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Abstract 
Iberian red deer (Cervus elaphus) populations were almost extinct during the last 

century and only a few remnant populations persisted. In the last decades red deer 

suffered a great increase in number and geographical expansion due to different 

factors, including hunting in fenced areas. Intensive management in fenced 

populations may derive in artificial selection, isolation and loss of genetic diversity 

and inbreeding depression. This may correlate with loss of individual fitness and 

overall population viability. To test the impact of intensive management on genetic 

diversity of red deer populations and its relation with population features, we 

selected four red deer populations subjected to distinct management systems, 

three of them being original remnant populations (Cabañeros and Doñana National 

Parks, and Fraga/Caspe). The fourth one was a private fenced hunting estate 

founded 31 years ago by introductions from different origins. A panel of ten neutral 

polymorphic loci were amplified in 172 individuals from all populations and several 

parameters of genetic diversity and genetic differentiation were estimated. Several 

measures of multilocus heterozygosity (Ho, IR, Log10 (mean d2) and HL) were 

calculated and related with reproductive rate and prevalence and severity of 

tuberculosis compatible lesions (TBCL). Furthermore, to determine the effects of 

genetic variation (overall and local effect hypothesis) on individual fitness traits 

(TBCL, spleen weight (SW) and body length (BL)) several heterozygosity-fitness 

correlations were performed. The genetic diversity significantly varied between 

populations, the highest values being recorded for the private hunting estate and 

for Cabañeros National Park. Significant genetic differentiation was observed 

among natural populations. The introduction of genetically distinct animals 

associated intensive selection maintained high genetic variation in fenced 

population, at least in a short-time scale analysis, no inbreeding depression being 

evident. Nonetheless we cannot discard consequences of outbreeding depression. 

No significant effects of genetic variation (general and local effect hypothesis) were 

observed on TBCL, SW and BL, despite some single-locus-effects presented 

almost significant trends for TBCL and SW models. However, population genetic 

diversity correlated with life history traits and disease susceptibility, though a larger 

number of populations are needed. Future research in this area is ongoing, using 

more individuals and populations as well as more neutral markers.  

 
Key words: Red deer (Cervus elaphus); genetic diversity; Heterozygosity-fitness 
correlactions (HFC); tuberculosis compatible lesions (TBCL). 
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Introduction 
The red deer, Cervus elaphus, is one of the most widespread and best-known 

deer species in the world (Ludt et al., 2004). Although currently considered as one 
of the most important game species among European large mammals (Milner et 
al., 2007), fossil records shows that this species has been hunted and used as a 

natural resource since the Middle of Pleistocene (Sommer et al., 2008). Hunting 
has influenced the distribution, genetic diversity and structure of European red deer 

populations mainly through selective hunting strategies, introductions of foreign 
individuals to autochthonous populations and translocations of animals between 
populations (Zachos et al., 2007). Other human-mediated factors include habitat 

fragmentation (e.g. due to fenced motorways), habitat encroachment due to human 
settlements and forest clearings, as well as keeping isolated populations in 
enclosures (Hartl et al., 2003). These anthropogenic factors have substantially 

modified the underlying red deer distribution and structure of populations that 
resulted from natural selection and large-scale biogeographic phenomena, like the 

Last Glaciation (Zachos and Hartl, 2011). At a finer geographical scale these 
changes resulted in high levels of genetic drift, decreased genetic diversity and the 
blurring of natural patterns of genetic structure (Hartl et al., 2003; Zachos et al., 

2007). A general concern among conservation geneticists is that genetic variation 
is a fundamental level of biodiversity, and a reduced genetic diversity can lead to 
increased inbreeding and reduced fitness within populations (Allendorf and Luikart, 

2007).  
In the recent past, red deer populations from the Iberian Peninsula suffered an 

intensive hunting exploitation during the middle of the last century as a 

consequence of Spanish Civil War, which almost lead to extinction of natural 
populations and confined the remnant populations to restricted areas of the 

peninsula (Pérez-González et al., 2010). After the Civil war, red deer from mainly 
Sierra Morena and Montes de Toledo mountains regions started to be reintroduced 
throughout the peninsula for hunting purposes (Braza et al., 1989). The 

widespread expansion observed in the last decades mostly motivated by hunters 
but also a consequence of habitat changes (Gortázar et al., 2000) has been 
assisted by numerous factors, such as the regulation of exploitation and control of 

poaching, rural exodus and abandonment of agricultural land (Acevedo et al., 
2006), the loss of top predators (Tellería and Royuela, 1985; Jedrzejewska et al., 

