmol CO2 m-2 s-1) in soil 

away from trees or stumps (SA soil; a and c, respectively) and soil close to trees or stumps 

(SC soil; b and d, respectively) for each site and year. Lower-case letters indicate 

differences between the years for each site. Upper-case letters indicate differences 

between the sites for each year. Comparison between both SR estimates for SA soil (e) 

and SC soil (f). Vertical and horizontal bars represent the standard error of the mean. 

The 1:1 line (continuous) is also shown. 
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Table 3. Coefficients and statistics for the goodness-of-fit of the models for the estimates of SRM in soil away from trees or stumps (SRM
SA-

m, μmol CO2 m-2 s-1, log-transformed; Eq. (1)) and in soil close to the trees or stumps (SRM
SC-m, μmol CO2 m-2 s-1, log-transformed; Eq. (2)) 

for each site and year. 

SRM Site Year a0 a1 a2 a3 a4 a5 F p R2 SEE CFa n 

SRM
SA-m 

UB 

2011 
0.55 

(0.07) 

0.133 

(0.005) 

-0.0030 

(0.0002) 

0.013 

(0.002) 
- - 

222.6 <0.001 86.5 0.19 1.0185 215 2012 
0.73 

(0.10) 

0.133 

(0.005) 

-0.0030 

(0.0002) 

0.013 

(0.002) 

-0.00025 

(0.00004) 
- 

2013 
0.45 

(0.08) 

0.133 

(0.005) 

-0.0030 

(0.0002) 

0.013 

(0.002) 
- - 

              

LS 

2011 
0.34 

(0.13) 

0.173 

(0.007) 

-0.0044 

(0.0003) 

0.048 

(0.010) 

-0.00068 

(0.00017) 
- 

214.0 <0.001 87.9 0.20 1.0209 215 2012 
0.40 

(0.15) 

0.173 

(0.007) 

-0.0044 

(0.0003) 

0.048 

(0.010) 

-0.00082 

(0.00017) 
- 

2013 
0.34 

(0.13) 

0.173 

(0.007) 

-0.0049 

(0.0004) 

0.048 

(0.010) 

-0.00068 

(0.00017) 
- 

Model coefficients (a0, a1, a2, a3, a4, and a5) are reported together with the F ratio, p-value, coefficient of determination (R2, %), error standard 

of the estimation (SEE, log-units), and the sample data (n = 43 SRM measurements × 5 collars per soil-surface area). 

a Sprugel (1983) correction factor: 
QeCF  ;  22SEEQ  . 
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Table 3 (Cont.). Coefficients and statistics for the goodness-of-fit of the models for the estimates of SRM in soil away from trees or stumps 

(SRM
SA-m, μmol CO2 m-2 s-1, log-transformed; Eq. (1)) and in soil close to the trees or stumps (SRM

SC-m, μmol CO2 m-2 s-1, log-transformed; 

Eq. (2)) for each site and year. 

SRM Site Year a0 a1 a2 a3 a4 a5 F p R2 SEE CFa n 

SRM
SA-m 

HSS 

2011 
0.39 

(0.10) 

0.173 

(0.010) 

-0.0036 

(0.0003) 
- 

0.00012 

(0.00003) 
- 

142.9 <0.001 80.5 0.27 1.0363 215 2012 
0.39 

(0.10) 

0.173 

(0.010) 

-0.0031 

(0.0003) 
- 

-0.00007 

(0.00003) 
- 

2013 
0.34 

(0.11) 

0.173 

(0.010) 

-0.0036 

(0.0003) 
- 

0.00012 

(0.00003) 
- 

              

HSN 

2011 
0.58 

(0.05) 

0.167 

(0.007) 

-0.0043 

(0.0002) 
- - - 

227.3 <0.001 84.5 0.28 1.0406 215 2012 
0.58 

(0.05) 

0.227 

(0.020) 

-0.0061 

(0.0007) 
- 

-0.00025 

(0.00004) 
- 

2013 
0.58 

(0.05) 

0.167 

(0.007) 

-0.0043 

(0.0002) 
- - - 

Model coefficients (a0, a1, a2, a3, a4, and a5) are reported together with the F ratio, p-value, coefficient of determination (R2, %), error standard 

of the estimation (SEE, log-units), and the sample data (n = 43 SRM measurements × 5 collars per soil-surface area). 

a Sprugel (1983) correction factor: 
QeCF  ;  22SEEQ  . 

 

 

 



Chapter 2 ǀ 146 

Table 3 (Cont.). Coefficients and statistics for the goodness-of-fit of the models for the estimates of SRM in soil away from trees or stumps 

(SRM
SA-m, μmol CO2 m-2 s-1, log-transformed; Eq. (1)) and in soil close to the trees or stumps (SRM

SC-m, μmol CO2 m-2 s-1, log-transformed; 

Eq. (2)) for each site and year. 

SRM Site Year a0 a1 a2 a3 a4 a5 F p R2 SEE CFa n 

SRM
SC-m 

UB 

2011 
0.37 

(0.09) 

0.012 

(0.001) 

0.211 

(0.012) 

-0.0064 

(0.0006) 

0.055 

(0.007) 

-0.00099 

(0.00015) 

217.0 <0.001 92.8 0.11 1.0066 215 2012 
0.37 

(0.09) 

0.012 

(0.001) 

0.150 

(0.020) 

-0.0023 

(0.0011) 

0.012 

(0.011) 

-0.00005 

(0.00024) 

2013 
0.37 

(0.09) 

0.012 

(0.001) 

0.211 

(0.012) 

-0.0055 

(0.0007) 

0.032 

(0.012) 

-0.00078 

(0.00026) 

              

LS 

2011 
0.50 

(0.10) 

0.008 

(0.002) 

0.157 

(0.008) 

-0.0035 

(0.0004) 

0.022 

(0.006) 

-0.00028 

(0.00011) 

183.5 <0.001 86.1 0.18 1.0163 215 2012 
0.50 

(0.10) 

0.008 

(0.002) 

0.147 

(0.008) 

-0.0035 

(0.0004) 

0.022 

(0.006) 

-0.00028 

(0.00011) 

2013 
0.50 

(0.10) 

0.008 

(0.002) 

0.157 

(0.008) 

-0.0043 

(0.0004) 

0.022 

(0.006) 

-0.00028 

(0.00011) 

Model coefficients (a0, a1, a2, a3, a4, and a5) are reported together with the F ratio, p-value, coefficient of determination (R2, %), error standard 

of the estimation (SEE, log-units), and the sample data (n = 43 SRM measurements × 5 collars per soil-surface area). 

a Sprugel (1983) correction factor: 
QeCF  ;  22SEEQ  . 
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Table 3 (Cont.). Coefficients and statistics for the goodness-of-fit of the models for the estimates of SRM in soil away from trees or stumps 

(SRM
SA-m, μmol CO2 m-2 s-1, log-transformed; Eq. (1)) and in soil close to the trees or stumps (SRM

SC-m, μmol CO2 m-2 s-1, log-transformed; 

Eq. (2)) for each site and year. 

SRM Site Year a0 a1 a2 a3 a4 a5 F p R2 SEE CFa n 

SRM
SC-m 

HSS 

2011 
0.50 

(0.13) 

0.025 

(0.003) 

0.127 

(0.010) 

-0.0020 

(0.0002) 
- - 

248.0 <0.001 89.4 0.27 1.0370 215 2012 
0.50 

(0.13) 

0.025 

(0.003) 

0.127 

(0.010) 

-0.0011 

(0.0002) 
- 

-0.00017 

(0.00003) 

2013 
0.50 

(0.13) 

0.013 

(0.004) 

0.163 

(0.011) 

-0.0020 

(0.0002) 
- - 

              

HSN 

2011 
0.65 

(0.19) 

0.020 

(0.004) 

0.152 

(0.010) 

-0.0030 

(0.0003) 
- 

-0.00014 

(0.00004) 

186.2 <0.001 84.3 0.35 1.0649 215 2012 
0.65 

(0.19) 

0.020 

(0.004) 

0.152 

(0.010) 

-0.0025 

(0.0003) 
- 

-0.00014 

(0.00004) 

2013 
0.65 

(0.19) 

0.020 

(0.004) 

0.177 

(0.011) 

-0.0030 

(0.0003) 
- 

-0.00014 

(0.00004) 

Model coefficients (a0, a1, a2, a3, a4, and a5) are reported together with the F ratio, p-value, coefficient of determination (R2, %), error standard 

of the estimation (SEE, log-units), and the sample data (n = 43 SRM measurements × 5 collars per soil-surface area). 

a Sprugel (1983) correction factor: 
QeCF  ;  22SEEQ  . 
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Table 4. Coefficients and statistics for the goodness-of-fit of the models between the corrected mean daily daytime and night-time SR 

estimates for the soil close to the trees or stumps (SRSC-day-c and SRSC-night-c, μmol CO2 m-2 s-1) and the soil away from trees or stumps (SRSA-

day-c and SRSA-night-c, μmol CO2 m-2 s-1) and their respective modelled SRM rates. The equations are  bmdayBS
M

cdaySC SRaSR   , 

 bmnightCT
M

cnightSC SRaSR   ,  bmdayBS
M

cdaySA SRaSR    and  bmnightBS
M

cnightSA SRaSR   . 

Component Soil-surface area Period a b F p R2 SEE n 

Trees 

SC 
Daytime 0.88 (0.19) 1.08 (0.19) 32.2 <0.001 69.7 0.23 16 

Night-time 0.70 (0.17) 1.07 (0.16) 43.4 <0.001 75.6 0.20 16 

SA 
Daytime 0.71 (0.20) 0.71 (0.22) 10.4 <0.001 63.3 0.18 8 

Night-time 0.48 (0.17) 0.69 (0.17) 15.9 <0.001 72.6 0.15 8 

          

Stumps 

SC 
Daytime 0.87 (0.11) 0.95 (0.07) 184.

7 

<0.001 93.0 0.18 16 

Night-time 0.43 (0.14) 1.25 (0.10) 171.

9 

<0.001 92.5 0.25 16 

SA 
Daytime 0.85 (0.14) 0.78 (0.18) 19.3 <0.001 76.3 0.24 8 

Night-time 0.56 (0.10) 0.66 (0.14) 22.7 <0.001 79.1 0.20 8 

Model coefficients (a, b) are reported together with the F ratio, p-value, coefficient of determination (R2, %), standard error of estimation 

(SEE, log-units), and the sample data (n = 16 in SC soil [2 SR sampling points at the soil close to the trees or stumps × 8 seasonal campaigns]; 

n = 8 in SA soil [1 SR sampling point at the soil away from trees or stumps × 8 seasonal campaigns]). 
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3.6 Annual soil respiration at the stand-level 

Over the 3-year period, the mean annual SR at the stand-level ranged from 4.36 

± 0.06 to 5.14 ± 0.07 Mg C ha-1 year-1 at the unburnt site and from 4.50 ± 0.04 

to 5.98 ± 0.19 Mg C ha-1 year-1 at the burnt-sites (Fig. 5). The LS site showed 

similar SRannual rates to the UB site over the whole study period, with a similar 

decrease from 2011 to 2013 (Fig. 5). In contrast, consistently higher SRannual rates 

were observed at the HSS site compared to the UB site over the whole study 

period, with the maximum rates observed in 2012 (Fig. 5). However, SRannual at 

the HSN site increased progressively and was lower than the UB site in 2011, 

equalled it in 2012, and was higher in 2013 (Fig. 5). Therefore, we posit that the 

aspect leads to differences in the SRannual rates and the inter-year patterns between 

the high burn-severity sites (Fig. 5). 

 

Figure 5. Annual SR at the stand-level (SRannual, Mg C ha-1 year-1) for each site and 

year. Lower-case letters indicate differences between the sites for each year. Upper-

case letters indicate differences between the years for each site. Error bars represent 

the standard error of the mean. 

 

4. Discussion 

During the 3-year period (1.5-4.5 years following fire), the combined effect of 

fire and logging practices led to an increase in the stand-level SR at the high burn-

severity sites compared to the unburnt site, where the differences in SR were 

largely attributed to the influence that decaying stump roots have on SR. In 

contrast, at the low burn-severity site, the interaction between fire and logging 
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practices did not alter the SR rates compared to the unburnt site; this was because 

analogous trends in soil microclimate conditions, litter layer, and fine-root 

biomass were observed between both the SC and SA soils. In addition, opposing 

aspect-slopes caused substantial variation in post-fire SR rates at high burn-

severity sites due to differences in Ts, SWC, and fine-root biomass. In general, 

the variation in the microclimatic conditions and the tree- or stump-root systems 

had a larger effect on SR than differences in litter layer and fine-root biomass at 

all the sites. 

 

4.1 Determination of the soil-surface areas based on linear 
gradients of automated soil respiration measurements 

Spatial scaling of SR is usually based on dividing the soil-surface estimate by both 

fixed beneath-canopy and inter-canopy areas (Almagro et al., 2009; Rey et al., 

2011; Scott-Denton et al., 2003; Tang and Baldocchi, 2005). Similarly, our 

approach, based on the concept of the area of influence trees or stumps have on 

SR (AISC), allowed us to determine both SC and SA soil-surface areas at the stand-

level. Similar to earlier studies (Millard et al., 2008; Saiz et al., 2006; Scott-Denton 

et al., 2003; Tang and Baldocchi, 2005), we determined AISC based on the 

significant reduction in SR rates observed from soil close to the trees or stumps 

compared to soil sampled at sites located away from them. This was largely 

attributed to parallel reductions in: (1) the belowground spatial distribution of the 

roots and rhizosphere (Almagro et al., 2009; Barba et al., 2013; Bond-Lamberty 

et al., 2004; Luan et al., 2011; Millard et al., 2008; Søe and Buchmann, 2005; Tang 

and Baldocchi, 2005), (2) the microbial abundance (Castillo-Monroy et al., 2011), 

and (3) the rates of C and N input derived from litter layer and fine-root detritus 

(Almagro et al., 2009) along with increasing distance from the tree or stump. 

Although we did not specifically determine root respiration in this study, we 

assumed that the SR in the AISC is largely affected by root and rhizosphere 

respiration rather than by the soil carbon input (from litter and fine-root biomass; 

see following Sections). Interestingly, based on the significant seasonal 

differences we observed in RISC (Supplementary Fig. S5), this study indirectly 

indicates that the contribution of roots to SR varies across seasons, as previously 

described (Tang and Baldocchi, 2005). Our findings showed that using the crown 

area for scaling SR in forest ecosystems may result in some bias in stand-level 

estimates; this can be explained by the increasing difference between the RISC and 

the tree crown radius (i.e., AISC vs. crown area) observed as DBH increases 

(Supplementary Fig. S8). Because conventional SR scaling methods use fixed 

proportions of soil-surface area estimates and do not take annual soil-surface area 

variation into account, they can overestimate SR rates at the stand-level. 

However, our scaling approach used four linear gradients to average differences 

between large/small trees or stumps. Moreover, it should be noted that we did 
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not perform SRA measurements at the UB and HSN sites due to limitations in 

our equipment. This may have introduced bias into the AISC estimates of trees 

and stumps at these sites in line with stand-level CO2 flux estimates. Despite 

these uncertainties, our approach may be useful for short-, medium-, and long-

term monitoring and SR scaling in forest ecosystems, especially in burnt areas 

with partially or completely uncovered soil surfaces. Thus, in future studies steps 

should be taken to reduce potential bias due to such sampling design limitations. 

 

4.2 Dynamics of the post-fire soil properties 

The combined effect of burn severity and logging practice through a low (LS site) 

or total reduction (high burn-severity sites) in the canopy cover affected the 

spatial and temporal patterns of the litter layer (Marañón-Jiménez and Castro, 

2013; Marañón-Jiménez et al., 2011), the fine-root biomass (Sullivan et al., 2011; 

Uribe et al., 2013), and both the Ts and SWC (Barba et al., 2013; Dore et al., 

2014; Hagemann et al., 2010; López-Serrano et al., 2016; Ma et al., 2010; 

Martínez-García et al., 2015). In our study, the reduction in canopy shading lead 

to an increase in the exposure of soil surface exposure to direct solar radiation 

resulting in warmer soil at all the burnt sites (Fig. 3a-b) (Ma et al., 2010; Martínez-

García et al., 2015; Uribe et al., 2013). In addition, differences in insolation and 

intensity changed with the site aspect (Inclán et al., 2008; Måren et al., 2015; Wang 

et al., 2015): soil at the HSS site was warmer than at the HSN site (Fig. 3a-b). 

Because of the greater soil surface evaporation associated with higher Ts, lower 

evapotranspiration rates and higher amounts of precipitation reaching the soil, 

the high burn-severity sites showed more dynamic SWC values (Fig. 3c-d) 

(López-Serrano et al., 2016; Sullivan et al., 2011; Uribe et al., 2013). We observed 

higher SWC values at the HSN site because north-facing slopes (in the northern 

hemisphere) retain moisture and are colder and more humid than the south-

facing slopes (Inclán et al., 2008; Kang et al., 2003; Måren et al., 2015). 

Additionally, both Ts and SWC close to the trees and stumps were different 

compared to soil that had been further away from them over the 3-year period. 

Thus, the lower Ts and SWC values observed close to the trees (Supplementary 

Fig. S7) could be a consequence of both higher canopy shading and transpiration 

rates (Irvine et al., 2007; Ma et al., 2010; Uribe et al., 2013). However, in contrast, 

Ts and SWC values were higher closer to the stumps (Supplementary Fig. S7). In 

the case of Ts was probably due to (1) lower albedo, (2) poorer ventilation and 

thus lower wind speed and (3) the blackened (charred) effect of burning on outer 

bark acting as a heat sink (Ma et al., 2010; Martínez-García et al., 2015). The 

increased SWC may be explained if the stumps helped to reduce the rate of 

surface-soil moisture loss because drying times near them are higher (Castro et 

al., 2011; Goldin and Hutchinson, 2014; Marañón-Jiménez et al., 2011). 

Nevertheless, given the limited distribution of sensors used in this study, 
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comparisons of SWC between the sites, years, and soil-surface areas should be 

examined with caution. 

Even though litter is likely to decrease in line with burn severity, removal of burnt 

wood left additional fine woody material and needle litter which thus 

compensated so that similar litter values were observed at all the sites 1.5 years 

after fire (Fig. 2). However, because of the lack of new litterfall from the canopy, 

and its progressive decomposition rate, the amount of litter was less at high burn-

severity sites and meant there were fewer potential nutrient sources for 

progressively release into the soil (Marañón-Jiménez et al., 2011). The decrease 

in fine-root biomass in the top soil layer in years soon after burning and canopy 

removal may be determined by slow forest ecosystem recovery, as reported for 

other ecosystems (Leverkus et al., 2014; Sullivan et al., 2011; Uribe et al., 2013); 

this may be a consequence of the aforementioned factors of harsher 

microclimatic conditions and mechanical disturbance (Leverkus et al., 2014). 

Additionally, it appears reasonable to assume that most fine tree and stump roots 

decompose during the first few years after fire (Sullivan et al., 2011). 

Furthermore, there were notable differences in fine-root biomass between both 

high burn-severity sites, probably as a result of aspect-related differences in soil 

microclimate and/or nutrient limitations (Inclán et al., 2008). 

 

4.3 Dynamics of post-fire soil respiration 

To scale up both the SA and SC soil-surface area SRM rates at the stand-level we 

explored models based on trends observed in previous studies (Almagro et al., 

2009; Martin et al., 2009), combining (1) abiotic factors such as Ts and SWC, 

whose influence has been shown to be nonlinear and site specific in other 

ecosystems (Almagro et al., 2009; Li et al., 2008; López-Serrano et al., 2016) and 

(2) biotic factors such as DBH, which is directly associated with the tree- or 

stump-root system biomass (Luan et al., 2011; Luan et al., 2012; Søe and 

Buchmann, 2005). The regression models explained a large part of the SR 

variation in both soil-surface areas at each site and in all the three years (Table 3). 

However, although these models failed to yield unbiased daily SR estimates 

(Supplementary Table S7), likely because of processes of hysteresis and 

differences in SR between daily periods (Vargas and Allen, 2008), the automated 

system was able to better correct the modelled short-term responses of SRM to 

diel variation (Savage and Davidson, 2003). Given the above, our findings also 

help advance the understanding of potential biases in the measurement and 

sampling techniques used in chamber-based estimates of SR. 

Thus, we consider the recalculated mean annual SR rates (Fig. 4c-d) to be 

representative and unbiased rates of the magnitude of SR during the early post-

fire stages in this Mediterranean mountain ecosystem. In general, both SRSA-R and 
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SRSC-R rates in our study fall within the range (0.5-3.5 μmol CO2 m
-2 s-1) reported 

in other post-fire Mediterranean research works (López-Serrano et al., 2016; 

Marañón-Jiménez et al., 2011; Uribe et al., 2013). Interestingly, we observed 

higher SRSC-R rates close to the stumps than close to trees (Fig. 4d). This 

stimulation of SR might be explained by an improved soil microclimate (both 

higher Ts and moisture retention close to stumps) and a higher wood-soil contact 

which could both directly increase the decomposition process of the stump-root 

system (Marañón-Jiménez et al., 2011; Martínez-García et al., 2015). In addition, 

the decaying litter and woody debris could generate an increased nutrient supply 

to the soil, thus promoting higher post-fire SR (Marañón-Jiménez and Castro, 

2013; Marañón-Jiménez et al., 2011). Although we did not directly analysed the 

contribution of each component, our results suggested that SR close to stumps 

could be mainly attributed to the decay of stump roots, a process largely driven 

by Ts (Harmon et al., 2011); this is supported by the fact that the highest SR rates 

were observed in summer and close to stumps (Fig. 3e). Thus, the decaying 

stumps located at the high burn-severity sites can be considered CO2 production 

hot spots over the 3-year period, as previously described by Martínez-García et 

al. (2015). Therefore, decaying stump roots can contribute much more to SR than 

live roots in this forest ecosystem, although their influence will decrease as their 

decay advances (Czimczik et al., 2006; Gathany and Burke, 2011; Harmon et al., 

2011; Irvine et al., 2007; Smith et al., 2010). We cannot conclude if the soil 

sampled close to the stumps had reached its maximum CO2 pulse 1.5-4.5 years 

after the fire because our diachronic study was insufficiently long. However, this 

study provides new insights into the importance of this scarcely studied decaying 

detritus in terms of SR in the first few years after a wildfire when this woody 

debris pool could hugely increase SRhet at burnt sites (Gathany and Burke, 2011; 

Irvine et al., 2007; Martínez-García et al., 2015; Muñoz-Rojas et al., 2016). The 

tendency of both high burn-severity sites to emit less CO2 in SA soil (Fig. 4c) 

probably reflects the loss of root respiration due to plant death and/or a reduced 

microbial community, as well as the changes in the soil organic carbon quantity 

and quality, similar to findings of other post-fire studies (Czimczik et al., 2006; 

Litton et al., 2003; López-Serrano et al., 2016; Marañón-Jiménez et al., 2011; 

Sullivan et al., 2011; Uribe et al., 2013). Our findings showed similar patterns in 

both SRSC-R and SRSA-R rates between the LS and UB sites over the 3-year period 

(Fig. 4a-d) which are consistent with analogous trends in the soil environmental 

factors, litter layer, and fine-root biomass observed between both SC and SA 

soils. This study highlights the limited or null capacity of low burn-severity fire 

to alter the medium-term dynamics of post-fire SR rates. Furthermore, it should 

be noted that different rates and inter-annual patterns of SRSC-R and SRSA-R were 

observed between both high burn-severity sites (Fig. 4a-d), which can most likely 

be attributed to differences in (1) the spatial patterns of soil environmental 

factors and fine-root biomass (see Section 4.2.) and (2) the onset and progress of 
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stump decay processes (Martínez-García et al., 2015), which are both factors 

driven by differences in slope aspect. Thus, our study extends knowledge of the 

mechanisms which drive aspect variation in post-fire SR. 

The mean annual SR rates at the stand-level in our study were in the lower range 

(3.5-13.8 Mg C ha-1 year-1) of those reported in other ecosystems (Almagro et al., 

2009; Hibbard et al., 2005; Tang and Baldocchi, 2005) and/or other post-fire 

studies (Irvine et al., 2007), although similar data for post-fire Mediterranean 

ecosystems are sparse (Uribe et al., 2013). Overall, the LS site showed similar 

annual SR rates at the stand-level compared to the UB site, while both high burn-

severity sites had higher rates, which were largely controlled by the slope aspect. 

However, a variable uncertainty (or imprecision of a measurement) could be 

present in our annual SR stand-level estimates both because we used a limited 

experimental design (SRM measurements were not replicated at the site-level, 

therefore it could be considered a case of “simple pseudo-replication” (Hurlbert, 

1984)) and the soil-surface area estimates at the plot-level, especially at the UB 

and HSN sites (see Section 4.1.), were potentially biased. Furthermore, in order 

to disentangle the individual role of burn severity and logging practices on post-

fire SR, future studies on stand-scale carbon exchange would be desirable. 

Nonetheless, we consider that our study provides useful insights into medium-

term SR responses to fire which would not have been possible to capture on a 

larger scale with more extensively replicated experiments. 

 

5. Conclusions 

This diachronic study reveals the importance of assessing soil CO2 fluxes by 

considering the role of altered soil microclimate conditions and decaying stumps 

in order to obtain more accurate SR stand-level estimates for medium-term 

stand-scale carbon cycling studies in high burn-severity areas. This can be 

particularly important in heterogeneous burnt areas with different slope aspects 

where SR rates can widely fluctuate. Notwithstanding, further studies should try 

to analyse these factors in order to fully understand the processes and 

mechanisms behind SR in post-fire logged environments. 
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Appendix A. Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

General terms 

SR Soil respiration  

SRhet Heterotrophic soil respiration  

SRaut Autotrophic soil respiration  

Ts Soil temperature ºC 

SWC Soil water content % 

UB Unburnt site  

LS Low burn-severity site  

HSS South-facing high burn-severity site  

HSN North-facing high burn-severity site  

SC Soil close to trees or stumps  

SA Soil away from tress or stumps  

Manual SR measurements 

SRM SR from midday manual measurements μmol CO2 m-2 s-1 

SRM
SC Manual SR in soil close to trees or stumps μmol CO2 m-2 s-1 

SRM
SA 

Manual SR in soil away from trees or 

stumps 
μmol CO2 m-2 s-1 

Automated SR measurements 

SRA SR from automated measurements μmol CO2 m-2 s-1 

AISC Area of influence of trees or stumps on SR m2 

RISC 
Radius of the area of influence of trees or 

stumps on SR 
m 

SCarea 
Fraction of the area of SC soil at the plot-

level 
m2 m-2 

SAarea 
Fraction of the area of SA soil at the plot-

level 
m2 m-2 

OAAISC 

Fraction of the AISC areas overlapping 

from adjacent trees or stumps at the plot-

level 

m2 m-2 

SCarea-R 
Fraction of the recalculated area of SC soil 

at the plot-level after subtracting the 

overlapping AISC areas 

m2 m-2 

SAarea-R 
Fraction of the recalculated area of SA soil 

at the plot-level after subtracting the 

overlapping AISC areas 

m2 m-2 
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

Temporal and spatial scaling of SR 

SRM
SA-m 

Modelled midday manual SR rates in SA 

soil 
μmol CO2 m-2 s-1 

SRM
SC-m 

Modelled midday manual SR rates in SC 

soil 
μmol CO2 m-2 s-1 

SRi-j-c
+ Corrected mean daily daytime and night-

time SR 
μmol CO2 m-2 s-1 

SRSA-annual Annual SR in SA soil at the stand-level Mg C ha-1 year-1 

SRAISC-j
+ Mean daily daytime and night-time SR into 

the estimated AISC of each tree or stump 
Mg C ha-1 year-1 

SRSC-annual Annual SR in SC at the stand-level Mg C ha-1 year-1 

SRSC-annual-R 
Recalculated annual SR in SC soil at the 

stand-level 
Mg C ha-1 year-1 

SRSA-annual-R 
Recalculated annual SR in SA soil at the 

stand-level 
Mg C ha-1 year-1 

SRSA-R Recalculated mean annual SR in SA soil μmol CO2 m-2 s-1 

SRSC-R Recalculated mean annual SR in SC soil μmol CO2 m-2 s-1 

SRannual Annual SR at the stand-level Mg C ha-1 year-1 

+ Subscript i refers to the soil-surface area (i.e., SC or SA soil) and the subscript j refers 

to the daily period (i.e., daytime or night-time). 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 ǀ 161 

 

Appendix B. Supplementary material 

 

Supplementary methods and results 

1. Determination of the area of influence of trees or stumps on SR (AISC) 

Following Tang and Baldocchi (2005), we studied how SRA decreases with 

distance from each tree or stump along its linear gradient, fitting a non-linear 

reciprocal-X function by using the Marquardt non-linear regression method (Eq. 

(1), Fig. S2a) for each gradient and measurement campaign (Table S2). 

x

a
aSRA

1
0                                                  (1) 

Where x is the distance from the tree or stump and a0 and a1 are the model 

coefficients. We then used these empirical curves to estimate the radius of the 

area of influence of each tree or stump on SR (RISC, m), which can be interpreted 

as the cut-off distance from each tree or stump at which there is a significant 

change in SR (Eq. (2), Fig. S2a). 

 68.0

1




SEE

a
RI SC

                                           (2) 

Where a1 is the model coefficient, SEE is the standard error of the estimate of 

the reciprocal-X function and 0.68 is the Student’s t-statistic (degrees of freedom 

= ∞) at the 50 % probability level.  

Finally, different linear regression models were defined to predict the RISC at the 

tree- or stump-level for each season of the year by relating RISC to DBH, and 

these were used to estimate the individual area of influence (AISC, m2; Table S3) 

for each one, assuming the RISC around the whole tree or stump was equal (i.e., 

a circular AISC). 

 

2. Determination of the SR into the AISC (SRAISC) 

To obtain the SR into the area of soil close to each tree or stump (SRAISC, μmol 

CO2 m
-2 s-1), firstly we integrated the total SR described in this area (SRAISC

’, Fig. 

S2b). Thus, we assume a constant SRA rate between the tree or stump until its 

closest SRA position (defined as SRA
SC; located at 0.3 m). Then, SR decreases with 

the distance along a linear transect of SRA measurements, fitting a non-linear 

reciprocal-X function (Eq. (3)): 

x

a
aSRA

1
0                                                 (3) 
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Thus, the SRAISC
' into the AISC described by the radius of the area of influence 

(RISC, m) was defined by Eq. (4), (5) and (6): 

aamSC
A

AISC AreaSRAreaSRSR  3.0

'                             (4) 

   









SCRI

SC
A

AISC dx
x

a
aSRSR

3.0

1
0

2'
223.0                (5) 

   
 3.023.0

23.0

1

2

0

1

2

0
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aa

RIaRIaSRSR SCSCSC
A

AISC




           (6) 

Simplifying (Eq. (7)): 

dcbSRAISC 
'                                             (7) 

Where b is  23.0SC
ASR , c is  SCSC RIaRIa  1

2

0 2   and d is 

 3.023.0 1

2

0  aa  . 

Thus, to obtain the mean SRAISC (Fig. S2b), we multiplied the SR from the closest 

SRA position to tree or stump (SRA
SC), by a correction factor Z (Eq. (8)): 

ZSRSR SC
A

AISC                                              (8) 

In this way, matching Eq. (7) and (8) (SRAISC = SRAISC
’): 

dcbZSR SC
A                                            (9) 

Thus, the correction factor Z was (Eq. (10)): 














3.0

1
0

a
a

dcb
Z                                              (10) 

Subsequently, different empirical equations for both trees and stumps (Eq. (11)) 

were defined to predict the half-hourly SRAISC values as a function of SR values 

at the first and last sampling points of each linear transect (which we assumed 

that represented both SC and SA soil-surface areas; SRA
SC and SRA

SA, respectively) 

and RISC (see Section 2.6.2. in the Manuscript). 

SCSA
A

SC
A

AISC RIaSRaSRaaSR  3210
                     (11) 

Then, half-hourly SRAISC values were estimated for daytime and night-time 

periods by replacing SRA
SC and SRA

SA by the corrected mean daily daytime and 

night-time SR rates obtained using Eq. (3) in the Manuscript (SRi-j-c). 
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3. Process of subtraction of the areas of influence on SR overlapping 

from adjacent trees or stumps (OAAISC) 

Using a geographic information system (GIS, ArcGIS software version 9.3, ESRI 

Inc., Redlands, CA, USA), all the trees or stumps were accurately located in each 

plot at each site. The tree or stump position (black dots, Fig. S3a-d) was used as 

a centroid for generating the respective seasonal area of influence on SR (AISC, 

m2, light grey pieces, Fig. S3a,c) as a circular buffer based on the radius of 

influence (RISC, m, black line). This estimated AISC area has the same seasonal 

variation for both tree and stump, being slightly higher in summer (Fig. S3c) than 

in the rest of seasons of the year (Fig. S3a). Afterwards, the boundaries between 

the individual AISC areas were dissolved in order to create polygons of non-

overlapping AISC cover (Fig. S3b,d). Therefore, the seasonal overlapping areas 

(OAAISC, m2) were the intersected regions of the circular buffers (dark grey pieces, 

Fig. S3a,c). 

 

4. Comparison of preliminary manual measurements of soil respiration 

(SRM) performed in soil away from trees or stumps (SA soil) and the 

hypothetical overlapping areas of influence of trees or stumps (OAAISC) 

Because of the potential overlapping of AISC areas of adjacent trees or stumps 

(see Fig. S3 for graphical details) could overestimate the SR estimations at the 

plot-level, a preliminary sampling exercise (n = 6 collars per site) was carried out 

before start the formal SR measurement campaigns in order to compare manual 

measurements of soil respiration (SRM) carried out in (1) soil away from tree or 

stumps (located in open gaps, n = 3 collars) and (2) the hypothetical overlapping 

area of influence of trees or stumps on SR (located between 2 adjacent trees or 

stumps [distance ≤ 3 m], n = 3 collars), respectively. Not significant differences 

were observed between both SRM sampling points (Table S6), so we assume that 

there is not an increase on SR in these overlapping areas compared with SA soil. 
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Supplementary tables 

Table S1. Coefficients of the allometric relationships defined to estimate the tree 

diameter at breast height (DBH, cm) and the tree crown radius (Rc, m). Equations are 

bDStaDBH o  , where DSto is the top stump diameter over bark (cm) and 

b

c DBHaR  , respectively. Relationship for DBH was developed using 18 trees from 

a destructive sampling carried out on 16th June 2012 at both the UB and LS sites (8 and 

10 trees, respectively). Relationship for Rc was developed using 36 trees randomly 

selected in a stratified way at both sites (18 trees per site). 

Parameter a b p R2 SEE n 

DBH -4.9 (0.9) 1.04 (0.03) <0.001 98.9 1.64 18 

Rc 0.11 (0.07) 0.89 (0.16) <0.001 74.2 0.64 36 

Model coefficients (a, b) are reported together with the p-value, coefficient of 

determination (R2, %), standard error of estimation (SEE), and the sample data (n). 
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Table S2. Non-linear reciprocal-X functions obtained from the linear gradients of trees and stumps at the LS and HSS sites, respectively. 

Equation is 
x

a
aSRA

1
0  . 

Site Component Size Gradient Season Year a0 a1 R2 SEE n 

LS Tree 

Big T1 

Spring 
2012 1.84 0.64 69.0 0.50 240 

2013 1.78 0.57 39.8 0.63 240 

Summer 
2011 1.14 0.57 71.4 0.43 240 

2013 1.49 0.83 68.3 0.66 240 

Autumn 
2011 0.97 0.30 70.9 0.22 240 

2012 1.61 0.58 43.6 0.77 240 

Winter 
2012 1.05 0.19 43.7 0.26 240 

2013 1.05 0.19 43.7 0.26 240 

         

Small T2 

Spring 
2012 1.60 0.38 56.2 0.40 192 

2013 1.55 0.41 33.2 0.69 192 

Summer 
2011 0.91 0.32 59.8 0.31 192 

2013 1.06 0.48 58.5 0.48 192 

Autumn 
2011 0.83 0.14 50.9 0.16 192 

2012 1.38 0.27 28.6 0.50 192 

Winter 
2012 0.86 0.09 29.7 0.22 192 

2013 0.91 0.14 37.1 0.21 192 

Model coefficients (a0 and a1) are reported together with the coefficient of determination (R2, %), standard error of estimation (SEE), and the 

sample data (n). All regressions were statistically significant (p <0.001). Model coefficients were estimated by using the Marquardt non-linear 

regression method. 
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Table S2 (Cont.). Non-linear reciprocal-X functions obtained from the linear gradients of trees and stumps at the LS and HSS sites, 

respectively. Equation is 
x

a
aSRA

1
0  . 

Site Component Size Gradient Season Year a0 a1 R2 SEE n 

HSS Stump 

Big T3 

Spring 
2012 1.44 1.42 82.9 0.73 240 

2013 1.24 0.99 74.8 0.65 240 

Summer 
2011 1.25 1.72 91.6 0.69 240 

2013 1.39 1.54 80.6 0.86 240 

Autumn 
2011 1.35 0.55 59.7 0.51 240 

2012 1.78 0.59 36.1 0.88 240 

Winter 
2012 0.36 0.60 51.6 0.66 240 

2013 0.32 0.30 50.5 0.34 240 

         

Small T4 

Spring 
2012 1.00 0.46 60.3 0.48 144 

2013 1.03 0.30 36.9 0.51 144 

Summer 
2011 1.27 0.48 63.8 0.46 144 

2013 1.17 0.74 73.7 0.56 144 

Autumn 
2011 1.12 0.24 32.8 0.44 144 

2012 1.36 0.23 30.3 0.59 144 

Winter 
2012 0.58 0.14 26.4 0.69 144 

2013 0.20 0.13 30.2 0.26 144 

Model coefficients (a0 and a1) are reported together with the coefficient of determination (R2, %), standard error of estimation (SEE), and the 

sample data (n). All regressions were statistically significant (p <0.001). Model coefficients were estimated by using the Marquardt non-linear 

regression method..
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Table S3. Coefficients and statistics for the goodness-of-fit of the models for the radius 

of the area of influence of each tree or stump on SR (RISC, m) estimated for each season 

of the year. Equation is bDBHaRI SC  , where DBH is the tree diameter at breast 

height (cm). 

Component Season a b F p R2 (%) SEE n 

Trees 
Summer 

0.75 

(0.22) 

0.025 

(0.010) 
7.2 <0.001 52.7 0.31 16 

Rest 
0.75 

(0.22) 

0.013 

(0.006) 

         

Stumps 
Summer 

0.24 

(0.37) 

0.075 

(0.022) 
14.6 <0.001 69.2 0.54 16 

Rest 
0.24 

(0.37) 

0.036 

(0.012) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample data (n = 16; 2 SR sampling points × 8 seasonal campaigns) of the 

regressions are shown. 
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Table S4. Coefficients and statistics for the goodness-of-fit of the models for estimates of half-hourly SR rates into the area of influence of 

trees or stumps on SR (SRAISC, μmol CO2 m-2 s-1). Equation is 
SCSA

A
SC

A

AISC RIaSRaSRaaSR  3210
, where SRA

SC is the first 

SRA sampling point of the linear transect (close to tree or stump; μmol CO2 m-2 s-1), SRA
SA is the last SRA sampling point of the linear transect 

(soil away from trees or stumps, μmol CO2 m-2 s-1) and RISC is the radius of influence of tree or stump on SR (m). 

Component a0 a1 a2 a3 F p R2 SEE n 

Trees 0.40 (0.11) 0.46 (0.04) 0.50 (0.11) -0.29 (0.07) 245.3 <0.001 98.4 0.08 16 

Stumps 0.56 (0.13) 0.40 (0.08) 0.68 (0.15) -0.54 (0.14) 75.7 <0.001 95.0 0.15 16 

Model coefficients (a0, a1, a2, and a3) are reported together with the F Snedecor, p-value, coefficient of determination (R2, %), standard error 

of estimation (SEE), and the sample data (n). 

Multiple regression models for SRAISC were simplified with a forward stepwise regression method. The best models were chosen by selecting 

the highest R2, lowest SEE, lack of co-linearity in the predictor variables (low variance inflation factor), and by graphically analysing residuals 

for bias and for autocorrelation by computing the Durbin-Watson statistic. 
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Table S5. Soil-surface areas at the plot-level (m2 m-2) before and after subtracting the 

areas of influence on SR overlapped from adjacent trees or stumps for each study site. 

SCarea: Area of soil close to the trees or stumps at the plot-level, SAarea: Area of soil away 

from trees or stumps at the plot-level, OAAISC: Area of overlapping areas of influence 

(AISC) of adjacent trees or stumps at the plot-level, SCarea-R: Recalculated area of soil close 

to the trees or stumps at the plot-level after subtracting the overlapping areas, and SAarea-

R: Recalculated area of soil away from trees or stumps at the plot-level after subtracting 

the overlapping areas. Mean values and standard errors (in brackets) are shown. n = 9 

plots at each site. Total area per plot = 706.86 m2. 

  Soil-surface areas at the plot-level (m2 m-2)* 

  Before subtracting AISC  After subtracting AISC 

Site n SCarea SAarea OAAISC  SCarea-R SAarea-R 

UB 9 0.53 (0.05)a 0.47 (0.05)a 0.27 (0.04)b  0.38 (0.03)a 0.62 (0.03)a 

LS 9 0.39 (0.02)a 0.61 (0.02)a 0.15 (0.01)a  0.33 (0.02)a 0.67 (0.02)a 

HSS 9 0.52 (0.06)a 0.48 (0.06)a 0.27 (0.03)b  0.37 (0.03)a 0.63 (0.03)a 

HSN 9 0.52 (0.06)a 0.48 (0.06)a 0.26 (0.03)b  0.38 (0.03)a 0.62 (0.03)a 

* The basal area of all live trees or stumps located into the plot (BA, m2; mean values at 

the plot-level equal to 3.4 ± 0.4, 3.2 ± 0.2, 3.1 ± 0.3, 3.1 ± 0.3 m2 at the UB, LS, HSS 

and HSN sites, respectively; data not shown) were excluded in the calculations. 

For each column, lower-case letters (a-b) compare means between the parameters at 

each study site. Equal letters mean no significant differences (Fisher’s LSD test, p ≤ 

0.05). 

 

Table S6. Mean values and standard errors (in brackets) of SRM (μmol CO2 m-2 s-1) in 

soil away from trees or stumps (SA) and the soil located in the hypothetical overlapping 

areas of influence of trees or stumps on SR (OAAISC) for each site. n = 3 soil metallic 

collars per site. 

Soil-surface area n UB site LS site HSS site HSN site 

SA 12 1.09 (0.11)a 1.26 (0.11)a 0.73 (0.26)a 0.82 (0.09)a 

OAAISC 12 1.41 (0.14)a 1.43 (0.12)a 0.93 (0.10)a 0.90 (0.09)a 

For each row, lower-case letters (a-b) compare means between the soil-surface areas at 

each study site. Equal letters mean no significant differences (Fisher’s LSD test, p ≤ 

0.05). 
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Table S7. Seasonal differences between the corrected mean daily daytime and night-time SR rates in SA soil (i.e., SRSA-day-c and SRSA-night-c, 

respectively) and in SC soil (i.e., SRSC-day-c and SRSC-night-c, respectively) and their respective modelled rates by the SRM models (SRM
i-j-m). 

Daily period Site Soil-surface area Season n SRi-j-c
+ SRM

i-j-m
+ Ratio SRi-j-c/SRM

i-j-m 

Daytime 

LS SA 

Spring 2 1.87 (0.14)b 3.22 (0.56)a 0.61 (0.15)a 

Summer 2 1.36 (0.05)ab 2.69 (0.47)a 0.52 (0.08)a 

Autumn 2 1.22 (0.29)a 2.37 (0.39)a 0.51 (0.04)a 

Winter 2 1.01 (0.03)a 1.65 (0.15)a 0.62 (0.05)a 

       

HSS SA 

Spring 2 1.72 (0.26)b 2.74 (0.73)ab 0.65 (0.08)a 

Summer 2 1.70 (0.03)b 2.79 (0.31)b 0.62 (0.08)a 

Autumn 2 1.72 (0.15)b 1.76 (0.36)ab 1.00 (0.12)a 

Winter 2 0.81 (0.34)a 0.99 (0.25)a 0.79 (0.14)a 

       

LS SC 

Spring 4 3.62 (0.24)b 3.16 (0.30)bc 1.16 (0.06)a 

Summer 4 3.19 (0.47)b 3.65 (0.35)c 0.88 (0.12)a 

Autumn 4 2.51 (0.54)ab 2.49 (0.24)ab 0.98 (0.14)a 

Winter 4 1.61 (0.15)a 1.84 (0.18)a 0.88 (0.01)a 

       

HSS SC 

Spring 4 5.17 (1.22)bc 6.86 (1.60)bc 0.75 (0.06)a 

Summer 4 6.35 (1.16)c 8.10 (1.08)c 0.77 (0.05)a 

Autumn 4 3.29 (0.45)ab 3.64 (0.72)ab 0.95 (0.08)a 

Winter 4 1.78 (0.46)a 2.03 (0.38)a 0.84 (0.08)a 
+ Subscript i refers to the soil-surface area (i.e., SC or SA soil) and the subscript j refers to the daily period (i.e., daytime or night-time). 

For each interaction of Site×Soil-surface area, lower-case letters (a-c) compare means between the seasons at each SR measurement type and 

ratio between both. Equal letters mean no significant differences (Fisher’s LSD test, p ≤0.05). 
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Table S7 (Cont.). Seasonal differences between the corrected mean daily daytime and night-time SR rates in SA soil (i.e., SRSA-day-c and SRSA-

night-c, respectively) and in SC soil (i.e., SRSC-day-c and SRSC-night-c, respectively) and their respective modelled rates by the SRM models (SRM
i-j-m). 

Daily period Site Soil-surface area Season n SRi-j-c
+ SRM

i-j-m
+ Ratio SRi-j-c/SRM

i-j-m 

Night-time 

LS SA 

Spring 2 1.27 (0.08)b 3.41 (0.59)a 0.38 (0.05)ab 

Summer 2 0.83 (0.09)ab 2.87 (0.58)a 0.29 (0.03)a 

Autumn 2 0.94 (0.21)ab 2.45 (0.37)a 0.38 (0.03)ab 

Winter 2 0.70 (0.03)a 1.65 (0.13)a 0.43 (0.02)b 

       

HSS SA 

Spring 2 1.02 (0.26)a 2.57 (0.67)b 0.40 (0.02)ab 

Summer 2 0.99 (0.10)a 2.81 (0.42)b 0.35 (0.02)a 

Autumn 2 0.98 (0.07)a 1.54 (0.26)ab 0.65 (0.07)c 

Winter 2 0.48 (0.12)a 0.89 (0.20)a 0.53 (0.01)bc 

       

LS SC 

Spring 4 2.83 (0.27)b 3.23 (0.29)bc 0.88 (0.02)a 

Summer 4 2.52 (0.41)b 3.68 (0.36)c 0.68 (0.10)a 

Autumn 4 1.99 (0.37)ab 2.52 (0.22)ab 0.78 (0.09)a 

Winter 4 1.35 (0.14)a 1.87 (0.18)a 0.72 (0.04)a 

       

HSS SC 

Spring 4 4.12 (1.18)bc 5.90 (1.33)b 0.67 (0.08)ab 

Summer 4 5.08 (1.00)c 7.47 (0.96)b 0.66 (0.05)ab 

Autumn 4 2.23 (0.35)ab 3.18 (0.57)a 0.72 (0.04)c 

Winter 4 0.89 (0.31)a 1.74 (0.32)a 0.48 (0.08)a 
+ Subscript i refers to the soil-surface area (i.e., SC or SA soil) and the subscript j refers to the daily period (i.e., daytime or night-time). 

For each interaction of Site×Soil-surface area, lower-case letters (a-c) compare means between the seasons at each SR measurement type and 

ratio between both. Equal letters mean no significant differences (Fisher’s LSD test, p ≤0.05). 
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Supplementary figures 

 

Figure S1. Location of the wildfire (a), division of the study area into burn severity 

classes (b), and the study sites locations (c). UB: unburnt site, LS: low burn-severity 

site, HSS: south-facing high burn-severity site, and HSN: north-facing high burn-

severity site. Inventory plots (15 m radius) are represented by black circles. Thick black 

lines are the contour lines (20 m interval). Burn severity was described by the 

differenced Normalized Burn Ratio index (dNBR, Key and Benson (2006)) 

classification: i) green: unburnt, ii) yellow: low burn-severity, iii) orange: moderate 

burn-severity, and iv) red: high burn-severity. 
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Figure S2. a) Representation of the non-linear reciprocal-X function (black line) and 

the radius of the area of influence of trees or stumps on SR (RISC, m) obtained from 

SRA measurements (grey diamonds) and the distance from the nearest tree or stump. b) 

Schematic representation of the total SRA (SRAISC
’, grey area) and mean SRA (SRAISC, 

striped black area) described into the area of influence of trees or stumps on SR (AISC). 
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Figure S3. Representation of the process of subtraction of the areas of influence on 

SR overlapping from adjacent trees or stumps (OAAISC). 
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Figure S4. Variation of the seasonal values of the SRA (μmol CO2 m-2 s-1) with the 

distance along the linear gradients. a-d) Large tree; e-h) Small tree; i-l) Large stump; m-

p) Small stump. Blue and red lines represent both non-linear reciprocal-X functions 

fitting the data points (blue and red, respectively) for each seasonal campaign 

(indicating the year in which the measurements were carried out) and black line 

represents the mean values between both functions. Error bars represent the standard 

error of the mean. 
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Figure S5. Radius of the area of influence of trees or stumps on SR (RISC, m). a) Mean 

seasonal values for each linear gradient. Lower-case letters indicate differences between 

the linear gradients for each season. b) Mean seasonal values for trees and stumps. 

Lower-case letters indicate differences between trees-stumps for each season. Upper-

case letters indicate differences between the seasons for trees and/or stumps. Error 

bars represent the standard error of the mean. 

 

 

 

 



Chapter 2 ǀ 177 

 

 

Figure S6. Mean annual litter layer components (needles, woody debris and 

miscellaneous) for each site and year. Lower-case letters indicate differences between 

the components for each site. Upper-case letters indicate differences between the sites 

for each component. Error bars represent the standard error of the mean. 
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Figure S7. Mean annual soil temperature (Ts, a-c) and mean annual soil water content (SWC, d-f) by site and soil-surface area. Lower-case 

letters indicate differences between the soil-surface areas for each site. Upper-case letters indicate differences between the sites for each 

soil-surface area. Error bars represent the standard error of the mean. 
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Figure S8. Relationship between the mean annual radius of influence of trees or 

stumps on SR (RISC, m) and the tree crown radius (Rc, m). Continuous 1:1 line is also 

shown. Rc and RISC values were estimated by the regression models described in Table 

S1 and Table S3, respectively. The tree diameter at breast height (DBH, cm) range of 

the estimated trees or stumps is also shown. 
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Abstract 

Total wood CO2 efflux (Rw) varies vertically within individual trees, and leaves 

experience large variations in foliar respiration (Rf) rates over their life spans and 

during daily periods. Therefore, accurate sampling approaches are required to 

improve aboveground autotrophic respiration (RAa) estimations in stand-scale 

carbon cycling studies. 

We scaled-up Rw (comprising stem and branch CO2 efflux; ES and EB, 

respectively) and Rf from biometric and flux-chamber measurements taken 

between 2011 and 2013 in a Spanish black pine (Pinus nigra Arn. ssp. salzmannii) 

forest at an unburnt (UB) site and a low burn-severity (LS) site. We measured 

seasonal ES at breast height (1.30 m) on 9 trees at each site, which was also 

vertically examined on 5 of those trees. We also measured seasonal Rf in current- 

and previous-year needles on 3 trees at each site, and quantified Rf variations in 

darkness and light. Finally, we compared complex and simple scale-up methods 

which did or did not account for the vertical variation in Rw and the effects of 

leaf ageing and light inhibition on Rf, respectively. 

The simple methods underestimated the annual stand-level stem, branch, and 

total wood respiration ≈ 35%, 55%, and 41%, respectively, and overestimated 

annual stand-level whole-canopy foliage respiration ≈ 43% at both sites. Both 

methods provided similar annual stand-level RAa estimates, although the complex 

methods improved estimations of the relative contribution of RAa components. 

Thus, based on the complex methods the mean annual RAa at the stand-level was 

4.53 ± 0.25 and 4.45 ± 0.12 Mg C ha-1 year-1 at the UB and LS sites, respectively. 

Our data also confirmed that the low-severity fire did not alter the RAa rates. 

Collectively, this study reveals that complex approaches, applicable in other 

forest ecosystems, enhance the accuracy of partitioning RAa sources by reducing 

the error in scaling-up in chamber-based measurements. 

