
1 of 27 

 

WATER USE EFFICIENCY AND LIGHT USE EFFICIENCY IN GARLIC 

USING A REMOTE SENSING-BASED APPROACH 

Jaime Campoy1*, Isidro Campos1, Carmen Plaza2, María Calera2, Nuria Jiménez3, Vicente 

Bodas2,3, Alfonso Calera1 

1 Grupo de Teledetección y SIG. Instituto de Desarrollo Regional. Universidad de Castilla-La 
Mancha. Campus Universitario SN. Albacete (Spain). 

2 AgriSat Iberia, Pol. Campollano, Av 1ª, Nº 18, Albacete (Spain). 

3 Aliara Agrícola, Talavera de la Reina (Spain). 

*Jaime.Campoy@uclm.es 

Abstract 

The objective of this paper was to determine the water use efficiency (WUE) and light 

use efficiency (LUE) values of garlic (Allium sativum L.) and to analyze the normalization of 

these efficiencies for the atmospheric conditions. We analyzed the use of daily reference 

evapotranspiration (ETo) and the vapor pressure deficit (VPD) for these purposes. WUE and 

LUE were valued based on the experimental measurements of dry biomass production and the 

estimation of transpiration and radiation interception based on time series of Remote Sensing 

satellite images. The experimental data were obtained in two commercial fields each planted 

with a different variety of garlic (var. morado and var. spring) growing in different weather 

conditions in the province of Albacete (in the south-east of Spain). The correlation between 

the accumulated values of biomass and the estimated values of crop transpiration and 

radiation absorption resulted in strong linear relationships. The slope of these correlations 

resulted in values of WUE and LUE, WUE=5.51 g·m-2·mm-1 and LUE=2.26 g·MJ-1 for both 

analyzed varieties. The results demonstrated that the inclusion of temperature stress 

coefficient is required when the WUE and LUE parameters are normalized using the ETo and 

the VPD variables. However, atmospheric normalization did not conclusively improve results in 

this study. Results obtained in this paper provided empirical evidence regarding the feasibility 

of estimating biomass production in garlic based on the same physiological principles used for 

other crops. 
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1. INTRODUCTION 

Garlic is widely cultivated around the world with global production being about 26.5 

million tons from a cultivated area of 1450000 ha. Production in Europe is about 825000 tons 

from 99400 ha. In Spain, garlic production is 170000 tons over a cultivated area of 18500 ha 

(FAO, 2016). Albacete is the largest production area for garlic in Spain, where 67000 tons are 

produced from a cultivated area of 6800 ha (MAPAMA, 2016). In the study area, garlic is a high 

value crop, representing high income and profitability (Domínguez et al., 2013). Considering 

the importance of garlic, many researches have analyzed crop productivity in economic terms. 

Lorite et al., (2004) evaluated the profitability of garlic in the Genil-Cabra irrigated area 

(southern Spain). Domínguez et al., (2013) analyzed the profitability of garlic under deficit 

management, providing important insights into the optimization of water use. However, an 

analysis of the effect of climatic and management conditions on crop growth and productivity 

requires the development and implementation of specific approaches with a strong 

physiological basis (Albrizio and Steduto, 2005) as is the case for crop growth models (CGMs).  

CGMs estimate crop growth and development rates based on information about 

management and environmental conditions, along with parameters related to crop physiology. 

This is the case for light and water use efficiency approaches which depend on the estimation 

of key variables (i.e. radiation absorption or transpiration) and knowledge of specific 

parameters (i.e. light and water use efficiency, LUE and WUE respectively) for the estimation of 

crop growth and production. The parameters LUE and WUE are essential for the adequate 

estimation of crop production, since they define the ratio of biomass accumulation over the 

driver variables, of absorbed photosynthetically active radiation (APAR) and crop transpiration 

(Tc). Few researchers have studied the application of these methodologies in garlic. 

Noteworthy contributions include the work estimating LUE and WUE parameters in garlic by 

Rizzalli et al. (2002) and Villalobos et al. (2004). These findings provide empirical evidence of 

the feasibility of estimating biomass production in garlic based on the same physiological 
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principles used for other crops (Albrizio and Steduto, 2005; Campos et al., 2018, 2017; 

Daughtry et al., 1992; Steduto and Albrizio, 2005). In addition, these studies provide empirical 

(i.e. based on field data measurements) values for WUE and LUE that should be compared with 

additional empirical datasets. 

A significant limitation for the implementation and analysis of these methodologies is 

the necessity of obtaining reliable measurements or estimations of Tc and APAR in the 

analyzed crop. Recent research highlights the possibility of integrating temporal series of 

remote sensing (RS) data for the estimation of the required variables and the subsequent 

derivation or evaluation of the LUE and WUE parameters (Campos et al. 2018). In this paper 

we present the estimation of the LUE and WUE parameters in garlic crops, based on 

integration with Remote Sensing (RS) in crop growth models. The additional objectives for this 

paper were to analyze the effect of weather conditions on empirical efficiencies and evaluate 

methods proposed in the literature for the normalization of these relationships (Steduto et al., 

2007). The novelty of the proposed approach lies in the use of RS based biophysical 

parameters for the estimation of Tc and APAR, promoting the development of a robust and 

operational approach for the assessment of garlic biomass production in many areas with 

limited requirements for input data. 