1997) and creation of protected areas (Alados, 1997). Most of the translocated red 
deer came from two original populations in Cazorla (Sierra Morena) and Montes de 



	   5 

Toledo. However, significant genetic differentiation has been observed among 

Spanish red deer populations as well as signals of isolation by distance (Martínez 
et al., 2002; Pérez-González et al., 2012). This indicates a divergence fixation of 
alleles between populations as a result either of intensive bottlenecks suffered 

during the Spanish war and/or of geographical adaption as well as the distinct 
management policies applied in each population. Nowadays, red deer are 
regarded as an ecologically and economically important game species. Summing 

up all populations, over 800,000 individuals were conservatively estimated, more 
than 70,000 stags being harvested annually (Carranza, 2010). Although some 

protected populations exist (e.g. in national parks) as well as free-living red deer 
populations mainly in the northern half of the peninsula, the largest proportion of 
red deer live in (fenced) private hunting estates from South-central Spain. These 

are small populations under direct influence of game keepers (Pérez-González et 
al., 2012). In fenced estates, the main aims of the managers are increasing the 
hunting stock by supplementary feeding and/or producing individuals with big 

antlers (“golden trophy”) in order to obtain economic profits of their exploitation. 
However, the intensive selection for male trophies, typically performed by selective 

culling those individuals with relatively smaller trophies (Torres-Porras et al., 2009) 
and by introducing new animals to populations, has important implications for 
population genetic diversity (Coltman et al., 2003; Allendorf et al., 2008) and can 

affect other fitness related traits such as the resistance to parasites (Fernández-de-
Mera et al., 2009b,c). These small and isolated populations are highly exposed to 
the loss of genetic variation due to genetic drift and hunting selection, which make 

them more vulnerable to inbreeding depression and fixing of deleterious mutations 
(Reed and Frankham, 2003; Allendorf et al., 2008). The most common practice 
among managers to deal with this expected loss of genetic diversity has been the 

introduction of deer from other populations in order to improve the fitness of 
animals (usually the antler trophy) and also the gene flow between populations 

(term known by “new blood”). Over 10,000 wild deer are captured and translocated 
yearly between hunting estates (Soriguer et al., 1998). Also, an increasing number 
of red deer is released yearly from industrial deer farms (Fernández-de-Mera et al., 

2009a). However, there are few quantitative studies of potentially negative effects 
on population viability as expected when taxa (species, subspecies or adapted 
populations) with different local adaptations hybridise (Haanes et al., 2010). In 

such scenarios, local adaptations may be lost from the native taxa by introgression 
of nonindigenous alleles and loss of local alleles and co-adapted gene complexes 
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(Rhymer and Simberloff, 1996; Barton, 2001; Burke and Arnold, 2001), which may 

led to a reduced fitness of native populations, known as outbreeding depression 
(Storfer, 1999). By contrast, an increasing gene flow between populations may 
have positive consequences for population viability through heterosis effects or 

reduced inbreeding depression	  (Frankham, 1995; Coulson et al., 1998). The result 
of hybridization will depend on genetic divergence between the crossbred 
populations (Allendorf et al., 2001).  

The principal constraint on determining the effects of inbreeding and 
outbreeding in wild populations is the impossibility to obtain these coefficients 

directly from pedigree information, as in livestock (Saccheri et al., 1998). 
Consequently, numerous studies have been performed using molecular markers, 
mainly neutral markers (microsatellites), to obtain estimates of genetic diversity 

and correlate them with fitness-related traits. Many studies have found significant 
heterozygosity-fitness correlations (HFCs) (Coltman et al., 1998; Coulson et al., 
1999; Amos et al., 2001; Acevedo-Whitehouse et al., 2005; Aparicio et al., 2006; 

Luikart et al., 2008), though this relationship seems unclear (Duarte et al., 2003), 
and remains relatively weak in most studies (Coltman and Slate, 2003; Say et al. 