 

Keywords 

Stem CO2 efflux; Foliar respiration; Kok method; Low burn-severity fire; 

Mediterranean mountain ecosystem 
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1. Introduction 

Autotrophic respiration (RA, see Appendix A for a list of abbreviations) is an 

important component of ecosystem-scale carbon budgets (Bowman et al., 2008; 

Chen et al., 2013) but it is harder to quantify and is much less studied than carbon 

fixation (i.e., photosynthesis) and heterotrophic respiration (RH) (Robertson et 

al., 2010). Aboveground RA (RAa) has two components: total wood CO2 efflux 

(Rw, which is in turn comprises stem and branch CO2 efflux; ES and EB, 

respectively) and foliar respiration (Rf), but only a few studies have focused on 

estimating their partitioning to RAa (Asao et al., 2015; Brito et al., 2013; Cernusak 

et al., 2006; Chambers et al., 2004; Hermle et al., 2010; Khomik et al., 2010; Law 

et al., 2001; Litton et al., 2007; Maseyk et al., 2008; Ryan et al., 2009; Tang et al., 

2008) and similar data for Mediterranean ecosystems are sparse (Guidolotti et al., 

2013). Furthermore, while field measurement of component-level Rw and Rf is 

increasing (Maseyk et al., 2008), very little data exists regarding these components 

in stand-scale seasonal or annual carbon-cycling studies. 

All together Rw and Rf contribute 20-56% of total ecosystem respiration (Reco) 

(Brito et al., 2013; Chambers et al., 2004; Guidolotti et al., 2013; Hermle et al., 

2010; Khomik et al., 2010; Tang et al., 2008) therefore, developing robust 

sampling methods and extrapolation protocols based on adequate scalars is 

critically important to accurately estimating them (Asao et al., 2015; Cavaleri et 

al., 2006). Although chamber-based measurements are often used to estimate ES 

and EB, scaling-up point measurements to stand or whole-tree scales may not 

account for spatial variations (Katayama et al., 2014). 

CO2 efflux measured through bark is a reasonable and practical proxy for stem 

and branch respiration (Robertson et al., 2010; Rodríguez-Calcerrada et al., 2014); 

it comprises the sum of three terms: woody tissue respiration (+ flux), re-fixation 

of respiratory CO2 by bark photosynthesis (- flux), and flux from CO2 dissolved 

in the xylem sap (Bowman et al., 2005; Teskey et al., 2008). Nevertheless, 

resistance to radial CO2 diffusion may introduce some bias into Rw measurements 

(Rodríguez-Calcerrada et al., 2014). Although several studies have found 

significant vertical variations in Rw in individual trees (Araki et al., 2010; Bowman 

et al., 2008; Katayama et al., 2014; Tarvainen et al., 2014), whole-stem and whole-

branch CO2 efflux are often estimated using breast-height ES measurements 

(Guidolotti et al., 2013; Maseyk et al., 2008; Robertson et al., 2010), potentially 

introducing considerable error into stand-scale estimates (Araki et al., 2010; 

Cavaleri et al., 2006; Katayama et al., 2014; Ryan et al., 2009; Tarvainen et al., 

2014). 

Leaf Rf rates also greatly vary over their life span according to developmental 

stage, age, canopy position and prevailing environmental conditions, and are 

usually higher in young leaves (Rodríguez-Calcerrada et al., 2012; Weerasinghe et 
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al., 2014). However, conifers tend to retain several cohorts of needles and old 

needles represent a significant proportion of canopy respiration (Warren, 2006), 

hence, ageing processes are especially important in conifers forests. Therefore, 

accurate techniques are required to understand how respiratory physiology 

changes between needle age-cohorts and improve stand-scale carbon-balance 

estimates (Rodríguez-Calcerrada et al., 2012). Leaf Rf in the dark (Rfd) is higher 

than corresponding rates of non-photorespiratory mitochondrial CO2 release in 

the light (Rfl) (Ayub et al., 2011; Ayub et al., 2014; Crous et al., 2012; Villar et al., 

1995; Way et al., 2015), with light inhibition varying from 16-77% (Ayub et al., 

2014), and effect mediated by multiple pathways (Heskel et al., 2013; Zaragoza-

Castells et al., 2007). Thus, failure to account for how leaf age affects Rf light-

inhibition can lead to large overestimates of RAa at the stand-level (Atkin et al., 

2013; Crous et al., 2012). 

RAa may strongly respond to fire severity due to fire-induced tree mortality, 

canopy scorching, damage to roots, soil microbiome alteration, microclimatic 

modification, and ash-deposition induced nutrient release (Clinton et al., 2011). 

However, the effects of low burn-severity fires can result in relatively less 

respiratory change compared to high burn-severity fires because they are short-

term, less severe, and transient (Bansal et al., 2014; Renninger et al., 2013; Schäfer 

et al., 2014). To date, few studies have investigated the effect of low-severity fire 

on physiological aboveground respiratory-flux traits (Bansal et al., 2014; 

Cernusak et al., 2006; Renninger et al., 2013), and to our knowledge no studies 

have considered this at the stand-level. 

In this study, we report on chamber-based measurements of stem CO2 efflux and 

foliar respiration in both unburnt and low burn-severity sites located in a Spanish 

black pine (Pinus nigra Arn. ssp. salzmannii) forest between 2011 and 2013. We 

considered both complex and simple scaling-up methods, which did or did not 

account for vertical ES variation and Rf light-inhibition in needle-age cohorts, 

respectively. The objectives of this study are: (1) to compare complex and simple 

methods for scaling-up point measurements to the whole-tree and stand-level, 

(2) to analyse the partitioning of the relative contribution from the various RAa 

sources, and (3) to compare annual stand-level RAa estimates from burnt and 

unburnt sites. 

 

2. Material and methods 

2.1. Study area and experimental sites 

The study was conducted from January 2011 to December 2013 in a Spanish 

black pine forest stand located in the Cuenca Mountain Range Natural Park 

(Castilla-La Mancha Region, central-eastern Spain; 1400 m a.s.l.), where a natural 
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wildfire burnt around 1800 ha in July 2009 (Supplementary Fig. S1). Burnt snags 

were felled and removed and woody debris (branches and small snags) were 

chipped at the roadside by machine between August and December 2010 by the 

local Forest Service. The climate is Mediterranean, with warm, dry summers and 

cold, rainy winters; mean annual precipitation is 652 mm and mean annual 

temperature is 11.1 ºC, with values ranging between -9.8 ºC and 34.4 ºC 

(Martínez-García et al., 2015). The study area is slightly hilly (slopes ≤ 10%) with 

a shallow soil over calcareous hard rock and frequent rock outcrops (Martínez-

García et al., 2015). The Spanish black pines dominate the upper canopy layer, 

with Scots pine (Pinus sylvestris L.), Lusitanian oak (Quercus faginea Lam.) and 

Spanish juniper (Juniperus thurifera L.) also present. The forest understory consists 

of shrub-type vegetation and grasses, including Juniperus communis L., Juniperus 

oxycedrus L., Crataegus monogyna Jacq., Buxus sempervirens L., Brachypodium retusum 

(Pers.) Beauv., and Dactilis glomerata L. 

Two experimental sites (approximately 2 ha each; Supplementary Fig. S1) were 

established in January 2011: (1) an unburnt control site (UB, undisturbed forest; 

X = 588445, Y = 4455170, ETRS89 UTM 30 N) and (2) a low burn-severity site 

(LS, affected by a surface fire; X = 587971, Y = 4456218, ETRS89 UTM 30 N). 

Both sites were similar in elevation, soil type, and total rainfall because of their 

close proximity (about 500 m apart). The vegetation composition at the LS site 

was similar to the unburnt forest (see above). 

 

2.2. Field survey 

First we carried out a field survey to determine tree mortality after the wildfire 

(January 2011) and then we randomly established 9 circular plots (15 m radius) 

in representative locations on the UB and LS sites (Supplementary Fig. S1). We 

geographically located (with both GPS and terrain measurements) every living 

tree or stump on each plot and recorded the diameter at breast height (DBH, 

1.30 m; cm) and stem-bark char height (Hch, cm) for each tree, and the height (h, 

cm), bark thickness (Bt, cm), and top and base diameters (DSt and DSb, cm) for 

each stump. 

The DBH and annual growth rate (GR, annual ring width; mm year-1) of all living 

trees over the 3-year study period were estimated by using tree-ring 

measurements following López-Serrano et al. (2015). Thus, in January 2014 two 

opposite increment core samples per tree were taken with a 5-mm increment 

borer (Haglöf, Langsele, Sweden) in 28 and 26 representative trees at the UB and 

LS sites, respectively. We took a random stratified sample to include a wide range 

tree sizes within the stand (5-55 cm DBH). After air-drying in the laboratory, we 

mounted the increment core-samples on grooved wooden boards, polished them 

with progressively finer-grained sandpaper, and measured the ring widths using 
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a Lintab 5 tree-ring measurement system (Frank. Rinn SA, Heidelberg, Germany) 

with an accuracy of 0.01 mm. 

 

2.3. Wood CO2 efflux 

2.3.1. Wood CO2 efflux measurements 

Stem CO2 efflux per unit of stem surface area (ESs, µmol CO2 m-2 s-1) was 

measured at breast-height (BH, 1.30m) in a random, stratified selection 9 trees 

(three each: small, medium, and large; DBH ≤25 cm, 25-35 cm, and ≥35 cm, 

respectively) at each site (Supplementary Table S1). In addition, ESs was 

measured vertically on 5 of those trees (2 and 3 trees at the UB and LS sites, 

respectively; Supplementary Table S2), at three heights relative to the total tree 

height (9 ± 3%, 35 ± 6%, and 59 ± 7%) corresponding to BH, mid-stem, and 

mid-crown. The visual level of fire damage was slight (light bark charring and < 

5% crown scorch volume) in all burnt sampled trees at the LS site. ESs was 

measured in situ using a portable infrared gas analyser (Li-6400XT, LI-COR, 

Environmental Division, Lincoln, NE, USA) coupled to an opaque soil chamber 

(Li-6400-09, LI-COR, Environmental Division, Lincoln, NE, USA) that did not 

allow bark photosynthesis. The chamber was attached to the stems via metallic 

collars sampling, according to Xu et al. (2000). We placed 28 collars on and took 

45 monthly or fortnightly measurements per collar between March 2011 to 

December 2013, using a hydraulic platform crane (Parma 12, MATILSA, 

Zaragoza, Spain) for canopy measurements; loose bark was removed and 100% 

silicone sealant was used to attach and seal the collars to the south-facing side of 

stem surfaces. One measurement on each collar on each sampling date was taken. 

Measurements were replicated three times on each collar and taken the mean 

value. A correction of ESs was applied to account for the curvature of the stem 

and the volume of the chamber (Xu et al., 2000). Each measurement campaign 

lasted around 3 h and was performed from 10:00-13:00 h (solar time). For each 

tree, sapwood temperature (Ts, ºC) was measured every 10 min and averaged at 

30-min intervals close to each collar using a temperature probe (PB-5002-1M5, 

Gemini data loggers Ltd., UK) inserted to a depth of 20 mm via a drilled (Ø < 5 

mm) hole sealed with silicone; data was logged with Tinytag Ultra 2 TGU-4020 

data loggers (Gemini data loggers Ltd., UK). 

From the slope (k) of the relationship between Ts and the natural logarithm of 

ESs (Eq. (1)), we calculated the temperature response (Q10) of ESs (Q10ESs, Eq. 

(2)). 

ss TkaES )ln(                                            (1) 

k

ESs eQ 10

10                                                   (2) 
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We calculated ESs10 (ESs normalized to a Ts of 10 ºC) at tree-level using the Q10ESs 

value (Eq. (3)) via a nonlinear regression method (Neter et al., 1996). 
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Next, we modelled ESs rate (ESs
’, μmol CO2 m

-2 s-1) with half-hourly Ts data 

using the calculated Q10ESs and ESs10 values, as in Eq. (4). 
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Finally, the ESs
’ rates per unit of stem surface area were converted to rates per 

unit of sapwood volume (ESv
’) based on sapwood thickness (see below) and tree 

diameter (Eq. (5)), assuming that trees have a truncate wedge-shaped volume 

(Bowman et al., 2005; Tang et al., 2008). 

''
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V

S
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Where ESv
’ is the stem CO2 efflux per unit of sapwood volume (μmol CO2 m

–3 

s–1), ESs
’ is the stem CO2 efflux per unit stem surface area (μmol CO2 m

–2 s–1), S 

is the stem surface area (m2) enclosed inside the metallic collar, and V is the 

sapwood volume (m3) of the truncate wedge-shaped figure enclosed inside the 

metallic collar. 

We measured the annual GR over the 3-year study period close to each collar on 

each tree from one increment core sample taken in January 2014, as already 

described in Section 2.2., in which we also determined the sapwood thickness 

after identifying the heartwood-sapwood boundary by 10% ferric chloride 

solution staining (dark green and light green colour reactions, respectively). We 

acquired images of the wood cores and analysed them using a leaf-area meter 

(Win Dias 3, Delta-T Devices, Cambridge, UK). 

 

2.3.2. Spatial extrapolation to the tree-level: simple method (method 1) 

We assumed that the stem CO2 efflux per unit of sapwood volume (ESv) is as a 

reasonable and practical proxy for stem respiration (RS) (Rodríguez-Calcerrada 

et al., 2014), and so presumed ESv ≈ RS. Using a simple scale-up method (method 

1, employing ES BH measurements), we obtained both the annual whole-tree 

stem respiration (Rs-1, kg C tree-1 year-1) and the annual whole-tree total wood 

respiration (Rw-1, kg C tree-1 year-1) for each sampled tree by multiplying the half-

hourly BH ESv
’ by the whole-tree stem sapwood volume (SVs, dm3 tree-1) and the 

whole-tree total sapwood volume (SVt, dm3 tree-1), respectively, which were then 

integrated to determine annual totals. See Supplementary Material and 

Supplementary Tables S3-S6 for the methodology used to estimate sapwood 

volumes at the tree-level. 
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In this study, we did not directly measure branch CO2 efflux per unit of sapwood 

volume (EBv, µmol CO2 m
-3 s-1). However, we adopted previous assumptions 

that the EBv had the same rate as BH ESv (Maseyk et al., 2008; Tang et al., 2008). 

Thus, the annual whole-tree branch respiration (Rb-1, kg C tree-1 year-1) was 

estimated as the difference between Rs-1 and Rw-1 for each tree. 

 

2.3.3. Spatial extrapolation to the tree-level: complex method (method 

2) 

We assumed that the stem of each sampled tree was a truncated-cone, with a 2 

cm tree-top diameter, which we divided into three sample-segments. Each 

segment was separated at intermediate height between higher and lower vertical 

ES measurements points (at the BH, mid-stem, and mid-crown). Thus, the 

sapwood volume of each segment (SVs-s, dm3 segment-1) was estimated as the 

heartwood volume (HVs-s, dm3 segment-1) subtracted from the segment wood 

volume (WVs-s, dm3 segment-1); HVs-s and WVs-s were estimated from each 

segment’s height and corresponding stem-wood and heartwood cross-sectional 

areas (based on the total net bark and heartwood diameter, respectively, which 

were estimated from two opposite 5-mm increment wood cores taken at each 

intermediate height using 10% ferric chloride solution as described in Section 

2.3.1.). 

Using vertical ES measurements as a complex scale-up method (method 2), we 

obtained the annual stem respiration of each individual segment (Rs-s, kg C 

segment-1 year-1) by multiplying the half-hourly ESv
’ obtained from its ES 

measurement point by the sapwood volume of each segment (SVs-s). The annual 

whole-tree stem respiration of each sampled tree (Rs-2, kg C tree-1 year-1) was 

obtained by summing Rs-s for each separate segment of each tree. 

As mentioned in Section 2.3.2., we did not directly measure EBv and so, similar 

to Katayama et al. (2014), we assumed that the EBv had the same rate as the ESv 

we determined for the canopy using measurements from the collars located at 

the mid-crown. Thus, we obtained the annual whole-tree branch respiration (Rb-

2, kg C tree-1 year-1) for each sampled tree by multiplying the half-hourly mid-

crown ESv
’ by the whole-tree branch sapwood volume (SVbr, dm3 tree-1), which 

were then integrated to determine annual totals. The annual whole-tree total 

wood respiration (Rw-2, kg C tree-1 year-1) was estimated as the sum of Rs-2 and Rb-

2. 

 

2.3.4. Scaling-up wood CO2 efflux to the stand-level 

To estimate the annual woody-component respiration at the stand-level (Mg C 

ha-1 year-1) during the study period using the two methods considered, we 
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explored different regression models (Eq. (6)) defined by relating Rs-1, Rw-1, Rs-2, 

and Rw-2 (kg C tree-1, Sections 2.3.2. and 2.3.3.) to DBH (cm) and GR (mm year-

1). 

21

0

aa

ji GRDBHaR 
                                      (6) 

Where subscript i refers to the tree component (stem or total-wood) and 

subscript j refers to the methodological approach (i.e, simple = 1 or complex = 

2). 

These models were applied to individual tree data from the UB and LS plots 

(Section 2.2.). Branch respirations at the tree-level using both methods (i.e., Rb-1 

and Rb-2) were then calculated as the difference between Rw-1 and Rs-1 or Rw-2 and 

Rs-2, respectively. We subsequently integrated them to obtain the annual 

respiration at the stand-level for each woody component (i.e., stem, RS-j; branch, 

RB-j; and total wood, RW-j) and methodological approach (i.e., simple, Ri-1; and 

complex, Ri-2). Furthermore, using the ratio between the different methods (Ri-

1/Ri-2), we evaluated the over- or underestimation of the simple method (Ri-1) and 

its deviation compared to the complex method (Ri-2) for each woody component. 

 

2.4. Foliar respiration 

2.4.1. Foliar gas-exchange measurements 

We selected three representative trees (DBH: 10, 25, and 45 cm and height: 2.1, 

9.8, and 15.5 m, respectively) at the UB site (where a hydraulic platform crane 

provided access to the canopy). Branches from the upper section of each tree 

canopy were chosen for foliar gas-exchange measurements, carried out on 22 

campaigns from November 2011 to December 2013, in two needle cohorts: 

current-year needles (CY) and previous-year needles (PY; 1-3 years old). One-

year-old needles were measured as representative of the PY cohort, assuming 

that respiratory physiology does not significantly change in older needles, as 

previously described for other pine species (Warren, 2006). Needle-bud burst 

occurs in May (personal observation), and so both CY and PY needles were 

measured between June and May of the following study year. In the subsequent 

study year, CY needles were considered as PY needles, and new needles were 

selected for CY measurements. Repeated foliar gas-exchange measurements 

could not be performed at the LS site. Thus, we sacrificed true site-level 

replication in favour of performing representative gas-exchange measurements 

in a relatively short time period with similar environmental conditions during 

each campaign. However, we carried out a preliminary sampling exercise at the 

UB and LS sites in June 2011, before starting our formal measurement 

campaigns, in order to compare the foliar gas-exchange parameters in trees and 

CY/PY needle cohorts at both sites. Therefore, we compared measurements 
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taken from the representative UB site trees mentioned above to three 

representative trees at the LS site (DBH: 11, 24.5, and 43 cm and height: 2.3, 9.5, 

and 15.0 m, respectively), but did not observe any significant differences between 

them (Supplementary Table S7). Thus, we assumed that leaf-level respiratory 

fluxes obtained at the UB site were also representative of the LS site. 

Two fully-expanded fascicles per cohort were selected from one twig of each tree 

on each date for needle gas-exchange measurements. Light response curves of 

net CO2 assimilation rates (Anet, μmol CO2 m
–2 s–1) were conducted from 10:00-

11:30 h (solar time) using a portable infrared gas analyser (Li-6400XT, LI-COR, 

Environmental Division, Lincoln, NE, USA) equipped with a 6 cm2 chamber 

coupled to a red-blue light source (Li-6400-02B LED, LI-COR, Environmental 

Division, Lincoln, NE, USA). All light-response measurements were conducted 

at ambient temperature, relative humidity, and [CO2] (Atkin et al., 2013; 

Rodríguez-Calcerrada et al., 2011) and Anet was measured at 21 different light 

intensities (1800, 1500, 1200, 900, 600, 300, 150, 140, 130, 120, 110, 100, 90, 80, 

70, 60, 50, 40, 30, 20, and 10 μmol photons m-2 s-1 of photosynthetic photon flux 

density (PPFD)). Needle respiration in darkness (Rfd, μmol CO2 m–2 s–1) was 

measured at 0 μmol photons m-2 s-1 after a 10-minute dark period and the net 

CO2 assimilation rate at saturating irradiance (Asat, μmol CO2 m–2 s–1) was 

measured at 1800 μmol photons m-2 s-1. Following Ayub et al. (2011) and 

Weerasinghe et al. (2014), we set the air flow rate at 500 μmol s-1 for 

measurements taken when PPFD ≥ 150 μmol photons m-2 s-1, or at 300 μmol s-

1 for lower irradiances. We estimated projected areas the needles enclosed in the 

chamber for each measurement by stripping and analysing them in the laboratory 

using a leaf area meter (Win Dias 3, Delta-T Devices, Cambridge, UK). We then 

used these areas to re-compute the gas-exchange variables with the standard 

algorithms provided in the LI-COR 6400XT simulator. Needle respiration in 

light (Rfl, μmol CO2 m
–2 s–1) was estimated according to Kok (1948), from the y-

axis intercept of a first-order linear regression fitted to the Anet-irradiance plots 

to measurements made over the 40-150 μmol photons m-2 s-1 irradiance range; 

data was curvilinear at irradiances above 150 μmol photons m-2 s-1 

(Supplementary Fig. S2). Over this irradiance range, R2 values for the first-order 

regressions were high (mean value ≥ 95%; data not shown). Using the Kok 

method, intercellular CO2 concentrations (Ci) tend to increase as irradiance 

decreases (reducing the Anet-irradiance linear-regression slope) and results in 

decreased photorespiration and increased carboxylation rates (Atkin et al., 2013). 

Therefore, we adjusted Rfl (by iteration) accordingly previously reported methods 

(Atkin et al., 2013; Crous et al., 2012; Weerasinghe et al., 2014). Thus, as described 

for Q10ESs (Eq. (2)), we used the slope (k) of the relationship between air 

temperature (Ta, ºC) and the natural logarithm of Rfd and Rfl to calculate the Q10 

of the latter (i.e., Q10Rfd and Q10Rfl), which, as for ESs10 (Eq. (3)), we then 

normalized to a Ta of 10 °C (i.e. Rf10d and Rf10l). Ta was measured every 10 min 
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and averaged at 30-min intervals with a micro-station data logger Tinytag Ultra 2 

TGU-4500 (Gemini data loggers Ltd., UK) at a height of 4 m height (assuming 

this was representative of the mean canopy temperature) in the centre of a 

representative plot at each site. 

 

2.4.2. Leaf area index estimation 

The canopy-level foliar respiration integration was obtained using the leaf area 

index (LAI, m2 m−2), itself calculated using the Moderate Resolution Imaging 

Spectroradiometer (MODIS) product (MOD15A2) which gives an 8-day 

composite LAI with a 1 km spatial resolution. Based on the MOD15A2 data, we 

used a smoothed-function which we processed with Matlab 7.14.0 (R2012a, The 

MathWorks Inc., Natick, MA, USA) to interpolate the LAI to a daily scale (LAId, 

Supplementary Fig. S3). The recalculated daily LAI (LAIr) was estimated for each 

plot during the study period as the ratio between LAId and the semi-direct 

allometric LAI (LAIa) (Jonckheere et al., 2005) obtained from destructive 

sampling (16th June 2012). See Supplementary Material and Supplementary 

Tables S8-S13 for further details. 

 

2.4.3. Foliar respiration for the canopy profile 

Because Rf was measured in the upper section of the tree canopy we estimated 

its profile through the canopy, assuming that: (1) Q10d and Q10l were constant 

through the canopy (Rodríguez-Calcerrada et al., 2011), (2) Rf10d and Rf10l were 

equal to Rf10d-top and Rf10l-top at the tree-canopy top, and (3) as for leaf-mass per 

area (LMA, g m-2), Rf10d-top and Rf10l-top decline with increasing canopy depth 

(Rambal et al., 1996; Rodríguez-Calcerrada et al., 2011; Rodríguez-Calcerrada et 

al., 2012): 

  zk
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With z varying from 0 to the LAI of the lower canopy level, and the kLMA 

parameter being the extinction coefficient of LMA thorough the canopy profile 

(Rambal et al. (1996), see Supplementary Material and Supplementary Tables S14-

S15 for its determination and values).Thus, the half-hourly modelled Rf
’ 

integrated over the canopy for each cohort was calculated as: 

     
dtQzRR

t

tTa

ijijffij 





48

1

1010)(

1010

'                                 (8) 

In parameters Rf
’, Rf10, and Q10, the subscript i refers to the foliar respiration in 

darkness/light and the subscript j refers to the needle cohort. 
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2.4.4. Scaling-up foliar respiration to the stand-level: simple method 

(method 1) 

To obtain the annual stand-level whole-canopy foliage respiration using the 

simple scale-up method (method 1, RF-1, Mg C ha-1 year-1), we adopted previous 

assumptions that PY needles represent the overall mean canopy foliage 

respiration, disregarding foliar-respiration light-inhibition (Guidolotti et al., 2013; 

Hermle et al., 2010; Khomik et al., 2010; Tang et al., 2008). Thus, RF-1 was 

obtained for each plot by multiplying the half-hourly modelled Rfd
’ values of PY 

needles (RfdPY
’, μmol CO2 m

–2 s–1) by the corresponding LAIr value, which were 

subsequently all integrated. 

 

2.4.5. Scaling-up foliar respiration to the stand-level: complex method 

(method 2) 

To obtain the annual stand-level whole-canopy foliage respiration using the 

complex scale-up method (method 2, RF-2, Mg C ha-1 year-1), daytime foliar 

respiration rates cannot simply be assumed to be equal to night-time ones. Thus, 

we used modelled Rfl
’ rates for the daytime period (global radiation ≥ 20 W m-2) 

and we applied the different respiratory characteristics calculated for each cohort 

to their respective proportion of LAIa (Supplementary Table S13). Finally, we 

integrated the half-hourly foliar-respiration values for each plot (Eq. (9)). 
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Where α is the proportion of LAIa attributed to the CY needle cohort, subscript 

i refers to the Julian day (i = 1,…, 365), and subscript j refers to the half-hourly 

periods per day (j = 1,…, 48). We assumed (1) the entire canopy comprised only 

two cohorts, so the proportion of LAIa attributed to PY leaves was computed as 

1-α and (2) this proportion of LAIa was constant over the 3-year study period. 

Furthermore, we evaluated the over- or underestimation of the simple method 

and its deviation compared to the complex method using their ratio (RF-1/RF-2). 

 

2.5. Aboveground autotrophic respiration at the stand-level 

Annual RAa at the stand-level (Mg C ha-1 year-1) was estimated by both the simple 

(RAa-1, Eq. (10)) and complex (RAa-2, Eq. (11)) methods. 

1111   FBSAa RRRR                                      (10) 
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2222   FBSAa RRRR                                      (11) 

We then calculated the ratio of these results (RAa-1/RAa-2), assuming that RAa-2 

provides correct estimation at both the UB and LS sites. 

 

2.6. Data analysis 

Statistical analyses were performed using Statgraphics Centurion XVI software 

(StatPoint Technologies, Inc., Virginia, USA). Data sets were tested prior to 

analysis for normality (Kolmogorov-Smirnov test) and homogeneity (Levene’s 

test) of variance, and log-transformed where necessary. Data were analysed using 

analysis of variance (ANOVA), general linear models (GLMs; to test 

relationships between Ts and the natural logarithm of ESs [year was included as 

dummy variable], and between Ta and the natural logarithm of Rf [Rfl and Rfd for 

CY and PY needles were included as dummy variables]) and multiple regression 

using a forward stepwise procedure (to develop models of Rs-1, Rw-1, Rs-2, and Rw-

2 rates; correction factor (CF) for the bias introduced by log-transformation of 

the dependent variable were calculated according to Sprugel (1983)). To compare 

means, Fisher’s LSD post hoc tests (p < 0.05) were used. Following Robertson 

et al. (2010), we estimated the mean annual maintenance respiration per unit of 

stem surface area (ESs-m
’) from the y-axis intercept of a first-order linear 

regression of the mean modelled annual ESs
’ fitted to the annual GR, both (1) at 

BH for each study site and (2) at different stem sections. GLMs were also used 

to test relationships between ESs
’ and GR. Additionally, we calculated the mean 

annual growth respiration per unit stem surface area (ESs-g
’) as the difference 

between ESs
’ and ESs-m

’. The growth respiration coefficient (GRC) was calculated 

as the slope of the linear fit of ESs
’ vs. GR. 

 

3. Results 

3.1. Overview of post-fire forest-stand characteristics 

Fire-induced tree mortality was relatively low (≈ 40%, occurring principally on 

small trees, Supplementary Fig. S4) at the LS site (Table 1). Consequently, there 

was a relatively small variation in the post-fire forest stand characteristics at the 

LS site. Thus, while similar basal area, stem area index and leaf area index values 

were recorded at both sites over the 3-year study period, lower branch area index 

and higher mean tree height, mean live crown height and basal area increment 

values were observed at the LS site compared to the UB site (Table 1). 
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3.2. Environmental conditions 

Mean annual Ta and Ts at BH varied markedly between years but tended to 

decline between 2011 and 2013 at both sites (Supplementary Table S16). No 

significant differences in Ta or Ts between the sites were observed during the 

study period, although the values recorded at the UB site tended to be higher and 

the mean Ts was higher than mean Ta in every case (Supplementary Table S16). 

In general, the relationship between Ts at BH and tree size was similar at both 

sites; the bigger the tree, the lower the mean annual Ts at BH (Supplementary 

Table S17). We also observed a Ts gradient (although not significant) between 

the lower and upper stem sections in every case; the greater the stem height, the 

higher the mean annual Ts (Supplementary Table S18). 
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Table 1. Forest-stand characteristics over the 3-year study period. UB: unburnt site, and LS: low burn-severity site. N: Stand tree density, Nfk: 

Stand fire-killed trees, Hch: Mean stem-bark char height, Ht: Mean tree height, Hlc: Mean live crown height, Cl: Mean crown length, BA: Stand 

basal area, BAi: Basal area increment, SAI: Stem area index, BAI: Branch area index, and LAI: Leaf area index. Mean values and standard 

errors (in brackets) are shown. n = 9 plots at each site. 

 2011  2012  2013 

Parameters UB site LS site  UB site LS site  UB site LS site 

N (trees ha-1) 1456 (232) 850 (78)  1456 (232) 850 (78)  1456 (232) 850 (78) 

Nfk (trees ha-1) - 564 (104)  - -  - - 

Hch (m) - 1.92 (0.21)  - -  - - 

Ht (m) 9.37  (1.15) 10.99 (0.51)  9.42 (1.14) 11.03 (0.51)  9.46 (1.14) 11.08 (0.51) 

Hlc (m) 4.59 (1.15) 6.76 (0.55)  4.60 (1.15) 6.78 (0.55)  4.62 (1.15) 6.81 (0.55) 

Cl (m) 4.79 (0.33) 4.23 (0.25)  4.82 (0.33) 4.25 (0.25)  4.84 (0.33) 4.27 (0.25) 

BA (m2 ha-1) 34.57 (4.68) 35.07 (2.32)  34.80 (4.69) 35.34 (2.33)  35.03 (4.70) 35.60 (2.33) 

BAi (m2 ha-1 year-1) 0.39 (0.03) 0.39 (0.02)  0.23 (0.01) 0.27 (0.01)  0.23 (0.01) 0.26 (0.01) 

SAI (m2 m-2)* 0.57 (0.08) 0.55 (0.03)  0.57 (0.08) 0.55 (0.03)  0.57 (0.08) 0.55 (0.03) 

BAI (m2 m-2)+ 1.37 (0.18) 1.14 (0.09)  1.38 (0.18) 1.15 (0.09)  1.39 (0.18) 1.16 (0.09) 

LAI (m2 m-2)# 1.43 (0.11) 1.42 (0.05)  1.45 (0.11) 1.41 (0.05)  1.35 (0.10) 1.32 (0.05) 

* See Supplementary Material and Supplementary Table S4 for detailed estimation. SAI was averaged for each site and year. 

+ See Supplementary Material and Supplementary Table S6 for detailed estimation. BAI was averaged for each site and year. 

# Obtained from the annual recalculated daily LAI (LAIr) of each plot at each site. LAI was averaged for each site and year. 
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3.3. Wood CO2 efflux 

In line with the annual variation in Ts, ESs at BH was clearly seasonal at both 

sites; the highest fluxes were observed in summer and ESs rates increased with 

tree size (Supplementary Fig. S5). Similar to annual Ts variations, ESs measured 

in the lower and upper stem sections were also seasonal, although ESs increased 

vertically along the tree stem (Supplementary Fig. S6). There was a strong natural-

logarithmic relationship between ESs and Ts for both method 1 (BH 

measurements) and method 2 (vertical measurements) and no significant 

differences between years in any case (Tables 2 and 3, respectively); Ts explained 

73-88% of ESs variation in both methods (Tables 2 and 3). However, there were 

significant differences in the mean BH Q10ESs for different tree size-classes at both 

study sites (Table 2), and similar to ESs, mean ESs10 increased with tree size, which 

was especially clear at the LS site (Table 2). The mean Q10ESs of the vertical 

measurements was similar at all the stem sections (Table 3), however, mean ESs10 

increased with stem height (Table 3), as also observed for ESs. 

ESs-m
’ at BH did not significantly differ at either site and represented 60-65% of 

the mean modelled annual ESs
’ in both cases, as estimated using either the simple 

(0.57 ± 0.03 μmol CO2 m
-2 s-1, Fig. 1a, Supplementary Table S19) or complex 

method (0.54 ± 0.04 μmol CO2 m
-2 s-1, Fig. 1b, Supplementary Table S20). BH 

ESs-g
’ was slightly higher at the LS site than the UB site (Supplementary Table 

S19) and the ESs-m
’/ESs

’ ratio decreased upward, indicating that tree maintenance 

processes become more important with stem height (Supplementary Table S20). 

At BH the SVbr/SVs ratio was comparable between years and sites (18-82%, Fig. 

2a,d) and the mean modelled annual ESs
’ was similar between sites and was 

analogous to the decline in Ta and Ts between 2011 and 2013 (Fig. 2b,e). The 

difference between the mean annual stem, branch, and total wood respiration 

between years and sites was not significant (Fig. 2c,f). 
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Table 2. Slopes (k) and determination coefficient (R2, %) of fitted stem CO2 efflux (ESs, 

µmol CO2 m-2 s-1, Eq. (1)) temperature-response curves for each sampled tree calculated 

using a simple method (method 1) at each site. Additionally, the calculated Q10ESs (Eq. 

(2)) and the estimated ESs10 (Eq. (3)) are shown. Large tree: DBH ≥ 35 cm, medium tree: 

DBH 25-35 cm, and small tree: DBH ≤ 25 cm. n = 45; ESs measured in each tree. 

Site 
Tree 

nº 

Tree 

size-class 
k* R2 Q10ESs ESs10 

UB 1 Large 0.063 82.8 1.881 0.854 

UB 2 Large 0.060 86.1 1.829 0.755 

UB 3 Large 0.061 80.0 1.840 0.810 

       
UB 4 Medium 0.056 81.1 1.746 0.784 

UB 5 Medium 0.059 76.4 1.810 0.631 

UB 6 Medium 0.052 87.5 1.686 0.945 

       
UB 7 Small 0.054 78.5 1.708 0.611 

UB 8 Small 0.052 74.3 1.684 0.664 

UB 9 Small 0.057 76.5 1.761 0.580 

       
UB Mean Large   1.850 (0.016)b 0.806 (0.029)a 

UB Mean Medium   1.747 (0.036)a 0.787 (0.091)a 

UB Mean Small   1.718 (0.023)a 0.618 (0.025)a 

       
LS 10 Large 0.068 75.1 1.983 0.940 

LS 11 Large 0.070 84.8 2.012 1.032 

LS 12 Large 0.067 81.3 1.962 0.921 

       
LS 13 Medium 0.068 83.1 1.965 0.733 

LS 14 Medium 0.068 87.9 1.965 0.716 

LS 15 Medium 0.068 84.0 1.966 0.728 

       
LS 16 Small 0.057 78.2 1.766 0.622 

LS 17 Small 0.046 83.0 1.582 0.597 

LS 18 Small 0.057 83.9 1.773 0.522 

       
LS Mean Large   1.985 (0.014)b 0.964 (0.034)c 

LS Mean Medium   1.965 (0.001)b 0.726 (0.005)b 

LS Mean Small   1.707 (0.063)a 0.580 (0.030)a 
* Slopes were not significantly different between years at p < 0.05 for each tree. 

For each site, Q10ESs and ESs10 parameters were averaged for each tree size-class (large, 

medium and small) and the values shown are means (± standard error); n = 3 trees per 

tree size-class. For each column, lower-case letters (a, b) compare means between tree 

size classes at each site. Equal letters mean no significant differences (Fisher LSD test, p 

< 0.05). 
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Table 3. Slopes (k) and determination coefficient (R2, %) of fitted stem CO2 efflux (ESs, 

µmol CO2 m-2 s-1, Eq. (1)) temperature-response curves for each sampled tree calculated 

using a complex method (method 2) at each stem section. Additionally, the calculated 

Q10ESs (Eq. (2)) and the estimated ESs10 (Eq. (3)) are shown. n = 45; ESs measured in 

each stem section. 

Tree nº Stem section k* R2 Q10ESs ESs10 

3 

Breast height 0.061 80.0 1.840 0.810 

Mid-stem 0.056 77.9 1.756 1.247 

Mid-crown 0.063 84.5 1.887 1.323 

      

9 

Breast height 0.057 76.5 1.761 0.580 

Mid-stem 0.058 72.9 1.790 0.841 

Mid-crown 0.047 74.8 1.599 1.071 

      

10 

Breast height 0.068 75.1 1.983 0.940 

Mid-stem 0.068 77.3 1.974 1.108 

Mid-crown 0.067 80.6 1.947 1.205 

      

13 

Breast height 0.068 83.1 1.965 0.733 

Mid-stem 0.066 83.4 1.937 1.046 

Mid-crown 0.064 83.9 1.890 1.213 

      

16 

Breast height 0.057 78.2 1.766 0.622 

Mid-stem 0.053 80.5 1.700 0.998 

Mid-crown 0.044 80.1 1.555 1.236 

      
 Breast height   1.863 (0.048)a 0.737 (0.065)a 

 Mid-stem   1.831 (0.053)a 1.048 (0.067)b 

 Mid-crown   1.776 (0.082)a 1.210 (0.040)b 

* Slopes were not significantly different between years at p < 0.05 for each stem section 

of each tree. 

Q10ESs and ESs10 parameters were averaged for each stem section (breast height, mid-

stem and mid-crown) and the values shown are means (± standard error); n = 5 trees 

per stem section. For each column, lower-case letters (a, b) compare means between 

stem sections. Equal letters mean no significant differences (Fisher LSD test, p < 0.05). 
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Figure 1. Relationship between the mean modelled annual stem CO2 efflux per unit of 

stem surface area (ESs
’, µmol CO2 m-2 s-1) and the annual growth rate (GR, mm year-1): 

(a) at breast height at both study sites, and (b) at different stem sections. Coefficients 

and statistics for the goodness-of-fit of the models are described in Supplementary 

Tables S19 and S20 for (a) and (b), respectively. 
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Figure 2. Sapwood volume distribution (a, d, g), mean modelled annual ESs
’ (b, e, h) 

and annual respiration per woody component and/or section (c, f, i) by year, study site 

and scale-up method. Lower-case letters indicate differences between years for each 

woody component and/or section. Upper-case letters indicate differences between 

each woody component and/or section for each study year. Error bars represent the 

standard errors of the means. 

 

For vertical measurements, the relative contribution of each SVs-s to SVt 

decreased with stem height (33%, 29%, and 21% for BH, mid-stem, and mid-

crown sections, respectively; Fig. 2g), and furthermore, branches represented 

approximately 17% of SVt (Fig. 2g). The inter-year difference between the mean 

modelled annual ESs
’ for each stem section or the branches was not significant, 

but we did observe the same declining trend between 2011 and 2013 for every 

section (Fig. 2h). The mean modelled annual ESs
’ increased with stem height (Fig. 
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2h) and consequently, any differences observed between years for the mean 

annual respiration for each stem section or the branches were not significant. 

Importantly, each section contributed differently to the total wood respiration: 

19%, 29%, 29%, and 23% for BH, mid-stem, mid-crown, and branches, 

respectively, (Fig. 2i). 

For the simple method, our defined models explained 92.7% and 93.2% of the 

Rs-1 and Rw-1 variation, respectively (after log-transformation, SEE ≤ 0.22, log-

units; Table 4). Analogously, for the complex method, 99.8% of the Rs-2 and Rw-

2 variation (both log-transformed) was explained by the models (SEE ≤ 0.04, log-

units; Table 4). 

Method 1 consistently showed lower annual stand-level stem, branches, and total 

wood respiration values at both sites (36%, 57%, and 42% at the UB site, 

respectively; 34%, 54%, and 40% at the LS site, respectively, Table 5) compared 

to method 2; therefore, we considered method 2 provides a more accurately 

estimation of the annual respiration of each woody component at the stand-level 

(i.e., RS-2, RB-2 and RW-2). The mean annual RS was 1.67 ± 0.12 and 1.74 ± 0.06 

and the mean annual RW values were 2.40 ± 0.17 and 2.44 ± 0.08 Mg C ha-1 year-

1 at the UB and LS sites, respectively, and both these figures declined between 

2011 and 2013 at both sites, especially at LS site for RS (Table 5). RB was relatively 

constant throughout the study period, with mean annual values of 0.73 ± 0.05 

and 0.70 ± 0.02 Mg C ha-1 year-1 at the UB and LS sites, respectively (Table 5). 
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Table 4. Coefficients and statistics for the goodness-of-fit of the models for the annual whole-tree stem respiration (Rs-j, kgC tree-1, log-

transformed) and the annual whole-tree total wood respiration (Rw-j, kgC tree-1, log-transformed) estimated by simple and complex scale-up 

methods (subscript j = 1 and 2, respectively) using DBH (cm) and GR (mm year-1) as predictive variables (Eq. (6)). 

Scale-up method Component a0 a1 a2 F p R2 SEE CF* n 

Simple 
Rs-1 0.0023 (1.6470) 2.08 (0.13) 0.25 (0.09) 349.44 <0.001 93.2 0.22 1.0247 54 

Rw-1 0.0048 (1.6321) 1.94 (0.12) 0.25 (0.09) 321.60 <0.001 92.7 0.22 1.0238 54 

           
Complex 

Rs-2 0.0119 (1.2666) 1.72 (0.06) 0.29 (0.06) 2777.42 <0.001 99.8 0.04 1.0009 15 

Rw-2 0.0234 (1.2435) 1.61 (0.05) 0.24 (0.06) 2779.50 <0.001 99.8 0.04 1.0008 15 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, log-units), and the sample data (simple method: n = 

18 trees × 3 years; complex method: n = 5 trees × 3 years) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ   
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Table 5. Annual stem respiration (RS-j), branch respiration (RB-j), total wood respiration (RW-j), whole-canopy foliage respiration (RF-j) and 

aboveground autotrophic respiration (RAa-j) at the stand-level (Mg C ha-1 year-1) based on simple and complex scale-up methods (subscript j 

= 1 and 2, respectively). For each component, the ratio between both method estimates is also shown for each year and site. Mean values 

and standard errors (in brackets) are shown. n = 9 plots at each site. 

 UB site  LS site 

  2011 2012 2013 Mean  2011 2012 2013 Mean 

RS-1 1.16 (0.16) 1.03 (0.14) 1.05 (0.14) 1.08 (0.08)  1.25 (0.08) 1.13 (0.07) 1.11 (0.07) 1.16 (0.04) 

RS-2 1.83 (0.23) 1.58 (0.20) 1.60 (0.20) 1.67 (0.12)  1.90 (0.11) 1.69 (0.10) 1.65 (0.09) 1.74 (0.06) 

RS-1/RS-2 0.63 0.65 0.65 0.64  0.66 0.67 0.67 0.66 

          
RB-1 0.34 (0.04) 0.30 (0.04) 0.31 (0.04) 0.32 (0.02)  0.34 (0.02) 0.31 (0.02) 0.31 (0.02) 0.32 (0.01) 

RB-2 0.76 (0.09) 0.71 (0.08) 0.71 (0.08) 0.73 (0.05)  0.72 (0.04) 0.69 (0.04) 0.69 (0.04) 0.70 (0.02) 

RB-1/RB-2 0.45 0.43 0.43 0.43  0.47 0.45 0.44 0.46 

          
RW-1 1.51 (0.20) 1.33 (0.18) 1.36 (0.18) 1.40 (0.10)  1.59 (0.10) 1.44 (0.09) 1.41 (0.08) 1.48 (0.05) 

RW-2 2.59 (0.32) 2.29 (0.28) 2.32 (0.28) 2.40 (0.17)  2.62 (0.15) 2.38 (0.13) 2.34 (0.13) 2.44 (0.08) 

RW-1/RW-2 0.58 0.58 0.58 0.58  0.61 0.60 0.60 0.60 

          
RF-1

 3.17 (0.24) 3.14 (0.24) 2.81 (0.21) 3.04 (0.13)  3.00 (0.10) 2.96 (0.10) 2.64 (0.09) 2.87 (0.06) 

RF-2
 2.22 (0.17) 2.21 (0.17) 1.96 (0.15) 2.13 (0.09)  2.09 (0.07) 2.08 (0.07) 1.84 (0.06) 2.00 (0.04) 

RF-1/RF-2 1.43 1.42 1.43 1.43  1.43 1.42 1.44 1.43 

          
RAa-1 4.68 (0.43) 4.48 (0.41) 4.16 (0.38) 4.44 (0.23)  4.59 (0.20) 4.41 (0.19) 4.05 (0.17) 4.35 (0.11) 

RAa-2 4.81 (0.48) 4.50 (0.44) 4.28 (0.43) 4.53 (0.25)  4.71 (0.22) 4.46 (0.20) 4.18 (0.19) 4.45 (0.12) 

RAa-1/RAa-2 0.98 1.00 0.98 0.99  0.98 0.99 0.97 0.98 
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3.4. Foliar respiration 

Ta was seasonally related to Rfd and Rfl in both needle cohorts, with the largest 

fluxes in the summer (Supplementary Fig. S7); the mean Rf values for CY needles 

were higher than for PY needles for both Rfd and Rfl (Fig. 3a). Within cohorts, all 

the mean Rfd values were higher than the mean Rfl values, indicating that dark 

respiration is partially inhibited in light (Fig. 3a). Interestingly, the degree of 

inhibition of Rfd by the light for CY needles was significantly lower (45.5 ± 1.9%) 

than for PY needles (51.2 ± 1.7%; Fig. 3b) and the Rfl/Rfd ratio was <1 (i.e., Rfl 

< Rfd), although the degree of inhibition varied with Ta for both cohorts (Fig. 

3c). Rfd and Rfl positively correlated in both cohorts (Fig. 4), but the slope 

coefficient of the power-regression for PY needles was lower than for CY 

needles, again demonstrating that light respiration-inhibition was greater in PY 

needles. In both cohorts, >78% of the Rfl variation was explained by variation in 

Rfd (Fig. 4). In general, Ta explained 71.1% and 56.7% of the Rfd and Rfl variation 

in both cohorts and Q10Rfd values were lower than Q10Rfl values (Table 6). 

However, Rf10l values were lower than Rf10d values in both cohorts, and Rf10l and 

Rf10d values were higher in CY needles within cohorts (Table 6). 

Method 1 consistently showed higher annual stand-level whole-canopy foliage 

respiration values at both sites (≈ 43%, Table 5) compared to method 2; 

therefore, we considered method 2 provides a more accurately estimation of this 

figure (i.e., RF-2). Annual RF values were generally similar at the LS site throughout 

the whole study and ranged from 1.84 ± 0.06 to 2.09 ± 0.07 Mg C ha-1 year-1 

(Table 5). In 2011 and 2012 these values were higher at the UB site than the LS 

site (2.22 ± 0.17 and 2.21 ± 0.17 Mg C ha-1 year-1, respectively), but significantly 

reduced in 2013 (1.96 ± 0.15 Mg C ha-1 year-1, Table 5). 
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Figure 3. (a) Mean foliar respiration in darkness (Rfd) and in light (Rfl) of current- (CY) 

and previous-year (PY) needle cohorts. Lower-case letters indicate differences between 

Rfd and Rfl for each cohort. Upper-case letters indicate differences between cohorts for 

each foliar respiration. Error bars represent the standard error of the mean. (b) Box 

and whisker plots show the degree of inhibition of foliar respiration by light for both 

cohorts. Inhibition was calculated as [(1-(Rfl/Rfd)) × 100]. (c) Relationship between the 

ratio of foliar respiration in light to darkness (Rfl/Rfd) and the air temperature (Ta, ºC) 

for both cohorts (coefficients and statistics for the goodness-of-fit of the models are 

described in Supplementary Table S23). 
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Figure 4. Relationship between the Rf rates in light (Rfl) and the corresponding Rf 

rates in darkness (Rfd) for current- (CY) and previous-year (PY) needle cohorts. 

Coefficients and statistics for the goodness-of-fit of the models are described in 

Supplementary Table S24. 

 

Table 6. Slopes (k) and determination coefficient (R2, %) of fitted foliar respiration in 

light (Rfl, µmol CO2 m-2 s-1) and in darkness (Rfd, µmol CO2 m-2 s-1) temperature-response 

curves for each needle cohort (CY: current-year needle, and PY: previous-year needle). 

Additionally, the Q10Rf and Rf10 values of each needle cohort are shown. n = 264 Rf 

measurements (22 campaigns × 3 trees × 2 needle cohorts × 2 foliar respirations [Rfl 

and Rfd]). 

Foliar 

respiration 

Needle 

cohort 
k R2 Q10Rf Rf10 

Rfl 
PY 0.078 

73.9 

2.19 0.24 

CY 0.087 2.40 0.26 

Rfd 
PY 0.057 1.78 0.62 

CY 0.061 1.84 0.64 

 

3.5. Aboveground autotrophic respiration 

The annual stand-level RAa estimates obtained with either the simple or the 

complex method at each site were similar (RAa-1/RAa-2 ≈ 1 at both sites), including 

a comparable decline between 2011 and 2013 (Table 5). However, estimation of 



Chapter 3 ǀ 209 

the relative contribution of each individual component to RAa was considerably 

biased in method 1 compared to method 2, especially for RF (Fig. 5a). In contrast, 

the contribution of annual RS, RB, and RF to RAa in method 2 was similar at both 

sites and remained very stable throughout the whole study: RS contributed just 

over a third, RF approximately half, and RB the remaining 15-16% (Fig. 5b). 

 

Figure 5. Relative contribution (%) of annual stem respiration (RS-j), annual branch 

respiration (RB-j) and annual whole-canopy foliage respiration (RF-j) to annual 

aboveground autotrophic respiration (RAa-j) at the stand-level at both the UB and LS 

sites over the 3-year study period estimated by both a) simple (subscript j = 1) and b) 

complex (subscript j = 2) scale-up methods. 
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4. Discussion 

4.1. Woody CO2 efflux 

Sapwood temperature was the main driving force behind ESs and explained 73-

88% of its variations (Tables 2 and 3), a pattern previously described in other 

Mediterranean, temperate, boreal or tropical forest ecosystems (Acosta et al., 

2008; Cavaleri et al., 2006; Damesin et al., 2002; Katayama et al., 2014; Rodríguez-

Calcerrada et al., 2014; Tarvainen et al., 2014). However, other factors related to 

seasonal Ts variation which we did not consider in this study may co-determine 

seasonal ESs changes; these include stem water status, diurnal changes in 

carbohydrate availability, and stem oxygen concentration (Guidolotti et al., 2013). 

We observed differences in Q10ESs at BH between tree size-classes (Table 2) as 

well as between vertical stem sections (Table 3), thus supporting the idea that it 

may be appropriate to use different Q10ESs values for different-sized trees and for 

entire stems when modelling tree-scale ESs. In general, our Q10ESs values (mean 

= 1.6-2.0) were within the 1.3 to 2.6 range reported for other conifer species 

(Guidolotti et al., 2013). Similarly, the range of BH ESs rates recorded at both 

sites and at different stem sections also fit the ranges previously reported (0.5-3.5 

μmol CO2 m
-2 s-1) for other conifers species (Brito et al., 2010; Maseyk et al., 

2008). 

However, although the goodness-of-fit for the modelled Rs-j and Rw-j for both 

scale-up methods was reasonably good (Table 4), neither model accounted for: 

(1) diurnal ESs variations (because we recorded our data during a relatively short 

period at midday), (2) differences in Ts between south- (sunlit) and north-facing 

(shaded) woody surfaces (because all of our measurement collars were south-

facing) and (3) seasonal changes in Q10ESs and ESs10 through the year (because we 

pooled our sampling-point data), thus, perhaps causing bias in our estimated 

annual RS and RW sums (Acosta et al., 2008; Bowman et al., 2008; Brito et al., 

2010; Robertson et al., 2010; Tarvainen et al., 2014; Teskey et al., 2008). 

Moreover, we based our complex scale-up method on vertical ESs rates from 5 

trees which may have introduced a variable uncertainty in the RS and RW 

estimates. Future studies must address these issues by obtaining both south- and 

north-facing automated continuous ESs datasets to identify any diel patterns 

which could reflect seasonality in Q10ESs and ESs10 and would thus impact daily, 

annual, and inter-annual ESs modelling. 