 

2. MATERIAL AND METHODOLOGY 

2.1. Biomass production models based on light and water use efficiency 

This paper focuses on estimation of the LUE and WUE parameters. These efficiencies 

represent the ratio between biomass production and the accumulated value of APAR, see 

Equation 1, and Tc, see Equation 2. The procedure followed in this work is summarized in the 

Figure 1. The LUE approach was originally proposed by Monteith (1972) and the function 

relating biomass and Tc has had a long history of development (Briggs and Shantz, 1913). Both 
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efficiencies can be calculated as the slope of the linear correlation between the biomass and 

the accumulated values of APAR (LUE) or Tc (WUE) (Campos et al., 2018; Daughtry et al., 1992). 

      Equation 1 

       Equation 2 

where Biomass is the dry biomass per unit area during the period between t0 and t in g·m-2; 

LUE is the light use efficiency in g·MJ-1; APAR is the PAR absorbed in MJ·m-2; Tc is the crop 

transpiration in mm; and WUE is the efficiency of water use in g·m-2·mm-1. 

 

Figure 1. Flow diagram of the procedures followed for the estimation of the efficiencies. The numerical 

labels show the order of steps followed. 

 

2.1.1. Normalization of the efficiency parameters for weather conditions. 

The formulations presented in Equation 1 and Equation 2 assume constant values of 

WUE and LUE during the growing cycle. However, evidence in the literature points to the effect 
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of various stresses such as nitrogen and water limitations (analyzed in the results section) and 

the variability generated by the climatic conditions in the relationships. The analyses in the 

literature proposed compensation for the effects of climatic conditions based on the vapor 

pressure deficit (VPD) or reference evapotranspiration (ETo) on LUE and WUE. According to 

O’Connell et al. (2004) the variability measured in LUE was the consequence of the climatic 

environment. Along the same lines, Albrizio and Steduto, (2005) evaluated the opportunity to 

normalize LUE using VPD. However, attempts to normalize LUE using VPD failed, showing a 

great variability in the normalized efficiencies under different climatic conditions. According to 

Steduto et al. (2007) and Steduto and Albrizio (2005), the best way to normalize the climate for 

WUE is through using ETo. These authors therefore introduced the concept of normalized 

water use efficiency (WP*). The relationship between WP* and biomass (Equation 3) is used in 

AQUACROP model (Raes et al., 2011) and FAO-66 manual (Steduto et al., 2012). Note that the 

formulation based on WP* includes a stress coefficient (Kst) that modulates biomass 

production under cold weather conditions, (see the next subsection). Therefore, in this paper 

we propose the normalization of both WUE and LUE using VPD and ETo and in a second step 

we analyze the effect of the inclusion of the cold stress coefficient in both formulations. 

    Equation 3 

where WP* is the normalized water productivity, in g·m-2; Kst is the cold temperature stress 

coefficient for biomass production, dimensionless; and Kt is the crop transpiration coefficient, 

dimensionless. 

 

2.1.2. Determination of the temperature thresholds for the estimation of the cold stress 

coefficient. 

The formulation used in this work for the estimation of Kst was proposed by Raes et al., 

(2011), see Equation 4, and is based on the growing degree days (GDD), calculated as the 

difference between the average daily temperature (Tavg) and the base temperature for the 
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crop being monitored (Tbase). The biomass produced each day is multiplied by Kst. If the GDD 

drops below a threshold value for the crop, Kst is smaller than 1, and biomass production 

decreases (Vanuytrecht et al., 2014). The estimation of Kst requires knowledge of the upper 

and lower thresholds of GDD for the production of biomass. According to Messiaen and 

Rouamba (2004), the optimum growth rate in garlic occurs between 18-20ºC. The lower limit 

for biomass production was set at 0ºC. Thus, we evaluated the sensibility of the model to the 

selected lower thresholds. 

       Equation 4 

where Sx and Sn are the upper and the lower limits, respectively, of Kst and were assumed to be 

equal to 1.0 and 0.005; Srel is the relative stress level, Srel is 0.0 and 1.0 at the upper and lower 

threshold of GDD; and r is the rate factor calculated by solving Equation 4 for Kst = 0.5 and Srel = 

0.5, as proposed by Raes et al., (2011). 

 

2.2. Estimation of the variables used in the crop growth models, Tc and APAR, based on 

remote sensing data. 

According to Asrar et al.(1984), the interception of PAR (IPAR, the amount of 

photosynthetic active radiation intercepted by the plants) and the absorption of PAR (APAR, 

the fraction of photosynthetic active radiation absorbed by a leaf) can be considered 

equivalent under the assumption of a low proportion of non-photosynthetic elements in the 

canopy. APAR is estimated as the product of the incident PAR in MJ·m-2 (PARin) times the 

fraction of PARin intercepted by the canopy (fPAR, dimensionless), see Equation 5. PARin is 

approximately 50% of the incident solar radiation (Szeicz, 1974). According to Steduto et al., 

(2012), Tc is estimated as the product of the transpiration coefficient, Kt, dimensionless, times 

the reference evapotranspiration, ETo, in mm day-1, see Equation 6. Kt as proposed by Steduto 

et al., (2012) is slightly different than the basal crop coefficient (Kcb) proposed by Allen et al., 

(1998) for the estimation of Tc. Kt is strictly transpiration, whereas Kcb includes diffusive soil 
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evaporation from beneath the canopy. The difference between Kt and Kcb is more evident at 

the beginning of the growing cycle due to the greater proportion of bare soil exposed. For 

additional discussion regarding the convenience of Kt or Kcb for the estimation of biomass, the 

reader should refer to Campos et al., (2017). The effect of water stress on reducing Tc can be 

considered by adding a water stress coefficient, Ksw. 