2004). Two alternative hypotheses have been proposed to account for associations 
between neutral markers and fitness traits.	  The local effect hypothesis suggests 
that neutral molecular markers can be linked to loci influencing fitness and hence 

heterozygotes exhibit an advantage via dominance (i.e. heterozygotes experience 
lower expression of recessive deleterious mutations) and/or overdominance (i.e. 
heterozygotes are superior per se) (Hansson et al., 2002). The general effect 

hypothesis suggests that multilocus heterozygosity (MLH) reflects genome-wide 
variation or inbreeding (Luikart et al., 2008, Da Silva et al., 2009). Nevertheless, 
there is a doubtful whether differences of neutral genetic variation reflect 

differences in population fitness and/or adaptive genetic variation (Merilä and 
Cronkrak, 2001; Reed and Frankham, 2001, 2003; Balloux et al., 2004). 

In this work, we investigate the genetic diversity of a hunting estate red deer 

population under an intensive selection for hunting and compare it with other types 

of populations (protected and free populations) in order to assess the implications 

of management on population viability. We also study the effects of genetic 

variation, “single effect hypothesis” and “general effect hypothesis”, on several 

fitness-related traits such as the presence of tuberculosis compatible lesions 

(TBCL), spleen weight (SW) and body length (BL).  
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Materials and methods  
Study populations and sampling  

We selected four red deer populations, Cabañeros National Park (CB, Ciudad 

Real province), Doñana National Park (DN, Huelva province), Fraga/Caspe 

(FG/CP, Zaragoza/Huesca provinces) and a private hunting estate (PE, Ciudad 

Real province) (Figure 1). These populations represent a broad range of the 

management systems in Iberia Peninsula in order to study the impact of 

management on genetic variation of red deer populations and their relation with 

some features of population viability (Table 1). The criteria to select these 

populations were mainly based on the type of management policy that has been 

applied during the last decades, being the private hunting estate the main focus of 

this study. We have monitored this population for the last ten years concerning 

deer abundance, population structure, life history traits and different infections and 

parasites. This is a recent population, founded in 1989, and the origin of the 

introduced animals is known (provinces of Huelva, Badajoz and Ciudad Real). In 

2009, the owners introduced again animals because the quality of antlers showed 

a decreased trend during the last years. 

!km#
 

Figure 1: Geographic distribution of 4 red deer populations used in this study. 
 

PE is a typical intensive 860 ha fenced hunting estate of South-central Iberia 

peninsula, where animals are artificially fed all year round in order to keep a high 

density of individuals and high trophy quality. Trophy selection is done by culling 

(shooting) animals in poor condition (both males and females), females with no 

offspring, and males displaying low quality trophies for a given age (Fierro et al., 
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2002). The climate is Mediterranean and the habitat is composed by scrubland 

(mainly by Cistus spp) and evergreen oak (Quercus ilex) cultivated “dehesas”.  

Fraga/Caspe area (Ebro Valley, northeastern Spain) is an open (non-fenced) 

natural deer population, where supplementary feeding is not provided. The climate 

is continental-mediterranean and dry (350 mm per year). The habitat characterized 

by pine woodlands, Quercus coccifera and Juniperus spp scrubs, and crops 

(cereals). It is one of the few natural populations of red deer that subsisted during 

in the intensive hunting period of post Spanish Civil war (mid of last century), and 

probably the current population was founded by a small number of founder-

individuals (unpublished data).  

Doñana National Park (54252 ha,) is located in South-western Spain. The 

climate is sub-humid Mediterranean. In the wet season (winter and spring), most of 

the marshlands are flooded and wildlife and cattle are concentrated in the slightly 

more elevated scrublands. The vegetation is characterized by pine forests Pinus 

pinea and Mediterranean scrubland patches of Pistacia lentiscus and Halimium 

halimifolium with scattered Quercus suber trees and Fraxinus angustifolius flanking 

seasonal streams. In the south exist an important proportion of sand dune habitat, 

marshland and pine forests, along with patches of Mediterranean scrubland. 

With regard to Cabañeros National Park, (40856 ha) it is situated in the region of 

Montes de Toledo in central Spain. The area pertains to the Mediterranean region 

and has a moderate Mediterranean climate characterized by a dry summer period. 

A surface of approximately 32000 ha comprises Mediterranean forest and bushes 

(dominated by Cystus spp., Pistacia spp., Rosmarinus spp., Erica spp. and 

Phyllirea spp.) while about 8000 ha are “dehesa” (savannah-like habitat with 

Quercus spp. trees). The red deer is not hunted, but is controlled by capturing. As 

far as we know, in these National parks no animals have artificially been introduced 

ever.   