Vertical ESs variation in Spanish black pine trees (Fig. 2h) was comparable to that 

of previous reports (Araki et al., 2010; Katayama et al., 2014; Tarvainen et al., 

2014), and can be explained by increased respiratory activity (Bowman et al., 

2005; Bowman et al., 2008; Katayama et al., 2014), decreased bark thickness and 

resistance to CO2 diffusion (Bowman et al., 2008; Katayama et al., 2014; 

Tarvainen et al., 2014; Teskey et al., 2008), or an increase in dissolved CO2 
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transported upwards by xylem sap (Araki et al., 2010; Bowman et al., 2005; 

Katayama et al., 2014). Moreover, the strong relationship between the mean 

annual ESs and the annual GR (Fig. 1b) suggests that the vertical ESs variation 

can largely be explained by the greater growth in the upper stem (Supplementary 

Table S21), similar to previous studies (Araki et al., 2010; Tarvainen et al., 2014). 

Furthermore, we found that the stem-maintenance respiration increases higher 

up the trees, while stem-growth respiration remains constant (Fig. 1b, 

Supplementary Table S20), thus, the stem-maintenance respiration may also 

contribute to vertical ESs variation, as also previously described (Bosc et al., 2003; 

Cernusak et al., 2006; Damesin et al., 2002). It is unlikely that vertical Ts variation 

played an important role in vertical ESs variations, as posited by others (Araki et 

al., 2010; Damesin et al., 2002; Katayama et al., 2014), because the difference in 

mean annual Ts between the lower and upper stem sections was 0.4-0.6 ºC over 

the year (Supplementary Table S18), which cannot explain the 68% higher ESs in 

the latter (Fig. 2h). Consistent with previous studies (Araki et al., 2010; Katayama 

et al., 2014; Tarvainen et al., 2014), vertical ESs variation caused large errors (35% 

underestimation at both sites) in RS estimates when only BH ESs measurements 

were used (Table 5). 

Using BH ESs measurements to estimate annual RB resulted in 55% 

underestimation at both sites (Table 5) because ESs was higher in the upper stem 

into the canopy. Moreover, we lacked branch CO2 efflux measurements 

analogous to those taken at the upper stems: thus potentially introducing error 

into our Rb-j and Rw-j estimates if our assumption that the difference between 

these two factors was negligible was incorrect. Thus, we may have 

underestimated carbon release by woody components because some CO2 

produced in the stem may have diffused through the upper branches after 

transportation upwards in xylem sap by the transpiration stream (Acosta et al., 

2011; Guidolotti et al., 2013). Nevertheless, this error was likely counteracted by 

overestimating branch CO2 efflux because we did not account for the fact that 

the rate of CO2 efflux is lower in young shoots and small branches (Ø ≤ 1cm), 

as a result of their higher chlorophyll content, which thus increases CO2 re-

fixation during the day (Acosta et al., 2011; Ryan et al., 2009). To provide relevant 

information about this little-studied component (Acosta et al., 2008; Acosta et 

al., 2011; Bosc et al., 2003; Hermle et al., 2010), future studies in Spanish black 

pine trees should include in situ branch CO2 efflux measurements under field 

conditions. 

In contrast to earlier research (Cernusak et al., 2006; Clinton et al., 2011), ESs 

rates in burnt trees were not significantly reduced (Fig. 2b) compared to unburnt 

trees (Fig. 2e). The partial and transient leaf-area reduction in burnt trees did not 

likely alter the rate of dissolved CO2 transport from respiration in the xylem 

stream (Clinton et al., 2011; Teskey et al., 2008), or compromise the carbohydrate 
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supply for stem metabolism (Clinton et al., 2011). However, although similar 

annual growth rates were observed at both the UB and LS sites (Supplementary 

Table S22), the surface fire may have induce some effect on stem leading to a 

slight increase in stem-growth respiration in burnt trees at the LS site (Fig. 1a, 

Supplementary Table S19). 

 

4.2. Foliar respiration 

While we observed similar Q10Rf.values for CY and PY needles (Table 6), the 

older cohort showed lower Rfd and Rfl (Fig. 3a) and Rf10l and Rf10d rates (Table 6) 

than the younger group. This difference is likely related to the reduced presence 

of metabolically-active mitochondria and is consistent with lower nitrogen and 

respiratory-protein concentrations in older needles (Rodríguez-Calcerrada et al., 

2012). Q10Rf values in light were slightly higher than for darkness in both cohorts 

(Table 6), differing from other studies which showed similar (Way et al., 2015) or 

lower values (Atkin et al., 2006; Zaragoza-Castells et al., 2007). However, while 

Rfl is indeed lower than Rfd, as observed by others (Atkin et al., 2013; Ayub et al., 

2014; Brito et al., 2013; Crous et al., 2012; Law et al., 2001; Maseyk et al., 2008; 

Warren, 2006; Zaragoza-Castells et al., 2007), our work highlights the fact that 

the needle age-cohort affects leaf-respiration light-inhibition (Fig. 3a), a pattern 

scarcely reported (Villar et al., 1995). However, although respiration in light was 

lower than in darkness, the degree of light-inhibition seems to be both highly 

variable and leaf-age dependent, indicating that younger needles are less light-

inhibited (Fig. 3b). As Ta increased, light inhibition of foliar respiration tended 

to decrease in both cohorts, such that Rfl/Rfd ranged from 0.24 to 0.91 and 0.21 

to 0.87 for younger and older needles, respectively (Fig. 3c). Interestingly, 

previous works described an increase (Way et al., 2015) or decrease (Atkin et al., 

2006) in this ratio as leaf temperature rises. While the mechanism underpinning 

foliar-respiration light-inhibition remains unknown, our findings can help obtain 

accurate daytime foliar C flux estimates due to that Rfl rates for CY and PY 

needles can be derived from more frequent Rfd datasets, thus avoiding assume 

that Rfl is some constant fraction (≈ 0.4-0.6) of Rfd, as frequently reported in the 

literature (Way et al., 2015). 

While many field studies have examined changes in respiratory physiology with 

leaf ageing and with foliar-respiration light-inhibition (Atkin et al., 2013; Ayub et 

al., 2011; Ayub et al., 2014; Crous et al., 2012; Rodríguez-Calcerrada et al., 2012; 

Weerasinghe et al., 2014), less attention has focused on addressing its 

implications in whole-canopy foliage respiration estimates at the stand-level 

(Bruhn et al., 2011; Maseyk et al., 2008; Wohlfahrt et al., 2005). As reported here, 

not considering the specific Rf of each cohort and its associated light inhibition 

results in up to 43% overestimation of RF, which is important in terms of whole-
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canopy CO2 release (Table 5). Thus, this work represents one of the first attempts 

to consider these combined leaf respiration effects under field conditions, and 

demonstrates how accounting for these processes could be important for studies 

seeking to accurately predict whole-canopy foliage respiration. Nonetheless, 

future studies should take steps to reduce potential bias in our annual whole-

canopy foliage respiration calculations. Seasonal changes in Q10Rf and Rf10 over 

the year should be considered -we pooled our data for each cohort and needle 

respiration (darkness vs. light) study. We may have overestimated leaf respiratory 

CO2 release by not considering the thermal acclimation of leaf respiration 

(Rodríguez-Calcerrada et al., 2011; Zaragoza-Castells et al., 2007). Analogously, 

slight differences in Rfd-Rfl rates in older needle-age classes may have introduced 

bias into stand-level CO2 flux. However, it is unlikely this significantly affected 

RF estimates because 2- and 3-year-old needles only represent a small fraction of 

the total canopy leaf area. Moreover, biased biometric-variable scale-up methods, 

such as LAI seasonality and/or a constant proportion of CY-PY needles could 

be used, a common potential source of error in similar stand-level respiration 

studies (Khomik et al., 2010; Tang et al., 2008). As previously described (Rambal 

et al., 1996; Rodríguez-Calcerrada et al., 2011; Rodríguez-Calcerrada et al., 2012), 

we assumed that Rf decreased with canopy depth as a consequence of a decline 

in LMA with increasing shade, although more research is still needed to clearly 

elucidate this canopy-dependent trend in Rf in this specific ecosystem. 

The surface fire at the LS site only slightly influenced overstory tree mortality 

(Table 1; Supplementary Fig. S4), understory shrubs, and forest-floor fuel 

loading, with a relatively low leaf-area reduction on burnt trees. We found that 

the main gas-exchange parameters differed slightly (but not significantly) to the 

preliminary sampling exercise (Supplementary Table S7). Thus, regarding post-

fire foliar gas-exchange parameters the surface burning only had short-term and 

transient effects on the foliar respiratory physiology of affected trees, meaning 

that burnt trees function similarly to unburnt trees, as reported for ecosystems 

affected by surface and/or prescribed fires (Cernusak et al., 2006; Renninger et 

al., 2013; Schäfer et al., 2014). 

 

4.3. Aboveground autotrophic respiration and its stand-level 
components 

Despite its significance in Reco (Brito et al., 2013; Guidolotti et al., 2013; Hermle 

et al., 2010; Khomik et al., 2010; Tang et al., 2008), RAa is still one the least studied 

aspects of forest carbon dynamics. Therefore, our study represents an important 

contribution to understanding its environmental and structural constraints. Over 

the 3-year study period, the mean annual RW at the stand-level in our study were 

in the range (0.50-2.70 Mg C ha-1 year-1) reported by others (Acosta et al., 2008; 
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Brito et al., 2010; Guidolotti et al., 2013; Hermle et al., 2010; Khomik et al., 2010; 

Law et al., 2001; Maseyk et al., 2008; Tang et al., 2008). Regarding our mean 

annual RF at the stand-level estimates, other CO2 flux partitioning studies have 

shown similar (Guidolotti et al., 2013; Maseyk et al., 2008), lower (Brito et al., 

2010; Law et al., 2001; Tang et al., 2008), and/or higher rates (Hermle et al., 2010; 

Khomik et al., 2010). Therefore, in our Spanish black pine forest study site, the 

mean annual RAa at the stand-level (4.53 ± 0.25 and 4.45 ± 0.12 Mg C ha-1 year-1 

at the UB and LS sites, respectively) was slightly higher than previously reports 

of 2.50-3.50 Mg C ha-1 year-1 (Guidolotti et al., 2013; Hermle et al., 2010; Law et 

al., 2001; Maseyk et al., 2008; Tang et al., 2008). Nonetheless, these comparisons 

should be treated with caution because ecosystem characteristics (i.e., species, 

climate, tree density, age, post-disturbance effects, etc.), as well as the biometric 

and flux-chamber measurement scale-up methods used, can widely vary between 

works (Damesin et al., 2002; Guidolotti et al., 2013). 

By comparing simple and complex scale-up methods to estimate RAa at the stand-

level, we provide the first experimental evidence that the output from both 

methods correlates at both the UB and LS sites (Table 5). However, estimates of 

the relative contribution of each RAa sources were biased in the simple method 

because of complex foliar and woody-tissue respiration sampling error sources 

and/or the problematic assumptions it makes (Fig. 5). These results underscore 

the need to implement enhanced measurement designs in order to properly 

estimate RAa components by (1) incorporating essential stem CO2 efflux vertical-

variation measurements, (2) directly measuring branch CO2 efflux along all the 

branching orders, and (3) accounting for leaf age and related Rf light inhibition 

as sources of variation. 

 

5. Conclusions 

This study reveals that the complex scale-up chamber-based methods (such as 

measuring the vertical Rw variation and the effects of leaf ageing and light 

inhibition on Rf) improve the partitioning of RAa into its Rw and Rf components 

compared to the simple methods. The relative contribution of stems, branches 

and needles to the annual RAa is approximately 38%, 16%, and 46%, respectively, 

confirming that both woody- and foliar-components have a similar contribution 

for the annual carbon balance in this understudied Mediterranean mountain 

ecosystem. Furthermore, our results show that the low burn-severity fire does 

not significantly alter aboveground respiratory processes in this disturbed 

Spanish black pine forest-ecosystem. 
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Appendix A. Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

General terms 

RA Autotrophic respiration  

RH Heterotrophic respiration  

RAa Aboveground autotrophic respiration  

Rw Total wood CO2 efflux  

ES Stem CO2 efflux  

EB Branch CO2 efflux  

Rf Foliar respiration  

Reco Total ecosystem respiration  

BH Breast height  

GPP Gross primary production  

UB Unburnt site  

LS Low burn-severity site  
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

Wood CO2 efflux+ 

ESs Measured ES per unit of stem surface area µmol CO2 m-2 s-1 

DBH Diameter at breast height cm 

Ts Sapwood temperature ºC 

Q10ESs 
Temperature response of the ES per unit of 

stem surface area (ESs) 
 

ESs10 ESs normalized to a Ts of 10ºC µmol CO2 m-2 s-1 

ESs
’ Modelled ES per unit of stem surface area µmol CO2 m-2 s-1 

ESv
’ Modelled ES per unit of sapwood volume μmol CO2 m–3 s–1 

EBv Measured EB per unit of sapwood volume µmol CO2 m-3 s-1 

EBv
’ Modelled EB per unit of sapwood volume µmol CO2 m-3 s-1 

ESs-m
’ 

Mean annual maintenance respiration per 

unit stem surface area 
µmol CO2 m-2 s-1 

ESs-g
’ 

Mean annual growth respiration per unit 

stem surface area 
µmol CO2 m-2 s-1 

SVs Whole-tree stem sapwood volume dm3 tree-1 

SVbr Whole-tree branch sapwood volume dm3 tree-1 

SVt Whole-tree total sapwood volume dm3 tree-1 

SVs-s Tree stem segment’s sapwood volume dm3 segment-1 

WVs-s Tree stem segment wood volume dm3 segment-1 

HVs-s Tree stem segment’s heartwood volume dm3 segment-1 

Rs-j Annual whole-tree stem respiration kg C tree-1 year-1 

Rb-j Annual whole-tree branch respiration kg C tree-1 year-1 

Rw-j Annual whole-tree total wood respiration kg C tree-1 year-1 

Rs-s 
Annual stem respiration of each individual 

tree stem segment 

kg C segment-1 

year-1 

GR Annual growth rate (annual ring width) mm year-1 

RS-j 
Annual respiration of stem at the stand-

level 
Mg C ha-1 year-1 

RB-j 
Annual respiration of branch at the stand-

level 
Mg C ha-1 year-1 

RW-j 

 

Annual respiration of total wood at the 

stand-level 
Mg C ha-1 year-1 

+ Subscript j refers to the scale-up method (i.e, simple = 1 or complex = 2). 
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

Foliar respiration+ 

CY Current-year needles  

PY Previous-year needles  

Anet Net CO2 assimilation rate μmol CO2 m–2 s–1 

Asat 
Net CO2 assimilation rate at saturating 

irradiance of 1800 μmol photons m-2 s-1 
μmol CO2 m–2 s–1 

Rfd Rf in darkness μmol CO2 m–2 s–1 

Rfl Rf in light μmol CO2 m–2 s–1 

Ta Air temperature ºC 

Q10Rfd Temperature response of Rf in darkness  

Q10Rfl Temperature response of Rf in light  

Rf10d Rf in darkness normalized to a Ta of 10ºC μmol CO2 m–2 s–1 

Rf10l Rf in light normalized to a Ta of 10ºC μmol CO2 m–2 s–1 

LAI Leaf area index m2 m-2 

LAId 

Smoothed LAI on a daily scale based on 

LAI MODIS (MOD15A2) 8-day-

composite LAI data 

m2 m-2 

LAIr Recalculated daily LAI m2 m-2 

LAIa Semi-direct allometric LAI m2 m-2 

LMA Leaf mass per area g m-2 

kLMA 
Extinction coefficient of LMA thorough 

the canopy profile 
 

RflCY
’ Modelled Rf in light of current-year needles μmol CO2 m–2 s–1 

RfdCY
’ 

Modelled Rf in darkness of current-year 

needles 
μmol CO2 m–2 s–1 

RflPY
’ 

Modelled Rf in light of previous-year 

needles 
μmol CO2 m–2 s–1 

RfdPY
’ 

Modelled Rf in darkness of previous-year 

needles 
μmol CO2 m–2 s–1 

RF-j Annual whole-canopy Rf at the stand-level Mg C ha-1 year-1 

Aboveground autotrophic respiration+ 

RAa-j Annual RAa at the stand-level Mg C ha-1 year-1 

+ Subscript j refers to the scale-up method (i.e, simple = 1 or complex = 2). 
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Appendix B. Supplementary material 

 

Supplementary methods and results 

1. Destructive sampling of Spanish black pine trees: sapwood volumes 

of woody components, leaf mass per area (LMA) of upper-lower tree 

canopy sections and allometric stem (SAI), branch (BAI) and leaf (LAIa) 

area index determinations 

In order to obtain direct estimates of the sapwood volume of woody components 

of sampled trees for woody CO2 efflux measurements as well as the allometric 

stem, branch and leaf area index estimates at the stand-level (SAI, BAI and LAIa, 

respectively; m2 m-2), a destructive sampling of 8 and 10 living pine trees at the 

UB and LS sites, respectively, carried out on 16th June 2012. Trees were selected 

by stratified random sampling in order to obtain a well-distributed sample along 

the range of diameters within the stand (diameters ranged from 5 to 55 cm). 

Once suitable trees were identified and diameter at breast height (DBH, 1.30 m; 

cm) and crown diameter (Cd, cm) measured, they were felled using a chainsaw 

and the following variables were measured for each individual felled tree: the 

height from the base of the tree to the base of the live crown (Blc, cm), crown 

length (Cl, cm) and total height (Ht, cm) to the nearest centimetre. 

 

1.1. Stem sapwood volume determination 

The main stem was limbless and divided into 1-m sections. The total fresh weight 

of the individual log sections were weighed with a 150 ± 0.05 kg digital scale 

(NDE 150K50IP, KERN & SOHN GmbH, Balingen, Germany). Afterwards, a 

disk approx. 5 cm thick from the base of each log section was cut to be used for 

determining water content, bark to wood ratios and cross-sectional sapwood-

heartwood areas. We measured cross diameter and bark thickness of each disk in 

field. 

In the laboratory, the surface of the stem disks was smoothed by sanding. After, 

the boundary between heartwood and sapwood was identified with the different 

colour reaction of both (dark green and light green, respectively) staining the 

disks with 10 % ferric chloride solution. Then, images of the disks were acquired 

and analysed using a leaf area meter (Win Dias 3, Delta-T Devices, Cambridge, 

UK). The stem sapwood and heartwood cross-section areas were obtained. Mean 

wood and heartwood diameters were calculated considering their areas as circles 

and sapwood radial width and bark thickness considering a circular cross- section 

for stem and heartwood. Then, whole-stem wood volume (WVs, dm3 tree-1) and 

whole-stem heartwood volume (HVs, dm3 tree-1) were calculated by sections 
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corresponding to the different height levels of sampling, as conical sections. 

Whole-stem sapwood volume (SVs, dm3 tree-1) was calculated by difference. 

Afterwards, we defined an allometric relationship (Eq. (1)) to predict the total 

stem sapwood volume at the tree-level (i.e., dm-3 tree-1) as a function of DBH 

(Table S3). 

b

s DBHaSV                                               (1) 

Finally, the disks were taken to the laboratory and dried in an oven (105ºC, 48h) 

to obtain humidity (%) on a dry basis. 

 

1.2. Stem Area Index (SAI, m2 m-2) determination 

Whole-tree surface area of the main stem was estimated using the concept of a 

truncated cone, which was applied to calculate each 1-m stem section’s surface 

area separately. Each stem section’s surface area was calculated using the radii of 

the base (ri1), the radii of the top (ri2) and total length (li) of each truncated cone. 

Whole-tree surface area of the main stem (SAs, m2 tree-1) was calculated by 

summing each separated surface area using the Eq. (2): 

     



n

oi

iiiiis rrlrrSA
2

12

2

21                              (2) 

Then, we defined an allometric relationship (Eq. (3)) to predict the whole-tree 

surface area of the main stem as a function of DBH (Table S4). 

 2DBHbaSAs                                           (3) 

After, this allometric relationship was applied to individual tree data from the UB 

and LS plots. The Stem Area Index (SAI, m2 m-2) of each plot was calculated as 

the sum of SAs per tree (i.e., m2 tree-1) divided by the total plot area (706.86 m2). 

 

1.3. Extinction coefficient of leaf mass per area (kLMA) 

The crown of each sampled tree was divided in two sections: upper and lower. 

For each canopy section of each tree, we selected 2 random sets composed of 4 

fascicles (i.e., 1 fascicle for current-year (CY) and 3 fascicles for previous-year 

(PY) needles, respectively; 288 sampled needles in all). For PY needles, 1 fascicle 

was sampled per needle age class (i.e., 1-3 years old). The projected leaf area of 

needles (lan, m2) was measured using a leaf area meter (Win Dias 3, Delta-T 

Devices, Cambridge, UK). Afterwards, they were dried (65ºC, 24h) and weighed 

(Wn, g) to determine their leaf mass per area (LMA, dry leaf mass/fresh projected 

leaf area, g m-2) of each canopy section. Then, we obtained the mean LMA for 

each tree canopy section (Table S14). 
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Subsequently, the mean extinction coefficient of LMA thorough the canopy 

profile (kLMA, Rambal et al. (1996), Eq. (4)) for the day when the destructive 

sampling was carried out (16th June 2012) was estimated for each plot of both 

sites (Table S15). To do this, we used their respective semi-direct allometric Leaf 

Area Index (LAIa, m
2 m-2, see Section 1.6.). 

 aLMA LAIk

tioncanopyupper

tioncanopylower
e

LMA

LMA



sec

sec                                  (4) 

We assumed that kLMA was constant for each plot over the 3-year study period. 

 

1.4. Branch sapwood volume 

Afterwards, all branches were removed from sampled trees and separated 

regardless of their crown position. Thus, the total fresh biomass of branches at 

the crown-level (Bc-f, kg) was weighed with a 60 ± 0.02 kg digital scale (NDE 

60K20IP, KERN & SOHN GmbH, Balingen, Germany). 

Direct estimate of branch sapwood volume of the crown of individual trees was 

conducted using ratio estimators in stratified random sampling (De Vries, 1986). 

Using linear regression, we checked that all ratios defined below were true ratio 

estimators (see López-Serrano et al. (2005)). 

A ratio estimator, Yi, was defined to obtain the whole-branch sapwood volume 

(SVbr, m
3) at the crown-level assuming that this volume is equal to the whole-

branch volume without bark (Tang et al., 2008). To accomplish this, four 

branches from each tree were randomly sampled and the total fresh weight (Wbr-

f, kg) from each one was recorded. Subsequently, all the twigs on the sampled 

branches were removed. After, from the twigs-less branches, we counted the 

number (nbr-i) of first-order (defined as the main axis attached directly to the bole, 

n = 1 in all sampled branches), second-order and third-order branches of each 

main branch. The mean total length (lbr-i, cm), mean diameter (dbr-i, cm) and mean 

bark thickness (btbr-i, cm, obtained from cut-off measurements) were estimated 

from several measurements taken for each type of order branches. Later, wood 

diameter (wdbr-i, cm) was calculated as difference between dbr-i and twice btbr-i. For 

each order branches of the main branch, their respective number of branches, 

mean wood diameter and mean length measurements were used to calculate their 

total sapwood volumes (svbr1, svbr2 and svbr3 for first, second and third-order 

branches, respectively, dm3) with Huber’s formula for cylindrical frusta. 

Afterwards, the whole-branch sapwood volume (svbr, dm3) was obtained as the 

sum of the different branch portions (i.e., svbr = svbr1 + svbr2 + svbr3). 

The ratio estimator was calculated as: 
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fbr

br
i

W

sv
Y



                                                   (5) 

In order to assess the whole-branch sapwood volume at the crown-level (SVbr, 

dm3), the total fresh biomass of branches at the crown-level (Bc-f) was multiplied 

by the Yi ratio estimator: 

fcibr BYSV                                                (6) 

Then, we defined an allometric relationship to predict the whole-branch sapwood 

volume at the tree-level (i.e., dm-3 tree-1) as a function of whole-tree stem 

sapwood volume (SVs, dm3 tree-1; Table S5). 

b

sbr SVaSV                                                (7) 

 

1.5. Branch Area Index (BAI) determination 

Direct estimate of surface area of branches of the crown of individual trees was 

conducted using ratio estimators in stratified random sampling (De Vries, 1986). 

Using linear regression, we checked that all ratios defined below were true ratio 

estimators (see López-Serrano et al. (2005)). 

A ratio estimator, Ji, was defined to obtain the whole-tree surface area of branches 

(SAbr, m2) at the crown-level. Thus, the sampled branches used to assess the 

whole-branch sapwood volume at the crown-level (Section 1.4.) were used to 

calculate their total surface area (sabr1, sabr2 and sabr3 for first, second and third-

order branches, respectively, m2) as cylindrical sections. Afterwards, the whole-

branch surface area (sabr, m
2) was obtained as the sum of the different branch 

portions (i.e., sabr = sabr1 + sabr2 + sabr3). 

The ratio estimator was calculated as: 

fbr

br
i

W

sa
J



                                                   (8) 

In order to assess the whole-branch surface area at the crown-level (SAbr, m
2), 

the total fresh biomass of branches at the crown-level (Bc-f, kg, Section 1.4.) was 

multiplied by the Ji ratio estimator: 

fcibr BJSA                                                (9) 

Then, we defined two allometric relationships to predict the whole-branch 

surface area at the tree-level (i.e., m2 tree-1) as a function of DBH (Eq. (10), Table 

S6). 

b

br DBHaSA                                             (10) 
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After, this allometric relationship was applied to individual tree data from the UB 

and LS plots. The Branch Area Index (BAI, m2 m-2) of each plot was calculated 

as the sum of SAbr per tree (i.e., m2 tree-1) divided by the total plot area (706.86 

m2). 

 

1.6. Semi-direct allometric Leaf Area Index (LAIa) determination 

Direct estimate of total dry biomass components of the crown (branches and 

needles) and leaf area of individual trees was conducted using ratio estimators in 

stratified random sampling (De Vries, 1986). Using linear regression, we checked 

that all ratios defined below were true ratio estimators (see López-Serrano et al. 

(2005)). 

A first group of ratio estimators, Zi, was used to calculate the fresh biomass of 

twigs (Btw-f, kg), and dry wood of branches (Bwbr-d, kg) at the crown-level. To 

accomplish this, eight branches from each tree were randomly sampled and the 

total fresh weight (Wbr-f, kg) from each one was recorded. Subsequently, all the 

twigs on the sampled branches were removed and weighed (Wtw-f, kg), and a 

similar procedure was carried out for the wood of branches (Wwbr-f, kg). The dry 

biomass of the wood of branches (Wwbr-d, kg) was obtained similarly to that stem; 

i.e., subtracting humidity on a dry basis (obtained from three slices per wood 

branches) from Wwbr-f. To estimate the total fresh biomass of twigs and that of 

the wood of branches, the ratio estimators (Zi) were calculated as: 

fbr

ftw

W

W
Z




1

                                                (11) 

fbr

dwbr

W

W
Z



2
                                               (12) 

Thus, the total fresh biomass of twigs was calculated as: 

fcftw BZB   1
                                           (13) 

And the total dry biomass of the wood branches was calculated as: 

fcdwbr BZB   2                                           (14) 

A second group of ratio estimators, Ki, was defined to separately obtain the dry 

biomass of twigs, i.e., wood of twigs and current-year and previous-year needles 

(CY and PY, respectively). Thus, from all the twigs removed from the eight 

branches per tree, we selected fifteen random sets composed of 1 to 15 individual 

twigs (120 sampled twigs in all). We recorded the fresh weight of each twig set 

(Wtw-f, kg). Then, we separated woody twigs (Wwtw-d, kg), CY needles (Wn-cy-d, kg) 
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and PY needles (Wn-py-d, kg; 1- to 3-year-old needles), which were dried (85ºC, 

24h) and weighed. The ratio estimators were calculated as: 

ftw

dwtw

W

W
K



1
                                               (15) 
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W

W
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2

                                              (16) 

dwtw

dpyn

W

W
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3

                                              (17) 

In order to assess the dry biomass of twigs at the crown-level (Btw-d, kg) and CY-

PY needles at the crown-level (Bn-cy-d and Bn-py-d, respectively, kg), the total fresh 

biomass of twigs was multiplied by the Ki ratio estimators: 

ftwdtw BKB   1
                                           (18) 

dtwdcyn BKB   2                                          (19) 

dtwdpyn BKB   3                                          (20) 

The total dry biomass of woody twigs at the crown-level (Bwtw-d. kg) was obtained 

as the difference between the dry biomass of the wood of branches (Bwbr-d, kg) 

and the dry biomass of CY and PY needles (Bn-cy-d and Bn-py-d, respectively, kg). 

A third group of ratio estimators, SLAi, was defined to obtain the projected leaf 

area of CY and PY needles. Thus, from all the twigs removed from the eight 

branches per tree, we selected fifteen random sets composed of 3 to 12 fascicles 

for CY and PY needles, respectively (300 sampled needles in all). For PY needles, 

random sets were composed by 1- to 3-year-old needles. The projected leaf area 

of CY and PY (lan-cy and lan-py, respectively, cm2) was measured using a leaf area 

meter (Win Dias 3, Delta-T Devices, Cambridge, UK). Afterwards, they were 

dried (65ºC, 24h) and weighed (Wn-cy-d and Wn-py-d for CY and PY needles, kg) to 

determine their specific leaf area (SLA, fresh projected leaf area/dry leaf mass, 

cm2 g-1). 

The ratio estimators were calculated as: 

dcyn

cyn

cyn
W

la
SLA





                                             (21) 

dpyn

pyn

pyn
W

la
SLA





                                             (22) 
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In order to assess the total projected leaf area of CY and PY needles at the crown-

level (LAn-cy and LAn-py, m
2), the total dry biomass of needles at the crown-level 

was multiplied by the SLAn-i ratio estimators: 

dcyncyncyn BSLALA                                        (23) 

dpynpynpyn BSLALA                                        (24) 

Finally, we defined two allometric relationships to predict the projected leaf area 

of CY and PY needles at the tree-level as a function of DBH (cm) and crown 

length (Cl, m) (Table S8). 

 lcyn CaDBHaaLA 210 exp 
                               (25) 

 lpyn CaDBHaaLA 210 exp 
                               (26) 

After, these allometric relationships were applied to individual tree data measured 

(i.e., DBH) and/or estimated (i.e., Cl; see following Section 1.7.) from the UB 

and LS plots. The semi-direct allometric Leaf Area Index (LAIa, m2 m-2, 

Jonckheere et al. (2005)) of each plot was calculated as the sum of the projected 

leaf area of CY and PY needles per tree (i.e., LAa = LAn-cy + LAn-py, m
2 tree-1) 

divided by the total plot area (706.86 m2; Table S11). 

 

1.7. Crown length (Cl) determination 

Eight representative trees standing at each plot established for the field survey 

carried out in January 2011 were selected and surveyed. Sampled trees were 

randomly selected in a stratified way to obtain a well-distributed sample along the 

range of diameters within the plot (5-55 cm DBH). The DBH, tree total height 

(Ht, m) and live crown height (Hlc, m; height of the lowest live branch of the tree) 

were measured for each tree. DBH was measured using a metric diameter 

measuring tape. A laser hypsometer (TruPulse 200; Laser Technology, Inc., 

Centennial, CO, USA) was used to measure the Ht and Hlc. 

Then, we defined different allometric relationships for each plot to predict the 

Ht and Hlc using DBH as predictive variable (Eq. (27)-Table S9 and Eq. (28)-

Table S10; respectively). 

b

t DBHaH                                              (27) 

b

lc DBHaH                                              (28) 

After, these allometric relationships were applied to individual tree data from the 

UB and LS plots. The crown length of each tree (Cl, m) at each plot was defined 

as the difference between Ht and Hlc. 
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2. Leaf Area Index estimation based on LAI MODIS products (MOD15A2) 

The data used in this study are the MODIS Collection 5 LAI products 

(MOD15A2) derived from TERRA and AQUA platforms. The products (2011-

2013 period) were retrieved from https://lpdaac.usgs.gov, maintained by the 

NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC) 

at the USGS/Earth Resources Observation and Science (EROS) Center, Sioux 

Falls, South Dakota. The data product for the image was provided by NASA. 

A first pre-processing step comprises a descriptive analysis of the time series to 

remove unreliable retrievals based on pixel-level quality-assurance (QA) 

indicators provided at pixel-level. Afterwards, a second pre-processing step was 

applied to remove unexpected abrupt variations in the time series. Thus, values 

those are substantially different from both their left- and right-hand neighbours 

and from the median in a 72-day length local window are considered as missing 

values. Finally, a smoothed function based on the remaining MOD15A2 data was 

processed with Matlab 7.14.0 (R2012a, The Mathworks Inc., Natick, MA, USA) 

to interpolate the LAI on a daily scale (LAId; Fig. S3). 
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Supplementary tables 

Table S1. Size characteristics of sampled Spanish black pine trees for stem CO2 efflux measurements (ES) carried out at BH (breast height, 

1.30 m; simple scale-up method, method 1) at the UB and LS sites. Tree size-classes: Large tree = DBH ≥ 35 cm; Medium tree = DBH 25-

35 cm; Small tree = DBH ≤ 25 cm. 

Site Tree nº Tree size-class 
Diameter at breast height 

(DBH, cm) 

Tree height 

(Ht, m) 

Live crown height 

(Hcl, m) 

Crown length 

(Cl, m) 

UB 1 Large 36.8 18.9 12.0 6.9 

UB 2 Large 37.8 19.7 11.0 8.7 

UB 3 Large 59.8 21.0 8.7 12.3 

UB 4 Medium 33.5 16.1 3.8 12.3 

UB 5 Medium 31.4 12.9 3.5 9.4 

UB 6 Medium 33.2 13.0 4.3 8.7 

UB 7 Small 20.4 11.4 5.2 6.2 

UB 8 Small 22.2 11.4 4.1 7.3 

UB 9 Small 21.6 10.9 4.5 6.4 

       
LS 10 Large 44.8 20.1 7.0 13.1 

LS 11 Large 40.4 16.7 7.3 9.4 

LS 12 Large 47.4 19.5 10.0 9.5 

LS 13 Medium 34.6 15.2 7.9 7.3 

LS 14 Medium 32.9 16.7 7.4 9.3 

LS 15 Medium 32.2 15.8 9.5 6.3 

LS 16 Small 19.7 9.8 3.6 6.2 

LS 17 Small 18.6 12.6 6.0 6.6 

LS 18 Small 18.7 12.7 6.0 6.7 
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Table S2. Size characteristics of sampled Spanish black pine trees for ES measurements carried out at different stem sections (complex scale-

up method, method 2). Vertical ES measurements were carried out on trees nº 3, 9, 10, 13 and 16 of BH ES measurements (see Table S1). 

Site 
Tree 

nº 

Tree 

size-class 

Diameter at 

breast height 

(DBH, cm) 

Tree 

height 

(Ht, m) 

Live crown 

height 

(Hcl, m) 

Crown 

length 

(Cl, m) 

Stem section 

Absolute stem 

height of ES 

measurements 

(m) 

Height of ES 

measurements 

relative to the 

tree height (%) 

UB 3 Large 59.8 21 8.7 12.3 

Breast height 1.3 6 

Mid-stem 8.3 40 

Mid-crown 10.9 52 

          

UB 9 Small 21.6 10.9 4.5 6.4 

Breast height 1.3 12 

Mid stem 4.1 38 

Mid-crown 6.7 61 

          

LS 10 Large 44.8 20.1 7.0 13.1 

Breast height 1.3 6 

Mid stem 4.8 24 

Mid-crown 10.4 52 

          

LS 13 Medium 34.6 15.2 7.9 7.3 

Breast height 1.3 9 

Mid stem 5.5 36 

Mid-crown 10.3 68 

          

LS 16 Small 19.7 9.8 3.6 6.2 

Breast height 1.3 13 

Mid stem 3.6 37 

Mid-crown 6.0 61 
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Table S3. Coefficients and statistics for the goodness-of-fit of the regression used to 

predict the whole-tree stem sapwood volume (SVs, dm3 tree-1) using DBH (cm) as 

predictive variable (Eq. (1)). 

a b F p R2 SEE n 

0.014 (0.373) 3.00 (0.12) 659.73 <0.001 97.6 0.33 18 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample data (n) of the regressions are shown. 

 

Table S4. Coefficients and statistics for the goodness-of-fit of the regression used to 

predict the whole-tree surface area of the main stem (SAs, m2 tree-1) using DBH (cm) as 

predictive variable (Eq. (3)). 

a b F p R2 SEE n 

-1.22 (0.16) 0.83 (0.03) 773.86 <0.001 98.0 0.19 18 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample data (n) of the regression are shown. 

 

Table S5. Coefficients and statistics for the goodness-of-fit of the regression used to 

predict the whole-tree branch sapwood volume (SVbr, dm3 tree-1) using the whole-tree 

stem sapwood volume (SVs, dm3 tree-1) as predictive variable (Eq. (7)). 

a b F p R2 SEE n 

1.10 (0.32) 0.76 (0.06) 166.80 <0.001 91.8 0.48 18 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample data (n) of the regressions are shown. 

 

Table S6. Coefficients and statistics for the goodness-of-fit of the regressions used to 

predict the whole-branch surface area at the tree-level (SAbr, m2 tree-1; log-transformed) 

using DBH (cm) as predictive variable (Eq. (10)). 

Site a b F p R2 SEE CF* n 

UB 0.046 (1.067) 1.89 (0.33) 
164.00 <0.001 97.4 0.25 1.0325 18 

LS 0.009 (0.453) 2.31 (0.14) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, 

log-units), and the sample data (n) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ  . 
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Table S7. Foliar morphological and physiological parameters (mean values and standard 

errors (in brackets)) of trees located at the UB and LS sites. Specific leaf area (SLA, cm 

g-1), needle respiration in darkness (Rfd, μmol CO2 m–2 s–1), needle respiration in light 

(Rfl, μmol CO2 m–2 s–1, adjusted values by iteration to correct for increases in Ci 

(intercellular CO2 concentration)) and light-saturated rates of net CO2 assimilation (Asat, 

μmol CO2 m–2 s–1, measured at a saturating irradiance of 1800 μmol photons m-2 s-1). All 

data pooled for both needle cohorts (i.e, current-year needles (CY) and previous-year 

needles (PY)) at each sampling date). For PY cohort, measurements were performed in 

1-year-old needles. n = 12 fascicles per study site and sampling date (2 fascicles per 

cohort × 2 needle cohorts × 3 sampled trees). 

Site Sampling Date SLA Rfd Rfl Asat 

UB 16/06/2011 22.50 (1.59)a 2.25 (0.09)a 1.10 (0.07)a 13.32 (0.91)a 

LS 16/06/2011 22.50 (2.60)a 2.27 (0.10)a 1.24 (0.10)a 13.46 (0.70)a 

      
UB 30/06/2011 24.21 (0.99)a 2.13 (0.07)a 1.49 (0.13)a 15.27 (1.47)a 

LS 30/06/2011 23.47 (1.52)a 2.20 (0.06)a 1.32 (0.08)a 14.91 (0.94)a 

For each sampling date, lower-case letters compare means between sites for each 

parameter. Equal letters mean no significant differences (Fisher’s LSD test, p < 0.05). 

 

Table S8. Coefficients and statistics for the goodness-of-fit of the regressions used to 

predict the projected leaf area of current-year and previous-year needles (LAn-cy and LAn-

py, respectively; m2 tree-1; log-transformed) using DBH (cm) and Cl (m) as predictive 

variables (Eq. (25) and (26)). 

Leaf Area a0 a1 a2 F p R2 SEE CF* n 

LAn-cy 
0.014 

(0.372) 

1.569 

(0.196) 

0.658 

(0.261) 
140.3 < 0.001 95.3 0.31 1.0500 18 

LAn-py 

0.024 

(0.346) 

1.752 

(0.182) 

0.690 

(0.276) 
188.6 < 0.001 92.7 0.22 1.0238 18 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, 

log-units), and the sample data (n = 18 trees) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ  . 
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Table S9. Coefficients and statistics for the goodness-of-fit of the regressions used to 

predict the tree total height (Ht, m; log-transformed) using DBH (cm) as predictive 

variable (Eq. (27)). 

Site 
Nº 

Plot 
a b F p R2 SEE CF* n 

UB 

1 1.658 (0.058) 0.660 (0.018) 

693.23 < 0.001 96.5 0.07 1.0022 72 

2 1.792 (0.058) 0.660 (0.018) 

3 1.658 (0.058) 0.660 (0.018) 

4 1.658 (0.058) 0.660 (0.018) 

5 1.658 (0.058) 0.660 (0.018) 

6 1.658 (0.058) 0.660 (0.018) 

7 1.658 (0.058) 0.660 (0.018) 

8 1.658 (0.058) 0.660 (0.018) 

9 1.658 (0.058) 0.660 (0.018) 

          

LS 

1 1.687 (0.036) 0.646 (0.011) 

607.95 < 0.001 98.9 0.04 1.0009 72 

2 1.474 (0.036) 0.646 (0.011) 

3 1.687 (0.036) 0.626 (0.011) 

4 2.163 (0.036) 0.584 (0.011) 

5 1.687 (0.036) 0.646 (0.011) 

6 1.687 (0.036) 0.646 (0.011) 

7 1.687 (0.036) 0.646 (0.011) 

8 2.793 (0.036) 0.469 (0.011) 

9 1.687 (0.036) 0.646 (0.011) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, 

log-units), and the sample data (n) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ  . 
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Table S10. Coefficients and statistics for the goodness-of-fit of the regressions used to 

predict the live crown height (Hlc, m; log-transformed) using DBH (cm) as predictive 

variable (Eq. (28)). 

Site 
Nº 

Plot 
a b F p R2 SEE CF* n 

UB 

1 1.033 (0.089) 0.700 (0.026) 

844.51 < 0.001 99.6 0.05 1.0014 72 

2 0.028 (0.089) 1.435 (0.026) 

3 1.033 (0.089) 0.637 (0.026) 

4 1.033 (0.089) 0.669(0.026) 

5 0.142 (0.089) 1.809 (0.026) 

6 0.363 (0.089) 0.881 (0.026) 

7 1.033 (0.089) 0.585 (0.026) 

8 1.033 (0.089) 0.592 (0.026) 

9 0.030 (0.089) 1.420 (0.026) 

          

LS 

1 1.388 (0.033) 0.566 (0.009) 

544.89 < 0.001 99.1 0.04 1.0009 72 

2 1.021 (0.033) 0.566 (0.009) 

3 1.388 (0.033) 0.446 (0.009) 

4 1.589 (0.033) 0.566 (0.009) 

5 1.520 (0.033) 0.566 (0.009) 

6 1.499 (0.033) 0.566 (0.009) 

7 1.240 (0.033) 0.566 (0.009) 

8 1.388 (0.033) 0.538 (0.009) 

9 1.106 (0.033) 0.566 (0.009) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, 

log-units), and the sample data (n) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ  . 
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Table S11. Estimated allometric Leaf Area Index (LAIa, m2 m-2) of plots of both sites 

for the day when the destructive sampling was carried out (16th June 2012). 

Site Nº Plot LAIa 16th June 2012 (m2 m-2) 

UB 1 2.58 

UB 2 1.52 

UB 3 2.04 

UB 4 2.56 

UB 5 1.70 

UB 6 2.12 

UB 7 2.64 

UB 8 2.34 

UB 9 1.40 

UB Mean 2.10 (0.16)a 

   
LS 1 1.98 

LS 2 1.51 

LS 3 1.66 

LS 4 2.02 

LS 5 2.00 

LS 6 1.90 

LS 7 1.83 

LS 8 2.07 

LS 9 1.69 

LS Mean 1.85 (0.06)a 

LAIa was averaged for each site. Values shown are means (± standard error); n = 9 plots 

at each site. For each column, lower-case letters (a, b) compare means between sites. 

Equal letters mean no significant differences (Fisher’s LSD test, p < 0.05). 
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Table S12. Ratio between the smoothed LAI based on LAI MODIS product (LAId, m2 

m-2, see Section 2 in this Supplementary Material document for further details) and the 

allometric LAI of each plot (LAIa, m2 m-2) on 16th June 2012. 

Site Nº Plot LAId (m2 m-2) LAIa (m2 m-2) Ratio LAIa/LAId 

UB 1 

1.40 

2.58 1.84 

UB 2 1.52 1.09 

UB 3 2.04 1.46 

UB 4 2.56 1.83 

UB 5 1.70 1.22 

UB 6 2.12 1.52 

UB 7 2.64 1.89 

UB 8 2.34 1.67 

UB 9 1.40 1.00 

     
LS 1 

0.79 

1.98 2.52 

LS 2 1.51 1.92 

LS 3 1.66 2.11 

LS 4 2.02 2.57 

LS 5 2.00 2.54 

LS 6 1.90 2.42 

LS 7 1.83 2.32 

LS 8 2.07 2.64 

LS 9 1.69 2.15 
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Table S13. Proportion of allometric LAI (LAIa) attributed to current-year needles (CY; 

α) and previous-year needles (PY; (1 − α)), respectively, on 16th June 2012. 

Site 
Nº 

Plot 

LAIa 

(m2 m-2) 

LAIaCY 

(m2 m-2) 

LAIaPY 

(m2 m-2) 
α* (1 − α)* 

UB 1 2.58 0.65 1.93 0.2520 0.7480 

UB 2 1.52 0.41 1.12 0.2676 0.7324 

UB 3 2.04 0.52 1.52 0.2559 0.7441 

UB 4 2.56 0.65 1.91 0.2525 0.7475 

UB 5 1.70 0.46 1.24 0.2681 0.7319 

UB 6 2.12 0.58 1.55 0.2713 0.7287 

UB 7 2.64 0.72 1.92 0.2716 0.7284 

UB 8 2.34 0.63 1.71 0.2698 0.7302 

UB 9 1.40 0.37 1.02 0.2673 0.7327 

UB Mean 
2.10 

(0.16)a 

0.54 

(0.04)a 

1.55 

(0.12)a 

0.2640 

(0.0027)b 

0.7360 

(0.0027)b 

       
LS 1 1.98 0.50 1.48 0.2547 0.7453 

LS 2 1.51 0.38 1.13 0.2537 0.7463 

LS 3 1.66 0.44 1.22 0.2663 0.7337 

LS 4 2.02 0.51 1.51 0.2529 0.7471 

LS 5 2.00 0.50 1.49 0.2510 0.7490 

LS 6 1.90 0.48 1.42 0.2539 0.7461 

LS 7 1.83 0.48 1.35 0.2604 0.7396 

LS 8 2.07 0.53 1.54 0.2562 0.7438 

LS 9 1.69 0.45 1.24 0.2642 0.7358 

LS Mean 
1.85 

(0.06)a 

0.47 

(0.02)a 

1.38 

(0.05)a 

0.2570 

(0.0018)a 

0.7430 

(0.0018)a 

* α is the proportion of LAIa attributed to the CY needle cohort (i.e., α = LAIaCY/LAIa). 

Therefore, the proportion of LAI attributed to the PY needle cohort was computed as 

(1 − α). 

LAIaCY, LAIaPY, α and (1 − α) were averaged for each site. Values shown are means (± 

standard error); n = 9 plots at each site. For each column, lower-case letters (a, b) 

compare means between sites. Equal letters mean no significant differences (Fisher’s 

LSD test, p < 0.05). 
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Table S14. Leaf mass per area (LMA, g m-2) for upper and lower tree canopy sections. 

Mean values and standard errors (in brackets) are shown. n = 72 random sets (18 

sampled trees × 4 fascicles sets per tree). 

Tree canopy section LMA 16th June 2012 (g m-2) 

Upper 454.85 (6.18)b 

Lower 306.15 (7.23)a 

Lower-case letters (a, b) compare means between tree canopy sections. Equal letters 

mean no significant differences (Fisher’s LSD test, p < 0.05). 

 

Table S15. Extinction coefficient of leaf mass per area (kLMA) of plots of both sites. 

Mean values and standard errors (in brackets) are shown. n = 9 plots at each site. 

Site Nº Plot kLMA 16th June 2012 

UB 1 0.15 

UB 2 0.26 

UB 3 0.19 

UB 4 0.15 

UB 5 0.23 

UB 6 0.19 

UB 7 0.15 

UB 8 0.17 

UB 9 0.28 

UB Mean 0.20 (0.02)a 

   
LS 1 0.20 

LS 2 0.26 

LS 3 0.24 

LS 4 0.20 

LS 5 0.20 

LS 6 0.21 

LS 7 0.22 

LS 8 0.19 

LS 9 0.23 

LS Mean 0.22 (0.01)a 

kLMA was averaged for each site. Lower-case letters compare means between sites. Equal 

letters mean no significant differences (Fisher’s LSD test, p < 0.05). 
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Table S16. Half-hourly sapwood temperature (Ts, ºC) measured at breast height (BH, 

1.30 m) and air temperature (Ta, ºC) for each year and site. Mean values and standard 

errors (in brackets) are shown. 

 Ts (ºC)  Ta (ºC) 

Year UB site LS site  UB site LS site 

2011 12.09 (0.21)c 12.09 (0.21)c  11.12 (0.36)b 10.84 (0.37)b 

2012 11.26 (0.24)b 11.12 (0.24)b  10.61 (0.41)ab 10.32 (0.42)ab 

2013 10.20 (0.23)a 10.07 (0.24)a  9.68 (0.38)a 9.37 (0.40)a 

Mean 11.18 (0.13)A 11.09 (0.13)A  10.47 (0.22)A 10.18 (0.23)A 

For each column, lower-case letters (a, b, c) compare means between years at each site 

while upper-case letters (A, B) compare means between sites. Equal letters mean no 

significant differences (Fisher’s LSD test, p < 0.05). 
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Table S17. Sapwood temperature (Ts, ºC) measured at breast height on a half-hourly basis for each tree size-class (large, medium and small 

tree), year and study site. Data are from the BH ES measurements (simple scale-up method, method 1). Represented mean values with 

standard errors in brackets. 

  Ts (ºC) 

 UB site  LS site 

Year Large Medium Small  Large Medium Small 

2011 11.91 (0.36)b 12.04 (0.35)b 12.32 (0.36)b  11.85 (0.34)b 12.02 (0.36)b 12.41 (0.40)b 

2012 10.98 (0.41)ab 11.20 (0.40)ab 11.59 (0.42)b  10.76 (0.40)a 10.87 (0.42)a 11.74 (0.44)ab 

2013 9.95 (0.39)a 10.16 (0.39)a 10.49 (0.41)a  9.76 (0.38)a 9.84 (0.41)a 10.60 (0.43)a 

Mean 10.95 (0.22)A 11.13 (0.22)A 11.47 (0.23)A  10.79 (0.22)A 10.91 (0.23)A 11.58 (0.25)B 

For each column, lower-case letters (a, b) compare means between years for each tree size-class at each site while upper-case letters (A, B) 

compare means between sites. Equal letters mean no significant differences (Fisher’s LSD test, p < 0.05). 
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Table S18. Sapwood temperature (Ts, ºC) measured at each stem section (breast height, mid-stem and mid-crown) on a half-hourly basis for 

each sampled tree in 2011, 2012 and 2013. Data are from vertical ES measurements (complex scale-up method, method 2). Represented mean 

values with standard errors in brackets. 

  Ts (ºC) 

Year Stem section Tree nº 3 Tree nº 9 Tree nº 10 Tree nº 13 Tree nº 16 

2011 Breast height 11.91 (0.35)a 12.32 (0.36)a 11.85 (0.34)a 12.02 (0.36)a 12.41 (0.40)a 

2011 Mid-stem 12.08 (0.36)a 12.39 (0.36)a 12.03 (0.35)a 12.37 (0.37)a 12.47 (0.41)a 

2011 Mid-crown 12.31 (0.37)a 12.62 (0.38)a 12.33 (0.36)a 12.80 (0.38)a 12.61 (0.41)a 

2011 Mean 12.10 (0.21)A 12.44 (0.21)A 12.07 (0.20)A 12.40 (0.21)A 12.50 (0.24)A 

       
2012 Breast height 10.98 (0.40)a 11.59 (0.42)a 10.76 (0.40)a 10.87 (0.42)a 11.74 (0.44)a 

2012 Mid-stem 11.31 (0.41)a 11.70 (0.42)a 11.06 (0.41)a 11.20 (0.42)a 11.84 (0.45)a 

2012 Mid-crown 11.75 (0.40)a 12.08 (0.44)a 11.57 (0.42)a 11.59 (0.43)a 12.09 (0.46)a 

2012 Mean 11.35 (0.23)AB 11.79 (0.24)AB 11.13 (0.24)A 11.22 (0.24)AB 11.89 (0.26)B 

       
2013 Breast height 9.95 (0.39)a 10.49 (0.41)a 9.76 (0.38)a 9.84 (0.41)a 10.60 (0.43)a 

2013 Mid-stem 10.23 (0.40)a 10.60 (0.41)a 10.05 (0.39)a 10.15 (0.41)a 10.70 (0.43)a 

2013 Mid-crown 10.65 (0.39)a 10.97 (0.43)a 10.54 (0.41)a 10.52 (0.42)a 10.93 (0.44)a 

2013 Mean 10.27 (0.23)A 10.69 (0.24)A 10.12 (0.23)A 10.17 (0.24)A 10.74 (0.25)A 

For each column and year, lower-case letters (a, b) compare means between stem sections while upper-case letters (A, B) compare means 

between trees. Equal letters mean no significant differences (Fisher’s LSD test, p < 0.05). 
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Table S19. Mean modelled annual stem respiration per stem surface area (ESs
’, μmol CO2 m-2 s-1), mean annual maintenance respiration per 

unit stem surface area (ESs-m
’, μmol CO2 m-2 s-1), mean annual growth respiration per unit stem area (ESs-g

’, μmol CO2 m-2 s-1) and growth 

respiration coefficient (GRG, μmol CO2 m-2 s-1 mm-1 growth) estimated from BH ES measurements (simple scale-up method, method 1) at 

the UB and LS sites. 