        Equation 5 

        Equation 6 

The main weakness of the operational application of the APAR and Tc formulations is 

the estimation of the temporal evolution of the crop biophysical parameters fPAR and Kt. 

Remote sensing is recognized as an exceptional tool to produce spatial information about crop 

biophysical parameters. In this work we used time series of satellite multispectral imagery at a 

high spatial resolution from Landsat8 (L8) and Sentinel2A (S2A) to describe canopy evolution 

with a frequency approaching one image per week. The methodology selected for the 

estimation of fPAR and Kt are their empirical relationships with the Normalized Differential 

Vegetation Index (NDVI). Relationships between fPAR-NDVI and Kt-NDVI are well-documented 

and analyzed in the literature (Asrar et al. 1989, Choudhury et al. 1994, Sellers et al. 1996, 

Fensholt et al. 2004, Duchemin et al. 2006, Campos et al. 2017). The functions used in this 

work to estimate fPAR and Kt are presented in Equation 7, proposed by Asrar et al. (1989) and 

Equation 18, respectively. 

The development and evaluation of these relationships are described in the sections 

2.2.1 and 2.2.2. While the Equation 7 was originally proposed for wheat, it is not very different 

from other relationships developed for maize and soybean (Daughtry et al., 1992) or natural 

vegetation (Fensholt et al., 2004); indicating the relative stability of the fPAR-NDVI 

relationships even considering different plant architectures. The noted differences could be 

explained by the different calibration of the sensors used to derive the NDVI values (Fensholt 

et al., 2004). However, Flood, (2017) reported a compatibility in terms of surface reflectance 
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and NDVI between the high resolution images from Sentinel2A and the imagery from Landsat 

constellation although there are some small differences and variations resulting from the 

different swath arrangements, view angles and bands between sensors. 

The relationship presented in the Equation 7 was evaluated versus fPAR values derived 

from LAI measurements in garlic in this work. The Kt-NDVI relationship used in this work 

(Equation 18) is basically a linear rescaling of the minimum and maximum values of Kt and 

NDVI in the area for several crops and it does not differ statistically from the rescaling of 

extreme values of Kt and NDVI determined for garlic in previous experiments. The use of 

relationships different from Equation 7 and Equation 18 could result in different LUE and WUE 

values, but the impact is limited according to analysis provided in the discussion.  

 

2.2.1. Selection of the fPAR-NDVI relationship for garlic. 

We analyzed 2 relationships between the fraction of photosynthetic active radiation 

absorbed by the crop (fPAR) and the normalized difference vegetation index (NDVI) proposed 

for different crops and vegetation canopies, Equation 7 proposed by Asrar et al. (1984) for 

wheat, and Equation 8 proposed by Fensholt et al. (2004) for natural vegetation, as well as a 

linear scaling approach proposed by Sellers et al. (1996), Equation 9. Equation 9 can be 

adapted for the particularities of the crop and study site by varying the maximum and 

minimum values of both NDVI and fPAR. In this work we analyzed a generic relationship based 

on the maximum fPAR valued for several canopies (fPARmax=0.95), the minimum fPAR expected 

in bare soil conditions (fPARmin=0.001) and the range of NDVI values determined for bare soil in 

the study area and dense vegetation (NDVImin = 0.15-0.18, NDVImax= 0.91) resulting in the 

Equation 10.  
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       Equation 7 

        Equation 8 

    Equation 9 

     Equation 10 

 

The convenience of each equation is analyzed using the fPAR values estimated for 

garlic based on empirical data of the leaf area index (LAI) measured in two fields in the same 

study area (province of Albacete). The LAI-fPAR relationship used in this work was proposed by 

Rizzalli et al. (2002) for the garlic crop (Equation 11).  

       Equation 11 

where KPAR is the daily extinction coefficient (Equation 12) for clear days. 

    Equation 12 

where cosθnoon is the zenith angle of the sun al solar noon (Equation 13). It was estimated 

based on the latitude of the fields being monitored. 