In order to investigate the relationships between individual genetics parameters 

and fitness-related traits, correlations between heterozygosity and fitness traits 

were performed. Our criteria to choose these traits were based on previous studies 

on life histories traits of red deer populations. In Iberian, tuberculosis is highly 

prevalent among wild deer, with 15% of red deer from southern Spain presented 

tuberculosis compatible lesions at necropsy (TBCL) (Vicente et al., 2006), reaching 

a prevalence of up to 27% infection at local scale in Doñana (Gortázar et al., 

2008). In this way, tuberculosis is a great concern and many studies have been 
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carried out in order to clarify the relation between the multifactorial causes of this 

high prevalence (e.g. Acevedo-Whitehouse et al., 2005). In the case of spleen 

weight, its measurement has been negatively associated with parasite loads 

(Elaphostrongylus cervi) reflecting the immune capacity of red deer (Vicente et al., 

2007). Also, spleen mass was associated with some haplotypes of the major 

complex of histocompatibility (MCH), which would indicate its association with 

certain immune genetic features  (Fernández-de-Mera et al., 2009b,c). Finally, the 

body length was incorporated due to the great relevance of this measure for 

several features of red deer populations, such as male weapons and breeding 

success (e.g. Coltman et al., 2003b; Pérez-González et al., 2010). 

The data included in this study were collected from 2000 to 2009 in the PE 

population, and just in one season for the remaining populations (data sampling, 

Table 1). Samples were obtained in hunting events in the hunting areas (PE and 

FG/CP populations), traditionally called “montería” in southern Spain or “batida” in 

the north. Monterías consist in packs of dogs that are released and drive deer 

towards a line of hunters, while batidas are driven by the hunters themselves. The 

Montería has shown to be the less biased procedure to obtain data for hunted red 

deer (Martínez et al., 2005; Pérez-González et al., 2010). In the case of protected 

areas (Cabañeros and Doñana), the data were collected from random culled 

animals, during the density control programs of each park.  
 
Table 1: Principal characteristics of study populations  

Population Data 
sampling n Data 

records 

Open  
vs 

Fenced 

Management 
strategies 

Area 
(hectares) 

Density of deer 
Individuals/100 

hectares 
(Mean; S.E; 
Min - Max) 

Sex ratio 
Females/ 

males 
(Mean; S.E; 
Min - Max) 

Reproductive 
rate 

Calves/female 
(Mean; S.E 
Min - Max) 

Natural 
vs 

Introduced 
population 

Private 
estate 

(PE) 
2000-2009 86 1989-2009 Fenced 

Intensive 
hunting 

exploitation 
873 37.9; 2.1 

16.38-53.38 
1.23; 0.09 
0.78-2.24 

0.61; 0.02 
0.45-0.86 

Introduced 
population 

Fraga/Caspe 
(FG/CP) 2009-2010 30 2000-2009 Open Social 

hunting area 28555 4.5; 0.31 
3.47-6.10 

1.22; 0.15 
1.0-2.0 

0.58; 0.01 
0.51-0.62 Natural 

Cabañeros 
(CB) 2007-2008 26 2003-2008 Open Protected 

area 40856 16.4; 1.08 
14.16-19.25 

2.67; 0.33 
1.84-3.35 

0.66; 0.06 
0.53-0.80 Natural 

Doñana 
(DN) 2006-2007 30 2000-2004 Open Protected 

area 50720 2.2; 0.23 
1.7-3.0 

1.64; 0.26 
1.17-2.58 

0.41; 0.05 
0.22-0.49 Natural 

Census data obtained from direct count on PE and DN, and estimated by Distance Sampling method 
described in Acevedo et al 2008 in CB and FG/CP population. n, number of individuals sampled. 
EBRONATURA private company facilitated FG/CP population data. 
	  