Site ESs
’ ESs-m

’ ESs-m
’/ ESs

’ (%) ESs-g
’ ESs-g

’/ ESs
’ (%) GRG F p R2 SEE n 

UB 0.89 (0.03) 0.57 (0.03) 64.6 0.31 (0.06) 35.4 0.48 (0.09) 
67.63 <0.001 72.6 0.09 54 

LS 0.91 (0.04) 0.57 (0.03) 62.8 0.34 (0.07) 37.2 0.62 (0.05) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), and the sample data (n = 27 ESs
’ measurements per 

site (9 trees × 3 years)) of the regressions are shown. 

 

Table S20. Mean modelled annual stem respiration per stem surface area (ESs
’, μmol CO2 m-2 s-1), mean annual maintenance respiration per 

unit stem surface area (ESs-m
’, μmol CO2 m-2 s-1), mean annual growth respiration per unit stem area (ESs-g

’, μmol CO2 m-2 s-1) and growth 

respiration coefficient (GRG, μmol CO2 m-2 s-1 mm-1 growth) estimated from vertical ES measurements (complex scale-up method, method 

2) for each stem section. 

Stem section ESs
’ ESs-m

’ 
ESs-m

’/ ESs
’ 

(%) 
ESs-g

’ 
ESs-g

’/ ESs
’ 

(%) 
GRG F p R2 SEE n 

Breast height 0.89 (0.04) 0.54 (0.05) 60.3 0.35 (0.09) 39.7 0.55 (0.06) 

130.50 <0.001 90.5 0.10 45 Mid-stem 1.28 (0.05) 0.88 (0.08) 68.8 0.40 (0.13) 31.2 0.55 (0.06) 

Mid-crown 1.50 (0.04) 1.09 (0.08) 72.3 0.42 (0.12) 27.7 0.55 (0.06) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), and the sample data (n = 15 ESs
’ measurements per 

stem section (5 trees × 3 years)) of the regressions are shown. 
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Table S21. Mean annual growth rate (GR, mm year-1) measured for each stem section 

(breast height, mid-stem and mid-crown) and year. Data are from vertical ES 

measurements (complex scale-up method, method 2). Represented mean values with 

standard errors in brackets. 

 GR (mm year-1) 

Year Breast height Mid-stem Mid-crown 

2011 0.76 (0.13)a 0.88 (0.13)a 0.91 (0.13)a 

2012 0.62 (0.10)a 0.69 (0.11)a 0.72 (0.11)a 

2013 0.56 (0.10)a 0.62 (0.11)a 0.65 (0.11)a 

Mean 0.65 (0.06)a 0.73 (0.07)a 0.76 (0.07)a 

For each row, lower-case letters compare means between the stem sections for each 

year. Equal letters mean no significant differences (Fisher’s LSD test, p < 0.05). 

 

Table S22. Mean annual growth rate (GR, mm year-1) measured at BH for each site and 

year. Data are from the BH ES measurements (simple scale-up method, method 1). 

Represented mean values with standard errors in brackets. 

 GR (mm year-1) 

Year UB site LS site 

2011 0.81 (0.09)a 0.68 (0.09)a 

2012 0.59 (0.09)a 0.53 (0.09)a 

2013 0.52 (0.08)a 0.47 (0.08)a 

Mean 0.64 (0.05)a 0.56 (0.05)a 

For each row, lower-case letters compare means between the sites for each year. Equal 

letters mean no significant differences (Fisher’s LSD test, p < 0.05). 

 

Table S23. Coefficients and statistics for the goodness-of-fit of the regressions used to 

predict the ratio of foliar respiration in light to darkness (Rfl/Rfd) for current- (CY) and 

previous-year (PY) needle cohorts using the air temperature (Ta, ºC) as predictive 

variable. 

Needle cohort a b F p R2 SEE n 

CY 0.25 (0.04) 0.014 (0.003) 
24.5 <0.001 27.5 0.10 132 

PY 0.25 (0.04) 0.011 (0.002) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE), 

and the sample data (n = 132 Rf measurements [22 dates × 3 trees × 2 needle cohorts]) 

of the regressions are shown. 
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Table S24. Coefficients and statistics for the goodness-of-fit of the regressions used to 

predict the foliar respiration in light (Rfl) for current- (CY) and previous-year (PY) needle 

cohorts using the corresponding foliar respiration rates in darkness (Rfd) as predictive 

variable. 

Needle 

cohort 
a b F p R2 SEE CF* n 

CY 0.48 (0.02) 1.54 (0.18) 
314.1 <0.001 83.1 0.24 1.0299 132 

PY 0.48 (0.02) 1.31 (0.08) 

F ratio, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, 

log-units), and the sample data (n = 132 Rf measurements [22 dates × 3 trees × 2 needle 

cohorts]) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ   
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Supplementary figures 

 

Figure S1. Location of the wildfire (a), division of the study area into burn severity 

classes (b), and the study sites locations (c). UB: unburnt site, and LS: low burn-

severity site. Inventory plots (15 m radius) are represented by grey circles (pink circle 

represent the plot at each site with air temperature micro-station data logger). Thick 

black lines are the contour lines (20 m intervals). Blue lines defined the MODIS LAI 

product (MOD15A2) 1km grid. Burn severity was described by the differenced 

Normalized Burn Ratio index (dNBR, Key and Benson (2006)) classification: i) green: 

unburnt, ii) yellow: low burn-severity, iii) orange: moderate burn-severity, and iv) red: 

high burn-severity. 
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Figure S2. Representative plot of net CO2 exchange rate (Anet, μmol CO2 m-2 s-1) 

versus irradiance (μmol photons m-2 s-1) to illustrate the Kok effect. Solid symbols 

show measured rates of Anet over the 0-300 μmol photons m-2 s-1 of photosynthetic 

photon flux density (PPFD) range, with rates of leaf respiration in darkness (Rfd = 0.83 

μmol CO2 m-2 s-1) shown. The break from linearity at irradiances below 40 μmol 

photons m-2 s-1 (grey line) is shown, with a linear regression fitted (R2 = 99% for this 

replicate) to values between 40-150 μmol photons m-2 s-1 to estimate apparent rates of 

leaf respiration in light (Rfl “apparent”, grey diamond = 0.29 μmol CO2 m-2 s-1) at the 

y-axis intercept. Actual rates of Rfl (white square = 0.31 μmol CO2 m-2 s-1) that take 

into account changes in intercellular CO2 concentration (Ci) that occur as irradiance 

declined (Atkin et al., 2013; Crous et al., 2012; Weerasinghe et al., 2014) are also 

shown. Above 150 μmol photons m-2 s-1, increases in Anet with irradiance were not 

linear (black line extension of linear regression from 40-150 μmol photons m-2 s-1 range 

data). Data shown are from a light curve of current-year needle cohort of the large tree 

carried out in 9th March 2012. 
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Figure S3. Smoothed LAI on a daily scale (LAId, m2 m-2, black line) from 2011 to 

2013 based on the MOD15A2 8-day-composite LAI data (grey circles) at the UB site 

(a) and the LS site (b). The x-axis units represent time in days since January 1st, 2011. 
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Figure S4. Distribution of diametric classes (trees ha-1) of post-fire living trees and 

fire-killed trees at the LS site determined by the field survey carried out in January 

2011. 
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Figure S5. Mean half-hourly sapwood temperature (Ts, ºC, grey line) and mean stem 

CO2 efflux per unit of stem surface area (ESs, µmol CO2 m-2 s-1), measured at breast 

height at the UB site (a) and the LS site (b) over the 3-year study period. n = 3 trees by 

tree size-class at each site. Error bars represent the standard error of the mean. The x-

axis units represent time in days since January 1st, 2011. 
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Figure S6. Mean half-hourly sapwood temperature (Ts, ºC, grey line) and mean stem 

CO2 efflux per unit of stem surface area (ESs, µmol CO2 m-2 s-1) at each stem section. n 

= 5 trees by stem section. Error bars represent the standard error of the mean. The x-

axis units represent time in days since January 1st, 2011. 
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Figure S7. Mean half-hourly air temperature (Ta, ºC, grey line) and mean foliar 

respiration in darkness (Rfd, black circles) and in light (Rfl, grey circles) for the current- 

(CY) and previous-year (PY) needle cohort over the 3-year study period. n = 3 trees by 

needle cohort. Error bars represent the standard error of the mean. The Ta shown 

corresponds to the UB site for both needle cohorts. The x-axis units represent time in 

days since January 1st, 2011. 
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Abstract 

Many studies have examined post-fire net ecosystem production (NEP), 

however, the CO2 dynamics in Mediterranean mountain ecosystems after low 

burn-severity fires are poorly understood. To fill this gap, we used biometric and 

flux chamber-based methods to assess the NEP in a mature Spanish black pine 

(Pinus nigra Arn. ssp. salzmannii) forest at an unburnt (UB) and a low burn-severity 

(LS) sites during the early (1.5-4.5 years) post-fire stages. In this study, we also 

compared the significance of two different laborious modelling approaches for 

estimating the gross primary production (GPP) in order to deduce the NEP 

estimates: GPPC and GPPM. The former is based on a carbon (C)-mass balance 

approach which is calculated as the sum of the aboveground net primary 

production, total belowground C flux, and aboveground autotrophic respiration. 

The latter is based on a whole-canopy photosynthesis-modelling approach and is 

obtained by combining an environmental-dependent non-rectangular hyperbolic 

light-response model applied to different pine needle age-cohorts and coupled to 

a two-leaf scaling-up strategy. 

Our results indicate that both sites were a consistent C sink between 2011 and 

2013, with a mean respective annual NEPC of 2.43 and 2.09 Mg C ha-1 year-1 at 

the UB and LS sites, and a mean annual NEPM of 2.04 and 1.82 Mg C ha-1 year-1 

at the UB and LS sites, respectively; all these figures are comparable in magnitude 

to other European forests. The difference between the NEPC and NEPM 

estimates within a given year varied by 6-25%, which, based on the fact that we 

used a single-ecosystem respiration (Reco) data set, indicates a strong correlation 

between the GPPC and GPPM estimates. Our findings indicated that the low 

burn-severity fire did not substantially alter the annual GPP, Reco, or NEP fluxes 

in this particular disturbed-forest ecosystem. Moreover, this work provides 

evidence for the suitability of either modelling approach to effectively simulate 

the GPP in future stand-scale C-cycling studies. Thus, our results are relevant not 

in that they directly evaluate and compare the approaches themselves, but also 

because they identify method-specific uncertainties that deserve exhaustive 

evaluation, which should be an important component in the future work of 

environmental researchers, especially those interested in ecological modelling. 

 

Keywords 

Aboveground net primary production; Total belowground carbon flux; 

Aboveground autotrophic respiration; Photosynthesis modelling; Mediterranean 

mountain ecosystem 
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1. Introduction 

Modelling the net ecosystem production (NEP, see Appendix A for a list of 

abbreviations) in different forest ecosystems following fire, where NEP is the 

balance between gross primary production (GPP) and ecosystem respiration 

(Reco), has been extensively studied (Amiro et al., 2010). Most studies in different 

ecosystems have reported a strong alteration of these carbon (C) fluxes by high 

burn-severity fires (Amiro et al., 2010; Irvine et al., 2007; Mkhabela et al., 2009; 

Rocha and Shaver, 2011), but far less attention has been directed towards low 

burn-severity fires that can have a shorter-term, reduced impact on ecosystem C-

exchange (Meigs et al., 2009). The NEP after fire is the combined response of 

the GPP and Reco responses to this natural disturbance (Amiro et al., 2010; 

Goulden et al., 2011). Many studies report that the GPP is substantially reduced 

following fire in forest ecosystems, and that it remains below pre-fire levels for 

some time during the ecosystem recovery (Amiro et al., 2010; Mkhabela et al., 

2009). In contrast, the Reco has been shown to vary relatively little following fire 

(Amiro et al., 2010; Goulden et al., 2011; Rocha and Shaver, 2011). Therefore, 

post-fire NEP variations are primarily driven by changes in post-fire GPP (Amiro 

et al., 2010; Goulden et al., 2011). Furthermore, while many studies deal with 

post-fire C fluxes in different forest ecosystems (Amiro et al., 2010; Goulden et 

al., 2011; Rocha and Shaver, 2011), very little information exists regarding the 

response of water-limited Mediterranean ecosystems to fire. 

Two main empirical approaches are used to quantify NEP, GPP, and Reco 

estimates: the eddy-covariance technique (EC) and biometric and flux chamber-

based methods (BM) (Campioli et al., 2016). EC-based C fluxes have been the 

focus of extensive long-term and large-scale research studies for decades 

(Campioli et al., 2016; Peichl et al., 2010). However, accurately sampling BM-

based C fluxes is very work-intensive and thus, information obtained via this 

technique remains scarce (Ryan et al., 2010). The latter approach allows a direct 

estimation of the Reco, which can be obtained as the sum of its main respiratory 

components (soil respiration [SR] and aboveground autotrophic respiration 

[RAa]) (Katayama et al., 2013), and the GPP, which can be obtained from two 

common approaches: i) the C-mass balance, and ii) the whole-canopy 

photosynthesis modelling (Ryan et al., 2010). 

Thus, using the C-mass balance approach, which was proposed by Raich and 

Nadelhoffer (1989), the GPP (hereafter the GPPC) can be decomposed into its 

measured or estimated component C fluxes: aboveground net primary 

production (ANPP), total belowground C flux (TBCF), and RAa. This approach, 

which has the dual advantages of providing insights into the internal C dynamics 

of an ecosystem as well as being applicable at almost any site and in most 

environmental conditions (Campioli et al., 2016; Litton et al., 2007; Ryan et al., 

2004; Ryan et al., 2010), has been commonly used in different forest types such 
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as tropical rainforests, temperate forests, and forest plantations (Litton et al., 

2007; Nouvellon et al., 2012; Ryan et al., 2010). 

On the other hand, using the whole-canopy photosynthesis-modelling approach, 

the GPP (hereafter the GPPM) can be obtained by measuring leaf-level 

photosynthesis rates, which are scaled up to the canopy-level (Ryan et al., 2010; 

Sprintsin et al., 2012). Leaf photosynthesis can be described by numerous 

models, varying from simple empirical equations which do not depend on 

underlying physiological processes, to very complex mechanistic models used to 

describe biochemical processes (Calama et al., 2013; Mayoral et al., 2015). An 

intermediate alternative includes models that define photosynthesis according to 

a mathematical description of a single biochemical process, such as the non-

rectangular hyperbolic light-response model (Cannell and Thornley, 1998; 

Thornley and Johnson, 1990), which can easily be parameterised using field gas-

exchange measurements, and can be helpful for describing photosynthesis 

responses under numerous, interacting, and variable growing conditions (Calama 

et al., 2013; Mayoral et al., 2015). According to how canopy structure is 

represented, several approaches for scaling-up photosynthesis from leaf-to-

canopy have been identified: (1) the big-leaf approach treats the whole-canopy as 

a single unshaded leaf on the canopy top (Mercado et al., 2006; Sprintsin et al., 

2012), (2) the two-leaf approach partitions the whole-canopy into sunlit-shaded 

components and divides changes during the day according to solar elevation so 

that  each component is modelled as a single-layer model (De Pury and Farquhar, 

1997), and (3) the multilayer approach divides the whole-canopy into multiple 

homogeneous horizontal leaf layers exposed to different light environments 

(Zhu et al., 2012). Consequently, the approach chosen can significantly affect the 

outcome of canopy-level GPPM estimates, although the two-leaf approach has 

been widely and successfully tested for applications at local and regional scales 

(De Pury and Farquhar, 1997; Mercado et al., 2006; Sprintsin et al., 2012). 

However, these scaling-up approaches do not usually take variations in 

photosynthesis rates between layers caused by differences in leaf age into account 

(Op de Beeck et al., 2010), which could lead to considerably less accurate GPPM 

estimations for conifer forests, whose canopies retain several cohorts of needles 

(Han et al., 2008; Warren, 2006). Thus, while previous studies primarily focused 

on comparing BM- and EC-based GPP estimates (Gielen et al., 2013; Gough et 

al., 2008; Keith et al., 2009; Luyssaert et al., 2009; Peichl et al., 2010), GPPC and 

GPPM estimates have not been systematically compared because both these 

independent approaches require integrated and laborious measurements to 

adequately describe their temporal and spatial variability at the stand-level. Thus, 

here we aimed to directly compare these two approaches by evaluating their 

suitability for effectively simulating GPP in multiple ecosystem types. 
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To fill the existing gap in the ecosystem C-exchange in a mature a Spanish Black 

pine (Pinus nigra Arn. ssp. salzmannii) forest after a low burn-severity fire, our 

study was conducted over 3 years (2011-2013) during the early post-fire stages 

(1.5-4.5 years post-burn). First we estimated the annual GPPC as the sum of 

ANPP, TBCF, and RAa fluxes, as well as the annual GPPM by applying an 

environmental-dependent NRH model to different needle age-cohorts and 

coupling it to a two-leaf scaling-up strategy. We then estimated both the annual 

NEPC and NEPM based on both these annual GPP estimates along with a 

previously published annual SR-RAa data set (Martínez-García et al., 2017a; 

Martínez-García et al., 2017b). As far as we know, no other studies have 

previously reported these forest C dynamics in similar post-fire Mediterranean 

forest ecosystems nor compared such complex methodologies in a comparable 

level of detail. Thus, our objectives were: (1) to estimate the annual NEP and 

GPP by both approaches at both burnt and unburnt sites, (2) to compare the 

convergence of annual GPPM-GPPC and NEPM-NEPC estimates at both sites, 

and (3) to analyse the effect that the low burn-severity fire exerted on the annual 

C fluxes between 2011 and 2013 at these sites. 

 

2. Material and methods 

2.1. Study area and experimental sites 

The study was conducted in an unevenly-aged Spanish Black pine forest stand 

(97 ± 5 years-old; Supplementary Table S1) located in the Cuenca Mountain 

Range Natural Park (Castilla-La Mancha Region, central-eastern Spain; 1400 m 

a.s.l.), where a natural wildfire burnt ca. 1800 ha in July 2009 (Supplementary Fig. 

S1). The climate is Mediterranean with warm, dry summers and cold, rainy 

winters with a mean annual air temperature and precipitation of 10.1ºC and 647 

mm, respectively. This climate data was obtained for a 30-year period (1980-

2010) and is based on data from the Cuenca Meteorological Station (Id: 8096; 

Spanish National Agency of Meteorology, AEMET), located about 37 km away 

from the study area, and processed via the Mountain Microclimate Simulation 

Model (MTCLIM; Running et al. (1987)). The study area is slightly hilly (slopes 

≤ 10%) with a shallow soil over calcareous hard rock with frequent rock outcrops 

(Martínez-García et al., 2015). Spanish black pines dominate the upper canopy 

layer, with Scots pine (Pinus sylvestris L.), Lusitanian oak (Quercus faginea Lam.) and 

Spanish juniper (Juniperus thurifera L.) also present. 

Two experimental sites (ca. two ha each and about 500 m apart; Supplementary 

Fig. S1) were established in January 2011: (1) an unburnt control site (UB, 

undisturbed and unlogged forest; UTM position X: 588445, Y: 4455170, ETRS89 

UTM zone 30 N) and (2) a low burn-severity site (LS, affected by a surface fire; 

UTM position X: 587971, Y: 4456218, ETRS89 UTM zone 30 N). Both sites 
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have a similar elevation, soil type, and total rainfall. Conventional salvage logging 

was performed at the LS site by the local Forest Service between August and 

December 2010; all the burnt trees were felled and the logs were removed with a 

log forwarder while remaining woody debris (branches and small snags) were 

chipped at the roadside by machine. After the fire and logging, the vegetation 

composition at the LS site was similar to that at the UB site. 

 

2.2. Field survey 

A field survey was conducted in January 2011 in 9 circular, 15-m radius plots 

which were randomly established at each site (Supplementary Fig. S1). We 

geographically located (both by GPS and terrain measurements) every living tree 

or stump on each plot and recorded the diameter at breast height (DBH, 1.30 m; 

cm) for each tree, and the top diameter (DSt, cm) for each stump. Total tree 

height (Ht, m) was estimated with site-specific allometric equations using the 

DBH as an input variable (Martínez-García et al., 2017a). Next, 28 and 26 trees 

at the UB and LS sites, respectively, were selected by stratified random sampling 

(based on DBH size) to estimate the annual increase in DBH over the 3-year 

period (2011-2013) by taking two opposite increment core samples per tree in 

January 2014; further details of this process can be found in Martínez-García et 

al. (2017a). 

 

2.3. Meteorological measurements 

The air temperature (Ta, ºC) was measured at 4 m height in the centre of a 

representative plot at each site with a TinyTag Ultra 2 TGU-4500 micro-station 

data logger (Gemini data loggers Ltd., UK). Soil temperature (Ts, ºC) and soil 

water content (SWC, %) were measured at a 10-cm depth at each site (n = 10 and 

2 Ts and SWC probes per site, respectively). Temperature probes (TMC20-HD, 

Onset Computers, Bourne, MA, USA) and water content probes (VH400-LV, 

Vegetronix, Sandy, Utah, USA) were connected to HOBO data loggers (Onset 

Computers, Bourne, MA, USA). Incoming shortwave radiation (K↓, W m-2) was 

measured on top of a 27-m-tall meteorological tower located at the LS site with 

a NR-01 4-component net radiometer (Hukseflux Thermal Sensors Inc., Delft, 

The Netherlands) connected to a Meteodata 3000C data logger (Geónica S.A., 

Madrid, Spain). All the data loggers were programmed to take readings at 10-min 

intervals which were further processed into 30-min averages. 

 

 

 



Chapter 4 ǀ 263 

 

2.4. Gross and net ecosystem production estimates based 
on a carbon-mass balance approach 

2.4.1. Aboveground net primary production 

2.4.1.1. Aboveground biomass 

The aboveground biomass (AGB) of tree components (stem, branches, and 

foliage) was estimated with site-specific allometric biomass equations using the 

DBH as an input variable (Table 1). Equations were developed based on a 

destructive sampling of 18 living trees carried out on 16th June 2012 at the UB 

and LS sites, described in more detail in Martínez-García et al. (2017a). These 

equations were then applied to individual tree data from the UB and LS plots 

(Section 2.2.) and dry biomasses were converted into biomass carbon using a 

mean C concentration equal to 50.9% (Montero et al., 2005) for each component. 

 

Table 1. Coefficients and statistics for the goodness-of-fit of the site-specific allometric 

biomass equations for the tree components. Equation form for all components is 
bDBHay  , where y is the biomass of the tree components (kg; dry biomass) and 

DBH is the diameter at breast height (1.30 m, cm). n = 18 trees. 

Tree component a b F p R2 SEE 

Bole  0.032 (0.011) 2.67 (0.10) 652.3 <0.001 97.6 0.29 

Branches 0.004 (0.002) 2.77 (0.13) 491.2 <0.001 96.9 0.35 

Foliage 0.008 (0.003) 2.24 (0.13) 315.1 <0.001 95.2 0.35 

Coarse roots 0.012 (0.003) 2.63 (0.09) 918.1 <0.001 98.3 0.24 

F-statistic, p-value, coefficient of determination (R2, %), and the standard error of 

estimation (SEE) of the equations are shown. 

 

2.4.1.2. Litterfall 

The litterfall was collected monthly from 2011 to 2013 from two representative 

plots per site (Supplementary Table S2) using permanently installed rectangular 

traps (mesh size < 0.5 mm, 1 m2) placed 0.6 m above the topsoil. Thus, 12 litter-

traps per plot were systematically located (spaced at 2 m apart) at each site. Litter 

was sorted into needles, twigs, branches, cones, seeds, reproductive organs and 

miscellaneous (mainly consisting of bark and small needle pieces). After sorting 

and oven-drying at 65ºC for 24 h, the mass of different litter components was 

determined. We then defined different annual site-specific ratios between the 

annual litterfall and the basal area (BA, m2 ha-1) to estimate the annual litterfall of 

the un-sampled plots at each site (Supplementary Table S2). Next, we estimated 

the monthly litterfall over the 3-year period for the un-sampled plots of each site 
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based on the monthly litterfall fraction at the sampled plots (Supplementary 

Table S3). Finally, the annual litterfall at the stand-level (L, Mg C ha-1 year-1) was 

obtained by summing the monthly litterfall measurements multiplied by a mean 

C concentration equal to 50.9% (Montero et al., 2005) for each component. 

 

2.4.1.3. Estimation of the aboveground net primary production 

The annual aboveground net primary production at the stand-level (ANPP, Mg 

C ha-1 year-1) was computed as the sum of the annual increase in biomass C of all 

aboveground tree components (ΔAGB) and the annual L (Clark et al., 2001; Ryan 

et al., 2004; Ryan et al., 2010). Due to the characteristics of these forest stands, 

and similar to other research works (Nouvellon et al., 2012; Ryan et al., 2004), we 

considered herbivory loss to be negligible. 

 

2.4.2. Total belowground carbon flux 

The annual total belowground carbon flux at the stand-level (TBCF, Mg C ha-1 

year-1) was estimated using techniques described in Giardina and Ryan (2002) as 

follows: 

 StSLR CCCCELSRTBCF                       (1) 

Where SR is the annual soil respiration, L is the annual litterfall, E is the annual 

C flux transported off the site (by leaching of the dissolved organic and inorganic 

C, erosion, or CH4 emission), ΔCR is the annual increase in root biomass C 

content, ΔCL is the annual increase in aboveground litter biomass C content on 

the forest floor, ΔCS is the annual increase in mineral soil C content, and ΔCSt is 

the annual C loss from fire-killed tree stumps. At our study sites, both E and ΔCS 

were considered negligible over the 3-year period, similarly to many previous 

studies (Almagro et al., 2010; Katayama et al., 2013; Raich and Nadelhoffer, 

1989). 

 

2.4.2.1. Soil respiration 

The annual soil respiration at the stand-level (SR; Mg C ha-1 year-1) was previously 

estimated at both the UB and LS sites as part of a separate study carried out along 

a burn severity gradient between 2011 and 2013, using an experimental design 

based on soil CO2 efflux chamber-based measurements. Detailed descriptions of 

the methodology, measurements and processing are given in Martínez-García et 

al. (2017b). 
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2.4.2.2. Root biomass carbon 

The belowground biomass of coarse roots (BGBRC, Ø ≥ 5mm) was estimated 

using a site-specific allometric biomass equation using the DBH as an input 

variable (Table 1; obtained from the destructive sampling described in Section 

2.4.1.1. for AGB). This equation was then applied to individual tree data from 

the UB and LS plots (Section 2.2.) and dry biomasses were converted into 

biomass C using a mean C concentration equal to 50.9% (Montero et al., 2005). 

Thus, the annual coarse root production (ΔBGBRC, Mg C ha-1 year-1) was 

computed as the annual increase in coarse root biomass. The annual fine root 

production (ΔBGBRF; Mg C ha-1 year-1) was estimated using a linear regression 

which assumes that ΔBGBRF is proportional to ANPP (Nadelhoffer and Raich, 

1992). 

ANPPBGBRF  56.070  (both expressed in gC m-2 year-1)         (2) 

Finally, the annual increase in root biomass C content (ΔCR, Mg C ha-1 year-1) was 

computed as the sum of both ΔBGBRC and ΔBGBRF. 

 

2.4.2.3. Aboveground litter biomass carbon on the forest floor 

The annual increase in aboveground litter biomass C content on the forest floor 

at the stand-level (ΔCL; Mg C ha-1 year-1) was estimated according to Almagro et 

al. (2010) as the difference between the annual litterfall input (Section 2.4.1.2.) 

and the annual aboveground litter decomposition C loss estimates (Ld). Thus, in 

this model the annual litterfall eventually enters to the litter pool and is 

decomposed at the aboveground litter decomposition rate (kc, year-1; Almagro et 

al. (2010)). Therefore, following Olson (1963), the kc for species with continuous 

litterfall was determined for each year and site by the quotient of the annual 

litterfall and the mean annual forest floor standing litter pool (SL). Thus, SL was 

collected in December 2011, 2012, and 2013 at one representative plot at each 

site using 16 square quadrats (25×25 cm) which were randomly placed adjacent 

to representative SR soil collars (Martínez-García et al., 2017b). The SL was 

sorted into needles, woody debris, and miscellaneous groups, oven-dried at 65°C 

for 24 h, and then weighed. The ash content of the SL was determined by 

combustion of the pooled samples in a muffle furnace (HD150 PA, Forns 

Hobersal, Barcelona, Spain) at 450°C for 6 h, and this figure was used to correct 

the dry-weight values in order to eliminate the effect of remaining soil particles. 

Finally, the SL was computed from the dry weight and a mean C concentration 

equal to 50.9% (Montero et al., 2005) for each component. 
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2.4.2.4. Carbon loss from fire-killed tree stumps 

The annual C loss from fire-killed tree stumps at the stand-level (ΔCSt; Mg C ha-

1 year-1) was previously estimated at the LS site as part of a separate study carried 

out along a burn-severity gradient between 2011 and 2013, using CO2 efflux 

chamber-based measurements. Detailed descriptions of the methodology, 

measurements and processing are given in Martínez-García et al. (2015). 

 

2.4.3. Aboveground autotrophic respiration 

We previously estimated the annual aboveground autotrophic respiration at the 

stand-level (RAa, Mg C ha-1 year-1), derived from the total wood CO2 efflux (RW, 

comprising stem and branch CO2 efflux) and foliar respiration (RF), in a separate 

study conducted between 2011 and 2013 at both the UB and LS sites using an 

experimental design based on biometric and flux chamber-based measurements; 

detailed descriptions of the methodology, measurements, and processing are 

given in Martínez-García et al. (2017a). 

 

2.4.4. Gross and net ecosystem production estimates 

The annual gross primary production at the stand-level based on a C-mass 

balance approach (GPPC, Mg C ha-1 year-1) was estimated following previous 

studies (Katayama et al., 2013; Ryan et al., 2010) as the sum of the annual ANPP, 

TBCF, and RAa. Annual ecosystem respiration at the stand-level (Reco, Mg C ha-1 

year-1) was estimated as the sum of annual SR and RAa. Finally, the annual net 

ecosystem production at the stand-level based on a C-mass balance approach 

(NEPC, Mg C ha-1 year-1) was obtained as the difference between the annual GPPC 

and the annual Reco. 

 

2.5. Gross and net ecosystem production estimates based 
on a whole-canopy photosynthesis-modelling approach 

2.5.1. Modelling radiation interception by the canopy 

2.5.1.1. Incoming photosynthetic photon flux-density and extinction coefficient 

First, we calculated the solar elevation (β) following the methodology described 

by De Pury and Farquhar (1997). Then, the incoming K↓ radiation was divided 

into direct and diffuse components, from which the incoming diffuse and direct 

photosynthetically-active radiation (PAR, μmol photons m-2 s-1) were obtained as 

described in Samson et al. (1997) and as further explained in the Supplementary 

Materials. As described by De Pury and Farquhar (1997) and Op de Beeck et al. 

(2010), the canopy was assumed to be homogeneous with respect to the 
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horizontal distribution of needles and to have a uniform leaf-angle distribution, 

so the extinction coefficient of beam irradiance (kb) was equal to 0.5×sin β. 

 

2.5.1.2. Estimation of the leaf area index of current- and previous-year needle 

cohorts for each sunlit and shaded canopy fraction 

The daily leaf area index (LAI, m2 m-2 day-1) between 2011 and 2013 was 

estimated for each plot at each site based on the Moderate Resolution Imaging 

Spectroradiometer (MODIS) product (MOD15A2) and the semi-direct 

allometric LAI (LAIa) as described in Martínez-García et al. (2017a). We used the 

two-leaf approach set out by De Pury and Farquhar (1997) for each plot at each 

site over the 3-year period by dividing the canopy into both sunlit (fsunlit) and 

shaded (fshaded) fraction (Eq. (3)-(4)). 

 LAIk

sunlit
bef


 ,  sunshaded ff  1                               (3, 4) 

As we have previously described (Martínez-García et al., 2017a), the canopy 

comprised two needle cohorts: (1) current-year needles (CY) and (2) previous-

year needles (PY; 1-3 years old). Thus, the respective proportion of each needle 

cohort (see Martínez-García et al. (2017a) for further details) was applied to each 

fsunlit and fshaded fraction for each plot at each site. This allowed us to determine 

the proportion of the LAI attributed to CY or PY needles in each sunlit/shaded 

fraction (LAIsunlit-CY, LAIsunlit-PY, LAIshaded-CY, and LAIshaded-PY). 

 

2.5.1.3. Irradiance absorbed by sunlit and shaded fractions of the canopy 

The absorbed photosynthetically-active radiation (APAR) was estimated by using 

formulas presented in De Pury and Farquhar (1997); shaded needles were 

modelled to absorb diffuse, scattered-diffuse, and scattered-beam PAR while 

sunlit needles also absorbed direct-beam PAR. 

 

2.5.2. Needle-level photosynthesis 

2.5.2.1. Gas-exchange measurements 

Light-response curves of net CO2 assimilation rates (Anet, μmol CO2 m
–2 s–1) were 

measured on 22 campaigns from November 2011 to December 2013, in both 

CY and PY needle cohorts from the fully-exposed upper canopy (sunlit canopy 

fraction) of three representative trees at the UB site, as described in Martínez-

García et al. (2017a). One-year-old needles were measured as representative of 

the PY cohort. Light-response curves were conducted from 10:00 to 11:30 h 

(solar time) using a portable infrared gas analyser equipped with a 6 cm2 chamber 

coupled to a red-blue light source (Li-6400XT and Li-6400-02B LED, 
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respectively; Li-Cor, Environmental Division, Lincoln, NE, USA). Two fully-

expanded and attached fascicles (four needles) per cohort were selected from one 

twig of each tree on each date for the gas-exchange measurements. Next, the 

needles enclosed in the chamber were harvested and the projected needle areas 

were estimated by analysing them in the laboratory using a leaf area meter (Win 

Dias 3, Delta-T Devices, Cambridge, UK). We then used these areas to re-

compute the gas-exchange variables with the standard algorithms provided in the 

Li-6400XT simulator. Needle respiration in darkness (Rfd, μmol CO2 m
–2 s–1) was 

measured at 0 μmol photons m-2 s-1 after a 10-min dark period and the net CO2 

assimilation rate at saturating irradiance (Amax, μmol CO2 m
–2 s–1) was measured 

at 1800 μmol photons m-2 s-1. Needle respiration in light (Rfl, μmol CO2 m
–2 s–1) 

was estimated using the Kok method, from the y-axis intercept of a first-order 

linear regression fitted to the Anet-irradiance plots of measurements made over 

the 40-150 μmol photons m-2 s-1 irradiance range, as previously described by 

Martínez-García et al. (2017a). Thus, the needle-level assimilation rates obtained 

at the UB site were also assigned to the LS site, as we have already described 

elsewhere (Martínez-García et al., 2017a). Repeated gas-exchange measurements 

could not be performed on the shaded canopy fraction of trees because of time 

constraints. However, to overcome this, we carried out a preliminary sampling 

exercise on the lower canopy (shaded canopy fraction) of the sampled trees at 

the UB site before starting our formal measurement campaigns, in which the Amax 

of both CY and PY shaded needles (Amax-shaded-CY and Amax-shaded-PY, respectively) 

was measured at two campaigns in November 2012. Thus, for each campaign, 

two fully-expanded and attached fascicles per cohort were selected from 5 

different twigs of each tree. 

 

2.5.2.2. Non-rectangular hyperbolic light-response model: photosynthetic 

parameter expansion 

The Anet rates were described by a non-rectangular hyperbolic light-response 

model (Cannell and Thornley, 1998; Thornley and Johnson, 1990). 
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        (5) 

Where Amax (μmol CO2 m-2 s-1) is the net CO2 assimilation rate at saturating 

irradiance (representing the asymptote of the curve), α (mol CO2 mol-1 photons) 

is the apparent quantum yield representing the initial slope of the curve, Θ is the 

convexity of the curve, and APAR is the absorbed photosynthetically-active 

radiation (μmol photons m-2 s-1). 



Chapter 4 ǀ 269 

 

We separately fitted Eq. (5) to the incident-light photosynthesis data from each 

campaign, tree, and cohort, resulting in 132 independent photosynthesis-light 

curves (n = 22 campaigns × 3 trees × 2 cohorts × 1 twig). As a preliminary step, 

data from each measurement were examined and any outliers and measurement 

errors were removed (Calama et al., 2013). Then, Amax, α, and Θ were estimated 

for each curve using Statgraphics Centurion XVI software (StatPoint 

Technologies, Inc., Virginia, USA) according to the Marquardt non-linear 

regression method. 

To expand the Amax parameter between 2011 and 2013, we explored different 

regression models for each cohort, finally relating Amax to the main interacting 

environmental parameters measured during each curve (Calama et al., 2013; Ide 

et al., 2010; Mayoral et al., 2015) as shown in Eq. (6). 

 SWCaTsaTsaTaaaA  4

2

3210max exp                  (6) 

Where Ta is the air temperature (ºC), Ts is the soil temperature (ºC), and SWC is 

the soil water content (%). The Amax rates can be modulated by different light 

conditions (Gómez-Aparicio et al., 2006); therefore, a ratio between the Amax of 

shaded needles (Amax-shaded, Section 2.5.2.1.) to the Amax of sunlit needles (Amax-sunlit) 

was defined for both needle cohorts to estimate the Amax parameter on a half-

hourly basis for the shaded tree canopy fraction. The shape of the NRH model 

can be assumed to be constant over the season (Kolari et al., 2014; Mäkelä et al., 

2004), and shows that both the physiological parameters that quantify the curve 

(Amax and α) can remain proportional to each other (Owen et al., 2007; Saito et 

al., 2009); therefore, the α parameter was defined as a linear regression of Amax. 

Finally, the Θ parameter was given a fixed value representing the average for each 

needle cohort obtained from the independent photosynthesis-light curves. 

 

2.5.3 Gross and net primary production estimates 

The half-hourly Anet rates of CY and PY needles of each sunlit and shaded 

fraction (i.e., Anet-sunlit-CY, Anet-sunlit-PY, Anet-shaded-CY, and Anet-shaded-PY, μmol CO2 m
-2 s-1) 

of each plot were calculated using the NRH model. Thus, the input parameters 

were the half-hourly APAR intensities, the half-hourly Ta-Ts-SWC values, the 

half-hourly functions for Amax and α, the Amax-shaded/Amax-sunlit ratio, and the fixed 

values of Θ. Then, the integrated half-hourly Anet rates of each sunlit and shaded 

fraction (Anet-sunlit and Anet-shaded, μmol CO2 m
-2 s-1) were added to obtain the annual 

whole-canopy net photosynthesis at the stand-level (ACnet, Mg C ha-1 year-1; Eq. 

(7)). 
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Where subscript k refers to the canopy fraction (sunlit = 1 or shaded = 2), 

subscript i refers to the Julian day (i = 1,…, 365), and subscript j refers to the 

half-hourly periods per day (j = 1,…, 48). 

Because the photosynthetic gas-exchange system (Li-6400XT) yields Anet 

measurements, the whole-canopy gross primary production at the stand-level 

(GPPM, Mg C ha-1 year-1) diverges from ACnet as a function of the daytime whole-

canopy foliar respiration rates (RF-day) (Ye et al., 2013). Consequently, the annual 

GPPM estimates were obtained as the sum of annual ACnet and RF-day estimates 

(RF-day was computed over the 3-year period at both sites from Rfl measurements, 

as described in Section 2.5.2.1., Martínez-García et al. (2017a)). Finally, the annual 

net ecosystem production at the stand-level (NEPM, Mg C ha-1 yr-1) was estimated 

as the difference between the annual GPPM and the annual Reco (Section 2.4.4.). 

 

2.6. Statistics 

Statistical analyses were performed using Statgraphics Centurion XVI software 

(StatPoint Technologies, Inc., Virginia, USA). Data sets were tested prior to 

analysis for normality (Kolmogorov-Smirnov test) and homogeneity (Levene’s 

test) of variance, and log-transformed when necessary. The effect of needle age 

on Amax, α, Θ, and the Amax-shaded/Amax-sunlit ratio was analysed with one-way 

ANOVAs. Multiple regression with a forward stepwise procedure was used to 

develop models of Amax for each needle cohort, needle cohort was included as 

dummy variable, and the correction factor [CF] for the bias introduced by log-

transformation of the dependent variable was calculated according to Sprugel 

(1983). General linear models were used to test relationships between Amax and 

α; Fisher’s least significant difference (LSD) post hoc tests (p < 0.05) were used 

to compare means. 

The uncertainties of annual C stocks and flux components associated only with 

natural spatial variation among the plots (not accounting for potential 

uncertainties arising from model or measurement errors) were calculated as the 

95% confidence interval around the mean value of each set of measurements. 

Uncertainties were combined by simple propagation of errors. Relative 

departures (%) of the annual NEP, GPP, and Reco values were obtained following 

the methods set out by Ziemblińska et al. (2016). Furthermore, the performance 

of both approaches was evaluated for each year and site by the coefficient of 

determination (R2, %), the slope, and the y-axis intercept of the first-order linear 

regressions fitted to the GPPM-GPPC and NEPM-NEPC plots, the root-mean-

square-error (RMSE; Mg C ha-1 yr-1), and the Willmott’s index of agreement (d) 

ranged from 0 to 1, with 1 indicating perfect agreement (Op de Beeck et al., 

2010). 
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3. Results 

3.1. Seasonal and annual environmental patterns 

The air temperature (Ta) at both sites increased from winter to mid-summer, and 

then decreased during the autumn, reaching its minimum value again in winter 

(Fig. 1a). Ta values were similar at both sites over the whole study period. Soil 

temperature (Ts) showed a similar seasonal variation at both sites, reaching its 

maximum values in summer; slightly higher Ts values were observed during this 

period at the LS site compared to the UB site (Fig. 1b). Both sites displayed 

analogous seasonal patterns in terms of soil water content (SWC) over the 3-year 

study period, which varied markedly with the season but showed their minimum 

values in summer (Fig. 1c). Significant inter-year variability was observed for Ta, 

Ts, and SWC between 2011 and 2013. Thus, 2011 was the warmest and driest 

year while 2013 was the coldest and wettest year, and intermediate values were 

observed at both sites in 2012 (Supplementary Table S4). 
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Figure 1. Seasonal variations in the daily mean values of the air temperature (Ta, ºC; 

a), soil temperature (Ts, ºC; b), soil water content (SWC, %; c), and leaf area index 

(LAI, m2 m-2 day-1; d) at the UB and LS sites over the 3-year study period. The white 

diamonds in Figures a-d indicate the needle gas-exchange measurement campaigns 

carried out (n = 22) from November 2011 to December 2013. The x-axis units 

represent time in days since January 1st, 2011. 
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3.2. Carbon-mass balance approach 

3.2.1. Forest-stand characteristics and carbon stocks 

Low burn-severity fire caused relatively low tree mortality (≈ 40%, mainly in 

small trees; Table 2). However, despite the stand density being lower following 

fire, larger live trees were retained at the LS site which may have influenced its 

post-fire C tree-components (Table 2). The forest C stock, considering above- 

and belowground tree components, the standing litter layer, and fire-killed tree 

stumps, ranged from 111.3 to 112.1 Mg C ha-1 at the UB site and from 121.7 to 

123.4 Mg C ha-1 at the LS site over the 3-year period (Table 2). All above- and 

belowground tree C components were slightly higher at the LS site than that at 

the UB site over the sampling period (Table 2). On average, bole, coarse roots, 

branches, and needles accounted for 64.7, 20.0, 11.4, and 3.9% of the total C 

stored in tree biomass, respectively, at both sites. However, the standing litter C 

pool estimates were higher at the UB site compared to the LS site between 2011 

and 2013 (Table 2). On average, miscellaneous, needles, and woody debris 

accounted for 59.0, 29.7, and 11.3% of the total C stored in standing litter at the 

UB site and 41.0, 52.1, and 6.9% at the LS site, respectively. The C stock of the 

fire-killed tree stumps was of less significance relative to forest C stocks at the 

LS site (≈ 2%, Table 2). 
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Table 2. Forest-stand characteristics and carbon stocks (Mg C ha-1) over the 3-year study period. UB: unburnt site, and LS: low burn-severity 

site. N: Stand tree density, Nfk: Stand fire-killed trees, DBH: Mean diameter at breast height, BA: Stand basal area, and Ht: Mean tree height. 

Mean values and 95% confidence limits (in brackets) are shown. n = 9 plots at each site. 

 

 

 

 

 

 

 UB site  LS site 

 2011 2012 2013 Mean  2011 2012 2013 Mean 

Characteristics          

N (trees ha-1) 1456 

(232) 

1456 

(232) 

1456 

(232) 
  

850 

(78) 

850 

(78) 

850 

(78) 
 

Nfk (trees ha-1) - - -   
564 

(104) 
- -  

DBH (cm) 15.57 

(2.63) 

15.66 

(2.62) 

15.73 

(2.62) 
  

20.09 

(1.22) 

20.21 

(1.22) 

20.32 

(1.22) 
 

BA (m2 ha-1) 34.57 

(4.68) 

34.80 

(4.69) 

35.03 

(4.70) 
  

35.07 

(2.32) 

35.34 

(2.33) 

35.60 

(2.33) 
 

Ht (m) 9.37 

(1.15) 

9.42 

(1.14) 

9.46 

(1.14) 
  

10.99 

(0.51) 

11.03 

(0.51) 

11.08 

(0.51) 
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Table 2 (Cont.). Forest-stand characteristics and carbon stocks (Mg C ha-1) over the 3-year study period. UB: unburnt site, and LS: low 

burn-severity site. N: Stand tree density, Nfk: Stand fire-killed trees, DBH: Mean diameter at breast height, BA: Stand basal area, and Ht: Mean 

tree height. Mean values and 95% confidence limits (in brackets) are shown. n = 9 plots at each site. 

 

 

 

 

 

 

 UB site  LS site 

 2011 2012 2013 Mean  2011 2012 2013 Mean 

C components          

Forest 107.1 

(80.1–134.0) 

107.8 

(80.7–134.9) 

108.5 

(81.4–135.7) 

107.8 

(94.4–121.2)  

117.1 

(101.1–133.1) 

118.1 

(102.0–134.1) 

118.9 

(102.8–135.1) 

118.0 

(110.1–126.0) 

Bole 69.2 

(43.9–94.6) 

69.7 

(44.3–95.2) 

70.2 

(44.6–95.8) 

69.7 

(57.1–82.3) 
 

75.9 

(60.8–90.9) 

76.5 

(61.3–91.6) 

77.1 

(61.9–92.2) 

76.5 

(69.0–84.0) 

Branch 12.1 

(7.6–16.7) 

12.2 

(7.6–16.8) 

12.3 

(7.7–16.9) 

12.2 

(9.9–14.5) 
 

13.4 

(10.6–16.2) 

13.5 

(10.7–16.3) 

13.6 

(10.8–16.4) 

13.5 

(12.2–14.9) 

Foliage 4.2 

(2.8–5.6) 

4.2 

(2.8–5.6) 

4.3 

(2.9–5.7) 

4.2 

(3.6–4.9) 
 

4.4 

(3.7–5.1) 

4.4 

(3.7–5.2) 

4.5 

(3.7–5.2) 

4.4 

(4.1–4.8) 

Coarse roots 21.5 

(13.7–29.3) 

21.6 

(13.8–29.4) 

21.8 

(13.9–29.6) 

21.6 

(17.8–25.5) 
 

23.4 

(18.8–28.0) 

23.6 

(19.0–28.2) 

23.8 

(19.2–28.4) 

23.6 

(21.3–25.9) 
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Table 2 (Cont.). Forest-stand characteristics and carbon stocks (Mg C ha-1) over the 3-year study period. UB: unburnt site, and LS: low 

burn-severity site. N: Stand tree density, Nfk: Stand fire-killed trees, DBH: Mean diameter at breast height, BA: Stand basal area, and Ht: Mean 

tree height. Mean values and 95% confidence limits (in brackets) are shown. n = 9 plots at each site. 

 

 

 

 

 UB site  LS site 

 2011 2012 2013 Mean  2011 2012 2013 Mean 

C components          

Standing litter 4.2 

(3.5–5.0) 

4.3 

(3.6–5.0) 

3.0 

(2.5–3.4) 

3.8 

(3.4–4.3)  

2.3 

(2.0–2.6) 

2.7 

(2.4–3.0) 

2.2 

(2.0–2.4) 

2.4 

(2.3–2.6) 

Needles 1.0 

(0.8–1.2) 

1.3 

(1.0–1.6) 

1.0 

(0.8–1.3) 

1.1 

(1.0–1.3)  

1.3 

(1.1–1.5) 

1.5 

(1.2–1.7) 

1.1 

(0.9–1.2) 

1.3 

(1.1–1.4) 

Woody debris 0.2 

(0.2–0.2) 

0.5 

(0.4–0.6) 

0.5 

(0.4–0.7) 

0.4 

(0.3–0.5)  

0.0 

(0.0–0.0) 

0.2 

(0.0–0.4) 

0.3 

(0.2–0.3) 

0.2 

(0.1–0.2) 

Miscellaneous 3.0 

(2.3–3.7) 

2.5 

(1.9–3.1) 

1.4 

(1.0–1.8) 

2.3 

(1.9–2.7)  

1.0 

(0.8–1.2) 

1.1 

(0.9–1.2) 

0.9 

(0.8–1.0) 

1.0 

(0.9–1.1) 

          
Fire-killed tree 

stumps 
- - - -  

2.3 

(1.0-3.5) 

2.3 

(1.0-3.5) 

2.3 

(1.0-3.5) 

2.3 

(1.7-2.9) 

          
Total 111.3 

(84.3–138.2) 

112.1 

(85.0–139.2) 

111.5 

(84.3–138.7) 

111.6 

(98.2–125.0)  

121.7 

(105.6–137.7) 

123.0 

(106.9–139.2) 

123.4 

(107.3–139.6) 

122.7 

(114.7–130.7) 
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3.2.2. Component carbon fluxes 

Over the 3-year period, the annual ANPP estimates ranged from 1.56 to 3.21 and 

from 1.48 to 2.23 Mg C ha-1 year-1 at the UB and LS sites, respectively (Table 3). 

The annual increase in the biomass C content of all the aboveground tree 

components at the LS site were slightly higher than at the UB site over the 

sampling period, which was probably due to the remaining presence of the larger 

trees at this site (Table 3). At both sites, the annual increase in bole biomass C 

was the second biggest contributor to the annual ANPP (Table 3), while the 

annual litterfall was the largest contributor to the annual ANPP at both sites, 

accounting for 57.7-81.5% at the UB site and for 47.8-65.2% at the LS site, 

respectively (Table 3). Higher annual litterfall estimates were observed at the UB 

site than at the LS site between 2011 and 2013, and the maximum values were 

recorded in 2012 at both sites; this pulse is associated with a strong hailstorm 

which occurred in August that year and represented 40% of the total litterfall 

over that year (Supplementary Table S3). As a result, lower annual ANPP values 

were observed at the LS site compared to the UB site over the whole study period 

(Table 3). 

The annual TBCF estimates were similar at both sites between 2011 and 2013 

and ranged from 4.34 to 5.57 and from 4.55 to 5.41 Mg C ha-1 year-1 at the UB 

and LS sites, respectively (Table 3). The annual SR across sites and years was 

larger than any other TBCF component (Table 3). In contrast, while the annual 

ΔBGBRC played a limited role in the TBCF approach, which showed similar 

values over the 3-year period at both sites (Table 3), the annual ΔBGBRF was a 

substantial fraction of the TBCF and was slightly higher at the UB site than at 

the LS site (Table 3). The annual ΔCL estimates were also higher at the UB site 

than at the LS site (Table 3), because of higher litterfall inputs and lower kc rates 

(Supplementary Table S5). Moreover, the annual ΔCSt was the smallest TBCF 

component at the LS site (Table 3). 

The annual RAa estimates, which were comparable to the SR estimates between 

years at both the UB and LS sites (Table 3), were slightly affected by the RW 

estimates throughout the study period, representing about 54% of RAa. Thus, 

small differences were apparent between the annual Reco estimates at both sites 

over the 3-year period, with values ranging from about 8.6-10.0 Mg C ha-1 year-1 

(Table 3). 

Interestingly, the annual GPPC estimates at the UB site (10.28-12.74 Mg C ha-1 

year-1) were slightly higher (≈ 1-6%) than at the LS site (10.20-12.32 Mg C ha-1 

year-1) between 2011 and 2013 (Table 3). Consequently, a higher GPPC at the UB 

site but an almost identical Reco at both sites led to annual NEPC estimates that 

were slightly higher at the UB site than at the LS site (difference: 0.11-0.66 Mg C 

ha-1 year-1; Table 3). NEPC estimates indicated that both sites acted as C sinks 
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over the whole study period (ranging between 1.64-2.87 and 1.53-2.54 Mg C ha-

1 year-1 at the UB and LS sites, respectively). 