     Equation 13 

 

2.2.2. Development of the Kt-NDVI relationship for garlic. 

In this work we analyzed the development of a relationship between the transpiration 

coefficient (Kt) and the normalized difference vegetation index (NDVI) based on the re-scaling 

of NDVI values proposed by Choudhury et al.(1994) and modified by González-Dugo and 

Mateos (2008) (Equation 14). The adaptation of this relationship to the garlic crop required 

knowledge of the maximum Kt coinciding with the maximum NDVI attainable by the crop (Kt,max 

and NDVImax , respectively), the minimum NDVI under bare soil conditions and coinciding with 

Kt equal to 0 (NDVImin) and the exponent α. Based on the ground data and the relationship 

between the ground cover fraction (fc) and Kcb proposed by Bryla et al. (2010) (Equation 15) 

the maximum Kcb for garlic crops, comparable to the Kt,max (Campos et al., 2017b) is 1.06 for a 
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fc = 0.86. According to the fc-NDVI function proposed by Johnson and Trout (2012) (Equation 

16), the NDVImax for a Kt,max (1.06) is 0.83. Thus, Equation 14 can be adapted to garlic (Equation 

17) based on the maximum NDVI and Kt values presented in the literature and the range of 

NDVImin in the area (0.15 to 0.18), assuming that the relationship is linear (α=1). This equation 

is not statistically different from a generic equation based on NDVImin (0.15-0.18) and NDVImax 

(0.91-0.93) in the area, and Kt,max (1.15) proposed in FAO-56 manual (Allen et al., 1998), 

(Equation 18). In addition, the relationship developed is similar to the Kt-NDVI functions 

derived empirically for other crops like wheat (Equation 19) (Duchemin et al., 2006). As 

indicated in the literature, the slope of the curve relating Kt and NDVI is not necessarily linear 

and some authors proposed a convex shape (Johnson and Trout, 2012). However, the evidence 

from the literature regarding the convenience of linear relationships (Calera et al., 2017) let us 

to develop this research based on Equation 18, although more precise relationships can be 

developed based on empirical data.  

     Equation 14 

     Equation 15 

       Equation 16 

     Equation 17 

     Equation 18 

       Equation 19 

 

2.3. Study site and field data. 

2.3.1. Study site and fields monitored 

The study was carried out in 4 commercial fields planted with spring and morado garlic 

located in the province of Albacete (in the south-east of Spain). The climate is Mediterranean, 

the mean annual temperature is 13.6ºC and the mean annual precipitation is 340 mm. The 

garlic cloves were planted on flat ground, with a population of 200000 – 250000 plants/ha, 
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with a row spacing of 0.45 m and 0.09–0.12 m between the plants. The growing cycles and 

crop management vary for the different garlic varieties cultivated in this area. The growing 

season for spring garlic is from October to mid-May. Morado garlic is considered the 

autochthonous ecotype of the area and the cloves are planted in January, with the harvest 

occurring in late-June. Table 1 summarizes the crop management and the ground data 

obtained in the fields monitored. 

 

2.3.2. Field measurements 

The main dataset used in this work was dry biomass production data obtained in two 

commercial fields planted with spring and morado garlic during the growing season of 2015-

2016 (fields 1 and 2 in Table 1). The dry biomass measurement included the whole plant 

(leaves, pseudo-stem, floral scape and bulb) excluding only the roots. The samples were 

obtained at 3 locations in each field considering the availability of resources and processing 

capabilities. The locations are named with numbers in the example provided in the Figure 2 for 

the field 2. Each sample was composed of 3 sub-samples separated 8 to 10 m, the sub-samples 

are named with letters in the example provided in the Figure 2. In each sub-sample, all the 

plants were collected manually along a 0.5 m length, in two adjacent rows. In each sample 

(aggregation of 3 sub-samples) we selected 10 central plants per size in a normal distribution. 

Thus the plants were dried in an oven at 60ºC until the weight was constant. The data were 

acquired every 2 weeks from mid-March to the end of June, obtaining 6 and 5 measurement 

dates in fields 1 and 2, respectively (see Table 1). 

For the selection of the measurement locations prior to the measurement campaign, 

we defined 3 zones in each field. The zones were delineated by quantile 33% and 66% in the 

distribution of potential productivity for the precedent crop (winter cereal in both cases). The 

measurement locations were in homogeneous zones with adequate size and shape to be 

monitored with satellite images (Landsat 8 and Sentinel 2). The objective was to ensure the 
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measurement of the biomass in homogeneous areas, so the results can be compared with RS 

estimates of fPAR and Tc. Equally, the selection of areas with contrasted differences improves 

the representativity of the samples, however, this point and the correspondence between the 

zones defined by the previous crop and the yield obtained were not analyzed in this work. 

The ground dataset used to analyze the NDVI-fPAR relationships was composed of LAI 

measurements obtained in 2017 in the fields 3 and 4 (Table 1). In this case, 2 samples were 

obtained in each field in zones with high and low potential productivity (crop development). 

The samples were composed of 3 plants manually collected at random places inside each 

sampling homogeneous zone. LAI measurements were obtained through a semiautomatic 

classification of digital images based on the red-green relationship. The leaves were separated 

and settled in a white square with a dimension of 1x1m. Images were taken using a digital 

camera placed 2 m above the leaves. In order to avoid possible deformations, the samples 

were in the center of the image. Finally, the estimated leaf area was scaled with respect to the 

row spacing in the field. 