Necropsy and sampling  

The necropsy was performed in the field and the general condition of animals as 

well as gross lesions observed were recorded. Biometric measures, body length 

(nose-sacro-coccygeal) (BL) and thoracic perimeter were taken for each animal 
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(PT). These measures were log10 transformed in order to normalize their 

distribution. The age was determined from the tooth eruption pattern and/or tooth 

sections as described by Klevezal and Kleinenberg (1967). Deer were classified in 

calves (<1year), yearlings (individuals in their second year), sub-adults (individuals 

in their third year) and adults (more than four years), which has biological meaning 

for this species (Landete-Castillejos et al., 2004). Tonsils, right kidney, spleen, lung 

and medial retropharyngeal, mediastinal, left tracheobronquial and mesenteric 

lymph nodes were collected for detailed examination. All these samples were kept 

at 4 ºC until posterior analysis in the lab. Once in the lab, the tissues were checked 

for lesions, mainly tuberculosis compatible lesions (TBCL), and afterward they 

were sliced and stored at -20ºC, in the deer tissue bank. Meanwhile, the mass of 

spleen and kidney with and without surrounding fat were measured using an 

electronic digital scale (nearest 0.1 g). Body condition was estimated using the 

kidney fat index (KFI) (Finger et al., 1981). Tissue samples (a portion of spleen) 

were also preserved in ethanol for posterior genetics analysis. Tuberculosis 

compatible lesions were recorded (Vicente et al., 2006) and then each individual 

was classified according to the degree of dissemination of macroscopic lesions, 

into i) lesions restricted to one lymph node (anyone); ii) lesions disseminated in 

several lymph nodes and/or tissues (more than 1).  

 
Genetic analysis  

DNA extraction and genotyping  

Total genomic DNA was extracted from a portion of spleen using QIAGEN 

DNeasy Blood and Tissue Kit following manufacturer’s instructions. Individual 

multilocus genotypes were determined using a set of 10 autosomal microsatellites 

dispersed across the genome (ETH225, ETH003, FCB304, ILSTS008, TGLA53, 

GLYCAM1, BL42, BM4107, ILST87 and MMP9), in which proved to be 

polymorphic for red deer. These 10 dinucleotide loci were amplified in two multiplex 

reactions (MP1 and MP2, see Table 2 in results) using the Multiplex PCR Kit  

(QIAGEN) following polymerase chain reactions (PCR) conditions given by the 

manufacturer’s instructions. Thermocycling program for both multiplex was 

developed in five steps, being the first (15 minutes at 95ºC) and last (30 minutes at 

60ºC) step equal for both. The remaining steps varied according the annealing 

temperature of the each group of primers and the maximum size of fragment 

amplified in each multiplex (MP1: step2 (10 cycles of 95ºC-45s; 62ºC-45s; 72ºC-
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60s; with touch down 0.5ºC per cycle), step3 (24 cycles of 95ºC-45s; 57ºC-45s; 

72ºC-60s), step4 (8 cycles of 95ºC-45s; 53ºC-45s; 72ºC-60s); MP2: step2 (8 cycles 

of 95ºC-30s; 58ºC-60s; 72ºC-45s; with touch down 0.5ºC per cycle), step3 (25 

cycles of 95ºC-30s; 54ºC-60s; 72ºC-45s), step4 (8 cycles of 95ºC-30s; 53ºC-60s; 

72ºC-45s). All amplifications were performed in a 10-µl volume in Bio-Rad thermal 

cyclers, always using negative control to monitor possible contaminants. PCR 

products were separated by size on ABI3100xl genetic analyser using the 350ROX 

size standard. Alleles were determined using GENEMAPPER 4.0 (Applied 

Biosystems) and checked manually. In order to estimate genotyping errors of our 

data, 20% of random samples were re-amplified and re-analysed for each locus, 

according to the good practices of microsatellite amplification considered by 

several authors (Bonin et al., 2004; Hoffman and Amos, 2005; Pompanon et al., 

2005).  

 
Data analysis 

Genotyping errors, allelic dropout and false alleles, were estimate from the 20% 

of random genotypes, using the maximum likelihood approach (106 steps) 

implemented in PEDANT software (Johnson and Haydon, 2007). Departures from 

Hardy-Weinberg proportions (HWE) and deviations from pairwise linkage 

equilibrium (LE) between loci were determined using Fisher’s exact tests 

implemented in GENEPOP software, version 4.0.10 (Raymond and Rousset, 

1995), considering all populations together and also for each population separately. 