 

3.3. Whole-canopy photosynthesis-modelling approach 

3.3.1. Canopy biophysical characteristics 

Over the 3-year period, the LAI ranged from 0.88 to 2.19 and from 0.71 to 2.20 

m2 m-2 day-1 at the UB and LS site, respectively (Fig. 1d). At both sites, LAI was 

minimal in winter and peaked after full expansion of the CY needles in mid-

summer. The fsunlit fraction was slightly lower (46.3 ± 1.1 and 46.2 ± 0.5 % at the 

UB and LS sites, respectively) than the fshaded fraction (Supplementary Fig. S2). 

The APAR fraction (fAPAR) ranged from about 0.32-0.82 at both study sites 

over the 3-year period; although the fAPAR of the fsunlit fraction was slightly 

higher (57.2 ± 0.1 and 57.5 ± 0.1 % at the UB and LS site, respectively) than the 

fAPAR of the fshaded fraction (Supplementary Fig. S2). 

 

3.3.2. Dynamics and magnitude of the photosynthetic parameters of the 

non-rectangular hyperbolic light-response model 

Both the Amax and α showed a similar seasonal pattern in both CY and PY needles 

between 2011 and 2013 (Fig. 2). The values of these parameters were at their 

lowest in summer and winter (on average, Amax ≤ 6 μmol CO2 m
-2 s-1 and α ≤ 

0.02 mol CO2 mol-1 photons) and their highest in spring and autumn (on average, 

Amax ≥ 15 μmol CO2 m
-2 s-1 and α ≥ 0.05 mol CO2 mol-1 photons). These bimodal 

patterns of seasonal parameter change were closely associated with fluctuations 

in the main interacting environmental parameters (Fig. 2). Thus, higher values of 

Amax and α were correlated with favourable growing conditions, while lower 

values were likely mainly attributed to low temperatures in winter and drought 

periods in summer. On the other hand, there was no clear seasonal pattern for 

Θ over the sampling period (Fig. 2). Both the Amax and α were significantly higher 

in CY than in PY needles, but the needle age did not appear to affect Θ or the 

Amax-shaded/Amax-sunlit ratio (Table 4). 
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Table 3. Carbon fluxes (Mg C ha-1 year-1) over the 3-year study period at the UB and LS sites. Mean values and 95% confidence limits (in 

brackets) are shown. n = 9 plots at each site. 

* For abbreviations, see Appendix A. 

 

 

 

 

 

 

 UB site  LS site 

Components* 2011 2012 2013 Mean  2011 2012 2013 Mean 

C-mass balance approach 

ANPP 2.35 

(1.95–2.76) 

3.21 

(2.57–3.86) 

1.56 

(1.27–1.85) 

2.38 

(2.00–2.75) 
 2.21 

(1.99–2.42) 

2.23 

(1.99–2.46) 

1.48 

(1.35–1.61) 

1.97 

(1.81–2.14) 

ΔAGBBole 0.81 

(0.57–1.04) 

0.48 

(0.34–0.62) 

0.49 

(0.35–0.63) 

0.59 

(0.48–0.70) 
 0.93 

(0.81–1.05) 

0.63 

(0.55–0.70) 

0.58 

(0.51–0.65) 

0.71 

(0.64–0.79) 

ΔAGBBranch 0.14 

(0.10–0.18) 

0.08 

(0.06–0.11) 

0.09 

(0.06–0.11) 

0.10 

(0.08–0.12) 
 0.17 

(0.15–0.19) 

0.11 

(0.10–0.13) 

0.10 

(0.09–0.12) 

0.13 

(0.11–0.14) 

ΔAGBFoliage 0.05 

(0.03–0.06) 

0.03 

(0.02–0.04) 

0.03 

(0.02–0.03) 

0.03 

(0.03–0.04) 
 0.05 

(0.04–0.06) 

0.03 

(0.03–0.04) 

0.03 

(0.03–0.04) 

0.04 

(0.03–0.04) 

L 1.36 

(1.03–1.68) 

2.62 

(1.99–3.25) 

0.95 

(0.70–1.21) 

1.64 

(1.29–2.00) 
 1.05 

(0.87–1.23) 

1.45 

(1.23–1.68) 

0.76 

(0.65–0.88) 

1.09 

(0.95–1.23) 
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Table 3 (Cont.). Carbon fluxes (Mg C ha-1 year-1) over the 3-year study period at the UB and LS sites. Mean values and 95% confidence 

limits (in brackets) are shown. n = 9 plots at each site. 

* For abbreviations, see Appendix A. 

 

 UB site  LS site 

Components* 2011 2012 2013 Mean  2011 2012 2013 Mean 

C-mass balance approach 

TBCF 5.57 

(5.04–6.11) 

4.34 

(3.52–5.16) 

4.45 

(4.07–4.82) 

4.79 

(4.32–5.25) 
 5.41 

(5.11–5.70) 

4.67 

(4.35–4.98) 

4.55 

(4.36–4.73) 

4.87 

(4.66–5.09) 

SR 5.14 

(4.98–5.30) 

4.68 

(4.55–4.81) 

4.36 

(4.23–4.50) 

4.73 

(4.58–4.87) 
 5.08 

(4.97–5.19) 

4.69 

(4.61–4.76) 

4.50 

(4.42–4.58) 

4.75 

(4.65–4.86) 

L 1.36 

(1.03–1.68) 

2.62 

(1.99–3.25) 

0.95 

(0.70–1.21) 

1.64 

(1.29–2.00) 
 1.05 

(0.87–1.23) 

1.45 

(1.23–1.68) 

0.76 

(0.65–0.88) 

1.09 

(0.95–1.23) 

ΔCR 0.87 

(0.54–1.21) 

1.25 

(0.81–1.69) 

0.39 

(0.21–0.57) 

0.84 

(0.62–1.06) 
 0.82 

(0.64–1.01) 

0.74 

(0.57–0.92) 

0.32 

(0.23–0.41) 

0.63 

(0.52–0.74) 

ΔBGBRC 0.25 

(0.18–0.32) 

0.15 

(0.11–0.19) 

0.15 

(0.11–0.19) 

0.18 

(0.15–0.22) 
 0.29 

(0.25–0.32) 

0.19 

(0.17–0.22) 

0.18 

(0.16–0.20) 

0.22 

(0.20–0.24) 

ΔBGBRF 0.62 

(0.30–0.95) 

1.10 

(0.66–1.54) 

0.24 

(0.06–0.41) 

0.65 

(0.44–0.87) 
 0.54 

(0.36–0.72) 

0.55 

(0.37–0.72) 

0.14 

(0.05–0.23) 

0.41 

(0.30–0.52) 

ΔCL 0.92 

(0.70–1.14) 

1.03 

(0.78–1.28) 

0.65 

(0.48–0.82) 

0.87 

(0.74–0.99) 
 0.57 

(0.47–0.67) 

0.70 

(0.60–0.81) 

0.50 

(0.43–0.58) 

0.59 

(0.53–0.65) 

ΔCSt - - - -  -0.009 

(-0.004/-0.013) 

-0.012 

(-0.006/-0.019) 

-0.012 

(-0.006/-0.019) 

-0.011 

(-0.008/-0.014) 
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Table 3 (Cont.). Carbon fluxes (Mg C ha-1 year-1) over the 3-year study period at the UB and LS sites. Mean values and 95% confidence 

limits (in brackets) are shown. n = 9 plots at each site. 

* For abbreviations, see Appendix A. 

 

 

 

 

 UB site  LS site 

Components* 2011 2012 2013 Mean  2011 2012 2013 Mean 

C-mass balance approach 

RAa 4.81 

(3.98–5.64) 

4.50 

(3.75–5.25) 

4.28 

(3.54–5.01) 

4.53 

(4.14–4.92) 
 4.71 

(4.33–5.09) 

4.46 

(4.12–4.81) 

4.18 

(3.85–4.50) 

4.45 

(4.26–4.64) 

RW 2.59 

(1.85–3.32) 

2.29 

(1.64–2.94) 

2.32 

(1.66–2.97) 

2.40 

(2.06–2.74) 
 2.62 

(2.28–2.96) 

2.38 

(2.08–2.68) 

2.34 

(2.05–2.63) 

2.44 

(2.28–2.61) 

RF 2.22 

(1.84–2.61) 

2.21 

(1.83–2.59) 

1.96 

(1.62–2.30) 

2.13 

(1.94–2.32) 
 2.09 

(1.93–2.26) 

2.08 

(1.91–2.25) 

1.84 

(1.69–1.99) 

2.00 

(1.91–2.10) 

Reco 9.95 

(9.11–10.79) 

9.18 

(8.42–9.95) 

8.64 

(7.90–9.39) 

9.26 

(8.84–9.67) 
 9.79 

(9.39–10.18) 

9.15 

(8.79–9.50) 

8.68 

(8.34–9.01) 

9.21 

(8.99–9.42) 

GPPC 12.74 

(11.67–13.81) 

12.05 

(10.77–13.34) 

10.28 

(9.41–11.16) 

11.69 

(10.98–12.40) 
 12.32 

(11.80–12.85) 

11.36 

(10.83–11.88) 

10.20 

(9.81–10.60) 

11.29 

(10.96–11.63) 

NEPC 2.79 

(1.43–4.15) 

2.87 

(1.38–4.37) 

1.64 

(0.49–2.79) 

2.43 

(1.61–3.26) 
 2.54 

(1.88–3.19) 

2.21 

(1.58–2.84) 

1.53 

(1.01–2.04) 

2.09 

(1.70–2.49) 
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Table 3 (Cont.). Carbon fluxes (Mg C ha-1 year-1) over the 3-year study period at the UB and LS sites. Mean values and 95% confidence 

limits (in brackets) are shown. n = 9 plots at each site. 

* For abbreviations, see Appendix A. 

 

 

 

 

 

 

 

 UB site  LS site 

Components* 2011 2012 2013 Mean  2011 2012 2013 Mean 

Whole-canopy photosynthesis-modelling approach 

RF-day 0.89 

(0.74–1.05) 

0.89 

(0.74–1.04) 

0.76 

(0.63–0.89) 

0.85 

(0.77–0.92) 
 

0.85 

(0.78–0.92) 

0.84 

(0.78–0.91) 

0.72 

(0.66–0.78) 

0.80 

(0.77–0.85) 

ACnet 11.15 

(9.09–13.21) 

10.78 

(8.79–12.78) 

9.43 

(7.67–11.19) 

10.45 

(9.45–11.46) 
 

11.14 

(10.18–12.09) 

10.21 

(9.33–11.09) 

9.32 

(8.51–10.12) 

10.22 

(9.69–10.75) 

GPPM 12.04 

(9.97–14.11) 

11.68 

(9.67–13.67) 

10.19 

(8.42–11.96) 

11.30 

(10.29–12.31) 
 

11.99 

(11.03–12.94) 

11.06 

(10.17–11.94) 

10.04 

(9.23–10.85) 

11.03 

(10.50–11.56) 

NEPM 2.09 

(-0.14–4.32) 

2.49 

(0.35–4.63) 

1.55 

(-0.37–3.47) 

2.04 

(0.95–3.13) 
 

2.20 

(1.17–3.23) 

1.91 

(0.95–2.86) 

1.36 

(0.49–2.24) 

1.82 

(1.25–2.40) 
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Figure 2. Seasonal variations in the net CO2 assimilation rate at saturating irradiance 

(Amax, μmol CO2 m-2 s-1; a), the apparent quantum yield (α, mol CO2 mol-1 photons; b), 

and the convexity of the curve (Θ, dimensionless; c) for current- (CY) and previous-

year (PY) needle cohorts over the 3-year study period. The x-axis units represent time 

in days since January 1st, 2011. 
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Table 4. Effects of needle age on the net CO2 assimilation rate at saturating irradiance 

(Amax, μmol CO2 m-2 s-1), the apparent quantum yield (α, mol CO2 mol-1 photons), the 

convexity of the curve (Θ, dimensionless), and the ratio between the Amax of shaded 

needles to sunlit needles (Amax-shaded/Amax-sunlit). 

Needle Cohort Amax
* α* Θ* 

Amax-shaded/Amax-sunlit 

ratio+ 

Current-year (CY) 
11.30 

(0.60)b 

0.038 

(0.002)b 

0.810 

(0.007)a 

0.629 

(0.015)a 

Previous-year (PY) 
9.48 

(0.52)a 

0.032 

(0.002)a 

0.824 

(0.008)a 

0.607 

(0.014)a 

* n = 132 gas-exchange measurements (22 campaigns × 3 trees × 2 cohorts). 

+ n = 12 gas-exchange measurements (2 campaigns × 3 trees × 2 cohorts). 

For each parameter, lower-case letters (a, b) compare means between needle cohorts. 

Equal letters mean no significant differences (Fisher’s LSD test, p < 0.05). 

 

3.3.3. Expansion of the photosynthetic parameters of the non-

rectangular hyperbolic light-response model 

There were significant correlations between Amax and Ta, Ts, and SWC, which 

varied between the CY and PY needle cohorts (Supplementary Fig. S3). Thus, 

our defined models explained 57.9% of the Amax variation (after log-

transformation, SEE ≤ 0.37, log-units; Table 5) for both cohorts. We also 

observed an analogous significant positive correlation between α and Amax, 

without significant differences between both cohorts (Fig. 3). Finally, Θ was 

given a fixed value representing the average for each cohort (0.81 and 0.82 for 

CY and PY needles, respectively). 
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Table 5. Coefficients and statistics for the goodness-of-fit of the models used to predict the net CO2 assimilation rate at saturating irradiance 

(Amax, μmol CO2 m-2 s-1) of current- and previous-year needle cohorts using air temperature (Ta, ºC), soil temperature (Ts, ºC) and soil water 

content (SWC, %) as predictive variables (Eq. (6)). 

Needle Cohort a0 a1 a2 a3 a4 F p R2 SEE CF* n 

Current-year (CY) 3.860 

(0.328) 

-0.0602 

(0.0175) 

0.2480 

(0.0294) 

-0.0079 

(0.0019) 

0.0139 

(0.0066) 
34.63 <0.001 57.9 0.37 1.0699 132 

Previous-year (PY) 3.860 

(0.328) 

-0.0602 

(0.0175) 

0.2330 

(0.0294) 

-0.0079 

(0.0019) 

0.0139 

(0.0066) 

F-statistic, p-value, coefficient of determination (R2, %), standard error of estimation (SEE, log-units), and the sample data (n = 22 campaigns 

× 3 trees × 2 needle cohorts × 1 twig) of the regressions are shown. 

* Sprugel (1983) correction factor: QeCF  ;  22SEEQ  . 
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Figure 3. Relationship between the net CO2 assimilation rate at saturating irradiance 

(Amax, μmol CO2 m-2 s-1) and the apparent quantum yield (α, mol CO2 mol-1 photons) 

for current- (CY) and previous-year (PY) needle cohorts. Coefficients and statistics for 

the goodness-of-fit of the model are also described. 

 

3.3.4. Dynamics and magnitude of daily gross primary production: 

annual gross and net primary production estimates 

Daily GPPM estimates showed a unimodal seasonal pattern at both sites in 2011, 

which peaked in spring; in 2012 and 2013 these estimates exhibited a bimodal 

pattern at both sites, with a dominant peak in spring and a minor peak in autumn 

(Fig. 4). Daily GPPM estimates exceeded 0.002 Mg C ha-1 day-1 throughout the 3-

year period at both sites (Fig. 4). On average, the contribution of daily RF-day 

estimates to daily GPPM estimates ranged from about 1% (in winter) to 30% (in 

summer) between 2011 and 2013 at the UB and LS sites, respectively (Fig. 4). 

 

 

 

 

 

 

 



Chapter 4 ǀ 287 

 

 

Figure 4. Cumulative daily values (Mg C ha-1 day-1) of (a-b) whole-canopy net 

photosynthesis (ACnet) and daytime whole-canopy respiration rates (RF-day), and (c-d) 

whole-canopy gross primary production (GPPM) at the UB and LS sites over the 3-year 

study period. Points and thick lines represent the observed and smoothed cumulative 

daily values, respectively. Smoothed data points were obtained by applying a Savitzky-

Golay smoothing filter in Matlab 7.14.0 (R2012a, The MathWorks Inc., Natick, MA, 

USA). The x-axis units represent time in days since January 1st, 2011. 

 

During 2011-2013, the annual GPPM estimates at the UB site (10.19-12.04 Mg C 

ha-1 year-1) were higher (≈ 1-6%) than at the LS site (10.04-11.99 Mg C ha-1 year-

1; Table 3). Overall, comparable annual NEPM estimates were observed at both 

sites over the 3-year study period, although (except in 2011) these estimates were 

slightly higher at the UB site (difference: -0.11 to 0.58 Mg C ha-1 year-1, Table 3). 

Both sites acted as C sinks over the whole study period (NEPC estimates ranged 

from 1.55-2.49 and 1.36-2.20 Mg C ha-1 year-1 at the UB and LS sites, 

respectively). 
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3.4. Comparison of the annual gross primary production and 
net ecosystem production estimates obtained by the carbon-
mass balance versus whole-canopy photosynthesis-
modelling approaches 

Our statistical analysis indicated that the annual GPPC and NEPC estimates were 

reasonably similar to the GPPM and NEPM estimates for each site and year, 

although the correlation was slightly poorer between the two NEP estimates (Fig. 

5). Even though the GPPM-GPPC and NEPM-NEPC regression lines were close 

to the 1:1 lines, the C-mass balance approach tended to produce slightly higher 

estimates at both sites over the 3-year period (approximately 1-6% and 6-25% 

for GPP and NEP estimates, respectively, Fig. 5). 

The calculated relative departures between the Reco, GPPC, and GPPM and their 

3-year average values steadily decreased between 2011 and 2013 (Fig. 6). In 

particular, the reductions in both GPPC and GPPM were less accentuated in 2012 

at the UB site. As a result, a decreasing trend for NEPC and NEPM was observed 

only at the LS site during the study period, while the highest annual NEPC and 

NEPM estimates were observed in 2012 at the UB site (Fig. 6). 
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Figure 5. Scatter plots of (a-c) annual gross primary production based on a whole-

canopy photosynthesis-modelling approach (GPPM) versus a C-mass balance approach 

(GPPC), and (d-f) annual net primary production based on a whole-canopy 

photosynthesis-modelling approach (NEPM) versus a C-mass balance approach 

(NEPC). Dashed lines are the 1:1 lines. Black and grey lines are the first-order linear 

regressions for the UB and LS sites, respectively. R2: coefficient of determination (%), 

RMSE: root-mean-square-error (Mg C ha-1 year-1), and d: Willmott’s index of 

agreement. 



Chapter 4 ǀ 290 

 

 

Figure 6. Inter-annual variation of the ecosystem C-flux estimates: relative departures 

(%) between the annual GPP, Reco, and NEP values and their 3-year average values 

(2011-2013). 

 

4. Discussion 

4.1. Gross primary production estimates 

Over the 3-year study period, the annual GPPC and GPPM estimates observed at 

both the UB and LS sites were within the range (5-25 Mg C ha-1 year-1) estimated 

for other conifer forest ecosystems (Litton and Giardina, 2008; Luyssaert et al., 

2007; Peichl et al., 2010). It should be noted that we did not estimate the real 

annual stand-level GPP (and hence, NEP; see Section 4.2. below) in this Spanish 
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black pine forest-ecosystem because we did not include the understory vegetation 

in any of our approaches. However, the role of shrubs and herbs in GPP flux, 

which is rarely taken into account in similar stand-scale C-cycling studies (Kolari 

et al., 2006), can be considered limited in this forest ecosystem type. We further 

note that similar GPP estimates were observed at both sites between 2011 and 

2013 (Table 3); therefore, our data provide evidence that the low burn-severity 

fire did not significantly reduce the GPP estimates in this disturbed 

Mediterranean mountain ecosystem during the early (1.5-4.5 years) post-fire 

stages. Thus, this comprehensive examination of the magnitude and direction of 

changes in GPP estimates resulting from altered forest ecosystem processes helps 

to advance our understanding of the role of low burn-severity fires in the global 

C-cycle. Given that the GPP response to low-impact fires is not currently 

adequately characterised in forest ecosystems, future stand-scale C-cycling 

studies that incorporate this topic would be desirable. 

The convergence between the annual GPPC and GPPM estimates obtained at each 

site, which only differed by 1-6% when compared on an annual basis, indicates 

that both these GPP estimates are of reasonable quality. However, the whole-

canopy photosynthesis-modelling approach consistently provided lower GPP 

estimates. Thus, although the reason for this pattern is unclear, this approach, 

which has a different spatio-temporal resolution, may be more susceptible to 

methodological biases. Nonetheless, even though both approaches rely upon 

method-specific assumptions and simplifications (see Sections 4.1.1. and 4.2.1. 

below), the convergence in the results from both methods gives us greater 

confidence in the suitability of both approaches for use in future stand-scale C-

cycling studies. To our knowledge, this is the only study that directly compares 

independent GPP estimates obtained from the C-mass balance to those acquired 

from a whole-canopy photosynthesis-modelling approach. Therefore, our results 

are relevant not only because of these specific evaluation approaches tested, but 

because we identify method-specific uncertainties that should be exhaustively 

evaluated in future environmental research and/or ecological modelling work. 

 

4.1.1. Gross primary production based on the carbon-mass balance 

approach: estimates and associated uncertainties 

Our C-mass balance approach, based on a comprehensive sampling strategy, has 

two main strengths: on the one hand it systematically surveys the C pools, and 

on the other, it separately determines ANPP, TBCF, and RAa fluxes, hence 

providing valuable insights into forest C-dynamics on both counts (Luyssaert et 

al., 2009). However, this approach is limited by the laboriousness of the sampling 

procedure of the temporal and spatial variability of these C fluxes and the 
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uncertainty resulting from the steady-state assumptions it makes (Ryan et al., 

2010). 

The 3-year period annual ANPP estimates we obtained at both sites were at the 

lower end of the range (0.6-15.8 Mg C ha-1 year-1) reported for other conifer forest 

ecosystems (Litton et al., 2007). The low ANPP estimates obtained both for the 

low-burn and unburnt mature stands can be largely attributed to the decline of 

productivity with stand age (Gielen et al., 2013), but may also be related to the 

relatively low site fertility (Katayama et al., 2013; Litton et al., 2007; Ryan et al., 

2004), low soil water content in summer (Keith et al., 2009), and sparse tree 

canopies (mean annual LAI ≈ 1.4 m2 m-2) at both these sites throughout the study 

period (Fig. 1). The large inter-year variability in the ΔAGB estimates observed 

at both sites, which were derived using a combination of site-specific allometric 

equations and annual increase in DBH estimates from representative tree-ring 

width data, reflect the underlying influence of environmental parameters on the 

annual ANPP (Peichl et al., 2010). Interestingly, there were no signs of a fire-

related decline in the aboveground biomass accumulation estimates at the low 

burn-severity fire site. At both sites, the litterfall was the principal driver of ANPP 

trends between 2011 and 2013, and the annual litterfall estimates were similar to 

other conifer forest ecosystems (Almagro et al., 2010). In addition to the 

unimodal seasonal litterfall pattern frequently described for conifer forests, which 

mainly peaked in the summer at both sites (Supplementary Fig. S4), our annual 

litterfall estimates were lower for the LS site than the UB site, a pattern likely 

resulting from a lower post-fire tree density (Table 2). Our annual litterfall 

estimates may have been more accurate if we had not had to estimate data for 

un-sampled plots based on annual site-specific L/BA ratios (Supplementary 

Table S2). However, it is unlikely that this factor significantly affected our ANPP 

and/or TBCF estimates because a strong correlation between L and BA has 

previously been identified (Starr et al., 2005). 

The annual TBCF estimates we obtained between 2011 and 2013 at both sites 

fall within the range (0.6-14.6 Mg C ha-1 year-1) previously reported for other 

conifer forest ecosystems (Litton and Giardina, 2008; Litton et al., 2007). Similar 

to other studies (Almagro et al., 2010; Giardina and Ryan, 2002), our TBCF 

estimates mainly depended on the annual SR flux; thus, similar TBCF estimates 

were observed at both the UB and LS sites and were driven by comparable SR 

rates, consistent with analogous trends in Ts, SWC, litter layer, and fine-root 

biomass (Martínez-García et al., 2017b). Also as previously described (Almagro 

et al., 2010; Litton et al., 2007), while the ΔCSt had a negligible effect on TBCF 

estimates, both the annual ΔCR and annual ΔCL notably influenced TBCF 

estimates. Thus, although we observed a limited annual ΔBGBRC, the root-

derived C contribution to TBCF estimates was most strongly influenced by fine 

roots, also as previously reported (Clark et al., 2001; Katayama et al., 2013). Of 
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note, the annual ΔBGBRF at both sites remains uncertain because we did not 

sample this root size, therefore, this may have introduced some bias into our 

TBCF estimates. Because of the uncertainty of this ΔBGBRF estimate, caused by 

the relative temporal and spatial variability of this root pool, similar 

methodological constraints have universally limited the certainty of belowground 

C storage estimates (Clark et al., 2001). Even though the aboveground litter 

biomass on the forest floor is likely to decrease after a low burn-severity fire, 

removal of the burnt wood left additional fine woody material and needle litter, 

which, combined with the ongoing L after the fire, meant that the original pre-

fire levels tended to re-accumulate at the LS site (Martínez-García et al., 2017b). 

However, beyond the initial litter-load recovery period, substantially higher litter 

biomass estimates were observed at the UB site than at the LS site throughout 

the study period. This trend was a result of combined higher litterfall inputs and 

lower kc rates at the UB site, the latter being the result of drier conditions 

(Supplementary Table S4). Furthermore, our kc estimates were similar to those 

reported in other Mediterranean forest ecosystems (Almagro et al., 2010). 

However, the kc determination was based on (1) a limited number of samples for 

the SL pool, and (2) an approach (the L/SL method) that assumes that the stand 

is in a steady-state; therefore, both these factors could have introduced bias into 

the kc estimates, and hence also into our annual ΔCL estimates. In addition, 

missing annual ΔCS figures may have hampered the TBCF approach. 

Nonetheless, evidence from earlier studies suggests that the soil C pool is close 

to a steady-state in mature undisturbed forest ecosystems (Almagro et al., 2010; 

Clark et al., 2001; Gielen et al., 2013) and remains unaltered after low-level fire 

disturbances (Irvine et al., 2007; Meigs et al., 2009). Therefore, we consider that 

our assumption that annual ΔCS is negligible throughout the study period did not 

strongly bias our TBCF estimates. 

In the Spanish black pine forest-ecosystem we studied, the annual RAa estimates 

remained at the lower end of the range (1.3-25.2 Mg C ha-1 year-1) reported for 

other conifer forest ecosystems (Litton et al., 2007). In this study we accounted 

for the daytime leaf respiration inhibition in both approaches, a factor rarely 

incorporated into stand-scale C-cycling studies (Martínez-García et al., 2017a) 

and so it likely markedly improved the accuracy and convergence of our 

ecosystem C-flux estimates (Campioli et al., 2016). 

 

4.1.2. Gross primary production based on the whole-canopy 

photosynthesis-modelling approach: estimates and associated 

uncertainties 

Our whole-canopy photosynthesis-modelling approach is underpinned by an 

environmental-dependent NRH model applied to different needle-age cohorts 
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and coupled to a two-leaf scaling-up strategy, which represents a simple and 

effective method to accurately simulate GPP at the canopy-level. But, like other 

photosynthesis-modelling techniques, this approach is limited because it requires 

large sets of input data to be compiled, the calculations involved are very 

complex, and there are a number of uncertainties involved in the method-specific 

assumptions and simplifications inherent to it. 

Sunlit-shaded leaf stratification must be performed in order to obtain accurate 

whole-canopy GPP estimates (Chen et al., 2012; De Pury and Farquhar, 1997; 

Zhang et al., 2012). Thus, we based our approach on the separation of the sunlit-

shaded fractions described by De Pury and Farquhar (1997), which acknowledge 

that the internal physiological processes of both leaf groups are substantially 

different and thereby capture their spatio-temporal variations (Zhang et al., 

2012). Moreover, the canopy structure must be properly represented and 

carefully described to perform this type of sunlit and shaded-leaf stratification 

(Chen et al., 2012; Sprintsin et al., 2012). Leaf-level photosynthesis rates are 

scaled using LAI to simulate this process at the whole-canopy; therefore, 

inaccuracies in LAI estimates can produce substantial errors in whole-canopy 

GPP estimates (Mercado et al., 2006). Even though our stand-level LAI time 

series were based on a suitable combination of allometric- and MODIS-based 

LAI estimates, we may have introduced some bias into our GPPM estimates from 

these algorithms and assumptions we made when using them (Martínez-García 

et al., 2017a). In addition, the degree of foliar aggregation or clumping, which 

describes a non-random spatial leaf distribution, is also an important parameter 

for accurately separating sunlit-shaded fractions, which may vary as a function of 

tree density, crown architecture, and canopy openness between neighbouring 

crowns (Chen et al., 2012; Op de Beeck et al., 2010). Thus, foliar clumping causes 

more leaf overlapping than random leaf distribution, and hence the shaded 

fraction for the same LAI is much larger (Sprintsin et al., 2012; Zhang et al., 

2012). Although we did not take this parameter into account in our approach, we 

expect foliage clumping would have had only a limited effect on our whole-

canopy GPP estimates because of the sparsity of the tree canopy in this particular 

forest ecosystem. 

Our approach is based on integrating leaf-level photosynthesis rates into the 

whole-canopy while accounting for both the effects of leaf ageing on 

photosynthetic activity, and parameterising the main photosynthetic parameters 

(Amax, α, and Θ) which regulate the NRH light-response model. Although we 

found insignificant differences in Θ between current- and previous-year needles, 

the decline in Amax and α values with needle ageing were significant (Table 4), and 

agree with previous accounts (Op de Beeck et al., 2010; Warren, 2006). 

Therefore, in conifers, which have canopies that retain several cohorts of foliage 

(Han et al., 2008; Warren, 2006), it is especially important to account for the 
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photosynthetic variation that occurs as a function of needle life-span. In this 

study, despite our needle gas exchange sampling effort, we did not directly 

measure the photosynthetic rates in 2- and 3-year-old needles. However, these 

cohorts only represented a small fraction of the total canopy leaf area (Martínez-

García et al., 2017a) and therefore we posit that the uncertainties introduced into 

our GPPM estimates in this way were minimal. We also observed clear differences 

in Amax with respect to sunlit-shaded canopy fractions. Similar declines in Amax in 

shaded needles (≈40% lower than sunlit needles, Table 4) have been previously 

described and were associated with lower nitrogen levels per leaf-area unit in 

shaded needles (Gómez-Aparicio et al., 2006; Peters et al., 2008). However, it 

should be noted that only limited data is available for Amax in shaded needles. 

Furthermore, we assumed that both α and Θ were similar between sunlit and 

shaded canopy fractions. Thus, any future studies in Spanish black pine trees 

should aim to reduce potential bias introduced into the Anet-shaded rates measured 

for the shaded canopy fraction because of our sampling limitations. The low LAI 

in our forest ecosystem suggests that the within-canopy light-availability variation 

was low, which may indicate that the effects of the light-environment on Amax 

may also be minimal, and thus, the needle-age related decline in Amax would have 

a larger impact on the GPPM estimates in these situations. While Θ can be treated 

as constant over the whole year, similarly to others (Saito et al., 2009), both Amax 

and α showed strong seasonal variations, also similar to previous reports (Ide et 

al., 2010; Kolari et al., 2014; Mäkelä et al., 2004; Owen et al., 2007; Saito et al., 

2009); therefore, these seasonal changes in Amax and α occur as a response to the 

main interacting environmental parameters (Calama et al., 2013; Ide et al., 2010; 

Mayoral et al., 2015). Only a few researchers have predicted the behaviour of the 

NRH light-response model by using regression models to expand its 

photosynthetic parameters (Amax and α) based on the influence of different 

environmental factors (Calama et al., 2013; Mayoral et al., 2015). In this study, 

we easily modelled the observed seasonal effect of the environmental parameters 

of this Mediterranean mountain ecosystem by expanding the Amax parameter as a 

function of Ts, Ta, and SWC; an approach that could help to more simply 

simulate the needle photosynthetic rates estimated through the NRH model 

under natural field conditions over the whole year. Nevertheless, further 

development of this idea, based on data collected from different plant species 

and forest ecosystems, would still be valuable. In addition, similar to findings 

published in previous work (Kolari et al., 2014; Mäkelä et al., 2004), the 

magnitude of the NRH light-response model varied over the season but its shape 

remained constant, showing that neither Amax nor α varied independently of each 

other (Owen et al., 2007; Saito et al., 2009). Thus, our results agree with studies 

suggesting that Amax is a good predictor of α (Owen et al., 2007; Saito et al., 2009). 
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4.2. Net primary production estimates 

Both sites were consistent C sinks between 2011 and 2013; both their annual 

NEPC and NEPM estimates fluctuated around an average of 1.9 ± 2.6 Mg C ha-1 

year-1 (mean ± standard deviation), similar to that reported by Luyssaert et al. 

(2010) for forest sites in Europe. While the annual NEP estimates obtained by 

different comparative approaches often poorly agree (Gough et al., 2008; Keith 

et al., 2009), our NEPC and NEPM estimates only differed by 6 to 25% when 

compared on an annual basis. However, given that we used a single Reco data set, 

the convergence between both NEP estimates resulted directly from the strong 

correlation in GPP estimates (Section 4.1.). High inter-year variability is normal, 

given that NEP represents the small difference between the photosynthetic C 

uptake and respiratory C losses, each controlled by different combinations of 

environmental parameters (Keith et al., 2009; Peichl et al., 2010). Thus, the year-

to year variability in the annual Reco estimates was lower than in the annual GPP 

estimates at both sites (Fig. 6). The year-to-year variability in both NEP estimates 

therefore appears to be driven by the variation in GPP and is comparable to 

previous findings (Peichl et al., 2010; Reichstein et al., 2007). 

Finally, as a consequence of the slightly altered GPP (see Section 4.1.) and SR-

RAa estimates (Martínez-García et al., 2017a; Martínez-García et al., 2017b) during 

the early post-fire stages, we can conclude that the low burn-severity fire had a 

relatively low impact on the NEP estimates observed in this disturbed ecosystem. 

Comparisons of the NEP estimates between unburnt and low burn-severity fire 

sites within the same forest ecosystem have received little attention (Meigs et al., 

2009); thus, our research addresses this critical knowledge gap in this 

understudied Mediterranean mountain ecosystem type. However, further efforts 

should be made to expand our understanding of these ecosystems and the effect 

of the low-impact wildfires in similar fire-prone forest ecosystems in the 

Mediterranean basin, especially because climate change will likely increase both 

the frequency and extent of forest wildfires (IPCC, 2014), many of which may be 

low burn-severity fires. 

 

5. Conclusions 

Our results showed that the LS site exhibited slightly higher above- and 

belowground tree C stocks but lower standing litter C stocks compared to the 

UB site over the 3-year study period. Overall, while the low burn-severity fire did 

not cause a fire-related decline in either TBCF or RAa estimates, lower ANPP 

estimates were observed at the LS site, mainly due to a reduced annual litterfall 

input. Interestingly, this type of fire did not substantially alter the annual GPP, 

Reco, or NEP fluxes in this disturbed Spanish black pine forest-ecosystem during 

the early post-fire stages; showing that both the UB and LS sites were a consistent 
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C sink from 2011 to 2013. Our research helps to advance scientific understanding 

of the effect of low burn-severity fires on the global C cycle. 

This work provides evidence for the reliability of GPP estimates obtained by 

both of these laborious and independent modelling approaches. This suggests 

that our methodologies are suitable for effectively simulating GPP in future 

stand-scale C-cycling studies. However, future studies using the C-mass balance 

approach should take steps to reduce uncertainties associated with method-

specific simplifications in different ANPP and TBCF components (e.g., 

appropriately determining the annual litterfall, annual fine root production, 

aboveground litter decomposition rate, and annual increase in soil C content). 

They should also further develop the whole-canopy photosynthesis-modelling 

approach in different plant species and forest ecosystems, and reduce potential 

sources of bias derived from inaccurate LAI estimates, absence of a foliage 

clumping measurement, and from inaccurate characterization of shaded canopy 

fraction Anet-shaded rates. Therefore, both approaches still make some 

methodological assumptions that deserve exhaustive evaluation and which 

should be an important component of any future work undertaken by 

environmental researchers and/or those involved in ecological modelling. 
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Appendix A. Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

General terms 

NEP Net ecosystem production  

GPP Gross primary production  

Reco Ecosystem respiration  

GPPC 
GPP based on a carbon (C)-mass balance 

approach 
 

NEPC 
NEP based on a C-mass balance 

approach 
 

ANPP Aboveground net primary production  

TBCF Total belowground C flux  

RAa Aboveground autotrophic respiration  

GPPM 
GPP based on a whole-canopy 

photosynthesis-modelling approach 
 

NEPM 
NEP based on a whole-canopy 

photosynthesis-modelling approach 
 

NRH 
Non-rectangular hyperbolic light-response 

model 
 

UB Unburnt site  

LS Low burn-severity site  
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

C-mass balance approach 

AGB 
Aboveground biomass of tree 

components 
kg  

DBH Diameter at breast height (1.30 m) cm 

BA Basal area m2 ha-1 

L Annual litterfall at the stand-level Mg C ha-1 year-1 

ΔAGB 
Sum of the annual increase in biomass C 

of all aboveground tree components 
Mg C ha-1 year-1 

ΔAGBBole Annual increase in bole biomass C Mg C ha-1 year-1 

ΔAGBBranch Annual increase in branches biomass C Mg C ha-1 year-1 

ΔAGBFoliage Annual increase in foliage biomass C Mg C ha-1 year-1 

ANPP 
Annual aboveground net primary 

production at the stand-level 
Mg C ha-1 year-1 

E 
Annual C flux transported off the site at 

the stand-level 
Mg C ha-1 year-1 

ΔCS 
Annual increase in mineral soil C content 

at the stand-level 
Mg C ha-1 year-1 

SR Annual soil respiration at the stand-level Mg C ha-1 year-1 

BGBRC 
Belowground biomass of coarse roots(Ø 

≥ 5mm) 
kg 

ΔBGBRC 
Annual coarse root production at the 

stand-level 
Mg C ha-1 year-1 

ΔBGBRF 
Annual fine root production at the stand-

level 
Mg C ha-1 year-1 

ΔCR 
Annual increase in root biomass C 

content at the stand-level 
Mg C ha-1 year-1 

Ld 
Annual aboveground litter decomposition 

C loss 
Mg C ha-1 year-1 

kc 
Annual aboveground litter decomposition 

rate 
year-1 

SL 
Mean annual forest floor standing litter 

pool 
Mg C ha-1 
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

C-mass balance approach 

ΔCL 

Annual increase in aboveground litter 

biomass C content on the forest floor at 

the stand-level 

Mg C ha-1 year-1 

ΔCSt 
Annual C loss from fire-killed tree stumps 

at the stand-level 
Mg C ha-1 year-1 

TBCF 
Annual total belowground C flux at the 

stand-level 
Mg C ha-1 year-1 

RW 
Annual CO2 efflux of the total wood 

(stem + branches) at the stand-level 
Mg C ha-1 year-1 

RF 
Annual whole-canopy foliar respiration at 

the stand-level 
Mg C ha-1 year-1 

RAa 
Annual aboveground autotrophic 

respiration at the stand-level 
Mg C ha-1 year-1 

Reco 
Annual ecosystem respiration at the 

stand-level 
Mg C ha-1 year-1 

GPPC 
Annual gross primary production at the 

stand-level 
Mg C ha-1 year-1 

NEPC 
Annual net ecosystem production at the 

stand-level 
Mg C ha-1 year-1 

Whole-canopy photosynthesis-modelling approach 

β Solar elevation º 

K↓ Incoming shortwave radiation  W m-2 

PAR Photosynthetically-active radiation  μmol photons m-2 s-1 

kb Extinction coefficient of beam irradiance  

LAI Leaf area index  m2 m-2 

LAIa Semi-direct allometric LAI m2 m-2 

fsunlit Sunlit fraction of the canopy  

fshaded Shaded fraction of the canopy  

CY Current-year needles  

PY Previous-year needles  

LAIsunlit-CY 
LAI attributed to CY needles of the sunlit 

fraction of the canopy 
m2 m-2 
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

Whole-canopy photosynthesis-modelling approach 

LAIsunlit-PY 
LAI attributed to PY needles of the sunlit 

fraction of the canopy 
m2 m-2 

LAIshaded-CY 
LAI attributed to CY needles of the 

shaded fraction of the canopy 
m2 m-2 

LAIshaded-PY 
LAI attributed to PY needles of the 

shaded fraction of the canopy 
m2 m-2 

APAR 
Absorbed photosynthetically-active 

radiation 
μmol photons m-2 s-1 

Anet Net CO2 assimilation rate μmol CO2 m–2 s–1 

Rfd Needle respiration in darkness μmol CO2 m–2 s–1 

Amax 
Net CO2 assimilation rate at saturating 

irradiance of 1800 μmol photons m-2 s-1 
μmol CO2 m–2 s–1 

Rfl Needle respiration in light μmol CO2 m–2 s–1 

Amax-shaded-CY Amax of CY shaded needles μmol CO2 m–2 s–1 

Amax-shaded-PY Amax of PY shaded needles μmol CO2 m–2 s–1 

α Apparent quantum yield  
mol CO2 mol-1 

photons 

Θ 
Convexity parameter of the NRH light-

response model 
 

Ta Air temperature ºC 

Ts Soil temperature ºC 

SWC Soil water content % 

Amax-shaded Amax of shaded needles μmol CO2 m–2 s–1 

Amax-sunlit Amax of sunlit needles μmol CO2 m–2 s–1 

Anet-sunlit-CY 
Half-hourly Anet rates of CY needles of 

the sunlit fraction of the canopy 
μmol CO2 m–2 s–1 

Anet-sunlit-PY 
Half-hourly Anet rates of PY needles of 

the sunlit fraction of the canopy 
μmol CO2 m–2 s–1 

Anet-shaded-CY 
Half-hourly Anet rates of CY needles of 

the shaded fraction of the canopy 
μmol CO2 m–2 s–1 

Anet-shaded-PY 
Half-hourly Anet rates of PY needles of 

the shaded fraction of the canopy 
μmol CO2 m–2 s–1 
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units 

Whole-canopy photosynthesis-modelling approach 

ACnet Annual whole-canopy net photosynthesis 

at the stand-level 
Mg C ha-1 year-1 

RF-day 
Annual daytime whole-canopy foliar 

respiration at the stand-level 
Mg C ha-1 year-1 

GPPM Annual gross primary production at the 

stand-level 
Mg C ha-1 year-1 

NEPM Annual net ecosystem production at the 

stand-level 
Mg C ha-1 year-1 
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Appendix B. Supplementary material 

 

Supplementary methods and results 

1. Estimation of the mean forest stand age of the study area 

To estimate the mean forest stand age of the study area, the age of trees at both 

the UB and LS sites was determined from counts of annual growth tree-rings 

obtained from increment core samples described in Section 2.2. in the 

Manuscript. Afterwards, we defined an allometric relationship (Eq. (1)) to predict 

the tree age (years) as a function of the diameter at breast height (DBH, 1.30 m; 

cm). 

03.115.4 DBHageTree  ; R2 = 90.1, SEE = 0.2, p < 0.001, n = 54     (1) 

Then, this allometric relationship was applied to individual tree data from the UB 

and LS plots obtained from the field survey carried out in January 2011 to obtain 

their mean forest stand age (years). 

 

2. Estimation of the incident diffuse and direct photosynthetically-active 

radiation (PAR) 

The incoming shortwave radiation (K↓, W m-2) was divided into direct and diffuse 

components as described in Samson et al. (1997). At first, the extra-terrestrial 

solar radiation (I0) was calculated according to Paltridge and Platt (1976) (Eq. (2)). 

2

0
0 1367 










r

r
I                                              (2) 

Where 1367 is the solar constant (W m-2), r0 is the mean earth-sun distance, and 

r is the actual sun-earth distance depending on the day of the year. 

According to Duffie and Beckman (1991), an approximate equation for the effect 

of the earth-sun distance was given by Eq. (3). 

       

 b

bbbrr

2sin000077.0

2cos000719.0sin001280.0cos034221.000011.1
2

0




 (3) 

Where   36512  ndb  (radians) and dn is the day of the year. 

Then, the half-hourly atmospheric transmittance of the solar radiation was 

calculated as the ratio of the half-hourly K↓ radiation (measured on top of a 27-

m-tall meteorological tower, see Section 2.3. in the Manuscript) to the half-hourly 

I0 radiation. The fraction of diffuse radiation in K↓ can be represented as D (De 
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Jong, 1980), which can be defined in relation to the atmospheric transmittance 

(Eq. (4)-(9)). 

1D                                                                       if K↓/I0 ≤ 0.22                          (4) 

 20 22.04.61   IKD                                   if 0.22 < K↓/I0 ≤ 0.35               (5) 

 066.147.1 IKD                                          if 0.35 < K↓/I0 ≤ P                    (6) 

ND                                                                      if P < K↓/I0                               (7) 

With, 

  66.147.1 NP                                             (8) 

2sin04.1sin61.1847.0  N                               (9) 

Where β is the solar elevation (see Section 2.5.1.1. in the Manuscript). 

Finally, the incoming photosynthetically-active radiation (PAR) was divided into 

diffuse and direct components as described in Samson et al. (1997), accepting 

that the fraction of PAR in the K↓ radiation is constant (43%). 

  DKPARdirect   143.061.4                              (10) 

  DKPARdiffuse   43.007.061.4                          (11) 

Where 4.61 is the conversion factor between W m-2 and μmol photons m-2 s-1, 

PARdirect and PARdiffuse are the direct and diffuse PAR, respectively, K↓ is the 

incoming shortwave radiation and D the fraction of diffuse K↓. 
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Supplementary tables 

Table S1. Mean forest stand age of the study area at the beginning of the present study 

in January 2011. 

Site Nº Plot Forest stand age (years) 

UB 1 138 

UB 2 100 

UB 3 112 

UB 4 149 

UB 5 81 

UB 6 76 

UB 7 81 

UB 8 88 

UB 9 105 

   
LS 1 91 

LS 2 109 

LS 3 86 

LS 4 97 

LS 5 82 

LS 6 103 

LS 7 81 

LS 8 96 

LS 9 76 

   
Study Area  97 (5) 

Forest stand age of the study area (mean value with standard error in brackets) was 

averaged from all the individual plot of each study site. All living trees with diameter at 

breast height (DBH, 1.30 m; cm) ≥5 cm were included. n = 9 plots at each site. 
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Table S2. Annual site-specific ratios between the annual litterfall (L, Mg C ha-1 year-1) 

and the basal area (BA, m2 ha-1) to estimate the annual litterfall of the un-sampled plots 

at the UB and LS sites. 

Site Nº Plot Year L BA Ratio L/BA Mean ratio L/BA 

UB 

1 2011 1.52 57.55 0.026 0.041 
2 0.96 17.22 0.056 

1 2012 3.02 57.79 0.052 0.079 
2 1.83 17.40 0.105 

1 2013 1.32 58.05 0.023 0.028 
2 0.58 17.56 0.033 

       

LS 

1 2011 1.28 37.32 0.034 0.030 
7 0.82 31.81 0.026 

1 2012 1.59 37.60 0.042 0.041 
7 1.28 32.12 0.040 

1 2013 0.79 37.86 0.021 0.022 
7 0.71 32.42 0.022 
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Table S3. Monthly litterfall fraction (mean value with standard error in brackets) for the UB and LS sites between 2011 and 2013. 

Site Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

UB 2011 0.056 

(0.022) 

0.051 

(0.015) 

0.042 

(0.006) 

0.036 

(0.001) 

0.060 

(0.001) 

0.033 

(0.006) 

0.111 

(0.006) 

0.206 

(0.010) 

0.092 

(0.010) 

0.111 

(0.012) 

0.130 

(0.010) 

0.075 

(0.008) 

UB 2012 0.040 

(0.006) 

0.081 

(0.012) 

0.025 

(0.002) 

0.030 

(0.001) 

0.044 

(0.004) 

0.064 

(0.001) 

0.104 

(0.009) 

0.417 

(0.037) 

0.072 

(0.009) 

0.054 

(0.012) 

0.048 

(0.012) 

0.024 

(0.010) 

UB 2013 0.066 

(0.019) 

0.059 

(0.012) 

0.048 

(0.002) 

0.020 

(0.006) 

0.025 

(0.006) 

0.036 

(0.003) 

0.066 

(0.005) 

0.147 

(0.010) 

0.123 

(0.002) 

0.164 

(0.002) 

0.159 

(0.004) 

0.090 

(0.001) 

              
LS 2011 0.033 

(0.004) 

0.029 

(0.004) 

0.030 

(0.005) 

0.043 

(0.005) 

0.043 

(0.005) 

0.034 

(0.002) 

0.151 

(0.002) 

0.244 

(0.018) 

0.104 

(0.003) 

0.101 

(0.009) 

0.094 

(0.011) 

0.099 

(0.009) 

LS 2012 0.035 

(0.010) 

0.073 

(0.025) 

0.027 

(0.001) 

0.032 

(0.006) 

0.046 

(0.017) 

0.083 

(0.010) 

0.114 

(0.002) 

0.399 

(0.006) 

0.091 

(0.006) 

0.045 

(0.003) 

0.033 

(0.001) 

0.022 

(0.004) 

LS 2013 0.039 

(0.003) 

0.033 

(0.002) 

0.030 

(0.001) 

0.027 

(0.002) 

0.034 

(0.003) 

0.050 

(0.016) 

0.083 

(0.013) 

0.173 

(0.003) 

0.163 

(0.012) 

0.156 

(0.025) 

0.129 

(0.017) 

0.086 

(0.006) 

 

Table S4. Mean annual values of air temperature (Ta, ºC), soil temperature (Ts, ºC), and soil water content (SWC, %) at the UB and LS sites 

(mean values with standard errors in brackets). 

 Ta (ºC)  Ts (ºC)  SWC (%) 

Site 2011 2012 2013  2011 2012 2013  2011 2012 2013 

UB 11.1 (0.4)b 10.6 (0.4)ab 9.7 (0.4)a  11.1 (0.3)b 10.5 (0.3)ab 9.7 (0.3)a  27.5 (0.7)a 29.1 (0.7)ab 29.6 (0.6)b 

LS 10.8 (0.4)b 10.3 (0.4)ab 9.4 (0.4)a  11.1 (0.4)b 10.6 (0.4)ab 9.8 (0.4)a  29.0 (0.7)a 30.6 (0.7)ab 31.6 (0.6)b 

For each site and parameter, lower-case letters (a, b) compare means between years. Equal letters mean no significant differences (Fisher’s 

LSD test, p < 0.05). 
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Table S5. Mean aboveground litter decomposition rates (kc, year-1) estimated between 

2011 and 2013 at the UB and LS sites. Equation form is SLLkc  , where L is the 

annual litterfall (Mg C ha-1 year-1) and SL is the mean annual forest floor standing litter 

pool (Mg C ha-1). 

Site Nº Plot Year SL L kc 

UB 1 2011 4.73 1.52 0.32 

UB 1 2012 4.97 3.02 0.61 

UB 1 2013 4.09 1.32 0.32 

      
LS 1 2011 2.78 1.28 0.46 

LS 1 2012 3.09 1.59 0.52 

LS 1 2013 2.32 0.79 0.34 
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Supplementary figures 

 

Figure S1. Location of the wildfire (a), division of the study area into burn severity 

classes (b), and the study sites locations (c). UB: unburnt site, and LS: low burn-

severity site. Inventory plots (15-m radius) are represented by grey circles. Thick black 

lines are the contour lines (20 m intervals). Burn severity was described by the 

differenced Normalized Burn Ratio index (dNBR, Key and Benson (2006)) 

classification: i) green: unburnt, ii) yellow: low burn-severity, iii) orange: moderate 

burn-severity, and iv) red: high burn-severity. 
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Figure S2. Seasonal variations in the daily mean values of (a-b) the leaf area index of 

the sunlit- and shaded needles (LAIsunlit and LAIshaded, respectively; m2 m-2 day-1), and 

(c-d) the fraction of absorbed photosynthetically-active radiation of the total canopy, 

sunlit needles, and shaded needles (fAPARtotal, fAPARsunlit, and fAPARshaded, 

respectively; dimensionless) at the UB and LS sites over the 3-year study period. The x-

axis units represent time in days since January 1st, 2011. 
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Figure S3. Relationships between the net CO2 assimilation rate at saturating irradiance 

(Amax, μmol CO2 m-2 s-1) versus (a) the air temperature (Ta, ºC), (b) the soil 

temperature (Ts, ºC), and (c) the soil water content (SWC, %) for current- (CY) and 

previous-year (PY) needle cohorts. Coefficients and statistics for the goodness-of-fit of 

the models are shown. n = 132 needle gas-exchange measurements (22 campaigns × 3 

trees × 2 needle cohorts × 1 twig). 
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Figure S4. Mean monthly litterfall (L, Mg C ha-1 month-1) at the UB and LS sites 

between 2011 and 2013. n = 9 plots at each site. Error bars represent the standard 

error of the mean. The x-axis units represent time in months since January. 