 

Table 1. Summary of the management of the study fields and the data collected from them 

Field ID 1 2 3 4 

Coordinates 
38.9386 N – 

2.1159 W 
38.7459 N – 

1.8644 W 
38.9866 N - 
2.0733 W  

39.0961 N – 
1.8191 W 

Year Monitored 2016 2016 2017 2017 

Planting- Harvest 
30/09/2015 - 
25/05/2016 

09/01/2016 - 
12/07/2016 

No data No data 

Variety Spring Morado Spring Morado 

Yield (Kg/ha) 13500 12500 No data No data 

Irrigation System Sprinkler Central pivot Sprinkler Central pivot 

Fertilization kg/ha (N, P, K) (77, 92, 150) (98, 56, 87) No data No data 

Irrigation (rainfall) (mm) 500 (217) 305 (135) No data No data 

Biomass 
6 dates / 3 
locations 

5 dates / 3 
locations 

No data No data 

LAI No data No data 
2 dates / 2 
locations 

2 dates / 2 
locations 

Accumulated ETo (mm) 
543 (2.3 
mm/day) 

690 (3.7 
mm/day) 

No data No data 

TªAvg (ºC) 9.7 12.6 No data No data 

PARAvg (MJ·m-2) 6.6 9.3 No data No data 
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Figure 2.Example of sampling zones on the map of potential biomass production for field 2. 

 

2.3.3. Input data. 

In this paper were used time series NDVI images derived from the Landsat 8 (L8) and 

Sentinel 2A (S2A) satellites. The spatial resolution of both platforms (30 m for L8 and 10 m for 

S2A) was sufficient to obtain 4 to 9 pure pixels in the homogeneous areas around the 

measurement locations (see Figure 2). Table 2 shows the acquisition dates of the images used 

in the study for both satellites. The NDVI was obtained using time series of satellite images 

acquired by the satellites L8 and S2A in the same places in which samples were collected and 

georeferenced. For the dates when satellite images were not available, NDVI was linearly 

interpolated between the time adjacent satellite images to obtain the temporal evolution of 

the NDVI at daily scale. The effect of the atmospheric distortion and the possible differences 

between the sensors used in the study were compensated for by using a normalization 

procedure for the NDVI (Chen et al., 2005). The maximum and minimum NDVI values obtained 

for each image for pseudo-invariant surfaces (dense vegetation like alfalfa and bare 

agricultural soil) were linearly rescaled to the corresponding values of NDVI for these surfaces 

based on the common values in the study area (0.15 and 0.91, respectively). 
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The meteorological data used in the analysis of biomass production were obtained 

from the National Agro-meteorological Services SIAR (Servicio Integral de Asesoramiento al 

Regante, http://crea.uclm.es/siar/). In this work, the meteorological data came from the 

closest station from each analyzed field (Albacete station for field 1 and Pozocañada station for 

field 2). The data used included the maximum and minimum daily temperature, maximum and 

minimum daily relative humidity, daily average incoming solar radiation, and daily reference 

evapotranspiration (ETo)-the latter of which was calculated through the FAO-56 Penman-

Monteith equation for grass reference (Allen et al.,1998). The temporal evolutions of the NDVI 

in the fields 1 and 2 are plotted in Figure 3 along with the main phenological stages (BBCH 

scale) and the meteorological variables. 

Table 2.Dates of the satellite images used in the work. 

Field 
ID 

Dates of Images (dd/mm/yy) 

1 

L8: 14/11/15, 21/11/15, 30/11/15, 23/12/15, 17/01/16, 24/01/16, 
12/03/16 
S2A: 25/03/16, 14/04/16, 24/04/16, 01/05/16, 14/05/16, 21/05/16, 
09/06/16. 

2 
L8: 12/03/16, 24/05/16, 31/05/16, 25/06/16, 11/07/16 
S2A: 14/04/16, 24/04/16, 04/05/16; 13/06/16, 20/06/16, 03/07/16. 

3 
L8: 09/04/2017; 02/05/2017 
S2A: 19/05/2017 

4 
L8: 09/04/2017; 25/04/2017 
S2A: 09/05/2017; 19/05/2017 

 

http://crea.uclm.es/siar/
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Figure 3. Temporal evolution of the normalized difference vegetation index (NDVI) describing the crop 

growing cycle for fields 1 and 2, along with the main phenology stages (BBCH scale) determined in the 

fields (41: Leaf bases begin to thicken; 45: 50% of the expected bulb diameter reached; 53: 30% of the 

expected length of flower stem reached. The upper lines represent the evolution of the meteorological 

variables: reference evapotranspiration (ETo); average daily air temperature (Tª) and incoming 

photosynthetic active radiation (PARin). 

 

2.3.4. Assessment of water stress conditions in the biomass production efficiencies. 

The effect of the water stress on biomass production can be considered in the 

formulation used in this work by adding a water stress coefficient that reduces the assimilation 

of biomass. However, APAR and Tc were estimated in this work assuming no water stress 

conditions in the fields 1 and 2 because the fields being monitored were irrigated according to 

the crop water requirements based on the Kcb-NDVI relationship, increased to compensate for 

expected soil evaporation. This methodology is well-documented in the literature (Campos et 

al., (2017), Gonzalez-Dugo et al., (2009), Padilla et al., (2011), Campos et al., (2016)). 

Evaporation coefficient (Ke) was estimated assuming that the crop is managed under frequent 

irrigation (2 to 3 events per week). Thus, the soil water balance was realized considering a 

maximum root depth of 0.40 m for both varieties, resulting in a total available water around 

120 mm·m-1 for fields 1 and 2. Under these conditions, the mean value of Kc (Kcb+Ke) is around 

0.6 for garlic according to the FAO-56 irrigation and drainage manual. The seasonal water 

requirements were 386 and 410 mm in Fields 1 and 2 respectively and water inputs 

(precipitation + irrigation), see Table 1, were higher than water requirements estimated. 

Consequently, the fields were considered to be under optimal water conditions and the noted 

stress was not included in the estimation of WUE and LUE. 

 

3. RESULTS AND DISCUSSION 

3.1. Evaluation of the fPAR-NDVI relationship 
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The values of LAI measured in fields 3 and 4 varied from 0.48-1.99 m2m-2, resulting in fPAR 

values from 0.26-0.66 (see Table 3) using the LAI-fPAR relationship selected in this work for 

garlic (Equation 11). Every fPAR-NDVI relationship we analyzed provided a plausible estimation 

of the fPAR values based on the LAI data (see Figure 4), with the RMSE being lower than 0.073 

for every relationship and equal to 0.053 for the relationship proposed by Asrar et al. (1984). 

The agreement of both estimates of fPAR, based on ground measurements and satellite data, 

corroborated the use of the fPAR-NDVI functions as a potentially sound method for the 

assessment of fPAR in garlic crops. In the absence of more precise ground measurements of 

fPAR, we considered the observed differences as expected uncertainty when using the noted 

equations in operative scenarios, and the relationship selected for the estimation of fPAR and 

further analysis developed in this work was the relationship proposed by Asrar et al. (1984).  

Table 3.Values obtained for LAI and NDVI in the sampling zones. 

Field 
ID 

Date 
Sampling 

zones 
LAI  

measurements 
fPAR* 

NDVI 
(interpolated) 

3 

18/04/17 
1 1.04 0.46 0.49 

2 No Data - 0.53 

09/05/17 
1 1.99 0.66 0.58 

2 1.73 0.62 0.63 

4 

11/04/17 
1 0.72 0.36 0.35 

2 0.48 0.26 0.31 

17/05/17 
1 1.82 0.63 0.68 

2 1.91 0.65 0.62 

*Based on the LAI-fPAR relationship proposed by Rizzalli et al. (2002) 
 

 

 



17 of 27 

 

Figure 4. Relationship between the fraction of photosynthetic radiation absorbed by the crop (fPAR) 

simulated based on the experimental measurements of leaf area index (LAI) using the relationship 

proposed by Rizzalli et al. (2002) and based on the relationships with the normalized differences 

vegetation index (NDVI). 

 

3.2. Estimation of WUE and LUE 

The results indicated a strong linear relationship (R2≥0.9) for the relationship between 

the biomass data and the accumulated value of Tc and APAR. The intercepts of the linear 

relationship were not different from 0 for any efficiency that was analyzed. It should be noted 

that these results were obtained for the same crop growing under well contrasted 

meteorological conditions. As indicated in Table 1 and represented in Figure 3, the average 

daily ETo during the growing cycle was 2.3 mm/day for the spring variety and 3.7 mm/day for 

the morado variety. Similar differences (about 50%) were obtained for the comparison of the 

average values of PARin. Based on the noted differences, a differentiation between both 

varieties could be expected in the estimated efficiencies. However, the data obtained for both 

varieties follows the same pattern and were not analyzed independently. The comparison of 

the empirical values of WUE and LUE obtained in this work (Figure 5 and Table 4.) with respect 

to previous estimates is presented in the discussion section. 

 

3.3. Normalization by atmospheric conditions 

As indicated in the methodology, the WUE and LUE values were normalized at a daily 

scale for the effect of atmospheric conditions using the VPD and ETo. Figure 5c, Figure 5d, 

Figure 5e and Figure 5f show the correlation between the measured biomass and the 

accumulated value of Tc and APAR divided by ETo and VPD. The normalization resulted in 

different slopes for both varieties, although both exhibit an internal linear relationship (see 

Table 4.). For the examples presented in Figure 5c and Figure 5f the values of WUE were 30.6 g 
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m-2 for morado garlic and 16.2 g m-2 for spring garlic. The values of LUE for these examples 

were 3.08 g MJ-1 KPa for morado garlic and 1.40 g MJ-1 KPa for spring garlic. 

 

3.4. Analysis of the effect of cold stress in the efficiency parameters 

The inclusion of the thermal stress coefficient in the formulation proposed for the 

estimation of WUE and LUE resulted in unique relationships for both morado and spring garlic 

(Figure 5g, Figure 5h, Figure 5i, Figure 5j) This effect was independent of the model used (WUE 

or LUE) or the variable used for the normalization. Normalization using ETo provided higher 

values of the correlation coefficient. The same conclusion was obtained by Steduto and 

Albrizio, (2005) regarding the normalization of WUE. However, the inclusion of Kst resulted in 

strong linear relationships for the 4 possible combinations (WUE and LUE normalized by ETo or 

VPD), in that the correlation coefficient was greater than 0.8 for every case analyzed (see Table 