Chapter 4 ǀ 317 

 

Supplementary material references 

De Jong, J.B.R.M., 1980. Een karakterisering van de zonnestraling in nederland. 
Doctoraalverslag vakgroep fysische aspecten van de gebouwde omgeving afd. 
Bouwkunde en vakgroep warmte- en stromingstechnieken afd. Werktuigbouwkunde, 
technische hogeschool (techn. Univ.) Eindhoven, Netherlands, 97+67 pp. (in Dutch). 

Duffie, J.A. and Beckman, W.A., 1991. Solar engineering of thermal processes. 2nd edn. J. 
Wiley and Sons, New York. 

Key, C.H. and Benson, N.C., 2006. Landscape assessment: Ground measure of severity, the 
composite burn index; and remote sensing of severity, the normalized burn ratio. In: 
Lutes, D.C. et al. (Eds.), Firemon: Fire effects monitoring and inventory system. USDA 
Forest Service, Rocky Mountain Research Station, Ogden, UT. Gen. Tech. Rep. RMRS-
GTR-164-CD: LA 1-51. . 

Paltridge, G.W. and Platt, C.M.R., 1976. Radiative processes in meteorology and climatology. 
Elsevier Scientific Publishing Company, Amsterdam, Oxford, New York. 

Samson, R., Follens, S. and Lemeur, R., 1997. Scaling leaf photosynthesis to canopy in a 
mixed deciduous forest. I. Model description. Silva Gandavensis, 62: 1-21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 ǀ 318 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(This page intentionally left blank) 



 

Chapter 5 
 

 

Carbon exchange dynamics during the 
early post-fire stages in a Spanish black 

pine forest: Evidence from year-round 
eddy covariance flux measurements 

 

Eduardo Martínez-García, Francisco Ramón López-Serrano, 
Francisco Antonio García-Morote, Manuela Andrés-Abellán,      

Heli Miettinen, Eva Rubio 

 

 

Manuscript ready for submission (2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(This page intentionally left blank)



Chapter 5 ǀ 321 

 

Abstract 

Many studies have examined the net ecosystem carbon (C) exchange (NEE) of 

several forest ecosystems across a large range of climatic zones, ecological 

disturbances, and management practices based on eddy covariance (EC) 

measurements; however, the role of fire on NEE dynamics in Mediterranean 

forest ecosystems during the early post-fire stages is largely unexplored. To fill 

this gap, we assessed the NEE and its components during the early post-fire 

stages (2.5 to 3.5 years post-burn) in a burnt and logged Spanish Black pine (Pinus 

nigra Arn. ssp. salzmannii) forest at a low burn-severity (LS) and a high burn-

severity (HS) sites using year-round (January-December 2012) EC 

measurements. Applying widely-used post-processing, gap-filling and 

partitioning EC data approaches, we also analysed the daily and seasonal variation 

of the gross primary production (GPP) and ecosystem respiration (Reco) to 

interpret the differences in the measured C fluxes and underlying processes. 

Our results indicate that the LS site was a moderate C sink (-2.69 Mg C ha-1 year-

1) compared to the HS site, which was a moderate C source (2.08 Mg C ha-1 year-

1) for the period January-December 2012. This work provides evidence that while 

the low burn-severity fire did not substantially alter the GPP, Reco, and NEE 

estimates compared to a nearby unburnt site, the high burn-severity fire had a 

strong effect on the ecosystem C-exchange. The sparse grassland evolved at the 

HS site yielded a cumulative annual GPP 60% lower than at the mature pine 

forest ecosystem at the LS site. Interestingly, the cumulative annual Reco at the 

HS site was only 22% lower than at the LS site, mainly driven by the enhanced 

heterotrophic respiration caused by a high decomposition of the decaying stump 

roots at this site during the year 2012. Our findings provide new insights on the 

medium-term dynamics of post-fire NEE and its components on an 

underrepresented Mediterranean forest ecosystem, which shows a slow 

vegetation recovery after fire, especially after severe fire events. Thus, building 

on this work, we point toward longer EC monitoring is needed beyond the early 

post-fire years to additional understanding of the inter-annual variability of the C 

sink/source strength in this disturbed forest ecosystem. 

 

Keywords 

Net ecosystem exchange; Gross primary production; Ecosystem respiration; 

Burn severity; Salvage logging; Mediterranean mountain ecosystem 
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1. Introduction 

The increase in the atmospheric concentration of carbon dioxide (CO2) since 

1750 is the major factor responsible for the current global warming trend 

(Archer, 2010; Galvagno et al., 2017). Terrestrial carbon (C) sink ecosystems 

sequester roughly 26% of the yearly anthropogenic global CO2 emissions (Le 

Quéré et al., 2009), which has been mainly attributed to the world’s forest 

ecosystems over the last two decades (Pan et al., 2011). Thus, it is essential to 

understand the processes, feed-backs and climatic driving factors that modulate 

the C sink capacity of forest ecosystems given their implications in the global 

carbon cycle and climate change mitigation (Pan et al., 2011; Xu et al., 2014). 

In this context, the micrometeorological eddy-covariance (EC; see Appendix A 

for a list of abbreviations) technique (Baldocchi, 2003) has become in recent 

decades as the widely-used methodology for the direct measurement of the 

transport of gases and energy between land and the atmosphere (Burba, 2013). 

The EC technique provides direct and non-invasive measurements of the net 

ecosystem exchange of CO2 rates (NEE, with -NEE referred to as net ecosystem 

productivity, NEP) at high temporal resolution (typically half-hourly time step) 

and ecosystem scale (100 m to 1 km) (Baldocchi, 2003; Galvagno et al., 2017). 

EC practitioners have usually attempted to partition the NEE into its two 

offsetting terms, ecosystem photosynthetic CO2 uptake (gross primary 

production, GPP), and ecosystem respiration (Reco) (Papale et al., 2006; 

Reichstein et al., 2005). Thus, the fact that NEE is the result of the imbalance of 

two large fluxes, its variability is sensitive to small relative changes in these terms 

(Hinko-Najera et al., 2016). Thanks to the FLUXNET micrometeorological 

network (with more than 600 EC flux stations, http://fluxnet.fluxdata.org/; 

Papale et al. (2015)), a large array of ecosystems across biomes has been studied 

in the context of their C exchange and annual C sink or source behaviour 

(Serrano-Ortiz et al., 2009). In this way, while our understanding of ecosystem 

functioning across a large range of climatic zones has improved considerably over 

the last decade through continuous and long-term time series of CO2 fluxes 

(Baldocchi, 2014; Galvagno et al., 2017), forest ecosystems bordering the 

Mediterranean basin have received much less attention in global terrestrial C 

estimates (Allard et al., 2008). Furthermore, much less is known about how 

evergreen coniferous forests as the Spanish black pine forests may contribute to 

the global C sink and can response to ecological disturbances (flooding, insects, 

windstorms, wildfires, etc…). It is therefore essential to fill the existing gap in 

the ecosystem C-exchange assessment of one of the most representative forest 

ecosystems in the mountain areas of the Central Iberian Peninsula, which has 

been predicted to be seriously affected by climate change (López-Serrano et al., 

2009; Martin-Benito et al., 2011). 

http://fluxnet.fluxdata.org/
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Wildfire is the predominant natural disturbance in a variety of forest ecosystems 

worldwide, in particular in the fire-prone ecosystems in the Mediterranean basin 

(Certini et al., 2011). This disturbance can have a significant effect on the C 

balance of these Mediterranean ecosystems, both by directly releasing C into the 

atmosphere via vegetation and litter combustion and by altering C flux 

components which can last for variable periods, from a few years to decades 

following the wildfire (Dore et al., 2008). The response of the NEE and its 

components to fire depends largely on the burn severity (also referred to as fire 

severity) and the rate of post-fire tree regeneration, which together can determine 

the recovery pathways followed by the forest ecosystem (Castro et al., 2011; Dore 

et al., 2008; Marañón-Jiménez et al., 2011). In addition, the post-fire NEE may 

also differ as a consequence of the subsequent post-fire burnt-wood management 

practices (i.e., salvage logging), whether by a direct effect on vegetation cover and 

development or as mediated by the amount and composition of burnt logs, snags 

and/or woody debris (Serrano-Ortiz et al., 2011). Based on EC measurements, 

the FLUXNET dataset has a significant bias in fire affected ecosystems 

representation (see web site http://fluxnet.fluxdata.org). Accordingly, while the 

effects of fires on the C balance of burnt areas have been sparsely assessed in 

long-term synchronic EC studies using chronosequences (Amiro et al., 2010; 

Goulden et al., 2011), the nature of the C fluxes immediately following fire has 

been less studied by the EC technique. Therefore, early (1-5 years post-fire) 

comprehensive diachronic studies describing the trajectory of C storage are 

essential to allow scaling of patterns of C sequestration across the disturbed 

landscape. In addition, several studies in different ecosystems have reported a 

strong alteration of C fluxes by high burn-severity fires, shifting the ecosystem 

from a sink to a source of C to the atmosphere (Amiro et al., 2010; Irvine et al., 

2007; Mkhabela et al., 2009; Rocha and Shaver, 2011). However, far less attention 

has been directed towards low burn-severity fires that can have a short-term, 

reduced impact on the ecosystem C-exchange (Meigs et al., 2009). Thus, there is 

an increasing need to understand how fire influences the NEE and its 

components at an understudied Mediterranean ecosystem as the Spanish black 

pine forest during its early post-fire stages. 

The overall aim of this work was to quantify the ecosystem C-exchange year-

round (2012) at both low and high burn-severity sites located in a mature and 

salvage-logged Spanish Black pine (Pinus nigra Arn. ssp. salzmannii) forest and to 

gain an understanding of its temporal C exchange dynamics thereof by using the 

EC technique and a flux partitioning model commonly used by the FLUXNET 

community (Reichstein et al., 2005). Specifically, the objectives were: (1) to 

compare daily and seasonal variation in GPP, Reco, and NEE fluxes at both low- 

and high-severity burnt and logged sites, and 2) to assess and compare the 

impacts of fire on annual estimates of NEE and its component fluxes across both 

sites within a recently burnt Mediterranean mountain ecosystem. 

http://fluxnet.fluxdata.org/
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2. Material and methods 

2.1. Study area 

The study was conducted in a Spanish Black pine forest stand located at the 

Cuenca Mountain Range Natural Park (Castilla-La Mancha Region, central-

eastern Spain; 1400 m a.s.l.), where a large natural wildfire burnt ca. 1800 ha in 

July 2009 (Fig. 1). The climate is typical continental Mediterranean, with warm, 

dry summers and cold, rainy winters with mean annual air temperature and 

precipitation of 10.1ºC and 647 mm, respectively (average 30-year 1980-2010) 

(Martínez-García et al., 2017c). The study area is dominated by a hilly landscape. 

According to the USDA soil taxonomy (Soil-Survey-Staff, 1999), soil is classified 

as typic rendoll-calcic haploxeroll, characterized by being a shallow soil over 

calcareous hard rock with frequent rock outcrops (Martínez-García et al., 2015). 

Spanish black pines dominate the upper canopy layer, with Scots pine (Pinus 

sylvestris L.), Lusitanian oak (Quercus faginea Lam.), and Spanish juniper (Juniperus 

thurifera L.) also present. The forest understory consists of shrub-type vegetation 

and grasses, including Juniperus communis L., Juniperus oxycedrus L., Crataegus 

monogyna Jacq., Buxus sempervirens L., Brachypodium retusum (Pers.) Beauv., and 

Dactilis glomerata L. 

Two experimental sites (about 500 m apart; Fig. 1) were established in January 

2011 based on a burn-severity map and calculated using the differenced 

Normalized Burn Ratio index (dNBR, Key and Benson (2006); Fig. 1). Thus, we 

defined (1) a low burn-severity site (LS) and (2) a high burn-severity site (HS). 

The LS site had a relatively flat topography (mean slope ≈ 5%), while the HS site 

was characterized by a gently sloping topography (mean slope ≈ 10%). Neither 

site had a strictly ideal topography for EC measurements, but we consider that 

they are as suitable as most other existing flux sites located at mountainous areas. 

Both sites were similar in elevation, soil type, and pre-fire stand characteristics 

(Martínez-García et al., 2017b; Martínez-García et al., 2015). Wildfire-induced 

tree mortality was 40 (mainly small trees) and 100% at the LS and HS sites, 

respectively (Martínez-García et al., 2015). Conventional salvage logging was 

performed at the burnt sites by the local Forest Service between August and 

December 2010; all the burnt trees were felled and the logs were removed with a 

log forwarder while remaining woody debris (branches and small snags) were 

chipped at the roadside by machine (Martínez-García et al., 2017c). After the fire 

and logging, the vegetation composition at the LS site was similar to the unburnt 

forest (described above; Supplementary Fig. S1). However, vegetation at the HS 

site was principally represented by herbs (Eryngium campestre L., Picnomon acarna L., 

Euphorbia nicaeensis All. and Brachypodium retusum (Pers.) Beauv.) and sparse shrubs 

(Juniperus communis L. and Berberis hispanica Boiss. & Reut.) (Supplementary Fig. 

S1). 
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Figure 1. Location of the wildfire (a), division of the study area into burn severity 

classes (b), and eddy covariance (EC) system locations into the area of interest (AOI) 

of each study sites (c). LS: low burn-severity site, and HS: high burn-severity site. Thick 

black lines are the contour lines (20 m intervals). Burn severity was described by the 

differenced Normalized Burn Ratio index (dNBR, Key and Benson (2006)) 

classification: i) green: unburnt, ii) yellow: low burn-severity, iii) orange: moderate 

burn-severity, and iv) red: high burn-severity. Maps were produced using ArcGIS® 

(version 9.3.) software (ESRI Inc., Redlands, CA, USA). 

 

2.2. Meteorological and eddy covariance measurements: 
Data collection, quality controls and post-processing 

In this study we used flux and meteorological data acquired throughout 2012 by 

analogue EC systems and complementary sensors (Table 1) installed at each 

study site: (1) EC system at the LS site (ECLS; UTM position X: 588041, Y: 

4456249, ETRS89 UTM 30N; site code “ES-CMu” of the European Fluxes 

Database Cluster, http://www.europe-fluxdata.eu/), and (2) EC system at the 

http://www.europe-fluxdata.eu/
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HS site (ECHS; UTM position X: 587754, Y: 4456938, ETRS89 UTM 30N; site 

code “ES-CMb” of the European Database Cluster). Both EC systems were 

mounted to a guyed steel-lattice tower (Mod. 360, Televés S.A., Santiago de 

Compostela, Spain) of 27- and 9-m height for the ECLS and ECHS systems, 

respectively (Supplementary Fig. S1). 

The fluxes of CO2 (Fc, μmol CO2 m
-2 s-1), latent heat (LE, W m-2), and sensible 

heat (H, W m-2) were calculated from raw data acquired at 10 Hz frequency and 

binned in 30-min data files. Analogously, meteorological variables were recorded 

at 1 Hz frequency, averaged/summed (rainfall) to 10-min by the data logger, 

which were subsequently averaged/summed (rainfall) at 30-min intervals. Night-

time hours were selected using a global radiation (Rg) threshold of 20 W m-2 

(Galvagno et al., 2017). Both fluxes and meteorological data were downloaded 

monthly or bi-monthly when serviced. 
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Table 1. Variables measured at each eddy covariance (EC) system together with the sensors and data loggers used and their installation height. 

ECLS: EC system at the low burn-severity site, and ECHS: EC system at the high burn-severity site. 

Variable Sensor/Data logger ECLS ECHS 

 Eddy Covariance System (10 Hz)   

Wind speed (3-D) and 

sonic temperature 
A 3-axis sonic anemometer (81000, R.M. Young Inc., Traverse City, MI, USA) 26.5 m 8.5 m 

Fc, LE, and H An open-path infrared gas analyser (Li-7500A, Li-Cor Inc., Environmental Division, Lincoln, 

NE, USA) 
26.5 m 8.5 m 

Data logger An analyser interface unit (LI-7550, Li-Cor Inc., Environmental Division, Lincoln, NE, USA) 24.0 m 6.0 m 

Power supply 
Three (ECLS) and four (ECHS) solar panels 100W (Atersa S.L., Valencia, Spain) and a 12VDC 

(230 Ah) deep-cycle battery unit (S12-230 Sonnenschein, Exide Technologies GmbH, 

Büdingen, Germany) 

1.4 m 1.4 m 

    
 Meteorological and Soil Measurements (1 Hz)   

Air temperature A thermohygrometer (STH-S331, Geónica S.A., Madrid, Spain) 26.5 m 8.5 m 

Air relative humidity A thermohygrometer (STH-S331, Geónica S.A., Madrid, Spain) 26.5 m 8.5 m 

Net radiation A 4-component net radiometer (NR-01, Hukseflux Thermal Sensors Inc., Delft, the 

Netherlands) 
26.5 m 8.5 m 

Photon flux density A photosynthetically active radiation sensor (Li-190SZ, Li-Cor Inc., Environmental Division, 

Lincoln, NE, USA) 
26.5 m 8.5 m 

Wind speed/direction A wind monitor (05103, R.M. Young Inc., Traverse City, MI, USA) 26.5 m 8.5 m 

Soil temperature Two soil temperature probes (STS-5031, Geónica S.A., Madrid, Spain) -10 cm -10 cm 

Soil water content Two soil water content probes (ECH2O EC-10, Decagon Devices Inc., Pullman, WA, USA) -10 cm -10 cm 

Soil heat flux Four soil heat flux plates (HFP01, Hukseflux Thermal Sensors Inc., Delft, the Netherlands) -7 cm -7 cm 

Rainfall A tipping bucket (0.1 mm) rain gauge (52202, R.M. Young Inc., Traverse City, MI, USA) 1.4 m 1.4 m 

Data logger Two analyser interface units (Meteodata 3000C, Geónica S.A., Madrid, Spain) 1.6 m 1.6 m 
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We used the open source EddyPro® (version 6.1.0) software (Li-Cor Inc., 

Environmental Division, Lincoln, NE, USA) for offline computation of flux data 

from EC systems. Data were preconditioned and corrected, and quality control 

tests were run according to the defaults setting of the Express Mode of 

EddyPro®: double axis rotation for sonic anemometer tilt correction, block 

averaging for detrending of raw time series, covariance maximization with 

circular correlation for time lag compensation, despiking (Vickers and Mahrt, 

1997), compensation for air density fluctuations (Webb et al., 1980), correction 

for high- and low-pass filtering effects (Moncrieff et al., 2004; Moncrieff et al., 

1997), and quality control tests for steady state and turbulence (Foken et al., 2004; 

Mauder and Foken, 2004). A four-step procedure quality control (QC) of EC 

flux data was assured by: (1) selecting quality control flags 0 and 1 from 

EddyPro® outputs following the standard procedure used in Carboeurope-IP 

project (QC1; Mauder and Foken (2004)), (2) rejecting potentially spurious values 

(out of the range: -40 to 15 μmol CO2 m
-2 s-1 for Fc, -100 to 1000 W m-2 for LE 

and H, QC2), (3) rejecting anomalous flux data associated with dust, rain, or dew 

events (automatic gain control (AGC) >70%, QC3; Serrano-Ortiz et al. (2009)), 

and (4) rejecting negative flux data when Rg ≤ 1 W m-2 (unrealistic night-time 

CO2 uptake, QC4; Fei et al. (2017)). 

Data gaps originating from power or instrument failures accounted for 10.0 and 

7.7% during the daytime at the ECLS and ECHS systems, respectively. However, 

these data gaps were significantly higher during the night-time period at both 

systems (43.0 and 35.3% at the ECLS and ECHS systems, respectively; Table 2). 

QC data filter removed extra 10.5 and 19.0% data at the ECLS for daytime and 

night-time periods, respectively, and 8.9 and 21.8% data at the ECHS for daytime 

and night-time periods, respectively (Table 2). 
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Table 2. Percentage of data loss/filter, night-time Fc data partially gap-filled and final 

data coverage over the study period at both EC systems. Data were represented during 

daytime and night-time periods. 

 Percentage of data (%) 

 ECLS  ECHS 

Data loss/filter Daytime Night-time  Daytime Night-time 

Power and instrument 

failure, maintenance 
10.0 43.0 

 
7.7 35.3 

QC1 4.3 8.7  6.8 11.4 

QC2 4.3 4.1  2.1 2.1 

QC3 1.9 2.2  0.0 0.0 

QC4 0.0 4.0  0.0 8.2 

Fc filtered outside the 

area of interest (AOI) 
13.6 25.4 

 
11.1 25.8 

u* filtering 0.0 1.5  0.0 2.1 

Night-time Fc data 

partially gap-filled 
0.0 15.3 

 
0.0 15.1 

Final data coverage 65.9 26.4  72.3 30.2 

 

2.3. Footprint analysis 

Each EC system was located into an area of interest (AOI; Fig. 1) in order to 

focus on a representative ecosystem dominated by a homogeneous burn severity 

at each site and to avoid a possible impact of other burn severities. At the LS site, 

the AOI covers 15.9 ha and its mean extension is 130, 220, 230, and 220 m from 

the tower to the northern, eastern, southern, and western directions. At the HS 

site, the AOI covers 25.5 ha and its mean extension is 180, 300, 280, and 290 m 

from the tower to the northern, eastern, southern, and western directions. In 

order to assess that only acceptable flux data related to the AOI will be selected, 

we used a footprint calculation procedure (Göckede et al., 2008; Krauss et al., 

2016). Footprint calculations were made at half-hourly resolution using the 

analytical footprint model implemented in the EddyPro® software (Kljun et al. 

(2004) and Kormann and Meixner (2001)), calculating the peak flux upwind 

footprint distance (Xpeak, m) and the distance which includes 70% of the source 

area contributing to the measured flux (X70%, m). Sample flux footprints for the 

two EC systems for daytime and night-time periods are shown in Fig. 2. We 

rejected the half-hourly flux data when the derived source area contributing 70% 

of the flux footprint was not within the respective AOI. The mean Xpeak distance 

(ECLS: 85.0 and 96.0 m for daytime and night-time periods, respectively; ECHS: 

94.7 and 94.1 m for daytime and night-time periods, respectively) verified that 
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the fluxes originated well within both the AOI we are focusing on (Fig. 2). 

However, the mean X70% distance (ECLS: 168.2 and 381.6 m for daytime and 

night-time periods, respectively; ECHS: 197.1 and 474.2 m for daytime and night-

time periods, respectively) reflected that an important part of the fluxes have to 

be filtered, especially for the night-time periods (Fig. 2). This resulted in the 

rejection of 13.6 and 25.4% of flux data at the ECLS for daytime and night-time 

periods, respectively, and 11.1 and 25.8% of flux data at the ECHS for daytime 

and night-time periods, respectively (Table 2). 

 

2.4. Friction velocity filter 

Nocturnal flux data can be underestimated by EC measurements due to low-

turbulence conditions prevailing at night (Baldocchi, 2003; Gu et al., 2005); 

therefore, night-time flux data below a site-specific friction velocity (u*) 

threshold has to be filtered. A u* threshold of 0.30 and 0.16 m s-1 for the ECLS 

and ECHS, respectively, were estimated following a procedure based on Papale et 

al. (2006) using the Max Planck Institute for Biogeochemistry’s online eddy-

covariance gap-filling and flux-partitioning tool (REddyProcWeb, 

https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb). See 

Supplementary Fig. S2 for further details regarding to the daytime and night-time 

u* distributions, mean values and thresholds for the ECLS and ECHS systems. By 

applying these threshold values, 1.5 and 2.1% of the night-time data for the ECLS 

and ECHS systems, respectively, were rejected (Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb
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Figure 2. Experimental sites map with the polar plot of the distribution of the peak 

flux upwind footprint distance (Xpeak) and 70% cumulative flux distance (X70%) 

computed by 10º sectors for both study sites during daytime (a) and night-time (b) 

periods. The underlying high-resolution (0.5×0.5 m pixels) colour orthoimage shows 

the terrain surface and the spatial distribution of the vegetation. Maps were produced 

using ArcGIS® (version 9.3.) software (ESRI Inc., Redlands, CA, USA). 

 

2.5. Data gap-filling and flux partitioning 

At this stage, the Fc data coverage was 65.9 and 11.1% at the ECLS for daytime 

and night-time periods, respectively, and 72.3 and 15.0% at the ECHS for daytime 

and night-time periods, respectively (Table 2). Therefore, the Fc dataset was 

subjected to different gap-filling routines in order to complete missing data 

values in the annual time series on a half-hourly scale. 

 

2.5.1. Gap-filling of night-time Fc data: Non-Linear Regression (NLR) 

method 

In order to enlarge the data coverage during night-time periods in both EC 

systems (Supplementary Fig. S3 and S4), the initial step was to partially fill the 

long night-time flux gaps (more than 15 half-hours) in the half-hourly Fc time 

series. Thus, we decide to fill the half-hourly Fc data between 00:30-03:00h due 

to the low percentage of data coverage during this night-time period at both EC 

systems (mean = 7.5% [0.0-33.3%, min-max] for the ECLS system, mean = 10.5% 

[0.0-26.7%, min-max] for the ECHS system; Supplementary Fig. S3 and S4). Thus, 

for the gap-filling of Fc data in this period, we used a Non-Linear Regression 
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method in which night-time Fc (Fc-night, Eq. (1)) was modelled using a Q10-type 

temperature-response curve (Lloyd and Taylor, 1994; Stoy et al., 2006). 








 

  10
10

refobs TT

refnightc QRF                                       (1) 

Where Rref is the base respiration rate at the reference temperature (Tref [ºC], set 

to 10ºC), Q10 corresponds to the change in Fc-night for a 10 ºC change in 

temperature and Tobs is the observed temperature (ºC). We selected the air 

temperature (Ta) and soil temperature (Ts) as the Tobs for the ECLS and ECHS 

systems, respectively, based on the higher coefficient of determination (R2, %) 

values. Note that as Fc-night data were limited, we included Fc-night data from May to 

December 2011 and from January to December 2013 for the Fc-night modelling of 

the ECLS and ECHS systems, respectively. These data were filtered accordingly as 

described for Fc data in 2012 (Sections 2.2.-2.4.). Thus, Rref and Q10 were 

estimated for each EC system using Statgraphics Centurion XVI software 

(StatPoint Technologies, Inc., Virginia, USA) according to the Marquardt non-

linear regression method. This procedure resulted in the addition of 1416 and 

1398 Fc half-hourly values (15.3 and 15.1% of flux data, Table 2) for the ECLS 

and ECHS systems, respectively. Further details of Fc-night models and parameters 

are described in the Supplementary Table S1. 

 

2.5.2. On-line gap-filling method 

Afterwards, to obtain a continuous dataset for assessing the annual NEE, GPP, 

and Reco of both EC systems, their EC time series (composed by both the original 

Fc data and the partially filled night-time Fc data [i.e., between 00:30-03:00h]) were 

gap-filled by using the above-mentioned online eddy-covariance tool. Thus, Fc 

data gaps were filled with the Marginal Distribution Sampling (MDS) algorithm 

(Falge et al., 2001; Reichstein et al., 2005). We selected this algorithm because it 

is one of the standardized methods adopted by the FLUXNET community (Fei 

et al., 2017). This algorithm grounds on both the co-variation of the fluxes with 

meteorological variables (air temperature, Ta, ºC; global radiation, Rg, W m-2; and 

vapour pressure deficit, VPD, hPa) and the temporal auto-correlation of the 

fluxes. Therefore, according to the gap type (length, available meteorological 

variables), missing data were filled by values obtained on the basis of data 

measured in similar meteorological conditions (Look Up Tables, LUT; Ta does 

not deviate by more than 2.5ºC, Rg by 50 W m-2, and VPD by 5.0 hPa) within a 

time window of ± 7-14 days, or with values obtained from data measured in the 

same time of the day (i.e., by the mean diurnal course [MDC]). For more 

information, see Reichstein et al. (2005), Appendix A. 
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2.5.3. Flux partitioning 

Data flux partitioning was performed by using the above online EC gap-filling 

and flux-partitioning tool. Lacking measurements of the vertical profile of CO2 

concentration and expecting a low CO2 storage flux (Fs) in our study sites due to 

the presence of a short canopy layer (≈ 17 and 0.5 m at the LS and HS sites, 

respectively), we assumed that the NEE equals measured Fc. In the flux 

partitioning routine the half-hourly NEE data were broken into its GPP and Reco 

component fluxes via a stepwise procedure and algorithms defined as “night-

time based flux-partitioning method” (NB, Reichstein et al. (2005)), which 

assumes: 

ecoRGPPNEPNEE                                       (2) 

Where GPP is zero during night-time periods and measured NEE is composed 

entirely of Reco, to which a model is fit using night-time data and extrapolated to 

daytime periods, for which the difference between the modelled daytime Reco and 

measured NEE fluxes yields the estimated GPP (Reichstein et al., 2005). From 

the original Fc data (not gap-filled), the procedure establishes a short-term 

temperature dependent Reco from turbulent night-time data using the equation 

established by Lloyd and Taylor (1994) to estimate the daytime Reco (Eq. (3)): 




























































00

0

11

TTTT
EeRR

obsref

refeco
                        (3) 

Where Rref (μmol C m-2 s-1) is the base respiration at the reference temperature 

(Tref [ºC], set to 15ºC), E0 (ºC) is the temperature sensitivity, Tobs is the observed 

temperature, and parameter T0 (ºC) is kept constant at -46.02ºC as in Lloyd and 

Taylor (1994). For E0 a constant value is used for the whole year while Rref was 

estimated every 5 days using a 15 days window (i.e., 10 days overlapping; 

Reichstein et al. (2005)). Either air temperature (Ta) or soil temperature (Ts) can 

be used as Tobs in the implementation of Eq. (2) (Lasslop et al., 2012). Thus, we 

selected Ta and Ts for the ECLS and ECHs systems, respectively (see 

Supplementary Material and Supplementary Fig. S5). 

 

2.6. Estimation of the cumulative C balance 

Half-hourly C fluxes (NEE, GPP, and Reco) were integrated to generate 

cumulative daily (Mg C ha-1 day-1) and annual (Mg C ha-1 year-1) C fluxes starting 

on January 1st 2012. 
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2.7. System performance and energy balance closure 

The consistency of our EC systems was assessed via energy balance closure 

(EBC) (Moncrieff et al., 1997). Thus, we analysed the linear regression of half-

hourly turbulent energy fluxes, sensible and latent heat fluxes (H+LE; W m-2) 

against available energy, net radiation less the soil heat flux (Rn-G; W m-2). Both 

EC systems showed an acceptable EBC of 81% (R2 = 86.1%) and 65% (R2 = 

83.3%) for the ECLS and ECHS systems, respectively (Supplementary Fig. S6), 

which both are of a similar magnitude to the average imbalance measured in EC 

systems within FLUXNET global network (79%, ranging from 53 to 99 %; 

Wilson et al. (2002)). 

 

3. Results 

3.1. Environmental conditions 

Due to the relative close proximity between the sites (Fig. 1), the differences 

observed in the environmental conditions between the LS and HS sites can be 

directly attributed to the burn severity and post-fire logging practices, which both 

affected the remaining canopy cover and burnt woody debris. Global radiation 

(Rg) at both sites increased from winter to mid-summer, and then decreased 

during the autumn, reaching its minimum value again in winter (Fig. 3a). Rg 

values were similar at both sites over the whole study period. Air temperature 

(Ta) showed a seasonal variation similar to Rg at both sites, which also showed 

analogous Ta values over the whole year (Fig. 3b), although the mean annual 

value was slightly higher at the LS site (10.5 ºC) than at the HS site (10.3 ºC). 

Vapour pressure deficit (VPD) values were similar at both sites over the study 

period, which increased from late-spring to mid-summer, and then decreased 

from mid-autumn (Fig. 3c). While soil temperature (Ts) showed an equivalent 

seasonal pattern at both sites, with maximum values in summer, Ts was 

consistently higher at the HS site than the LS site from early-winter (day of the 

year [DOY] 7) through mid-autumn (DOY 300), with a maximum difference of 

about 6 ºC in mid-summer (DOY 200, Fig. 3d). Both sites had low precipitation 

(P) values in winter, moderate values in spring, punctual rainy events in summer, 

a wet period in mid-autumn, and again low values thereafter (Fig. 3e). Annual P 

was 18% higher at the HS site (465.7 mm) than the LS site (393.3 mm) primarily 

because of absent P interception by tree canopy at the HS site. Although both 

sites showed analogous seasonal patterns in terms of soil water content (SWC) 

and mean annual values (31.6 and 31.7 % at the LS and HS sites, respectively), 

the HS site showed more dynamic SWC values (Fig. 3f). 
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Figure 3. Seasonal variations in the daily mean values of global radiation (Rg, W m-2; 

a), air temperature (Ta, ºC; b), vapour pressure deficit (VPD, hPa; c), soil temperature 

(Ts, ºC; d), total precipitation (P, mm; e), and soil water content (SWC, %; f) at the LS 

and HS sites during the year 2012. DOY: Day of the year. 
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3.2. Seasonal variation in GPP, Reco, and NEE 

The annual course of the cumulative daily values of GPP, Reco, and NEE are 

shown in Fig. 4. A weak bimodal seasonal pattern was observed in daily GPP at 

the LS site, with a dominant peak in late spring (DOY 147, 0.070 Mg C ha-1 day-

1) and a minor peak in autumn (DOY 284, 0.037 Mg C ha-1 day-1; Fig. 4a). 

Likewise, daily GPP were clearly reduced in mid-winter at the LS site (Fig. 4a) as 

a result of the exceptionally cold temperatures recorded in February (DOY 29-

46, Fig. 3d). While the LS site showed higher daily GPP values than the HS site 

over the whole year (Fig. 4a), the latter site showed a unimodal seasonal pattern, 

which peaked in early-summer (DOY 181, 0.032 Mg C ha-1 day-1), indicating a lag 

in GPP compared to LS site (Fig. 4a). 

Similarly to GPP, daily Reco at the LS site showed a dominant peak (0.038 Mg C 

ha-1 day-1) in early-summer (DOY 174), a minor peak in autumn (DOY 283, 0.028 

Mg C ha-1 day-1), and a intense decline in mid-winter (DOY 29-46, ranged from 

0.015 to 0.019 Mg C ha-1 day-1; Fig. 4b). Daily Reco at the HS site showed a 

unimodal seasonal pattern during 2012. The HS site showed an equivalent 

seasonal pattern for daily Reco compared to the LS site over the first half part of 

the year, thought with clearly lower values (Fig. 4b). Values continued increasing 

until reach their peak in mid-summer (DOY 231, 0.039 Mg C ha-1 day-1), and 

thereafter declined showing quite similar values compared to the LS site until the 

end of the year (Fig. 4b). Thus, a clear difference in Reco was observed at the HS 

compared to LS site (Fig. 4b). 

Daily NEE showed a net C uptake (negative NEE) throughout almost all the 

year at the LS site (Fig. 4c) primarily due to higher daily GPP than daily Reco values 

(Fig. 4a-b). However, daily NEE showed a net C release (positive NEE) at the 

HS site (Fig. 4c) due to lower daily GPP than daily Reco values (Fig. 4a-b). Daily 

NEE was considerably depressed in mid-winter at the LS site due to the low daily 

GPP (Fig. 4a), which increased until late spring (DOY 147, -0.041 Mg C ha-1 day-

1), and thereafter decline becoming relatively C neutral after DOY 291 (mid-

October, Fig. 4c). During winter and mid-spring, the net C release was small at 

the HS site (NEE < 0.011 Mg C ha-1 day-1), showing a small net C uptake period 

in late-spring (DOY 137-167) due to the increase in daily GPP (Fig. 4a); 

afterwards, this site showed a clear net C release period due to the increase in 

daily Reco (Fig. 4b), reaching maximum values in late-summer (DOY 233, 0.033 

Mg C ha-1 day-1, Fig. 4c). 

 

3.3. Daily variation in GPP, Reco, and NEE 

To examine the diurnal trends of the C fluxes over the study period in a simplified 

way, we represented the mean diel pattern of half-hourly bin-averaged data from: 
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i) one representative month of each season (February: winter, May: spring, 

August: summer, and October: autumn), and ii) the whole year. Averaged over 

the year, both the LS and HS sites fixed C for ≈14 hours per day (05:30-19:30h), 

although this pattern is clearly different between seasons at both sites (Fig. 5a-b). 

Each study site showed different marked diurnal trends for GPP between 

seasons (Fig. 5a-b). In general, half-hourly GPP values increased after sunrise, 

reached their peaks at ≈12:30h (LS site) and ≈13:00h (HS site), and then 

decreased until sunset (Fig. 5a-b). Overall, the mean daily half-hourly GPP values 

at the HS site were 60% lower than at the LS site over the study period (Fig. 5a-

b). At both sites, the mean half-hourly GPP values were higher for spring > 

summer > autumn > winter (Fig. 5a-b). 

In general, daytime half-hourly Reco values were higher than night-time ones at 

both sites (especially at the HS site), which difference was much more 

pronounced in spring and summer (Fig. 5c-d). Similarly to GPP, each study site 

showed different marked diurnal trends for Reco between seasons (Fig. 5c-d). 

However, clear differences were observed in the diel pattern of Reco between both 

sites, which reached their peaks between 13:00 and 16:30h at the LS site and 

between 14:00 and 16:30h at the HS site (Fig. 5c-d). In addition, the mean daily 

half-hourly Reco values at the HS site were about 23-60% lower than at the LS site 

over the study period, except for summer when those values were 12% higher 

(Fig. 5c-d). 

Overall, during daytime the LS site acted as a consistent C sink, with a mean C 

uptake of ≈11 hours per day (07:00-18:00h), while the ability of the HS site to 

act as a C sink was more limited (mean value ≈8.5 hours per day, 08:00-16:30h; 

Fig. 5e-f). During night-time both sites acted as C sources (Fig. 5e-f). On average, 

the LS site presented rates of net C release slightly higher than the HS site during 

night-time (2.1 vs 1.6 μmol CO2 m
-2 s-1). However, while the LS site showed the 

highest rates of night-time net C release in spring (2.5 μmol CO2 m
-2 s-1), the HS 

site reached the highest rates (2.9 μmol CO2 m
-2 s-1) in summer (Fig. 5e-f). In the 

other hand, the HS site showed significantly lower rates of net C uptake (51-93%) 

compared to the LS site during daytime over the whole year. At both sites, the 

maximum values of daytime C uptake were observed in spring (Fig. 5e-f). 
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Figure 4. Cumulative daily values (Mg C ha-1 day-1) of a) gross primary production 

(GPP), b) ecosystem respiration (Reco), and c) net ecosystem exchange (NEE) at the LS 

and HS sites during the year 2012. Thin lines represented the observed cumulative 

daily values. Thick lines represented the smoothed CO2 flux data points by applying a 

Savitzky-Golay smoothing filter in Matlab 7.14.0 (R2012a, The MathWorks Inc., 

Natick, MA, USA). DOY: Day of the year. 
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Figure 5. Mean diel pattern of half-hourly bin-averaged data (μmol CO2 m-2 s-1) of 

February, May, August, October, and whole year of GPP (a-b), Reco (c-d), and NEE (e-

f) for both study sites. Note the different scales of the y-axis in all panels. 

 

3.4. Cumulative annual GPP, Reco, and NEE 

The cumulative annual C fluxes (GPP, Reco and NEE) derived from their 

cumulative daily sums over the study period are shown in Fig. 6. Thus, the high 

burn-severity fire caused a dramatic decline in the annual GPP compared to the 

low burn-severity fire (4.45 and 11.08 Mg C ha-1 year-1, respectively; Fig. 6). The 

annual Reco remained higher at the LS site compared to the HS site (8.39 and 6.53 

Mg C ha-1 year-1, respectively; Fig. 6). At both sites, the annual Reco during daytime 

was slightly higher than during the night-time (Fig. 6). Therefore, during the early 
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post-fire stages (2.5 to 3.5 years post-burn), the wildfire had different impacts on 

the NEE at both sites. The high severity stand-replacing fire imposed that the 

study site behave as a moderate C source (2.08 Mg C ha-1 year-1; Fig. 6), with a 

mean annual ratio GPP/Reco of 0.68 (Supplementary Fig. S7). In contrast, 

following the low severity surface fire the study site acted as a moderate C sink 

(-2.69 Mg C ha-1 year-1; Fig. 6), with a mean annual ratio GPP/Reco of 1.32 

(Supplementary Fig. S7). 

 

3.5. Relationships between the cumulative daily GPP, Reco, 
and NEE 

We analysed the relationships between the cumulative daily C fluxes at both sites 

(Fig. 7; Supplementary Table S2). Thus, the NEE-GPP relationships displayed a 

negative linear correlation at both sites, but while the LS site showed a strong 

relationship (R2 = 88.8, Pearson’s correlation coefficient [r] = -0.94), this 

correlation was quite weaker at the HS site (R2 = 8.7, r = -0.29; Fig. 7a). The 

relation between NEE and Reco showed a divergence between both sites (Fig. 7b). 

Thus, while the LS site showed a consistent negative linear correlation (R2 = 32.3, 

r = -0.57), a positive linear correlation was observed at the HS site (R2 = 18.1, r 

= 0.42). Regarding to the Reco-GPP relationships, both sites showed a positive 

linear correlation (Fig. 7c), which was significantly higher at the LS site (R2 = 

65.5, r = 0.81) than at the HS site (R2 = 54.5, r = 0.74). 
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Figure 6. Cumulative annual (Mg C ha-1 year-1) C fluxes at the LS and HS sites during 

the year 2012. GPP: gross primary production, Reco: ecosystem respiration, Reco-daytime: 

daytime ecosystem respiration, Reco-night-time: night-time ecosystem respiration, and 

NEE: net ecosystem exchange. DOY: Day of the year. 

 

4. Discussion 

4.1. GPP, Reco, and NEE fluxes 

Multiple lines of evidence suggest that our study sites were similar prior to the 

wildfire occurred in 2009. First, both sites are relative close to each other (Fig. 

1). Second, elevation and soil type were similar at the two sites. And last, tree 

density, basal area, and tree biomass were comparable between sites prior to the 
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wildfire (Martínez-García et al., 2017b; Martínez-García et al., 2015). However, 

while the low burn-severity did not cause pronounced changes in stand structure 

and ground cover (Martínez-García et al., 2017a; Martínez-García et al., 2015), 

the high burn-severity fire caused the conversion of the vegetation from a mature 

pine forest ecosystem to a sparse grassland dominated by herbs, grasses, and 

dispersed shrubs. In addition, the Spanish black pine tree regeneration has not 

occurred during the early post-fire stages at the HS site (personal observation). 

We also consider that it likely will not occur for many decades because of the 

absence of post-fire soil seed bank, intra and inter specific competition, 

ineffective colonisation from unburnt edges, and post-dispersal seed predation 

(Ordóñez et al., 2004; Ordóñez et al., 2006; Ordóñez et al., 2005) as well as the 

environmental constraints on seedling establishment (Christopoulou et al., 2014). 

Even though the aboveground litter biomass on the forest floor is likely to 

decrease in line with burn severity, removal of the burnt wood left additional fine 

woody material and needle litter which thus compensated so that similar litter 

values were still observed at both sites in 2012 (Martínez-García et al., 2017b). 

Furthermore, the post-fire salvage logging practices also altered the ground cover 

by removing burnt wood from the site, although a considerable amount of post-

fire tree stumps trees were left to decompose, especially at the HS site (Martínez-

García et al., 2015). 
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Figure 7. Relationships between cumulative daily values (Mg C ha-1 day-1) of (a) NEE 

vs. GPP, (b) NEE vs. Reco, and (c) Reco vs. GPP. Coefficients and statistics for the 

goodness-of-fit of the relationships are described in Supplementary Table S2. 
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Despite meteorological similarities in several environmental variables (global 

radiation, air temperature and vapour pressure deficit; Fig. 3), cumulative annual 

C fluxes at both sites were different in 2012 (Fig. 6). Therefore, we consider that 

our reported differences in GPP, Reco, and NEE fluxes between sites were 

originated by the combined effect of burn severity and post-fire logging practices, 

which both affected the fire-induced vegetation change and the presence of 

decaying dead wood, rather than by the environmental constraints. Our EC 

measurements showed that the HS site was a moderate and continuous C source 

for almost all the year (Fig. 4) with a cumulative annual NEE equal to 2.08 Mg C 

ha-1 year-1 (Fig. 6). By contrast, the LS site was still a moderate C sink after the 

disturbance (Fig. 4) with a cumulative annual NEE equal to -2.69 Mg C ha-1 year-

1 (Fig. 6). Similar findings have been also reported previously for high burn-

severity fires, where the vegetation shift from forest to grassland caused forest 

ecosystems to become C sources during the early post-fire stages (Amiro et al., 

2010; Irvine et al., 2007; Mkhabela et al., 2009; Rocha and Shaver, 2011). In 

addition, this work also provides evidence that the low burn-severity fire did not 

shift the ecosystem from a C sink to a C source, a pattern rarely identified (Meigs 

et al., 2009). As far as we know, no other studies have previously reported these 

NEE patterns in the Spanish black pine forest-ecosystems. Given that the NEE 

response to fire is not currently adequately characterised in similar Mediterranean 

forest ecosystems, future stand-scale C-cycling studies that addresses this critical 

knowledge gap would be desirable. 

In light of our previous work at this study area, the NEE at the LS site were not 

significantly lower compared to a nearby unburnt site (Martínez-García et al., 

2017c); therefore, we consider that the low burn-severity fire had reduced 

impacts on C uptake in this Spanish black pine forest-ecosystem. However, the 

time required for this forest ecosystem to recover after the high burn-severity fire 

and to shift back from C source to C sink, which depend on the amount of dead 

organic matter (DOM; including litter, soil organic horizons, and standing or 

downed dead wood) remaining after fire (and hence, subsequent heterotrophic 

respiration rates) and post-fire tree regeneration, probably will take many decades 

(Kurz et al., 2013). Further efforts should be made to expand our understanding 

of the medium- and long-term post-fire NEE dynamics in this ecosystem and 

other similar fire-prone forest ecosystems in the Mediterranean basin, whose 

vegetation recovery after fire can be especially difficult and slow. 

Our results suggest that the marked differences in the seasonal behaviour as C 

sink/source between the LS and HS sites are owing to different responses in 

both the photosynthesis and respiration processes after different severity of fire 

disturbance and logging practice (Fig. 4-5) (Amiro et al., 2010; Goulden et al., 

2011; Serrano-Ortiz et al., 2011). Daily GPP at the HS site, mainly composed by 

perennial herbs/grasses and shrubs, maximizes in early-summer, while at the LS 
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site with presence of mature trees daily GPP reaches to maximum not before 

than late-spring. In addition, the cumulative annual GPP was 60% lower at the 

HS site than at the LS site. These findings are consistent with previous studies in 

other ecosystems affected by fire (Dore et al., 2008) on the one hand, and other 

types of evergreen European forests and/or grasslands (Allard et al., 2008; Kolari 

et al., 2009) on the other hand. Moreover, similar cumulative annual GPP values 

observed at the LS site were also reported by Martínez-García et al. (2017c) at a 

nearby unburnt site, showing the scarce alteration of the ecosystem 

photosynthetic C uptake process by low burn-severity fire. On the other hand, 

the cumulative annual Reco at the HS site was only 22% lower than at the LS site 

in 2012 (Fig. 6). Interestingly, the seasonal course of the Reco had different 

seasonal patterns at both sites over the whole study period (Fig. 4). These Reco 

patterns can be influenced by different heterotrophic and autotrophic respiratory 

sources, together with differently altered patterns of environmental variables that 

control respiratory variability. Thus, both the soil respiration and the 

aboveground autotrophic respiration (comprising total wood CO2 efflux and 

foliar respiration) were not significantly altered at the LS site compared to a 

nearby unburnt site during 2012 (Martínez-García et al., 2017a; Martínez-García 

et al., 2017b). We also found that the LS site has a typical seasonal variation in 

Reco values previously reported in similar Mediterranean evergreen conifer forests 

(Matteucci et al., 2015). In contrast, this work showed higher Reco values at the 

HS site than at the LS site during summer (Fig. 4). This is not surprising, since 

these temporally higher Reco values are directly attributed to an increment in the 

post-fire soil respiration values caused by a high decomposition of the decaying 

stump roots at the HS site in this season (Martínez-García et al., 2017b). In 

addition, the highest rates of C release from the tree stumps themselves were also 

observed during midsummer at this site (Martínez-García et al., 2015). Based on 

previous results, we argue that the heterotrophic respiration had a primordial role 

in the post-fire Reco at the HS site, similarly to earlier post-fire studies (Amiro et 

al., 2010; Irvine et al., 2007; Kurz et al., 2013). Analogously, similar increased 

post-fire Reco values have also been identified in other forest ecosystems 

disturbed by wildfires (Amiro et al., 2010; Dore et al., 2008; Mkhabela et al., 

2009). Our findings imply that the disturbance events as wildfire may drive the 

relative contribution of GPP and Reco to NEE, significantly affecting the ratio 

GPP/Reco from the mean value of 1.2-1.3 previously reported for other 

undisturbed mature evergreen conifer forests (Amiro et al., 2010; Dore et al., 

2008). Thus, the mean annual ratio GPP/Reco was 1.32 at the LS site, being higher 

than unity (i.e., NEE > 0) during almost all the year 2012, corresponding to 

unaltered GPP and Reco fluxes compared to undisturbed forests. In contrast, the 

mean annual ratio GPP/Reco at the HS site was significantly lower than unity 

(0.68) during almost all the year 2012, corresponding to altered GPP and Reco 

fluxes compared to undisturbed forests. This is consistent with previous post-
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fire studies, which gave a mean annual ratio GPP/Reco equal to 0.60-0.80 during 

the early post-fire stages (Amiro et al., 2010; Dore et al., 2008). Previous site-level 

analyses have recognized that the annual Reco appears to be strongly driven by the 

annual GPP in several forest ecosystems (Baldocchi, 2008; Migliavacca et al., 

2011; Reichstein et al., 2007), although disturbances as wildfires may drive 

deviation of this relationship (Baldocchi, 2008; Chen et al., 2015). Our findings 

corroborate these patterns at the daily scale, showing a lower correlation between 

Reco and GPP at the HS site than at the LS site (Fig. 7, Supplementary Table S2). 

In addition, this study also reflected that the daily variation in NEE with either 

GPP or Reco was different between both sites. Thus, the daily NEE variations at 

the LS site were more strongly determined by C uptake than release, which is 

comparable to previous findings at annual scale from unburnt sites (Baldocchi, 

2008; Reichstein et al., 2007). On the contrary, weak-to-moderately-weak 

relationships between daily NEE-Reco and NEE-GPP were observed at the HS 

site, which were likely because this site was relatively C neutral (NEE ≈ 0) during 

most of 2012 (Fig. 4). Consequently, further post-fire research with more focus 

on evaluating how both the GPP and Reco modulate the variability in NEE is 

therefore suggested over a longer time period at this severely burnt landscape. 

 

4.2. Uncertainties in C fluxes 

Although our C flux estimates based on EC measurements seem reasonable at 

both sites, there are some uncertainties that may be present associated with 

known EC technical and methodological flaws (Campioli et al., 2016) as well as 

with post-processing, gap-filling and partitioning EC data approaches. EC 

measurements are prone to several systematic errors due to the EC raw data post-

processing (Mauder et al., 2008). In this study, we used a software package 

(EddyPro®) widely used by the EC flux community (Mammarella et al., 2016) 

and a habitual EC data quality control procedure. Therefore, we consider there 

were no systematic errors associated with our post-processing data procedures 

that could induce uncertainties in our EC estimates. 

Automated field data collection often produces discontinuous datasets as a result 

of instrument malfunction or power failure, which are by far the most frequent 

cause of lack of data in EC measurements (Burba, 2013). In addition, while 

filtering of EC flux footprint measurements within a representative location of 

the studied ecosystem has been usually addressed to avoid C flux biases (Göckede 

et al., 2008), this procedure may have caused an essential data loss in the EC 

dataset time series. These discontinuities prove especially problematic in our 

night-time EC measurements (Table 2). It should be noted that the u*-filtering, 

which removed a very small proportion of EC data (Table 2), helped to exclude 

night-time flux underestimation (Baldocchi, 2003; Falge et al., 2001; Papale et al., 
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2006). In this study, we first applied the non-linear regression (NLR) method for 

the partial filling of the long night-time flux gaps, and then used the marginal 

distribution sampling (MDS) method to fill the remaining annual dataset. Our 

reason for using the NLR method is that a large number of prolonged gaps in 

night-time data were present in both EC systems, which lead to unreliable gap-

filled EC data using only the MDS method. Concretely, the gap-filling of the 

original Fc dataset using the MDS algorithm provided unrealistic NEE estimates 

during these nocturnal periods, leading to marked night-time NEE 

underestimations (Supplementary Table S3). However, it remains uncertain if 

gap-filling procedures may have introduced some bias into the year-round 

integrals of NEE at both sites. Thus, while the filling daytime gaps would have 

caused a minimal bias in the EC C fluxes due to the low proportion of gap-filled 

data (34.1 and 27.7% for the ECLS and ECHS systems, respectively), a bias of 

unknown magnitude could be produced in our night-time gap-filling. 