4.). The effect of different parametrizations of the Kst function was evaluated for the analyzed 

dataset by varying the thresholds in ±5ºC. The results indicated small effects of this variation in 

the linear correlation between biomass and the accumulated variables and the best results 

(higher correlation coefficients) were obtained when the upper limit of GDD for which biomass 

is produced at the potential rate was around 18ºC and Tbase was around 0ºC. 
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Figure 5. Correlation between the measured biomass (g·m-2) and a) accumulated transpiration (Tc) and 

b) photosynthetic active radiation absorbed by the vegetation (APAR). The graphs c) and d) show the 

correlation between the measured biomass and Tc and APAR normalized using the daily values of 

reference evapotranspiration (ETo). The graphs e) and f) show the correlation between biomass and Tc 

and APAR normalized using vapor pressure deficit (VPD). The graphs g) and h) show the correlation 

between biomass and Tc and APAR normalized using the daily values of ETo and multiplied by the cold 

temperature stress coefficient (Kst). The graphs i) and j) show the correlation between biomass and Tc 

and APAR normalized using VPD and multiplied by Kst. The white circles represent spring garlic data, the 

black circles represent morado garlic data and the straight lines represent the linear fit obtained. 

 

Table 4. Estimation of WUE and LUE based on the linear relationships between the measured biomass 

and the accumulated values of Transpiration (Tc) and APAR, respectively, obtained in the Figure 5. 

 
Normalization 

variable 
Figure Variety Slope 

Intercept 
(g·m-2) 

R2 

WUE None 5a - 5.51 ± 0.28 g·m-2·mm-1 34.98 ± 34.83 0.92 

LUE None 5b - 2.26 ± 0.13 g·MJ-1 -0.51 ± 41.39 0.90 

WUE 

ETo 5c 
Spring  16.17 ± 1.74 g·m-2 -151.06 ± 96.82 0.84 

Morado 30.56 ± 1.77 g·m-2 -89.91 ± 42.07 0.96 

VPD 5e 

Spring  
3.51 ± 0.36  

g·m-2·mm-1·kPa 
-101.90 ± 86.95 0.86 

Morado 
7.09 ± 0.54  

g·m-2·mm-1·kPa 
-143.60 ± 58.61 0.93 

LUE 

ETo 5d 
Spring  5.96 ± 0.73 g·MJ-1·mm -235.31 ± 119.26 0.81 

Morado 13.81 ± 0.96 g·MJ-1·mm -159.18 ± 54.51 0.94 

VPD 5f 
Spring  1.40 ± 0.15 g·MJ-1·kPa -183.09 ± 96.81 0.85 

Morado 3.08 ± 0.29 g·MJ-1·kPa -208.50 ± 76.36 0.90 

WUE 

ETo and Kst 5g - 28.34 ± 1.57 g·m-2 26.72 ± 37.89 0.91 

VPD and Kst 5i - 
6.10 ± 0.41  

g·m-2·mm-1·kPa 
41.12 ± 45.57 0.87 

LUE 
ETo and Kst 5h - 11.70 ± 0.71 g·MJ-1·mm -7.60 ± 43.57 0.90 

VPD and Kst 5j - 2.55 ± 0.19 g·MJ-1·kPa 15.73 ± 51.30 0.85 

 

4. DISCUSSION 

The total water received (irrigation + precipitation) is within the ranges proposed to 

maximize garlic production in the area (Fabeiro Cortés et al., 2003) and analysis of the water 

balance based on the estimated transpiration indicated adequate soil water throughout the 

growing season. The fertilization applied was lower than the total amount proposed in the 
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literature to maximize crop growth in garlic (Karaye and Yakubu, 2006; Villalobos et al., 2004) 

but the yield obtained was greater the average values in the area (Domínguez et al., 2013; 

Fabeiro Cortés et al., 2003) and within the ranges obtained in other production areas with 

higher nitrogen supplies (Karaye and Yakubu, 2006). Therefore, we assume there were no 

water and nitrogen stresses in the monitored fields and the value of WUE was estimated as 

the slope of the relationship between accumulated transpiration (Tc) and the measured 

biomass, see Figure 5a and Table 4.. Correspondingly, LUE was estimated as the slope of the 

relationship between the accumulated APAR and measured biomass, see Figure 5b and Table 

4.. 

The values of LUE determined in this study are within the range found by previous 

approaches focused on determining the empirical value of LUE for garlic. Rizzalli et al., (2002) 

obtained a LUE value equal to 2.86 g MJ-1. However, the values of WUE obtained in this study 

were very different from the 2.8 g m-2 mm-1 determined by Villalobos et al., (2004). These 

differences are explained by the consideration of the total water used by the crop as proposed 

by Villalobos et al., (2004) which included crop transpiration and soil evaporation, versus 

consideration of strictly the water transpirated by the plants, as proposed in this study. 

The values of WUE determined for garlic are in the range of WUE determined for C4 

crops like sorghum (Steduto and Albrizio, 2005) and the empirical value of WP* calculated in 

this study was similar to that of other C4 crops (Steduto et al., 2012, Campos et al., 2017a). 

Conversely, the values of LUE determined for garlic were in the range of the LUE determined 

for C3 crops like wheat (Campos et al., 2018) and are sensibly lower than the LUE values 

determined for C4 crops like maize (Lindquist et al., 2005). As pointed out by Albrizio and 

Steduto, (2005), the values of LUE fail to discern between C3 and C4 species, in part because of 

the variability of this parameters under different climatic conditions (Gonias, 2012). In this 

regard, Kim et al. (2013), quantifying the net CO2 assimilation rates in garlic leaves, observed 
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moderate photosynthetic productivity similar to C3 crops, while later experiences classified 

garlic as a C4 crop (Chandrasekaran et al. (2016)). 

According to the proposed methodologies, the actual values of the efficiencies are 

affected by the relationships between the biophysical variables (Kt and fPAR) and the used 

vegetation index (VI). However, according with our analysis, the use of three fPAR-NDVI 

relationships analyzed resulted in maximum differences of 0.41 g MJ-1 for LUE. The Kt-NDVI 

relationship used in this work (Equation 18) and the relationship proposed by Duchemin et al., 

(2006) for wheat (Equation 19) resulted in a difference of 0.38 g m-2 mm-1 for WUE. Although 

further developments are necessary, and it is desirable the empirical evaluation of these 

relationships, the proposed approach provided a robust methodology for the estimation of 

biomass production in the crop analyzed. 

Atmospheric normalization procedure using ETo or VPD did not conclusively improve 

results in this study, which is in agreement with previous results from normalizing LUE based 

on the VPD (Albrizio and Steduto, 2005). However, if Kst is not included in the model, the 

efficiencies calculated for both varieties using the normalization procedures differed within the 

same range that was obtained by previous studies comparing C3 and C4 crops (Daughtry et al., 

1992). The use of Kst is essential and the differences found for both varieties prior to the 

inclusion of this coefficient cannot be explained for the same crop, even though a certain 

degree of variability can be expected for the different varieties or growing seasons (Goyne et 

al., 1993). In addition, the effect of the temperature on reducing the accumulation of biomass 

is generally accepted and some examples can be found in the literature. For example, Campos 

et al., (2018) showed this effect for wheat growing in Oklahoma, Brown et al., (2006) for alfalfa 

growing in New Zealand and Campos et al., (2017) for maize and soybean crops in Nebraska. 

Consequently, we interpreted that for the varieties analyzed in this study, the garlic crop is not 

able to produce biomass according to its photosynthetic capacity during some periods of the 

growing cycle in the area due to thermal stress. This effect was more evident for spring garlic 
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subjected to sub-optimal temperatures from December-March. Although these results are not 

analyzed in this work, our experiences based on the analyzed field data prevented the 

inclusion of Kst in its current formulation for the correction of WUE or LUE before 

normalization for the atmospheric conditions. The correlation between biomass and the 

accumulated Tc or APAR multiplied by Kst resulted in poor correlations and different slopes for 

both varieties. These results seem to indicate that the inclusion of Kst resulted in an 

overcorrection of the thermal stress that is partially reflected by the use of the ETo and APAR 

variables in the WUE and LUE formulations. 

The results obtained in this work promote the use of remote sensing based biophysical 

parameters using the efficiencies calibrated in this work for the estimation of biomass 

production in garlic growing under different environmental conditions. Main applications of 

the results obtained, include the analysis of the spatial distribution of crop growth and 

potential productivity. From among the additional applications, we would like to highlight the 

operational assessment of nutrients extraction and its spatial distribution. This operational 

application is based on biomass estimates at high spatial resolution as main component to 

determine the critical nutrient concentration defined by the nutrient dilution curves, similarly 

to procedure proposed by Justes et al., (1997) for wheat and barley, and Plénet and Cruz 

(1997) for maize and sorghum. However, it should be noted that the estimation of crop 

productivity in economic terms will require the calibration of specific models relating the total 

biomass production to the harvestable part of the crop. The relationship between total 

biomass production (as estimated in this work) and marketable production is not clear due to 

the influence of the harvest index (marketable/total biomass) and the absence of standardized 

values of humidity for market. 

 

5. CONCLUSIONS 
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This paper describes the integration of time series of NDVI based on satellite remote 

sensing into crop growth models for the estimation of the light and water use efficiencies in 

biomass production for garlic. Knowledge of these efficiencies and the implementation of the 

proposed model allowed us to accurately simulate biomass production in garlic, as well as its 

within-field variability.  

According to the results, WUE and LUE are comparable for analyzed varieties, and are 

not affected by the differences in the variability of crop management (fertilization and 

irrigation), varieties and climatic conditions reported in this study. The results were not 

conclusive in terms of the necessity of normalizing the noted efficiencies for atmospheric 

conditions. However, the inclusion of the temperature stress coefficient is required when the 

WUE and LUE parameters are normalized using the reference evapotranspiration or the vapor 

pressure deficit. 

The use of different relationships for the estimation of the relevant variables (APAR 

and Tc) resulted in different values of LUE and WUE. Although the fPAR-NDVI relationships 

were analyzed with respect to the fPAR data derived from LAI measurements, little 

information is available in the literature regarding the evaluation of specific relationships for 

garlic. For this reason, we analyzed a range of possible equations, however the selection of the 

most adequate relationship in each case will require the empirical evaluation of the 

relationships used.  
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