Unfortunately, since it is not straightforward how to solve the deficiency of a 

large amount of missing data in our night-time Fc dataset, NEE estimates should 

be taken cautiously. 

Since GPP and Reco have to be inferred indirectly from NEE during daytime 

conditions, different methods have emerged to indirectly disentangle GPP and 

Reco partitioning (Oikawa et al., 2017; Wohlfahrt and Galvagno, 2017). The most 

widely applied methods are the so-called CO2 flux partitioning algorithms 

(Lasslop et al., 2010; Reichstein et al., 2005), which within the FLUXNET project 

are applied in a consistent fashion globally (Wohlfahrt and Galvagno, 2017). In 

this study, we applied the night-time flux partitioning (NB) method put forward 

by Reichstein et al. (2005), which uses non-gap-filled night-time NEE data to 

parameterise a temperature-dependent model of Reco. GPP is then inferred by 

extrapolating Reco to daytime temperatures and by subtracting the latter term 

from NEE. Despite being simple and appealing in principle, different 

uncertainties associated with the NB partitioning approach are present 

(Wohlfahrt and Galvagno, 2017). Thus, the short-term temperature model of Reco 

directly depends on the significance of night-time data, which can be considered 

limited in our EC dataset (Table 2). We further note that a large portion of these 

EC data were previously gap-filled by a NLR method. Therefore, this approach 

may lead to some bias in our Reco estimates during both daytime and night-time 

periods. Furthermore, this approach may have induced some overestimation of 

Reco during daytime conditions due to leaf mitochondrial respiration being lower 

in the light compared to darkness (Campioli et al., 2016; Heskel et al., 2013; 

Martínez-García et al., 2017a; Wang et al., 2017; Wehr et al., 2016). Although we 

performed a site-specific analysis, another issue is related to the fact that this 

approach is based on the choice of a single driving temperature (either air or soil 

temperature), which can affect inferred GPP and Reco (Kolari et al., 2009; Lasslop 

et al., 2012; Oikawa et al., 2017; Wohlfahrt and Galvagno, 2017). 
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Therefore, our incomplete EC datasets and the selected gap-filling and 

partitioning approaches may have introduced a variable uncertainty in our GPP, 

Reco, and NEE flux estimates. Nevertheless, a high convergence between these 

EC-based C fluxes and those biometric-flux chamber-based (BM) C flux 

estimates could give us greater confidence on the robustness and reliability of 

these EC estimates. Because of lack of estimation of all BM-based C fluxes at the 

HS site, we limited our analysis of the convergence between EC and BM fluxes 

to the LS site. Detailed descriptions of the methodology, measurements, and 

processing of the BM-based C flux estimates at the LS site are given in Martínez-

García et al. (2015), Martínez-García et al. (2017a), and Martínez-García et al. 

(2017b) for Reco estimates, and Martínez-García et al. (2017c) for NEP and GPP 

estimates (the latter was based on both a C-mass balance and a whole-canopy 

photosynthesis-modelling approaches). Based on the BM measurements, the 

annual GPP was estimated at 11.36 and 11.05 Mg C ha-1 year-1 for the C-mass 

balance and the whole-canopy photosynthesis-modelling approaches, 

respectively, which was 2.6 and -0.2% different from the EC measurements 

(11.08 Mg C ha-1 year-1; Table 3). Similar agreement between GPPBM and GPPEC 

estimates has been previously identified (Campioli et al., 2016; Wang et al., 2010). 

Another indication about the reliability of EC-based C fluxes is that despite the 

lower degree of agreement between BM- and EC-based Reco estimates described 

earlier in other works (Campioli et al., 2016; Wang et al., 2010), our Reco-EC 

estimates were only 9.2% smaller than the Reco-BM estimates (8.39 and 9.15 Mg C 

ha-1 year-1, respectively; Table 3). In this way, it has been widely acknowledged 

that a systematic underestimation of Reco by EC approach is present in similar 

site-level studies due to methodological uncertainties (Campioli et al., 2016; 

Gough et al., 2008; Peichl et al., 2010; Speckman et al., 2015; Wang et al., 2010). 

Additionally, integrating several BM respiratory fluxes could unavoidably result 

in larger Reco-BM estimates than Reco-EC estimates, which is commonly due to the 

sampling error derived from sparse and infrequent BM measurements, method-

specific assumptions and simplifications, and biases associated to scaling-up 

variables used (Kolari et al., 2009; Wang et al., 2010). A lower BM-EC 

convergence for NEE estimates has been described in previous studies (Gough 

et al., 2008; Keith et al., 2009; Wang et al., 2010). This is coherent with our results, 

which identified an acceptable convergence between the annual NEE estimates 

(-2.21 and -1.91 Mg C ha-1 year-1 for both BM-based measurements and -2.69 Mg 

C ha-1 year-1 for EC-based measurements; Table 3). This result was directly related 

to the small magnitude of NEE compared to GPP and Reco (about 17-24 and 24-

32% for BM- and EC-based measurements, respectively) and to the partial 

convergence between Reco-BM and Reco-EC estimates. Thus, our study also provided 

a cross validation of the ecosystem C-exchange measured via BM and EC 

techniques, showing that both approaches agreed fairly well. Therefore, major 
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methodological EC biases are not apparent, increasing our confidence in the EC-

based C flux estimates at both sites. 

 

Table 3. Comparison of the cumulative annual C fluxes (Mg C ha-1 year-1) obtained from 

eddy-covariance (EC) and biometric-flux chamber-based (BM) measurements at the LS 

site during the year 2012. 

Approach NEE (-NEP) GPP Reco 

EC -2.69 11.08 8.39 

BMC
* -2.21 11.36 9.15 

BMM
+ -1.91 11.05 9.15 

* BMC: GPP estimates obtained by a C-mass balance approach. 

* BMM: GPP estimates obtained by a whole-canopy photosynthesis-modelling approach. 

 

5. Conclusions 

This study advances scientific understanding of the combined effect of burn 

severity and post-fire logging practices on the medium-term dynamics of the 

ecosystem C-exchange of a representative Mediterranean mountain ecosystem. 

Thus, the post-fire managed Spanish black pine forest ecosystem we studied 

during the early post-fire stages (2.5 to 3.5 years post-burn) by using the EC 

technique was a moderate C sink (-2.69 Mg C ha-1 year-1) after a low burn-severity 

fire compared with a moderate C source (2.08 Mg C ha-1 year-1) observed 

following a high burn-severity fire. Overall, while the low burn-severity fire did 

not substantially alter the GPP, Reco, and NEE estimates compared to a nearby 

unburnt site, the high burn-severity fire had a strong effect on the ecosystem C-

exchange. The sparse grassland evolved after the high burn-severity fire yielded 

a cumulative annual GPP 60% lower than at the mature pine forest ecosystem 

affected by the low burn-severity fire. Interestingly, the cumulative annual Reco at 

the HS site was only 22% lower than at the LS site, mainly driven by the enhanced 

heterotrophic respiration caused by a high decomposition of the decaying stump 

roots at this site during the year 2012. However, in order to disentangle the 

individual role of burn severity and post-fire logging practices on the ecosystem 

C-exchange after a wildfire, future EC measurements would be desirable. Thus, 

long-term EC studies should also be directed at understanding how C fluxes vary 

during the post-fire vegetation recovery over several decades, not only because it 

is an especially critical process on burnt Spanish black pine forest ecosystems, 

but because these ecosystems could have an important role in regional and global 

C cycle trajectories. 
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In this study, it should be recognized that despite we have applied widely-used 

gap-filling and partitioning EC data approaches, a variable uncertainty may have 

been introduced into our results. Our judgment of the reliability of EC-based C 

fluxes relies on the high EC-BM convergence for the annual cumulative GPP, 

Reco, and NEE fluxes at the LS, which gives us strong confidence on the degree 

to which the EC method can produce relatively unbiased estimates while lacking 

other verifications. However, future research to overcome the uncertainty 

estimates quantification would be convenient. 
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Appendix A. Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units* 

General terms 

EC Eddy covariance technique  

BM 
Biometric and flux chamber-based 

measurements 
 

NEE Net ecosystem carbon (C) exchange μmol CO2 m-2 s-1 

NEP Net ecosystem production μmol CO2 m-2 s-1 

GPP Gross primary production μmol CO2 m-2 s-1 

Reco Ecosystem respiration μmol CO2 m-2 s-1 

dNBR Differenced Normalized Burn Ratio index  

LS Low burn-severity site  

HS High burn-severity site  

ECLS EC system at the LS site  

ECHS EC system at the HS site  

Eddy Covariance measurements 

Fc CO2 flux μmol CO2 m-2 s-1 

LE Latent heat flux W m-2 

H Sensible heat flux W m-2 

Rg Global radiation W m-2 

AGC Automatic gain control  

AOI Area of interest ha 

Xpeak Peak flux upwind footprint distance m 

X70% 
Distance which includes 70% of the source 

area contributing to the measured flux 
m 

u* Friction velocity m s-1 

* For GPP, Reco, and NEE we use the units μmol CO2 m-2 s-1 for half-hourly values. 

Daily and annual totals are given in units Mg C ha-1 day-1 and Mg C ha-1 year-1, 

respectively. 
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Appendix A (Cont.). Table A1: List of abbreviations with 
definitions and units 

Abbreviation Definition Units* 

Data gap-filling and flux partitioning 

NLR Non-Linear Regression method  

Fc-night Half-hourly night-time Fc data μmol CO2 m-2 s-1 

Ta Air temperature ºC 

Ts Soil temperature ºC 

MDS Marginal Distribution Sampling algorithm  

VPD Vapour pressure deficit hPa 

LUT Look Up Tables  

MDC Mean diurnal course  

NB Night-time data-based estimate approach  

Rn Net radiation W m-2 

G Soil heat flux W m-2 

Environmental conditions 

DOY Day of the year  

P Precipitation mm 

SWC Soil water content % 

Comparison of annual cumulative EC- and BM-based C fluxes 

GPPEC GPP estimated by the EC technique Mg C ha-1 year-1 

GPPBM 
GPP estimated by the biometric-flux 

chamber methods 
Mg C ha-1 year-1 

Reco-EC Reco estimated by the EC technique Mg C ha-1 year-1 

Reco-BM 
Reco estimated by the biometric-flux 

chamber methods 
Mg C ha-1 year-1 

* For GPP, Reco, and NEE we use the units μmol CO2 m-2 s-1 for half-hourly values. 

Daily and annual totals are given in units Mg C ha-1 day-1 and Mg C ha-1 year-1, 

respectively. 
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Appendix B. Supplementary material 

 

Supplementary methods and results 

1. Fc data gap-filling procedures 

In this study, the gap-filling of the fluxes of CO2 (Fc, μmol CO2 m-2 s-1) was 

performed with the Marginal Distribution Sampling (MDS) algorithm (Falge et 

al., 2001; Reichstein et al., 2005) using the Max Planck Institute for 

Biogeochemistry’s online eddy-covariance gap-filling and flux-partitioning tool 

(REddyProcWeb, https://www.bgc-jena.mpg.de/bgi/index.php/Services/ 

REddyProcWeb). We first applied a Non-Linear Regression (NLR) method 

(Supplementary Table S1) for the partial filling of the long night-time flux gaps 

(more than 15 half-hours), and then used the MDS algorithm to fill the remaining 

annual dataset. Parallel to this approach, the original Fc dataset (without nocturnal 

partial gap-filling) was also gap-filled by only using the MDS algorithm. 

Before the gap-filling procedures, the Fc data coverage for daytime and night-

time periods was 65.9 and 11.1% at the LS site, respectively; and 72.3 and 15.0% 

at the HS site, respectively (Table 2 in the Manuscript). Such prolonged gaps in 

night-time data could lead to unreliable gap-filled NEE estimates at both sites 

(López-Blanco et al., 2016). 

REddyProcWeb Marginal Distribution Sampling (MDS) algorithm tended to fill 

these large night-time gaps in the original Fc dataset with low rates of respiration 

during night-time periods at both EC systems, coercing C uptake overestimation 

(Supplementary Table S2). By using the NLR method together with the MDS 

algorithm, the number of night-time gaps was reduced by ≈ 15% in both EC 

systems (Table 2). It was found a reduction of ≈ 29% in terms of C sink strength 

at the LS site and an increase of ≈ 24% in terms of C source strength at the HS 

site (Supplementary Table S2). 

 

2. Choice of the driving temperature for the partitioning of net 

ecosystem exchange (NEE) into gross primary production (GPP) and 

ecosystem respiration (Reco) 

In this study, we used a CO2 flux partitioning algorithms based on the above-

mentioned online EC gap-filling and flux-partitioning tool (REddyProcWeb). 

The night-time based flux-partitioning method put forward by Reichstein et al. 

(2005) uses night-time net ecosystem exchange (NEE) measurements to 

parameterise a temperature-dependent model of ecosystem respiration (Reco). 

Gross primary production (GPP) is then inferred by extrapolating Reco to daytime 

driving temperature and by subtracting the latter term from NEE (Wohlfahrt and 

https://www.bgc-jena.mpg.de/bgi/index.php/Services/%20REddyProcWeb
https://www.bgc-jena.mpg.de/bgi/index.php/Services/%20REddyProcWeb
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Galvagno, 2017). Thus, this approach requires choosing a corresponding driving 

temperature, which can directly affect inferred GPP and Reco estimates (Lasslop 

et al., 2012; Oikawa et al., 2017; Wohlfahrt and Galvagno, 2017). Either air 

temperature (Ta) or soil temperature (Ts) has been usually used as driving 

temperature in previous works (Lasslop et al., 2012). 

Following Lasslop et al. (2012), we computed the correlation between mean 

values of night-time NEE and both driving temperature (Ta and Ts) based on a 

dataset of 15 days moving windows blocks (5 days overlapping) obtained for the 

whole year (2012) at each study site. Therefore, for the selection of the driving 

temperature that best explains the variability of night-time NEE (i.e., the best 

linear model that relates NEE with Ta or Ts) we used the coefficient of 

determination (R2, %; higher values) and the Akaike’s Information Criterion 

(AIC; lower values). Thus, we selected Ta for the ECLS tower and Ts for the ECHs 

tower (Supplementary Fig. S5). 

 

3. Estimation of the energy balance closure (EBC) 

The energy balance closure (EBC) was tested using a linear regression (Eq. (1)) 

at both the LS and HS sites based on a 2012 data set. 

)()( JGRnbaLEH                                    (1) 

Where H (W m-2) is the surface-atmosphere turbulent flux of sensible heat, LE 

(W m-2) is the surface-atmosphere turbulent flux of latent heat, Rn (W m-2) is the 

net radiation flux, and G (W m-2) is the soil heat flux. Minor storage and metabolic 

terms (J) were considered negligible here as they are neither included in our 

database nor measured at most FLUXNET sites, but their inclusion could be 

important for EBC at many sites (Haverd et al., 2007; Lindroth et al., 2010; Stoy 

et al., 2013). 

Half-hourly EBC data (H, LE, Rn, and G) were measured at each site by the 

Eddy Covariance (EC) system and complementary meteorological and soil 

sensors described in Table 1 in the Manuscript. At each site, the G flux was 

calculated as the sum of measured soil heat flux (G’) using the mean values of 

four heat flux plates and the heat storage change (S, Eq. (2)) between the surface 

and the plates (Sánchez et al., 2010). 

d
t

Ts
CsS 




                                              (2) 

Where ΔTs/Δt is the change in soil temperature (Ts, K) over time t (s), d is the 

heat flux plate installation depth (0.07 m) and Cs is the soil heat capacity (J m-3 

K-1) defined as: 
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CwwvCdbCs                                        (3) 

Where ρb is the soil bulk density (kg m-3), Cd is the dry soil heat capacity of 840 

J kg-1 K-1 (Stiegler et al., 2016), θv is the volumetric soil water content (m3 m-3), 

ρw is the water density (1000 kg m-3) and Cw is the water heat capacity (4186 J 

kg-1 K-1). For ρb a value of 1430 kg m-3 at the LS site and 1510 kg m-3 at the HS 

site were used. 

In the EBC estimation, we only used suitable original half-hourly EBC data for 

which all measured terms in Eq 1. were available (see Table 2 in the Manuscript; 

non-gap-filled fluxes). 

The relationship found at the LS site was (H+LE) = 23.1+0.81×(Rn-G), with R2 

= 86.1% (Supplementary Fig. S6). Likewise, the relationship found at the HS site 

was (H+LE) = 22.0+0.65×(Rn-G), with R2 = 83.3% (Supplementary Fig. S6). 

These results suggested that the EC measurements underestimate LE+H by 19 

and 35% at the LS and HS sites, respectively. 

 

Supplementary tables 

Table S1. Coefficients and statistics for the goodness-of-fit of the Q10-type temperature-

response curves of Fc-night (Eq. (1) in the Manuscript) for each EC system. 

EC system* Tobs Rref Q10 R2 SEE n+ 

ECLS Ta 2.420 (0.017) 1.380 (0.013) 49.8 0.58 2817 

ECLS Ts 2.227 (0.020) 1.448 (0.017) 47.1 0.59 2817 

       
ECHS Ta 1.776 (0.018) 1.786 (0.024) 62.9 0.57 2083 

ECHS Ts 1.410 (0.016) 1.793 (0.018) 75.9 0.46 2083 

* For each EC system, selected Q10-type temperature-response curves in bold. 

Coefficient of determination (R2, %), standard error of estimation (SEE), and the sample 

size (n, half-hourly Fc-night measurements) of the regressions are shown. All regressions 

were statistically significant (p <0.001). 

+ ECLS system: 36 and 64% of Fc-night data were obtained from 2012 and 2013, 

respectively; ECHS system: 33 and 67% of Fc-night data were obtained from 2011 and 2012, 

respectively. 
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Table S2. Coefficients and statistics for the goodness-of-fit of the models used to 

analyse the relationships between cumulative daily values (Mg C ha-1 day-1) of NEE vs. 

GPP, NEE vs. Reco, and Reco vs. GPP at both study sites. 

C fluxes Site a0 a1 F p R2 SEE r n 

NEE-GPP 

LS 
0.0128 

(0.0004) 

-0.67 

(0.01) 
2884.26 <0.001 88.8 0.004 -0.94 366 

HS 
0.0084 

(0.0006) 

-0.22 

(0.04) 
34.56 <0.001 8.7 0.006 -0.29 366 

          

NEE-Reco 

LS 
0.0153 

(0.0018) 

-0.99 

(0.08) 
173.29 <0.001 32.3 0.009 -0.57 366 

HS 
0.0030 

(0.0007) 

0.30 

(0.03) 
80.22 <0.001 18.1 0.006 0.42 366 

          

Reco-GPP 

LS 
0.0129 

(0.0004) 

0.33 

(0.01) 
691.27 <0.001 65.5 0.004 0.81 366 

HS 
0.0083 

(0.0006) 

0.78 

(0.04) 
435.97 <0.001 54.5 0.006 0.74 366 

F ratio, p-value, coefficient of determination (R2, %), and the standard error of 

estimation (SEE) of the regressions are shown. Pearson’s correlation coefficient (r) is 

also shown. n = 366 daily measurements. 

 

Table S3. Comparison of EC NEE data gap-filled (Mg C ha-1 year-1) from the original 

Fc dataset with the MDS algorithm (MDS method) vs. from the gap-filled product 

combining partially gap-filled night-time Fc data and the MDS algorithm (NLR+MDS 

method) for both the ECLS and ECHS systems during daytime, night-time, and annual 

periods. Daytime and night-time periods were selected using a global radiation (Rg) 

threshold of 20 W m-2. 

EC system Gap-filling method NEE NEE daytime NEE night-time 

ECLS MDS -3.80 -6.76 2.96 

ECLS NLR+MDS -2.69 -6.72 4.03 

     
ECHS MDS 1.68 -0.95 2.63 

ECHS NLR+MDS 2.07 -0.94 3.02 
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Supplementary figures 

 

Figure S1. Appearance of the low burn-severity site (LS) and high burn-severity site 

(HS) along with their Eddy Covariance (EC) systems (10th May 2012). ECLS: EC 

system at the LS site, and ECHS: EC system at the HS site. 
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Figure S2. The probability distribution (pdf) of measured friction velocity (u*) during 

daytime and night-time periods (selected using a global radiation (Rg) threshold of 20 

W m-2) for the ECLS and ECHS systems. Vertical black dashed line represents mean u* 

value for daytime period. Vertical grey dashed line represents mean u* value for night-

time period. Vertical grey line represents the u* threshold for night-time data filtering 

(ECLS = 0.30 m s-1 and ECHS = 0.16 m s-1). 
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Figure S3. Mean monthly percentage of present (grey bars) or missing (white bars) Fc 

data for every half-hourly interval for the ECLS system during the year 2012. 
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Figure S4. Mean monthly percentage of present (grey bars) or missing (white bars) Fc 

data for every half-hourly interval for the ECHS system during the year 2012. 
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Figure S5. Scatter plots and linear regressions between the night-time net ecosystem 

exchange (NEE; μmol CO2 m-2 s-1) and the driving temperature (air temperature, Ta, 

ºC, a-b; soil temperature, Ts, ºC, c-d) for both the ECLS and ECHS systems during the 

year 2012. Coefficients and statistics for the goodness-of-fit of the models are shown. 

All linear regression models were significant (p<0.001). n = 71 moving windows blocks 

(15-days window, 5 days overlapping) obtained for the whole year (2012). 
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Figure S6. Energy balance closure (EBC): scatter plots and linear regressions between 

the daily turbulent heat fluxes (H+LE, W m-2) and available energy (Rn-G, W m-2) for 

both the ECLS and ECHS systems during the year 2012. The 1:1 line (dashed line) 

indicates perfect energy balance closure. Coefficients and statistics for the goodness-

of-fit of the models are shown. 
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Figure S7. Daily values of the ratio between the gross primary production (GPP) and 

the ecosystem respiration (Reco) for both the LS and HS sites during the year 2012. 

Black lines represent the smoothed GPP/Reco data points by applying a Savitzky-Golay 

smoothing filter in Matlab 7.14.0 (R2012a, The MathWorks Inc., Natick, MA, USA). 

DOY: Day of the year. Note the different scales of the y-axis in both panels. 
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1. Restatement of the purpose of the Thesis 

A comprehensive assessment of the ecosystem C exchange and its component C 

fluxes in forest ecosystems affected by wildfires with different levels of burn 

severity is essential to disentangle their role in the global C cycle (Baldocchi, 2008; 

Le Quéré et al., 2013). Nonetheless, it remains limited in different fire-prone 

forest ecosystems in the Mediterranean Basin (Fernández-Martínez et al., 2014). 

The present Thesis focuses on the Spanish black pine ecosystem, for which this 

issue had not yet been addressed. In addition, this work has the aim to evaluate 

how slope-aspect modulates variability of relevant post-fire C fluxes within 

severely burnt landscape; a subject that has still not been extensively studied, 

despite the importance of topography on the C cycle in forest ecosystems 

(Griffiths et al., 2009; Måren et al., 2015). 

The biometric and flux chamber-based methods (BM) and the eddy-covariance 

technique (EC) are the primarily methodologies to quantify the ecosystem-

atmosphere C exchange (Campioli et al., 2016; Wang et al., 2017). In addition, 

the aim of the current study was to quantify the ecosystem-level component C 

fluxes obtained by both BM and EC approaches and to implement a cross-

validation of both independent approaches. Partitioning the net ecosystem C 

exchange into its main component fluxes should be a fundamental activity in C 

cycling studies for understanding both ecosystem functioning and global cycling 

(Luyssaert et al., 2009). This task is, however, not straightforward to achieve 

(Campioli et al., 2016; Oikawa et al., 2017; Reichstein et al., 2012; Speckman et 

al., 2015). Consequently, only a limited number of studies have focused on it (e.g., 

Gielen et al., 2013; Gough et al., 2008; Hermle et al., 2010; Keith et al., 2009; 

Peichl et al., 2010; Tang et al., 2008; Wang et al., 2010) and, in particular, similar 

data for Spanish black pine stands is lacking so far. It is valuable to cross-check 

both BM- and EC-based C fluxes within a study site to increase the reliability and 

consistency of these estimates and to show which methodological aspects can 

improve their convergence (Campioli et al., 2016; Gielen et al., 2013; Gough et 

al., 2008; Luyssaert et al., 2009; Peichl et al., 2010). Contrary to EC, no standard 

procedures have been defined for BM measurements (Campioli et al., 2016); 

therefore, this study was also undertaken to define efficient sampling techniques 

and extrapolation protocols that can help to reduce common methodological 

biases in BM estimates and to harmonize of standardized methodologies of 

ecosystem-level C cycle studies. 

In the following, the main research findings, original contributions, and their 

relationships to previous works in these areas are summarized and discussed 

(Sections 2 to 6). Last, we outline recommendations for future research directions 

(Section 7). 
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2. Carbon fluxes obtained from biometric methods in an 
undisturbed mature Spanish black pine forest 

Despite the ecological and socio-economic relevance of the Spanish black pine 

across its natural geographic distribution (del Río et al., 2017; Espelta et al., 2003; 

Martín-Benito et al., 2008), the ecosystem C exchange of this Mediterranean 

forest ecosystem under natural conditions yet remained unknown. Thus, this is 

the largest study so far quantifying, for the first time, the ecosystem-atmosphere 

C exchange of an undisturbed stand of this pine species. Concretely, our 3-year 

study provides BM-based NEP, GPP, and Reco estimates at ecosystem-level at an 

uneven-aged and mature pine stand between 2011 and 2013. In this work, NEP 

(Chapter 4) was calculated as the difference between GPP (Chapter 4) and Reco 

(Chapters 2 and 3; estimated from its individual components). 

Our results indicate that this mature pine stand was a moderate C sink over the 

whole study period, with a 3-year mean annual NEPC and NEPM of 2.43 and 2.04 

Mg C ha-1 year-1, respectively, which were obtained from GPP modelling 

approaches based on the C-mass balance and the whole-canopy photosynthesis-

modelling, respectively (i.e., GPPC and GPPM; Fig. 1). Thus, the study site 

exhibited a C sink strength around an average of 1.9 ± 2.6 Mg C ha-1 year-1 (mean 

± standard deviation) reported for other forest ecosystems in Europe (Luyssaert 

et al., 2010). Nevertheless, the results in Chapter 4 showed a significant inter-

annual variability (IAV) in NEP during 2011-2013, with a relative departure from 

its 3-year average value ranged between +15 to -33% and +2 to -24% for NEPC 

and NEPM, respectively. Previous studies confirm that a large IAV in NEP is a 

ubiquitous phenomenon across almost all eddy covariance flux sites worldwide 

(Baldocchi, 2008; Baldocchi et al., 2018; Shao et al., 2015; Yuan et al., 2009). 

Thus, the IAV in NEP results from the small imbalance between its larger 

component fluxes GPP and Reco and their responses to environmental drivers 

(Keith et al., 2009; Marcolla et al., 2017; Peichl et al., 2010). Thus, this study 

reveals that the year-to-year variability in NEP at this forest ecosystem is mostly 

driven by changes in GPP rather than Reco, similarly to previous findings 

(Ahlström et al., 2015; Jung et al., 2011; Marcolla et al., 2017; Peichl et al., 2010; 

Reichstein et al., 2007; Sitch et al., 2015). Findings in Chapter 4 also indicated 

that GPP and TER showed comparable ranges of IAV (between +9 to -12%, +7 

to -10%, and +8 to -7% for GPPC, GPPM, and Reco, respectively), which was due 

to the temporal correlation between these two gross fluxes (Richardson et al., 

2007). It is worth noting that despite the IAV in C fluxes in this study, we did 

not directly addressed the effects of short- and long-term environmental drivers 

as well as ecological and physiological changes on their IAV since longer datasets 

are required (≥ 5 years) (Baldocchi et al., 2018; Shao et al., 2015). 
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Our mean annual GPPC and GPPM estimates over the 3-year study period were 

11.69 and 11.30 Mg C ha-1 year-1, respectively (Fig. 1). These rates fell within the 

range (5-25 Mg C ha-1 year-1) estimated for other conifer forest ecosystems (Litton 

and Giardina, 2008; Luyssaert et al., 2007; Peichl et al., 2010). Results in Chapter 

4 corroborates that GPP is the largest C flux of the C cycle in this undisturbed 

Spanish black pine forest, similarly to other site-level studies (e.g., Hermle et al., 

2010; Katayama et al., 2013; Peichl et al., 2010; Wang et al., 2010), as would be 

expected for forest that are C sinks. 

The mean annual Reco estimate observed between 2011 and 2013 (9.26 Mg C ha-

1 year-1; Fig. 1) was slightly higher over the global average of 7.9 Mg C ha-1 year-1 

(Chen et al., 2014). A key strength of the present study was that the BM 

measurements allowed partitioning of Reco to its different respiratory 

components, a process that takes considerable effort and, therefore, such studies 

are few (e.g., Brito et al., 2013; Guidolotti et al., 2013; Hermle et al., 2010; 

Khomik et al., 2010; Matteucci et al., 2015; Speckman et al., 2015; Tang et al., 

2008). In addition, our comprehensive study provides noteworthy information 

to understanding how environmental factors, forest structure (tree sizes), within-

tree variation, and/or canopy properties (current- and previous-year needles) 

affect different Reco components. Thus, this work is in line with the findings of 

previous studies (e.g., Almagro et al., 2009; Forrester et al., 2012; Hagemann et 

al., 2010; Herrmann and Bauhus, 2013; Katayama et al., 2016; López-Serrano et 

al., 2016; Marañón-Jiménez et al., 2011; Rodríguez-Calcerrada et al., 2012; 

Tarvainen et al., 2014; Weerasinghe et al., 2014), which have, nevertheless, 

primarily focused on the effects on individual respiratory flux components. Based 

on findings of Chapters 2 and 3, the mean relative contributions of soil, 

aboveground wood tissues (stem+branches) and needles to the annual Reco were 

51, 26 and 23%, respectively, over the 3-year study period. Results in Chapter 4 

confirm that SR is the main contributor of Reco, similarly to previous studies (e.g., 

Curiel Yuste et al., 2005; Guidolotti et al., 2013; Janssens et al., 2001; Matteucci 

et al., 2015). 

The mean annual ANPP estimate over the 3-year study period (2.38 Mg C ha-1 

year-1; Fig. 1) was at the lower end of the range (0.6-15.8 Mg C ha-1 year-1) reported 

for other conifer forest ecosystems (Litton et al., 2007). Based on the assumption 

that ≈50% of TBCF is BNPP, as previously proposed by others (Giardina et al., 

2005; Litton and Giardina, 2008; Newman et al., 2006), we estimated a mean 

annual BNPP of 2.40 Mg C ha-1 year-1 between 2011 and 2013 from TBCF 

estimates reported in Chapter 4. Therefore, the mean annual NPP 

(ANPP+BNPP) over the 3-year study period can be assumed equal to 4.78 Mg 

C ha-1 year-1 (Fig. 1), which was slightly lower than the average of 5.20 ± 0.75 Mg 

C ha-1 year-1 reported for European forests (Luyssaert et al., 2010). Based on the 

above assumption and previous BM estimates, we also estimated the mean annual 



General discussion ǀ 376 

RA (GPP-NPP), RH (NPP-NEP), and RAb (RA-RAa) rates during 2011-2013. Thus, 

this work enhances understanding of the component allocation of GPP (i.e., 

ANPP, BNPP and RA), which is one of the less well-understood ecosystem 

processes (Chen et al., 2013). Our results suggest that the ecosystem’s C use 

efficiency (CUE, NPP/GPP) (DeLucia et al., 2007) at this mature forest stand is 

slightly lower (≈ 0.42) than the universal global-scale CUE value of 0.47 (Waring 

et al., 1998). This pattern could be in accordance with a decline in NPP and CUE 

in aging stands (DeLucia et al., 2007; Mäkelä and Valentine, 2001). Accordingly, 

the partitioning of GPP into RA was ≈ 0.58, which agreed well with those values 

reported by Litton et al. (2007) and Curtis et al. (2005) (RA/GPP = 0.57 and 0.58, 

respectively). Interestingly, the amount of C allocated to above- and 

belowground production was similar (ANPP/BNPP = 0.99) at this mature forest 

ecosystem and in line with previous findings (Giardina et al., 2005; Schimel, 

1995). Nevertheless, as the given partitioning assumption of TBCF to BNPP is 

a critical parameter in C cycling model, our estimates of the GPP partitioning 

between its components should be examined with caution. 

One source of weakness in this study was that our BM-based ecosystem-level 

NEP, GPP, Reco, and NPP estimates did not include the contribution of 

understory vegetation, which covers a modest fraction at this forest ecosystem 

(personal observation). However, this omission, which is commonly executed in 

similar ecosystem-level C-cycling studies (Kolari et al., 2006), unlikely have a 

strong influence to our C flux estimates due to small amount and discontinuity 

of understory vegetation in mature stand typical to this ecosystem type. In 

addition, this study was limited by the lack of information on simultaneous EC-

based C fluxes at the studied forest ecosystem owing to equipment constraints 

(i.e., high cost of the EC system to design a full factorial experiment (Eugster and 

Merbold, 2015)). Therefore, future efforts analysing the convergence between 

BM- and EC-based C fluxes at this Mediterranean forest ecosystem under natural 

conditions would be desirable. 
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Figure 1. Magnitudes of mean annual C fluxes (Mg C ha-1 year-1) during 2011-2013 at 

the undisturbed mature Spanish black pine stand. Yellow boxes indicate measured C 

fluxes (Subscript BM indicates biometric and flux chamber-based methods [C: C-mass 

balance, M: whole-canopy photosynthesis modelling]). Grey boxes indicate estimated 

C fluxes based on both the assumption BNPP = (0.5×TBCF) and measured C fluxes. 

Arrows represent fluxes: the thickness of arrows is representative for flux size; red and 

blue arrows denote respiratory and production fluxes, respectively; green arrow 

denotes C sink strength. 
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3. Carbon fluxes obtained from biometric and eddy-
covariance methods along a burn severity gradient in a 
Spanish black pine forest 

In the Mediterranean basin, wildfire is the main natural disturbance during the 

forest ecosystems life cycle (Certini et al., 2011). This disturbance can have a 

significant negative effect on the C balance of these Mediterranean forest 

ecosystems since it directly releases C into the atmosphere via vegetation and 

debris combustion (Keith et al., 2014), reorganizes and alters dynamics of post-

fire above- and belowground C pools (Meigs et al., 2009; Vargas et al., 2008), and 

reduces magnitudes of the ecosystem C fluxes (Dore et al., 2008; Ghimire et al., 

2012; Goulden et al., 2011). All together can shift the C balance from sink to 

source in burnt ecosystems compared to unburnt ones (Kashian et al., 2006; 

Loehman et al., 2014). 

However, the fire-induced alteration of the net ecosystem C exchange and its 

component C fluxes is so far scarcely studied. Concretely, their understanding 

has been limited to several studies performed in temperate forests (Dore et al., 

2010; Dore et al., 2008; Dore et al., 2012; Ghimire et al., 2012; Gough et al., 2007; 

Irvine et al., 2007; Kashian et al., 2006; Meigs et al., 2009), and, to a lesser extent, 

in boreal forests (Amiro et al., 2010; Iwata et al., 2011; Mkhabela et al., 2009), 

tropical forests (Beringer et al., 2007), and even in artic ecosystems (Rocha and 

Shaver, 2011). Therefore, this work is a key first step towards extending our 

knowledge of the wildfire effects on the ecosystem-atmosphere C exchange of a 

burnt Spanish black pine forest, which is the most fire-affected Mediterranean 

mountain pine species in Spain to this day on the one hand (Fulé et al., 2008; 

Pausas et al., 2008; Retana et al., 2012), and shows a null or limited resilience to 

fire on the other hand (Christopoulou et al., 2014; Martín-Alcón and Coll, 2016; 

Retana et al., 2002). 

Our 3-year comprehensive study was designed to quantify the alteration of the 

ecosystem C exchange and its component C fluxes in a salvage-logged Spanish 

black pine stand along a burn-severity gradient (unburnt, low, and high), focusing 

on early stages following fire (1.5 to 4.5 years post-burn) when a large variability 

in the dynamics and magnitude of the post-fire C fluxes can be present (Dore et 

al., 2008; Ghimire et al., 2012; Harmon et al., 2011; Irvine et al., 2007). The post-

fire management of burnt trees and the remaining woody debris (branches, logs, 

and snags) has the potential to alter the C balance in burnt forest ecosystems, 

especially during the short- and medium-term post-fire stages (Marañón-Jiménez 

et al., 2011; Serrano-Ortiz et al., 2011). It was not possible to disentangle the 

individual role of both different burn severities and salvage logging practices on 

post-fire C fluxes since conventional logging operations were performed within 

the wildfire perimeter prior to the beginning of the study. Notwithstanding, this 
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work plays an important role to fill the knowledge gap on the ecosystem-

atmosphere interaction in recently burnt Spanish black pine stands after this 

routinely and widely practiced operation by forest administrations worldwide. 

The present work focussed on quantifying the ecosystem-level component C 

fluxes through both BM and EC approaches; i.e., BM approach at the unburnt 

site and BM-EC approaches at both the low and high burn-severity sites. It is 

important to note that our research was subjected to certain limitations. First, as 

pointed out above, this study lacks a full factorial experiment with simultaneous 

BM-EC approaches at each study site. Second, BM approach at the high burn-

severity site was limited to the measurement of C fluxes from soil and decaying 

tree stumps; therefore, it was not possible to directly assess the BM-based GPP, 

RA, and NPP rates of the grassland vegetation at this study site, which were 

constrained by limitations of time, personal, and equipment. Third, a problem 

arose during the data collection due to the failure to obtain EC data over the 

whole study period due to instrument malfunction (i.e., power failures, failing 

data storage, and water ingress into both the open-path infrared gas analyser (Li-

7500A) and analyser interface unit (LI-7550)). This was a great disappointment 

because it eliminated the possibility of giving full comparison of post-fire C fluxes 

along the burn-severity gradient between 2011 and 2013. For these reason, we 

had to limit our analysis between sites to the year 2012 (Fig. 2). 

Analogously to the Section 2, starting from the assumption that ≈50% of TBCF 

is BNPP we estimated the BNPP, NPP, RH, RA, and RAb rates during 2012 at both 

unburnt and low burn-severity sites. Likewise, at the high burn-severity site over 

the same period, we estimated the NPP (GPP×0.65), RH (NPP-NEE), RA (GPP-

NPP), RAb ([Rs+Rstump]-RH) and RAa (RA-RAb) rates, based on the assumption that 

the global NPP/GPP ratio value for sparse herbaceous or shrub ecosystem is 

0.65 (Zhang et al., 2009) and combining estimates from both BM and EC 

measurements. As we mentioned above (Section 2), our estimates of RH rates and 

GPP partitioning between its components need to be interpreted with caution. 

This become more even important at the high burn-severity site, where we 

combined C flux rates obtained from two different measurement techniques to 

overcome the lack of appropriate measurements, without having the possibility 

to previously validate the consistency of our C flux estimates. 

Given the similar pre-fire stand characteristics, elevation and soil type between 

the study sites, we considered that the alteration of the ecosystem-level post-fire 

C fluxes could be directly attributed to the wildfire. A key contribution of this 

study was to confirm that the low burn severity fire, which corresponds to 40% 

of post-fire tree mortality (mainly small trees), did not shift the C sink strength 

of the studied forest ecosystem significantly (Fig. 2), a pattern scarcely studied 

before (Meigs et al., 2009). Meanwhile, the high burn-severity fire, which caused 

complete tree mortality and changed the mature pine forest into a sparse 



General discussion ǀ 380 

grassland, shifted ecosystem C balance from sink to source during the early post-

fire stages (Fig. 2), a pattern previously described (Amiro et al., 2010; Irvine et 

al., 2007; Mkhabela et al., 2009; Rocha and Shaver, 2011). In addition, this work 

provides additional evidence with respect to the clear reduction of the 

magnitudes of the post-fire ecosystem C fluxes as the burn severity increases, 

which are in line with those of previous studies (Dore et al., 2008; Ghimire et al., 

2012; Goulden et al., 2011). On average, while the ecosystem-level NEP, GPP 

and Reco estimates at the low burn-severity site were slightly lower compared to 

the unburnt site (12, 6 and 4%, respectively, Fig. 2), these C fluxes were 

significantly reduced at the high burn-severity site (177, 62, and 29% for NEP, 

GPP, and Reco, respectively; Fig. 2). In addition, this work confirms previous 

findings that suggest although Reco was reduced after fire, GPP was reduced more 

than Reco (Dore et al., 2008; Dore et al., 2012). Note that results in Chapter 5 

further demonstrated that the daily NEP variation at the low burn-severity site 

during 2012 appears to be mainly driven by the changes in GPP. This fine-scale 

data match with the IAV in NEP reported previously for the unburnt site (see 

Section 2). Interestingly, however, the role of GPP or Reco in modulating daily 

NEP variation was not clearly identified at the high burn-severity site, which was 

likely because the reduced variance in daily NEP during most of 2012. 

Results in Chapters 4 and 5 corroborate a large decrease in GPP rates at burnt 

and logged sites as the fire-induced tree mortality increases, which is consistent 

with data obtained in many other ecosystems during the early post-fire stages 

(Dore et al., 2010; Dore et al., 2008; Dore et al., 2012; Li et al., 2014). 

Analogously, a 42% lower post-fire tree density at the low burn-severity site 

resulted in a 15% lower NPP compared to the unburnt site (Fig. 2); which was 

mainly driven by a significant reduction on the litterfall rate (45%; Chapter 4) 

instead of the aboveground biomass increment and/or TBCF estimates. The 

NPP decline was more pronounced at the high burn-severity site (46%, Fig. 2), 

which was related to the fire-induced change from mature pine forest to sparse 

grassland. These results underscore the initial suppression of GPP and NPP 

following severe fire, similarly to previous works (Goulden et al., 2011; Li et al., 

2014). 

In contrast to GPP, the combined effect of burn severity and post-fire logging 

practices on Reco is more uncertain owing to differences in the relative 

contribution of both post-fire RA and RH rates (Goulden et al., 2011; Irvine et al., 

2007; Smith et al., 2010), together with different patterns of environmental 

variables controlling respiratory variability (Hu et al., 2017; López-Serrano et al., 

2016). 

Experiment in Chapter 1 revealed that the Rstump rates from the remaining post-

fire tree stumps in decay process increased with increasing stump size and with 

the presence of improved both soil and stump environmental conditions, 
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analogously to previous studies (Russell et al., 2015). The recorded Rstump rates 

were considerably higher compared to other deadwood rates (Bond-Lamberty et 

al., 2002; Forrester et al., 2012; Hagemann et al., 2010; Herrmann and Bauhus, 

2013; Jomura et al., 2008; Mackensen and Bauhus, 2003; Olajuyigbe et al., 2012). 

It suggested that tree stumps can therefore be considered as hot spots of CO2 

production at least during their early stages of decay, since CO2 production will 

decrease as their decay advances (Czimczik et al., 2006; Gathany and Burke, 2011; 

Harmon et al., 2011; Irvine et al., 2007; Smith et al., 2010). However, post-fire 

logging practices removed almost all the dead wood pool from the site, leaving a 

reduced amount of decaying tree stumps, especially at the low burn-severity site 

(Chapter 1). Thus, based on results in Chapters 4 and 5, this study revealed a 

relatively small contribution of the Rstump to the Reco, which was slightly higher at 

the high burn-severity site (≈ 2%; Fig. 2). 

One unanticipated key finding in Chapter 2 was to reveal increased post-fire SR 

rates at the high burn-severity site compared to the unburnt site, a pattern 

scarcely described in other research works in burnt areas (Gathany and Burke, 

2011; Muñoz-Rojas et al., 2016). Although this stimulation of SR rates may be 

explained by improved soil environmental conditions (Irvine et al., 2007; Muñoz-

Rojas et al., 2016; Smith et al., 2010), the partially buried stump roots played a 

more important role directly through the C lost from their own decaying process 

(Harmon et al., 2011), and indirectly through their likely effect on enhancing soil 

fertility (Marañón-Jiménez and Castro, 2013; Marañón-Jiménez et al., 2011). This 

study provides new insights into the importance of this scarcely studied decaying 

detritus in terms of SR during the early post-fire stages. In this way, our work 

support the idea that RH increases in stands recently burnt by severe fire because 

of the decomposition of necromass (Gathany and Burke, 2011; Harmon et al., 

2011; Irvine et al., 2007; Muñoz-Rojas et al., 2016; Smith et al., 2010). This study 

also highlights the limited or null capacity of low burn-severity fire to alter the 

SR rates compared to the unburnt site owing to analogous trends in the soil 

environmental factors, litter layer, and fine-root biomass between both sites. 

Unfortunately, the study did not involve the analysis of the contribution of the 

C flux from decaying stump roots to the SR estimates at the low burn-severity 

site. Nevertheless, its influence could be considered quite limited because 

although there was an evident presence of tree stumps, they were mainly small in 

size (see Chapter 3 for further details regarding to fire-induced tree mortality), 

and showed a limited decay process (Chapter 1). Based on results of Chapters 

2, 4 and 5, we also note that a large variation in the relative contribution of SR 

to Reco was observed between the burnt sites, ranging from ≈51 to 91% at the 

low and high burn severity sites, respectively (Fig. 2). 

A relatively low fire-induced injury in both the crown (i.e., both crown scorch 

and consumption) and stem was observed in the remaining pine trees after the 
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low-burn severity fire. This appears to explain why results in Chapter 3 showed 

that pine trees did not suffer an alteration in Rw rates because of burning in 

comparison to unburnt pine trees. However, this finding is contrary to earlier 

studies performed immediately following low-severity fire (Cernusak et al., 2006; 

Clinton et al., 2011), in which this disturbance caused Rw to decline in trees likely 

due to a higher canopy damage. Notwithstanding the relatively limited sample 

size, our preliminary sampling exercise carried out in Chapter 3 also showed that 

the needle Rf traits of the remaining pine trees after fire functioned similarly to 

unburnt pine trees, which is in line with other research studies performed after 

surface and/or prescribed fires (Cernusak et al., 2006; Renninger et al., 2013; 

Schäfer et al., 2014). Thus, based on results of Chapters 3 and 4, the relative 

contribution of the RAa to Reco at the low burn-severity site was quite similar 

(49%) than at the unburnt site (see Section 2; Fig. 2). It can be stated that the 

drastic vegetation shift from mature pine stand to early-stage post-fire plant 

succession at the high burn-severity site, a pattern previously reported for 

severely burnt Spanish black pine stands (Martín-Alcón and Coll, 2016), likely 

induced pronounced differences in RAa rates between these ecosystems. Our 

estimated RAa rates at the sparse grassland during 2012 were 91% lower compared 

to the mature pine stand, which in turn resulted in a scarce relative contribution 

to Reco (6%; Fig. 2). 

Overall, our research strengthens the idea that the high burn-severity fire and the 

subsequent vegetation shift have substantial implications for the C balance of 

this recently burnt Spanish black pine forest, similarly to previous works (Amiro 

et al., 2010; Ghimire et al., 2012; Irvine et al., 2007; Mkhabela et al., 2009). In 

addition, this work identifies that the low burn-severity fire has a limited impact 

on C cycling at this understudied Mediterranean mountain ecosystem, a fact that 

has been scarcely reported (Ghimire et al., 2012; Meigs et al., 2009). 
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Figure 2. Magnitudes of mean annual C fluxes (Mg C ha-1 year-1) during the year 2012 at the study sites. Yellow boxes indicate measured C 

fluxes (Subscript BM indicates biometric and flux chamber-based methods [C: C-mass balance, M: whole-canopy photosynthesis modelling] 

and subscript EC indicates eddy covariance technique). Grey boxes indicate estimated C fluxes based on the assumptions BNPP = 

(0.5×TBCF) (unburnt and low burn-severity sites), NPP = (0.65×GPP) (high burn-severity site), and measured C fluxes. Note that the C 

loss from decaying tree stumps (Rstump) is computed as part of the Reco in both approaches at the low burn-severity site. Arrows represent 

fluxes: the thickness of arrows is representative for flux size; red and blue arrows denote respiratory and production fluxes, respectively; 

green arrows denote C sink/source strength. 
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4. Effect of slope-aspect on post-fire carbon fluxes from 
soil and decaying tree stumps 

Earlier studies have highlighted that the topographic-microclimate interactions 

can exert a significant influence on both soil and vegetation components of the 

forest ecosystem C cycle (Griffiths et al., 2009; Måren et al., 2015). Among the 

topographic features of a landscape, the opposing slope-aspects can have a major 

influence to local microclimate differences (Bennie et al., 2008; Måren et al., 

2015). It could, in turn, indirectly affect the water balance (Bennie et al., 2008; 

Berryman et al., 2015; Måren et al., 2015), the vegetation C stocks, growth, 

regeneration and species composition (Desta et al., 2004; Gilliam et al., 2014; 

Måren et al., 2015; Uclés et al., 2015), and the physical, chemical and 

microbiological soil properties (Ascher et al., 2012; Bardelli et al., 2017; Desta et 

al., 2004; Egli et al., 2009; Gómez-Brandón et al., 2017; Griffiths et al., 2009). 

However, despite the efforts made so far to characterize and quantify the C fluxes 

of ecosystems worldwide, only a few studies have assessed the effect of opposing 

slope-aspects on C fluxes in undisturbed ecosystems. In addition, they have been 

mainly focused on SR rates (Atkins et al., 2015; Berryman et al., 2015; Kang et 

al., 2003; Riveros-Iregui and McGlynn, 2009; Wang et al., 2015). Surprisingly, the 

topographic-induced variability on C fluxes in burnt forest ecosystems remains 

to be elucidated. 

To the best of our knowledge, the present study reports for the first time how 

the spatio-temporal patterns of post-fire C fluxes from both the soil and decaying 

tree stumps differ between opposing slope-aspects after post-fire logging of 

severely burnt pine stands. In particular, our 3-year study assessed the seasonal 

and annual variations in SR and Rstump estimates and quantified both C fluxes at 

ecosystem-level, focusing on early post-fire stages (1.5 to 4.5 years post-burn) 

when a large amount of variation in the dynamics and magnitude of these C 

fluxes are expected to occur (Harmon et al., 2011; Irvine et al., 2007; Muñoz-

Rojas et al., 2016; Smith et al., 2010). 

Results in Chapters 1 and 2 revealed that the topographic effect in both SR and 

Rstump fluxes between opposing slope-aspects was largely regulated by differences 

in environmental factors at both the soil (i.e., temperature and water content) and 

stumps (i.e., temperature). This is because these abiotic factors are recognized to 

have a strong primary control on the temporal variation of SR (López-Serrano et 

al., 2016; Marañón-Jiménez et al., 2011; Uribe et al., 2013) and Rstump (Hagemann 

et al., 2010; Shorohova et al., 2012). Similarly to previous studies on SR (Almagro 

et al., 2009; Uribe et al., 2013) and deadwood (Harmon et al., 2011; Olajuyigbe et 

al., 2012), our work confirmed a strong temperature-dependent seasonal pattern 

of both the SR and Rstump, although for the latter this pattern was strongly 

modulated by seasonality of soil moisture. A key finding in Chapters 1 and 2 
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was to reveal both higher SR and Rstump rates at the south-facing slope-aspect, 

similarly to previous works at the Northern Hemisphere (Wang et al., 2015), 

which occurred in warmer and drier conditions than at the north-facing slope 

aspect. It is important to emphasize that SR rates at opposing slope-aspects were 

mainly dependent on the decaying stump roots, a process that is mainly driven 

by temperature (Harmon et al., 2011). Overall, because the strong influence of 

tree stumps at this post-fire Mediterranean forest ecosystem, temperature, rather 

than moisture, become the major factor regulating both the SR and Rstump rates. 

Our diachronic study was too short time-scale to determine if a maximum C 

pulse from both SR and Rstump occurred between 1.5 to 4.5 years after the fire at 

the severely burnt pine stands. However, in Chapters 1 and 2, the findings 

showed that slope-aspect also lead to different inter-annual patterns in both Rstump 

and SR close to stumps, which could be explained by differences in the beginning 

of the stump decay process between opposite slope-aspects (Bond-Lamberty et 

al., 2002; Harmon et al., 2011; Mackensen and Bauhus, 2003; Olajuyigbe et al., 

2012). Delayed decay process could be caused by slow colonization by wood-

decomposing organisms, unfavourable environmental conditions, or both 

(Harmon et al., 2011; Laiho and Prescott, 2004). Based on the results, we consider 

that tree stumps at the north-facing slope-aspect could have started their decay 

later. Thus, the influence of slope-aspect on stump decay process can be 

considered as an important secondary control over both the SR and Rstump 

patterns. 

The temporal variability of SR can also be linked to different biotic factors among 

which are included the aboveground litter on the forest floor (Saiz et al., 2006) 

and the root biomass activity (Laganière et al., 2012; Luan et al., 2011; Saiz et al., 

2006; Vargas and Allen, 2008). Results in Chapter 2 suggest that litter layer did 

not exert influence on the response of SR rates to opposing slope-aspect. 

Interestingly, an accelerate vegetation recovery rate (personal observation) was 

observed at the south-facing slope-aspect over the 3-year study period, which 

was indirectly confirmed through the fine-root biomass estimates in Chapter 2. 

This could contribute to increase the SR rates at this slope-aspect through a 

higher root respiration from herbs and shrubs, consistent with previous research 

(Atkins et al., 2015). Thus, the slope aspect-induced vegetation recovery during 

the early post-fire stages can also play a key role in determining SR patterns. 

According to above results, we can infer that as a result of the large topographic-

induced heterogeneity on both SR and Rstump in burnt forest ecosystems, the 

landscape complexity is critical to obtain accurate ecosystem-level estimation of 

these C fluxes. 
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5. Cross-validation of biometric and eddy-covariance 
based estimates of carbon fluxes in a low burn-severity 
Spanish black pine stand 

To understand better forest ecosystem C cycling processes and to get more 

accurate direct estimates of the global terrestrial C budget, it is fundamental to 

obtain reliable ecosystem-level measurements of forest C fluxes (Jung et al., 2011; 

Luyssaert et al., 2009; Wang et al., 2017). On the one hand, a cross-validation of 

C fluxes estimated by fully independent approaches is imperative to improve the 

accuracy of the C budget and C dynamics in forest ecosystems (Luyssaert et al., 

2009; Peichl et al., 2010; Speckman et al., 2015; Wang et al., 2017). On the other 

hand, a cross-validation of the estimated C fluxes provides an important feedback 

on the robustness of the estimation, highlighting potential sources of error in 

either approach within an individual study site (Dore et al., 2003; Gough et al., 

2008; Speckman et al., 2015). A variety of approaches has been used to estimate 

forest ecosystem C fluxes, such as the eddy-covariance technique (EC) (Aubinet 

et al., 2012; Baldocchi, 2003; Reichstein et al., 2007) and the biometric and flux 

chamber-based methods (BM) (Campioli et al., 2016; Gielen et al., 2013; Gough 

et al., 2008; Peichl et al., 2010). However, the analysis of the consistency between 

both approaches for estimating ecosystem-atmosphere C exchange is fairly 

difficult (Dore et al., 2003). Therefore, only few studies have been performed 

regarding to this topic at both the site-level (e.g., Gielen et al., 2013; Gough et 

al., 2008; Hermle et al., 2010; Ohkubo et al., 2007; Peichl et al., 2010; Speckman 

et al., 2015; Tang et al., 2008; Thomas et al., 2013; van Gorsel et al., 2007; Wang 

et al., 2010; Yuan et al., 2018; Zha et al., 2007) or global-scale (e.g., Campioli et 

al., 2016; Luyssaert et al., 2009; Wang et al., 2017; Xu et al., 2014). 

Our comprehensive study enabled direct comparison of the NEE, GPP and Reco 

estimates obtained simultaneously during 2012 by using intermittent BM 

measurements along with continuous site-level EC measurements at the low 

burn-severity Spanish black pine stand, in an attempt to implement a cross-

validation of both approaches. As far as we know, this is the unique study so far 

analysing the convergence of BM- and EC-based C fluxes at site-level in a 

Mediterranean forest ecosystem. However, certain weaknesses were associated 

with this work due to (1) the BM-EC comparison was limited to annual C flux 

estimates, (2) only one year could be analysed, and (3) differences between night-

time and daytime C flux estimates obtained through both approaches could not 

be addressed. 

Interestingly, results in Chapter 5 indicate that the C fluxes observed by both 

the BM and EC approaches are fairly similar magnitude when compared in the 

same temporal and spatial scale at the low burn-severity site (Fig. 2). Thus, our 

study found analogous annual GPP EC-based estimates when compared to BM-
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based estimates obtained from the C-mass balance and whole-canopy 

photosynthesis-modelling approaches (+2.6 and -0.2%, respectively). However, 

EC measurements slightly underestimated annual Reco (-9.2%) compared to BM 

measurements. Consequently, the EC approach overestimated annual NEP 

estimates in comparison with BM-based estimates obtained from the C-mass 

balance and whole-canopy photosynthesis-modelling approaches (+17.6 and 

+29%, respectively). Our study suggests that overestimation of 

micrometeorological estimates of NEP could arise primarily from the 

underestimation of Reco, a fact widely acknowledged on previous site-level studies 

(e.g., Gielen et al., 2013; Gough et al., 2008; Hermle et al., 2010; Ohkubo et al., 

2007; Peichl et al., 2010; Speckman et al., 2015; Thomas et al., 2013; Wang et al., 

2010) or global datasets (e.g., Campioli et al., 2016; Wang et al., 2017; Xu et al., 

2014). At this point, it should be noted that at the high burn-severity site the 

suspected underestimation of Reco by the EC approach implies that our estimates 

of RH, RAb, and RAa rates obtained by combining BM and EC measurements (see 

Section 3) need to be interpreted with even more caution. In addition, our BM 

measurements are not free of uncertainty, which could lead to provide an 

overestimation of Reco (and hence, an underestimation of NEP) by BM approach 

as it has been previously described (Gaumont-Guay et al., 2006; Ohkubo et al., 

2007; Zha et al., 2007). Thus, it is important to review, even if only briefly, the 

causes of the discrepancies in C fluxes induced by the approaches. 

 

5.1. Uncertainty in forest carbon fluxes estimated from the 
eddy-covariance technique 

Several factors present during both the measurement and post-processing stages 

would result in potential errors in EC-based C fluxes. First, uncertainties in EC 

flux estimates can be associated with the instrumentation precision, calibration, 

and maintenance as well as incomplete correction and/or insufficient quality 

control procedures (Fratini et al., 2014; Loescher et al., 2006; Papale et al., 2006; 

Richardson et al., 2012). In this study, we consider that our EC-based C fluxes 

were kept free of these shortcomings. 

Second, flux contributions originating from different land cover types beyond 

the specified target land cover can introduce a systematic bias into the EC flux 

estimates (Göckede et al., 2008; Nagy et al., 2006; Rebmann et al., 2005). In order 

to avoid this potential source of error, EC measurements in Chapter 5 were 

discarded when the 70% flux footprint (X70%) was originated outside the 

boundaries of the defined area of interest. Nevertheless, low burn-severity site 

within the wildfire perimeter was too small to allow an ideal fetch condition; 

therefore, unfortunately, our area of interest could represent a spatially limited 

fetch. Furthermore, given the need for an as large as possible night-time dataset 
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on which to base the assessment of the ecosystem C source/sink, we applied an 

acceptable X70% footprint criterion (Vesala et al., 2008), which contributed to a 

lower rejection of both daytime, and especially, night-time EC flux data 

compared to more restrictive footprint filtering criteria. 

Third, previous works have shown that night-time Reco can be systematically 

biased due to both an insufficient nocturnal turbulence mixing (Baldocchi, 2003; 

Falge et al., 2001; Gu et al., 2005; Papale et al., 2006) and a significant horizontal 

and vertical advection (van Gorsel et al., 2009; van Gorsel et al., 2008; van Gorsel 

et al., 2007). Following the u*-filtering approach defined by Papale et al. (2006), 

night-time flux data measured under a critical u* threshold of 0.30 m s-1 were 

discarded in Chapter 5 to exclude situations with low turbulence intensities. 

However, using a single conventional u*-threshold filtering allows us to reduce, 

but not completely eliminate, the associated uncertainty with advective fluxes that 

could be present in our study site due to its slightly hilly topography (Galvagno 

et al., 2017; Richardson et al., 2012; van Gorsel et al., 2007). However, we cannot 

evaluate the presence of an advective flux regime, which is highly site specific 

(Aubinet et al., 2010; Novick et al., 2014), and if this deficiency could induce 

some bias in our night-time Reco estimates. 

Fourth, previous studies have supported the findings that underestimation of Reco 

may be greater in tall-dense-canopy forest ecosystems (Loescher et al., 2006; 

Paul-Limoges et al., 2017; Speckman et al., 2015) as consequence of a higher 

suppression of the vertical mixing, higher CO2 storage flux term, and presence 

of sub-canopy decoupling (Thomas et al., 2013; Wang et al., 2016). Based on the 

fact that the studied forest stand had a medium canopy height (≈ 17 m; 90th 

percentile of the distribution of tree canopy heights) and a sparse leaf area index 

(LAI ≈ 1.4 m2 m-2), we assume that our Reco estimates may be rarely affected by 

the forest canopy structure. 

Fifth, energy balance closure (EBC) is widely used as an indicator of EC data 

quality (Foken, 2008; Leuning et al., 2012); however, the lack of closure is the 

rule rather than the exception at the majority of EC flux sites (Wohlfahrt and 

Widmoser, 2013). Thus, many studies have shown that, on a half-hourly basis, 

EBC is usually underestimated by 20-30% (Leuning et al., 2012; Wilson et al., 

2002). Although results in Chapter 5 showed an acceptable EBC at this low 

burn-severity site, the energy imbalance (19%) suggested that the EC 

measurements may have underestimated both latent and sensible heat fluxes. 

This implies that if the measurements of CO2 were subjected to the same errors 

as those affecting water vapour, then C fluxes were likely to be underestimated 

as well (Baldocchi, 2003; Stoy et al., 2013; Wohlfahrt and Widmoser, 2013). 

Nevertheless, uncertainties in both net radiation and soil heat flux measurements 

could also be present in the EBC (Foken, 2008; Stoy et al., 2013). 
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Sixth, data gaps are a ubiquitous in all EC time series due to system failure 

(missing data) and/or data filtering (rejected data) (Hui et al., 2004); average data 

gap coverage has been reported to be 20 to 60% of total EC measurements 

(Moffat et al., 2007). There is currently no standardization for gap-filling flux 

data. Thus, annual values of EC-based C fluxes have uncertainties associated with 

the choice of methods to fill the unavoidable gaps in missing/rejected data (Desai 

et al., 2008; Falge et al., 2001; Moffat et al., 2007; Soloway et al., 2017). It is 

generally acknowledged that long gaps are more difficult to fill than short gaps 

(Aubinet et al., 2012; Moffat et al., 2007; Richardson and Hollinger, 2007). In this 

study, we used both the Marginal Distribution Sampling (MDS; Falge et al., 2001; 

Reichstein et al., 2005) and the Non-Linear Regression (NLR; Falge et al., 2001; 

Moffat et al., 2007) methods as gap-filling approaches. It is worth mentioning 

that a major limitation lies in the fact that a high proportion of long night-time 

gaps were present, which lead to underestimated gap-filled EC data during these 

nocturnal periods using only the MDS method (Chapter 5). To reduce night-

time bias, combined NLR+MDS methods were used for a quick gap-filling, 

which minimized the night-time C flux underestimation. Despite the high 

confidence that we have on both the annual daytime and night-time NEE sums 

showed in Chapter 5, the uncertainty introduced by our novel gap-filling 

approach, however, remained non-quantified. 

Seventh, different flux-partitioning methods have emerged to indirectly 

disentangle GPP and Reco from measured NEE, being procedures that may also 

introduce errors (Desai et al., 2008; Oikawa et al., 2017; Stoy et al., 2006; Wang 

et al., 2017; Wohlfahrt and Galvagno, 2017). In Chapter 5, we used the widely 

applied night-time based flux-partitioning method (Reichstein et al., 2005), which 

uses non-gap-filled night-time NEE measurements to parameterise a short-term 

temperature-dependent model of Reco applied to a daytime temperature (either 

air or soil temperature) to extrapolate daytime Reco. This approach may lead to 

some bias in our daytime Reco and GPP estimates owing to the use of a limited 

night-time EC dataset to define efficiently the Reco model as well as a single 

driving temperature (Kolari et al., 2009; Lasslop et al., 2012; Wohlfahrt and 

Galvagno, 2017). Furthermore, this partitioning method may have induced a 

potential overestimation of daytime Reco (Campioli et al., 2016; Heskel et al., 2013; 

Wang et al., 2017; Wehr et al., 2016). Thus, this algorithm is not able to account 

for the reduction in leaf mitochondrial respiration in the light compared to 

darkness (Atkin et al., 2013; Ayub et al., 2011; Ayub et al., 2014; Crous et al., 

2012; Way et al., 2015), a process corroborated at the studied forest ecosystem in 

Chapter 3. In addition, this method assumes that temperature responses of Reco 

behave similarly during the daytime and night-time (Oikawa et al., 2017). Overall, 

it is important to realize that a potential case of error compensation could be 

present in our EC-based Reco estimates, with the underestimation of night-time 

Reco rates related to the shortcomings discussed above compensating an 
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overestimation of daytime Reco rates related to the selected partitioning 

procedure. 

Overall, despite its associated potential biases and practical limitations, the EC 

approach constitutes a unique source of robust, accurate and reliable information 

on ecosystem-atmosphere C exchange considering an efficient measurement 

setup and a standardised scheme of post-field data processing (Rannik et al., 

2016; Wang et al., 2017). However, a primary purpose of a micrometeorological 

flux study should be to identify and, if possible, to minimize uncertainties in its 

EC-based C flux estimates (Loescher et al., 2006), which can be taken through 

increasing the precision of both measurements and post-processing stages 

and/or developing a rigorous cross-validation with accurate BM-based estimates. 

 

5.2. Uncertainty in forest carbon fluxes estimated from the 
biometric methods 

The possibility of biased BM-based estimates of NEP, GPP, and Reco has received 

much less attention than EC-based estimates (Hermle et al., 2010). This could be 

due to the fact that a comprehensive and laborious sampling strategy, based on 

robust sampling methods and spatio-temporal scaling protocols, is required to 

obtain accurate BM-based C fluxes at the ecosystem-level (Campioli et al., 2016; 

Hermle et al., 2010). In most cases, it involves method-specific assumptions and 

simplifications that can induce biased estimates (Kolari et al., 2009; Wang et al., 

2010; Wang et al., 2017). 

Several potential sources of error are involved in Reco and GPP estimation 

through chamber-based measurements. The first widely recognized potential 

error is the bias caused by the physical placement of the chamber and/or cuvette, 

which can alter temperature, air pressure, and diffusion gradients (Baldocchi, 

2003; Speckman et al., 2015; Wang et al., 2010). In this study, we have not directly 

tested this potential bias. However, we consider that the widely-used 

commercially available flux chambers (i.e., Li-6400-02B LED, Li-6400-09, and 

Li-8100-104) used in experiments in Chapters 1-4, which were designed for 

accurate and reliable in situ measurements of CO2 gas exchange, do not introduce 

significant artifacts. 

A second source of error in manual chamber-based measurements is related with 

their low temporal flux resolution; i.e., very often they involve midday 

measurements from monthly to at most twice per week monitoring frequency 

(Koskinen et al., 2014; Savage and Davidson, 2003; Yao et al., 2009). In Chapter 

2, we showed how an innovative combination of manual and automated 

measurements could help to better quantify SR rates and provide an accurate 

estimation of the annual soil C flux at ecosystem-level. However, our 
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measurements of CO2 efflux from decaying stumps (Chapter 1), CO2 efflux from 

stem and branches (Chapter 3), needle respiration (Chapter 3), and needle CO2 

assimilation (Chapter 4) were based on discontinuous (i.e., monthly or 

fortnightly) manual chamber-based measurements which could yield slightly 

biased annual estimates of Rstump, RW, RF, and GPP at ecosystem-level, 

respectively. 

A third source of error associated with chamber-based measurements is the 

uncertainty associated with their spatial resolution and the extrapolation of 

scaling point measurements from woody debris, soils, wood, and needles to the 

ecosystem-level (Speckman et al., 2015; Wang et al., 2017). In Chapter 1, we 

examined the differences in Rstump from decaying tree stumps with different size 

(Garrett et al., 2010; Russell et al., 2015; Zhou et al., 2007). In Chapter 2, we 

used a novel spatial sampling scheme to examine SR. This scheme integrated a 

systematic random sampling method based on different soil-surface areas (Knohl 

et al., 2008; Ngao et al., 2012; Phillips et al., 2017; Rodeghiero and Cescatti, 2008) 

together with two linear transects from nearest single-tree or stump to canopy 

gaps (Millard et al., 2008; Scott-Denton et al., 2003; Tang and Baldocchi, 2005). 

In Chapter 3, we took into account that: i) wood CO2 efflux varies vertically 

along tree stems as well as with tree size (Katayama et al., 2014; Ryan et al., 2009; 

Tarvainen et al., 2014), and ii) needle respiration varies over leaf span, daytime 

and night-time periods, sun and shade environments, and vertical gradients 

within the canopy position (Atkin et al., 2013; Ayub et al., 2011; Crous et al., 

2012; Rodríguez-Calcerrada et al., 2012; Villar et al., 1995). Analogously, in 

Chapter 4 we took into consideration that needle photosynthetic parameters 

vary with leaf ageing and sunlit and shaded canopy fractions (De Pury and 

Farquhar, 1997; Han et al., 2008; Op de Beeck et al., 2010; Sprintsin et al., 2012; 

Warren, 2006). Therefore, although all these approaches involved some 

assumptions and simplifications that deserve exhaustive evaluation to try to 

reduce the associated uncertainty, it is important to highlight the enormous 

methodological effort made in the present work, which was intended to provide 

reliable BM-based C flux estimates. 

A fourth source of error is associated with the different upscaling models defined 

for the spatio-temporal extrapolation of the C fluxes, which can also introduce 

bias in estimation of the ecosystem-level C fluxes (Hoffmann et al., 2015; 

Richardson et al., 2006; Wang et al., 2010; Wang et al., 2017). Thus, this bias 

could be due to these models are usually based on few infrequent replicated 

measurements (see above). Similarly, they are based on few available predictors 

(e.g., air and soil temperature, soil water content, stump and tree diameter, 

sapwood volume, tree-ring growth rate) and adequate scalar multipliers (e.g., leaf 

area index, proportion between current- and previous year needles, sapwood 

volume, soil-surface area, stump diameter). We note that our upscaling methods 
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had to rely on the representativeness of a limited set of chamber-measurements, 

which allowed us to define reasonably accurate upscaling models (Chapters 1-4) 

but, in turn, they could have introduced a potential bias into our upscaled 

estimates. Our upscaling models were defined similarly to those widely adopted 

in other studies for: i) deadwood C flux (e.g., Hagemann et al., 2010; Olajuyigbe 

et al., 2012), ii) SR (e.g., Almagro et al., 2009; Martin et al., 2009), iii) Rw (e.g., 

Brito et al., 2010; Katayama et al., 2014; Rodríguez-Calcerrada et al., 2014), and 

iv) Rf (e.g., Rodríguez-Calcerrada et al., 2011; Rodríguez-Calcerrada et al., 2012). 

Nevertheless, there has been unclear whether alternative models could provide 

more accurate C flux estimates. Additionally, uncertainty in the temporal and 

spatial distribution of LAI could induce errors in our whole-canopy RF and GPP 

estimates in Chapters 3 and 4. Thus, despite these issues are intrinsic to bottom-

up scaling studies (Kolari et al., 2009; Wang et al., 2010), which are in many cases 

difficult to solve, we consider that our comprehensive study provides C flux 

estimates of reasonable quality. 

BM-based NPP estimates could also be affected by potential bias due to the 

character of the field sampling approaches, which can cause either overestimation 

or underestimation of NPP (Campioli et al., 2016; Clark et al., 2001). In principle, 

different sources of error and uncertainty include simplified spatial variability 

(Ravindranath and Ostwald, 2008), sampling errors of above- and belowground 

biomass production (Butt et al., 2013; Clark et al., 2001; Holdaway et al., 2014; 

Malhi et al., 2011), and unmeasured minor NPP components (Campioli et al., 

2016; Clark et al., 2001). In Chapter 4, we carried out a sampling effort deemed 

adequate for ANPP as well as for TBCF, although some components could have 

been better characterized such as litterfall rate, fine root production, and 

aboveground litter biomass. However, it is unlikely that these components 

appreciably affect our ANPP and/or TBCF estimates, similarly to could occur 

with the unmeasured understory biomass production, which was scarce after the 

low burn severity fire. 

As noted above, integrating several types of biometric and flux chamber-based 

measurements unavoidably carries a risk of producing biased C flux estimates at 

ecosystem-level induced by this complex sampling scheme (Campioli et al., 2016; 

Hermle et al., 2010; Hoffmann et al., 2015). In practice, researchers have to 

implement a variety of methodologies in an effort to balance efficiency and 

accuracy. For this reason, a minimum specific and precise protocol of BM 

measurement procedures should be a prerequisite and highly desirable to increase 

the reliability and consistency of comparative studies between BM- and EC-based 

C fluxes within a study site. 
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6. Sampling techniques and extrapolation protocols of 
component carbon fluxes based on biometric methods 

It is clear that a wide variation in instruments, methods, and processing protocols 

exists in determining the production and respiration components of the 

ecosystem C cycle based on BM methods (Campioli et al., 2016; Luyssaert et al., 

2009; Wang et al., 2017; Xu et al., 2014). Following Campioli et al. (2016), this 

variation is due to the diverse scope between studies (i.e., assessing the impact of 

a manipulative experiment, ecosystem-level estimates, and/or regional 

assessments), local researcher capacity and practical reasons (i.e., logistics, 

availability of labour). Therefore, a widespread harmonization of monitoring 

procedure is still pending, which could be important to reduce methodological 

biases in ecosystem-level studies, to increase the convergence between BM- and 

EC-based C flux estimates, and to facilitate intercomparison studies of BM 

estimates between sites (Campioli et al., 2016; Luyssaert et al., 2009; Wang et al., 

2017). To help address this problem, in this study we verified several efficient 

sampling techniques and extrapolation protocols that can help to reduce 

common methodological biases in BM estimates and to enhance to standardize 

the BM estimates in future ecosystem-level C cycle studies. In addition, our work 

is intended to develop innovative, accurate, and cost-effective strategies for the 

assessment of ecosystem-level C fluxes in bottom-up studies. 

Interest in deadwood contribution to forest C cycle has increased recently 

(Russell et al., 2015), although estimating its C flux remains an enormous 

challenge (Forrester et al., 2015). However, to date, much attention has been paid 

to assessments of deadwood decomposition rates and associated C flux by 

estimating changes in attributes such as volume, density, biomass, and C based 

on time series and/or chronosequence studies (Garrett et al., 2008; Harmon and 

Sexton, 1996; Russell et al., 2015). Relatively few studies have performed direct 

measurements of C flux from deadwood under near-natural conditions (e.g., 

Bond-Lamberty et al., 2002; Forrester et al., 2015; Forrester et al., 2012; 

Hagemann et al., 2010; Herrmann and Bauhus, 2013; Jomura et al., 2008; 

Mackensen and Bauhus, 2003; Olajuyigbe et al., 2012). A key contribution in 

Chapter 1 has been to confirm that the spatio-temporal patterns of C flux from 

partially buried stumps left on site can be accurately characterized by a 

combination of inventory data from field plots and in situ manual chamber-based 

measurements from a representative sample of decaying stumps. It is noteworthy 

that direct measurement captures the influence of microbial respiration, but not 

other processes (i.e., C losses from leaching and fragmentation) (Forrester et al., 

2015; Russell et al., 2015). Site-specific multiple regression models that related 

top diameter of stump and temperature to instantaneous Rstump were defined to 

model ecosystem-level C flux. This study is methodologically unique since it 

provides a novel and suitable alternative approach that can be widely used for the 
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assessment of decaying stump dynamics. However, several technical aspects 

associated with our measurements need however to be further investigated, e.g., 

C fluxes from night-time conditions by using automatic chambers and from the 

lateral surface of the aboveground part of stumps by using custom-made 

chamber systems. To disregard these measurements could induce bias on C flux 

estimates. 

Soil respiration has been widely studied for over the last 90+ years (Lundegårdh, 

1927), which has constituted a geographically and ecologically rich dataset on C 

cycle measurements and modelling (Phillips et al., 2017). In spite of this progress, 

SR is a challenging flux to measure and influenced by the methodological 

approach (Campioli et al., 2016; Phillips et al., 2017; Vargas et al., 2011). This is 

because SR integrates multiple processes (i.e., root and microbial activity, along 

a vertical gradient of soil activity; (Hanson et al., 2000; Kuzyakov, 2006; 

Reichstein and Beer, 2008)) occurring over broad spatial and temporal scales 

(Khomik et al., 2006; Tang and Baldocchi, 2005). Upscaling chamber-based SR 

measurements from point-level observations to obtain reliable annual sums at 

the ecosystem-level is therefore not straightforward (Bradford and Ryan, 2008). 

Our original SR scaling approach, applied in Chapter 2, combined both manual 

and periodic (fortnightly or monthly) SR measurements with high spatial 

resolution according to a stratified random sampling strategy on the one hand, 

and automated and continuous (half-hourly) SR measurements with a seasonal 

temporal resolution along linear gradients from the nearest tree or stump to an 

open area on the other hand. The novelty of this approach lies in providing 

variable soil-surface area estimates at the ecosystem-level (i.e., soil close to trees 

or stumps or away from them) throughout the year, which could help to prevent 

scaling bias presumably because of better representation of the spatial variability 

of SR. Furthermore, our approach underlines that regression models defined 

from non-optimally timed sampling, based on midday manual SR measurements, 

could not be appropriate for integrating SR. This could result in systematic bias 

of daily and annual SR budgets if automated SR measurements had not been 

used, as has been previously reported (Cueva et al., 2017; Perez-Quezada et al., 

2016; Phillips et al., 2010; Vargas and Allen, 2008). Results of our study might be 

useful for monitoring SR in future studies, whose measurement protocols should 

try to combine manual and automated soil chamber systems in order to decrease 

uncertainties in upscaling purposes. 

Wood CO2 efflux (Rw; measure of C release from stems and branches) is known 

to has a substantial contribution to Reco and the forest C cycle (Chambers et al., 

2004; Guidolotti et al., 2013; Hermle et al., 2010; Khomik et al., 2010; Tang et 

al., 2008). However, Rw estimates at ecosystem-level still remain challenged by 

temporal variation as well as intra- and inter-individual variations in this C flux 

that can lead to errors in scaled estimates (Araki et al., 2010; Asao et al., 2015; 
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Chambers et al., 2004; Han et al., 2017; Katayama et al., 2014; Katayama et al., 

2016; Tarvainen et al., 2014). Experiment in Chapter 3 enhances our 

understanding that the consideration of tree size distribution within the stand, in 

addition to the seasonal variation in vertical gradients in Rw within individual 

trees, are undoubtedly necessary to obtain accurate estimates in ecosystem-level 

C cycling studies. Automated chamber-based measurements can provide reliable 

and continuous Rw measurements (Bužková et al., 2015; Etzold et al., 2013; 

Hölttä and Kolari, 2009; Tarvainen et al., 2014), although our temporal 

integrations from low-frequency measures using manual chambers showed in 

Chapter 3 could be considered acceptable to achieving adequate Rw estimates. 

However, there were methodological weaknesses in our study regarding to the 

daily variation in Rw and seasonal changes in Q10ESs and ESs10 terms through the 

year (Acosta et al., 2008; Brito et al., 2010; Han et al., 2017; Tarvainen et al., 

2014). 

Quantifying leaf respiration is an essential effort because this C flux is a large but 

yet poorly quantified component of the forest C cycle (Atkin et al., 2015; Crous 

et al., 2017). Indeed, to achieve this is not straightforward task because Rf is 

affected by many sources of variation, including prevailing environmental 

conditions, species, tree canopy position, leaf or soil nutrients and leaf ageing 

(Cavaleri et al., 2008; Rodríguez-Calcerrada et al., 2012; Tissue et al., 2002; 

Weerasinghe et al., 2014). Additionally, Rf is usually lower in the light (Rfl) than 

in the dark (Rfd) over the course of a day (Ayub et al., 2011; Ayub et al., 2014; 

Crous et al., 2012; Villar et al., 1995; Way et al., 2015; Wehr et al., 2016). 

Experiment in Chapter 3 extends our knowledge of failure to account for 

variations in the effects of both the leaf ageing and light inhibition on Rf lead to 

large overestimates of this C flux at the ecosystem-level. Unfortunately, we did 

not try to disentangle the degree of overestimation induced by each effect. 

Although this requires time-consuming and laborious measurements, this study 

suggests that further application of this sampling procedure should be integrated 

into future ecosystem-level C cycle studies, especially in conifer forests where 

several needle cohorts coexist. However, given that our approach incorporated 

fixed and non-thermal acclimating Rf parameters (i.e., Q10Rf and Rf10), potential 

bias could be present in our Rf estimates (Atkin et al., 2008; Rodríguez-Calcerrada 

et al., 2011; Tjoelker et al., 2009; Wythers et al., 2013; Zaragoza-Castells et al., 

2007). Therefore, future studies scaling Rf should specifically address this issue. 

Gross primary production is the largest C flux of the forest C cycle and impacts 

all the C cycle variables (Beer et al., 2010). Quantifying GPP is therefore essential 

for understand its role in partially offsetting anthropogenic CO2 emission and 

regulating the global C cycle (Anav et al., 2015; Dong et al., 2017; Gilabert et al., 

2015). Currently, the ability to obtain accurate GPP estimates at the ecosystem-

level based on BM methods remains challenging because they comprise a great 
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deal of complexity and extremely labour-intensive sampling procedures 

(Katayama et al., 2013; Ryan et al., 2010). Furthermore, application of these 

methods usually requires either huge amounts of data or several simplifying 

assumptions (Epron et al., 2012; Hermle et al., 2010; Kolari et al., 2009; 

Nouvellon et al., 2012; Peichl et al., 2010; Ryan et al., 2010). In this context, our 

study was undertaken to assess the potential of two independent approaches to 

provide accurate and reliable GPP estimates, which, if successful, could be used 

as efficient strategies in further forest C cycle studies. Despite the limited insight 

into the short-term mechanisms underlying the GPP patterns throughout the 

year (Epron et al., 2012), our results in Chapter 4 increased confidence in the 

common C-mass balance approach. Thus, it was useful for quantifying the annual 

GPP at the ecosystem-level as has been previously reported (Katayama et al., 

2013; Litton et al., 2007; Nouvellon et al., 2012; Ryan et al., 2010). This approach 

was defined as outlined in several previous works (e.g., Katayama et al., 2013; 

Nouvellon et al., 2012; Ryan et al., 2010; Stape et al., 2008), which included the 

C loss from decaying tree stumps as part of the total belowground carbon flux 

(TBCF). Nevertheless, we argue that future C cycling studies should incorporate 

this respiratory C loss as part of the Reco instead of as part of the TBCF. Note 

that this C loss had a negligible contribution in our TBCF estimates at the low 

burn-severity site. Furthermore, we developed a novel whole-canopy 

photosynthesis-modelling approach based on an innovative strategy by coupling 

a traditional non-rectangular hyperbolic light-response model (Cannell and 

Thornley, 1998; Thornley and Johnson, 1990), whose photosynthetic parameters 

were driven by environmental factors (Calama et al., 2013; Mayoral et al., 2015), 

with a two-leaf scaling-up strategy (De Pury and Farquhar, 1997) applied to 

different needle-age cohorts. Results in Chapter 4 demonstrated that this model 

could simulate GPP as accurately as the C-mass balance approach and in the 

meantime with the advantages of represent the seasonal variability of this C flux 

on the one hand and include the photosynthesis response to environmental 

forcing on the other hand. Therefore, we consider this modelling approach a 

valuable tool to provide consistent GPP estimates. Along with this, the inherent 

complexity of both approaches resulted in some method-specific assumptions 

made to compensate for a lack of empirical information, which should be 

exhaustively evaluated if the modellers intend to use any of them in further 

ecosystem-level C cycle studies. 

 

7. Prospects for future research directions 

The research that has been undertaken and reported in the present study has 

identified a number of topics on which further research would be beneficial. Here 

we outline some future research areas that could increase knowledge and clarify 
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uncertainties regarding to the C cycle at burnt Spanish black pine forest 

ecosystems. 

 

7.1. Suggestions to advance knowledge within this line of 
research 

One of the key steps to estimate the current and future contribution of 

undisturbed Spanish black pine forests to the global and/or regional C cycle 

would be quantify how both the C pools and fluxes change with different forest 

stand-age structures, since our study was limited to a mature pine stand. 

Because high landscape heterogeneity at this mountain forest ecosystem, 

ascertaining the topographic-induced spatio-temporal variability of production 

and respiration components of the ecosystem C cycle at undisturbed pine forest 

stands, would also be a fruitful area for further work. 

In order to better understand ecosystem-level responses to climate change at 

unburnt and burnt pine stands, assessing more deeply the contribution of 

multiple short- and long-term environmental drivers (including radiation, 

temperature, precipitation, and soil water content) and ecological-physiological 

controls on half-hourly, daily, seasonal, annual and inter-annual timescales of 

NEP, GPP, and Reco should be addressed in further research. 

This work was focused on the early stages following fire (1.5 to 4.5 years post-

burn). Therefore, following its natural progression, we could analyse the effect 

of fire over a longer temporal period, especially at the high-burn severity site 

where the fire-induced vegetation shift from forest into sparse grassland could 

have substantial implications for the C balance of this burnt pine forest over the 

next decades. 

 

7.2. Suggestions related to constraints, limitations and 
assumptions of the study 

The study did not have the ability to unravel the individual effects of the burn 

severity and the subsequent logging practices on the C fluxes at this recently 

burnt pine forest ecosystem. In this research, the additional effects of logging 

were overlapped on an ecosystem that had already been altered by fire. Therefore, 

that logging may have either amplifying or counteracting effects on the 

underlying fire-induced processes. At this point, further studies disentangling the 

interacting effect of fire and logging at this Mediterranean mountain ecosystem 

would be worthwhile. 
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Another possible area of future research at this pine forest ecosystem would be 

to disentangle the contribution of assimilatory and respiratory C fluxes from the 

understory vegetation to the ecosystem-atmosphere C exchange, a research area 

in which only a limited number of studies have been carried out. In addition, it 

would also be recommended to assess the productivity of both shrubs and herbs, 

especially at the severely burnt pine forest stand where biomass recovery occurs 

slowly. Taken together, these research subjects could shed light on whether the 

assumption that the NPP/GPP ratio is equal to 0.65 is adequate for this fire-

induced grassland. 

A greater focus on decomposition patterns and processes of the partially buried 

tree stumps following fire could produce interesting findings that could increase 

knowledge of this still poorly understood deadwood component, particularly for 

this Mediterranean-type forest ecosystem. To obtain information on the role of 

pine stump decomposition in releasing C and supporting nutrient cycling, further 

studies should therefore emphasize sampling both the above- and belowground 

parts because each part of the stump system may have a different rate of decay 

owing to different external environment and decomposer communities. In 

addition, long enough C flux studies should be addressed to capture if single or 

multiple pulses in CO2 from stumps and their roots occur following fire. 

Further work needs to be done at this pine forest ecosystem to separate 

heterotrophic component of SR. This effort could help us to develop improved 

NPP estimates by subtracting RH from NEP (which, in turn, may clarify our 

assumption that BNPP represents 50% of TBCF) on the one hand, and to 

understand the turnover of soil organic matter (SOM) on the other hand. In order 

to reduce the uncertainty in estimates of RH, different available techniques and 

approaches should be explored. 

In terms of directions for future research, further work could determine the 

optimal sampling time at which manual chamber-based SR measurements are 

most representative of the daily mean value at this Mediterranean mountain 

ecosystem throughout the year. This type of work would also be of great help to 

reduce the potential bias in future studies if manual SR measurements are 

intended to be used for upscaling purposes due to the impossibility of application 

of automated SR systems. 

Another important area of future research would be to understand and directly 

quantify branch CO2 efflux at this pine forest ecosystem, which could contribute 

to gain deeper insights into this poorly sampled C flux to date. Due to the lack 

of measurements motivated by time constraints, the arguments without testing 

behind this C flux remain speculative in this study. 

This work presents an alternative strategy for the spatio-temporal modelling of 

daily LAI over the 3-year study period, in which medium-resolution satellite-
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derived LAI time series were rescaled according to ground-based site-specific 

LAI obtained from a single destructive sampling approach. To better understand 

the consistency of our LAI estimates, a series of systematic validation and 

intercomparison studies using both direct and indirect methods distinguishing 

the contribution of trees, shrubs, and herbs to total LAI should have been 

performed. In this context, it is recommended that more accurate LAI 

measurement methods should be used in future upscaling studies at this pine 

forest ecosystem. 

It is suggested that further studies in foliar respiration needs to examine more 

closely the effect of canopy position on respiratory physiology and to assess the 

capacity for thermal acclimation within Spanish black pine canopies. The 

understanding of both effects could provide an important framework for scaling-

up measurements of respiration from the leaf to the canopy level. At the same 

time, a better knowledge of the photosynthetic parameters of the non-rectangular 

hyperbolic light-response model under sun and shade light environment regimes 

within this pine species canopies would be interesting to reduce the potential bias 

introduced in our whole-canopy photosynthesis-modelling approach. 

As it commonly happens in previous works, the belowground C pools in forest 

vegetation and soils were an uncertain part of our forest C accounting purpose. 

In this way, further studies need to be carried out in order to validate whether 

annual rates of fine root and aboveground net primary production vary together 

at this pine forest ecosystem. Furthermore, it requires intensive research to 

determine its C pools of surface and deep mineral soil horizons and to elucidate 

if these pools are in a steady-state condition. 

Finally, future work would be focused on comprehensive comparisons of other 

methods (e.g., look-up tables, artificial neural-network techniques) that those 

used in this study for the gap filling of missing data in our EC time series. This 

field could allow evaluating their performance with the purpose of finding the 

optimum method for filling long gaps as in our case. In order to minimize data 

loss, daily remote monitoring of the EC systems should be part of their 

maintenance plan, which is vastly superior to relying on monthly or bi-monthly 

trips to the site to ensure proper system functionality. Additionally, future trials 

should be undertaken to improve our understanding of how other flux 

partitioning algorithms of EC data could help to reduce the potential bias of 

daytime Reco estimates. 
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The findings emerged from this comprehensive assessment of the forest C 

cycling collectively demonstrate the importance of understanding the ecosystem-

atmosphere interaction in burnt Spanish black pine stands during their early 

stages following fire. This work enhances knowledge on the topographic-induced 

variability on C fluxes within recently burnt areas. The research also helps to 

advance scientific understanding of the methodologies for monitoring and 

quantification ecosystem C exchange through the simultaneous application of 

both the biometric and flux chamber-based methods (BM) and the eddy-

covariance technique (EC). The main research conclusions of this study are 

briefly summarized as follows:  

 

1. Carbon fluxes obtained from biometric methods in an undisturbed 

mature Spanish black pine forest 

1.1. The gross primary production (GPP), which was derived from two different 

modelling approaches based on the C-mass balance (GPPC) and the whole-

canopy photosynthesis-modelling (GPPM), was the largest C flux at the 

undisturbed mature pine forest over the 3-year study period. In this regard, the 

mean annual GPPC and GPPM estimates were 11.69 and 11.30 Mg C ha-1 year-1, 

respectively. The mean annual ecosystem respiration (Reco) during 2011-2013 was 

found to be 9.26 Mg C ha-1 year-1. 

1.2. Accordingly, this pine forest showed a moderate C-sink strength over the 3 

years of measurements. Thus, the mean annual net ecosystem production (NEP) 

estimates over this period were 2.43 and 2.04 Mg C ha-1 year-1 (NEPC and NEPM, 

respectively). 

1.3. The inter-annual variability in NEP at this Mediterranean mountain 

ecosystem during 2011-2013 was attributable to GPP rather than to Reco. 

1.4. The mean relative contribution of partitioned Reco was 51, 26 and 23% for 

soil, aboveground wood tissues (stem+branches), and needles, respectively, over 

the 3-year study period. This result confirmed that soil respiration represented 

the largest source of C release to the atmosphere at this pine forest. 

 

2. Carbon fluxes obtained from biometric and eddy-covariance methods 

along a burn severity gradient in a Spanish black pine forest 

2.1. An increased fire-induced alteration of the ecosystem-atmosphere C 

exchange was associated with a higher degree of burn severity at this recently 

burnt pine forest. In this regard, following the low burn-severity fire the study 

site acted as a moderate C sink (i.e., the mean annual NEPC and NEPM estimates 

over the period 2011-2013 were 2.09 and 1.82 Mg C ha-1 year-1, respectively; the 
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annual EC-based NEP estimate in 2012 was 2.69 Mg C ha-1 year-1). In contrast, 

the high burn-severity fire, which shifted the forest ecosystem into a sparse 

grassland, imposed that the study site behave as a moderate C source (i.e., the 

annual EC-based NEP estimate in 2012 was -2.08 Mg C ha-1 year-1). 

2.2. A clear reduction of the magnitudes of the post-fire C fluxes was observed 

as the burn severity increased. In addition, this study highlights that decreased 

GPP rather than decreased Reco drove the decline in NEP during the early stages 

following fire. 

2.3. Annual ecosystem-level C emissions from tree stumps, which increased with 

increasing stump size and with the presence of improved environmental 

conditions of both soil and stumps, were significantly higher at the high burn-

severity sites than those at the low burn-severity site. This study underscores that 

tree stumps can be considered as hot spots of CO2 production during their early 

stages of decay, although their contribution to the Reco at ecosystem-level was 

limited at this burnt forest. 

2.4. On the whole, higher annual ecosystem-level soil respiration rates were 

found at the severely burnt sites compared to the unburnt site, which was 

attributed to the influence of ameliorated soil environmental conditions, but 

especially to the C flux from decaying stump roots. In contrast, low burn-severity 

fire had a null or limited capacity to alter the annual ecosystem-level soil 

respiration rates compared to the unburnt site because similar abiotic and biotic 

factors were observed at both sites. 

2.5. Low burn-severity fire did not induce the modification of the aboveground 

(wood+needles) respiratory processes in the remaining pine trees after fire 

compared to the unburnt ones. Consequently, annual ecosystem-level 

aboveground autotrophic respiration rates were similar between the low-severity 

burnt site and the unburnt site. 

 

3. Effect of slope-aspect on post-fire carbon fluxes from soil and 

decaying tree stumps 

3.1. Overall, the C emission rates from both the soil and tree stumps increased 

under warmer and drier conditions such as those occurred at the recently burnt 

south-facing slope-aspect. In this regard, this study revealed that temperature is 

the major environmental factor regulating these C fluxes at opposing slope-

aspects following fire. 
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4. Cross-validation of biometric and eddy-covariance based estimates 

of carbon fluxes in a low burn-severity Spanish black pine stand 

4.1. On an annual basis, ecosystem-level observations obtained from EC 

approach during 2012 at the low burn-severity site provided analogous estimates 

of annual GPP but slightly smaller estimates of annual Reco compared to those 

from BM approach. Consequently, it resulted in a relatively low overestimation 

of annual EC-based NEP estimates in comparison with those obtained by BM 

approach. 

4.2. Underestimation of EC-based Reco estimates was related to uncertainties 

associated with incomplete EC datasets, potential bias in the night-time fluxes, 

and methodological issues related to gap-filling and flux-partitioning approaches. 

Conversely, the complex integration of several respiratory fluxes based on BM 

measurements apparently could tend to overestimate them due to simplifying 

assumptions and/or biased sampling techniques and upscaling procedures. 

4.3. In general, the high convergence between BM-EC C fluxes evidenced the 

reliability and consistency of both approaches to estimate annual ecosystem-level 

C fluxes at this burnt pine forest. 

 

5. Sampling techniques and extrapolation protocols of component 

carbon fluxes based on biometric methods 

5.1. Ecosystem-level patterns of C flux from partially buried stumps left on site 

were more accurately characterized by the use of CO2 measurements based on 

chamber-flux techniques (direct method) instead of the wood mass loss measures 

(indirect method). 

5.2. A combined effort with continuous monitoring of CO2 flux with automated 

chambers and spatial measurements with manual chambers helped to enhance 

the accuracy of annual ecosystem-level soil respiration rates by reducing 

upscaling bias associated with the non-optimally timed manual sampling. 

5.3. Quantitative analysis of wood CO2 efflux regarding both the tree size 

distribution within the stand as well as the vertical variation within individual 

trees allowed providing improved ecosystem-level estimates. 

5.4. This study identified that younger pine needles experienced higher 

respiration rates in both light and darkness than older ones; therefore, this result 

underscores the need to incorporate leaf age and light inhibition variations in 

needle respiration in order to avoid large overestimates of this C flux at 

ecosystem-level. 

5.5. Although several simplifying assumptions were implicated, the 3-year 

convergence of annual GPP estimates obtained by both the C-mass balance and 
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whole-canopy photosynthesis-modelling approaches served as an important 

cross-validation, demonstrating that these laborious and independent approaches 

provided reliable ecosystem-level estimates of this C flux. 
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Los resultados surgidos de esta evaluación integral del ciclo de C del monte 

demuestran en su conjunto la importancia de comprender la interacción 

ecosistema-atmósfera en las masas incendiadas de pino laricio durante sus etapas 

iniciales después del fuego. Este trabajo mejora el conocimiento sobre la 

variabilidad inducida por la topografía del terreno en los flujos de C dentro de 

áreas quemadas recientemente. La investigación también ayuda a avanzar en la 

comprensión científica de las metodologías usadas para monitorizar y cuantificar 

el intercambio de C del ecosistema a través de la aplicación simultánea de los 

métodos basados en mediciones biométricas y de cámaras de flujo (BM) y la 

técnica eddy-covariance (EC). Las principales conclusiones de este estudio se 

resumen brevemente del siguiente modo: 

 

1. Flujos de carbono obtenidos por métodos biométricos en un monte 

maduro de pino laricio no alterado por el fuego 

1.1. La producción primaria bruta (PPB), la cual se obtuvo a partir de dos 

métodos de modelización diferentes basados en el balance de masa de C (PPBC) 

y la modelización de la fotosíntesis del dosel arbóreo completo (PPBM), fue el 

mayor flujo de C en el pinar maduro no alterado por el fuego durante el periodo 

de estudio de 3 años. En este sentido, las estimaciones medias anuales de PPBC 

y PPBM fueron 11.69 y 11.30 Mg C ha-1 año-1, respectivamente. Se encontró que 

la media anual de la respiración del ecosistema (Reco) durante 2011-2013 fue de 

9.26 Mg C ha-1 año-1. 

1.2. En consecuencia, este pinar mostró una capacidad moderada como sumidero 

de C durante los 3 años de medición. Así, las estimaciones medias anuales de 

productividad neta del ecosistema (PNE) durante este periodo fueron 2.43 y 2.04 

Mg C ha-1 año-1 (PNEC and PNEM, respectivamente). 

1.3. La variación interanual en la PNE en este ecosistema mediterráneo durante 

2011-2013 de montaña se atribuyó a la PPB en lugar de a la Reco. 

1.4. La contribución relativa media de los componentes de la Reco fue del 51, 26 

y 23% para el suelo, madera (tronco+ramas) y acículas, respectivamente, durante 

el período de estudio de 3 años. Este resultado confirmó que la respiración del 

suelo representó la mayor fuente de emisión de C a la atmósfera en este pinar. 

 

2. Flujos de carbono obtenidos por métodos biométricos y eddy-

covariance a lo largo de un gradiente de severidad de incendio en un 

monte de pino laricio 

2.1. Un aumento de la alteración provocada por el fuego en el intercambio de C 

entre ecosistema-atmósfera fue asociada con un mayor grado de severidad de 
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incendio en este pinar recientemente quemado. En este sentido, después del 

incendio de baja severidad, el sitio de estudio actuó como un sumidero de C 

moderado (i.e., las estimaciones medias anuales de PNEC y PNEM durante el 

periodo 2011-2013 fueron 2.09 y 1.82 Mg C ha-1 año-1, respectivamente; la 

estimación anual de PNE basada en mediciones EC en 2012 fue 2.69 Mg C ha-1 

año-1). En cambio, el incendio de alta severidad, el cual transformó el ecosistema 

forestal en un pastizal disperso, provocó que el sitio de estudio se comportase 

como una fuente de C moderada (i.e., la estimación anual de PNE basada en 

mediciones EC en 2012 fue -2.08 Mg C ha-1 año-1). 

2.2. Una clara reducción de las magnitudes de los flujos de C post-incendio fue 

observada a medida que aumentó la severidad de incendio. Además, este estudio 

pone de manifiesto que la disminución de la PPB en lugar de la disminución de 

la Reco condujo a la reducción de la PNE durante las etapas iniciales después del 

fuego. 

2.3. Las emisiones anuales de C a nivel ecosistema procedentes de los tocones, 

las cuales se incrementaron con el aumento del tamaño del tocón y con la 

presencia de mejores condiciones ambientales tanto del suelo como de los 

tocones, fueron significativamente más altas en los sitios de alta severidad de 

incendio que aquellas obtenidas en el sitio de severidad baja de incendio. Este 

estudio subraya que los tocones pueden considerarse focos de producción de 

CO2 durante sus primeras etapas de descomposición, aunque su contribución a 

la Reco a nivel ecosistema fue limitada en este monte incendiado. 

2.4. En general, mayores tasas anuales de respiración del suelo a nivel ecosistema 

fueron halladas en los sitios severamente incendiados en comparación con el sitio 

no quemado, lo cual se atribuyó a la influencia de la mejora de las condiciones 

ambientales del suelo, pero especialmente al flujo de C de las raíces de los tocones 

en descomposición. Por el contrario, el incendio de baja severidad tuvo una nula 

o limitada capacidad para alterar las tasas anuales de respiración del suelo a nivel 

ecosistema en comparación con el sitio no quemado debido a que similares 

factores abióticos y bióticos fueron observados en ambos sitios. 

2.5. El incendio de baja severidad no indujo la modificación de los procesos 

respiratorios aéreos (madera+acículas) en los pinos restantes después del fuego 

en comparación con los pinos no quemados. En consecuencia, las tasas anuales 

de respiración autotrófica aérea a nivel ecosistema fueron similares entre el sitio 

levemente quemado y el sitio no quemado. 
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3. Efecto de la orientación del terreno en los flujos de carbono post-

incendio procedentes del suelo y tocones en descomposición 

3.1. En general, las tasas de emisión de C procedentes tanto del suelo como de 

los tocones se incrementaron en condiciones más cálidas y secas como las 

presentes en la orientación sur recientemente incendiada. En este sentido, este 

estudio reveló que la temperatura es el principal factor ambiental regulador de 

estos flujos de C en orientaciones opuestas después del fuego. 

 

4. Validación cruzada de las estimaciones de flujos de carbono basados 

en métodos biométricos y eddy-covariance en una masa de pino laricio 

afectada por un incendio de baja severidad 

4.1. De forma anual, las observaciones a nivel ecosistema obtenidas por el 

método EC durante 2012 en el sitio de severidad baja de incendio 

proporcionaron estimaciones análogas de PPB anual pero estimaciones 

ligeramente inferiores de Reco anual comparadas con las derivadas por el método 

BM. En consecuencia, esto dio lugar a una sobreestimación relativamente baja 

de las estimaciones anuales de PNE basadas en el método EC en comparación 

con las obtenidas por el método BM. 

4.2. La subestimación de las estimaciones de Reco basadas en el método EC se 

relacionó con las incertidumbres asociadas con las series incompletas de datos 

EC, el sesgo potencial en los flujos nocturnos y los problemas metodológicos 

relacionados con los métodos de relleno de huecos y partición de flujos. Por el 

contrario, la compleja integración de varios flujos respiratorios basados en 

mediciones BM aparentemente pudo tender a su sobreestimación debido a 

suposiciones simplificadas y/o técnicas de muestreo y procedimientos de 

escalado sesgados. 

4.3. En general, la alta convergencia BM-EC entre los flujos de C evidenció la 

fiabilidad y consistencia de ambos métodos para estimar los flujos anuales de C 

a nivel ecosistema en este pinar quemado. 

 

5. Técnicas de muestreo y protocolos de extrapolación de los flujos de 

carbono de los componentes basados en métodos biométricos 

5.1. Los patrones a nivel ecosistema del flujo de C de los tocones parcialmente 

enterrados que quedaron en el sitio se caracterizaron con una mayor precisión 

mediante el uso de mediciones de CO2 basadas en técnicas de cámara de flujo 

(método directo) en lugar de las mediciones de pérdida de masa de madera 

(método indirecto). 
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5.2. Un esfuerzo combinado con la monitorización continua del flujo de CO2 

con cámaras automatizadas y mediciones espaciales con cámaras manuales ayudó 

a mejorar la precisión de las tasas anuales de respiración del suelo a nivel 

ecosistema mediante la reducción del sesgo de escalado asociado con el muestreo 

manual no realizado óptimamente en el tiempo. 

5.3. El análisis cuantitativo del flujo de CO2 de la madera en relación con la 

distribución del tamaño del árbol dentro de la masa así como a la variación 

vertical dentro de los árboles individuales permitió proporcionar estimaciones 

mejoradas a nivel ecosistema. 

5.4. Este estudio identificó que las acículas de pino más jóvenes experimentaron 

mayores tasas de respiración tanto en luz como oscuridad que las acículas más 

adultas; por lo tanto, este resultado subraya la necesidad de incorporar la edad de 

la acícula y las variaciones de inhibición de la luz en la respiración foliar con el 

fin de evitar grandes sobreestimaciones de este flujo de C a nivel ecosistema. 

5.5. Aunque varias suposiciones simplificadas estuvieron implicadas, la 

convergencia de las estimaciones anuales de PPB obtenidas durante los 3 años 

por el balance de masa de C y la modelización de la fotosíntesis del dosel arbóreo 

completo sirvieron como una importante validación cruzada, demostrando que 

estos métodos laboriosos e independientes proporcionaron fiables estimaciones 

a nivel ecosistema de este flujo de C. 
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