Markov chain analyses were applied to estimate significance (104 dememorization 

steps, 103 batches and 104 iterations per batch). Significance levels were adjusted 

using the sequential method of Bonferroni for multiple comparisons in the same 

data set (Rice, 1989). Autosomal microsatellite diversity was calculated separately 

for each deer population based on allele frequencies. Mean number of alleles per 

locus (Na), number of private alleles (PA) and observed (Ho) and expected (He) 

heterozygosities were estimated for each locus using GENEALEX 6.5 software 

(Peakall and Smouse, 2012). Allelic richness (AR) and the coefficient of 

inbreeding, FIS, (F-statistic Weir and Cockerham, 1984) were assessed using FSAT 

program, version 2.9.3.2 (Goudet, 2001). The percentage of population 

differentiation calculated as pairwise mean FST was estimate following standard 

ANOVA as in Weir and Cockerham (1984) using GENEPOP program (Raymond 

and Rousset, 1995). Additionally, a Mantel test was performed to estimate the 
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correlation between genetic distance and geographic distance. An exploratory 

analysis to visualize patterns of genetic differentiation among populations was 

performed in GENETIX 4.05 (Belkhir et al., 2004) using a factorial correspondence 

analysis. Further, the Bayesian clustering approach implemented in STRUCTURE 

software, version 2.3.4 (Pritchard et al., 2000) was used to infer population genetic 

structure and the degree of admixture of the individuals. Structure default settings, 

admixture model with correlated allele frequencies and no prior-information about 

population origin were set for this analysis. The log likelihood of data [ln Pr(X/K)] 

were calculated for K=1 to 6 with 25 repetitions of 106 MCMC iterations following a 

burn-in period of 105 steps in order to guarantee the achievement of similar 

posterior probabilities of the data in each run and to ascertain confidence in the 

model fit.  An ad hoc statistic test, delta K (ΔK), based on the rate of change in the 

log probability of data between successive K values, was estimated following the 

formula described by Evanno et al (2005). The modal value of this distribution has 

been considered as the uppermost level of genetic structuring (Evanno et al., 

2005). Moreover, we quantify the average proportion of membership (Qi) of each 

population to the inferred clusters, and the individual membership proportion qi of 

each sample to those clusters.  

 
General vs. local effect hypothesis 

The general and local effect hypothesis proposed to account for associations 

between neutral markers and fitness-related traits were investigated. Local effect 

hypothesis was studied for each of the ten loci amplified. Each locus was classified 

as a binary explanatory variable (0 or 1), according to the presence of the same 

(homozygosis) or different alleles (heterozygosis), respectively. The correlation 

between general effects hypothesis and fitness-related traits was performed using 

several indices of multilocus heterozygosity that have been developed to improve 

the simple measure of heterozygosity (Coulson et al., 1998; Amos et al., 2001; 

Aparicio et al., 2006). This is so because the simple estimation of heterozygosity 

as the proportion of loci that are heterozygous has some limitations when the 

number of genetic markers is small, the loci differ in number or frequency of alleles 

and in situations that not all individuals are genotyped with the same panel of 

marker loci. Coulson et al (1998) proposed a measure, mean d2, that emphasis on 

events deeper in the pedigree and measure the squared distance in repeat units 

between the two alleles of an individual at a given microsatellite locus, averaged 
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over all loci at which an individual was scored. This measure has been considered 

to suit better in situations involving population admixture rather than effects in 

otherwise homogeneous populations (e.g. P Tsitrone et al., 2001; Hedrick et al., 

2001). We calculated a measure derived from mean d2, log10 (mean d2+1) in order 

to reduce the pronounced skew of predictor variable mean d2 and therefore reduce 

the influence of extreme values. Amos and collaborators (2001) proposed a 

method based on Queller and Goodnight’s (1989) measure of genetic relatedness 

between two groups or individuals, Internal relatedness (IR). This methodology is 

based on allele sharing where the frequency of each allele counts towards the final 

score, thereby allowing the sharing of rare alleles to be weighted more than the 

sharing of common (Amos et al., 2001). This measure has been described as a 

good estimator of heterozygosity in populations with high inbreeding (Acevedo-

Whitehouse et al., 2003, 2005, 2006). IR was determined for each individual using 

estate-specific frequencies, through the MS Excel macro program, IRMACRON, 

developed by Amos et al. (2001). Aparicio et al. (2006) described another method 

for estimating multilocus heterozygosity, homozogosity by locus (HL). This 

measure weights the contribution of each locus to homozygosity, according to their 

allelic variability. This approach improves the estimation of heterozygosity, 

especially when only a few markers are used and these markers vary in their allelic 

diversities (Aparicio et al., 2006). This measure was estimated using CERNICALIN 

software (Aparicio et al., 2006).  

To test whether the ten loci used in this study reflects the genome-wide variation 

or inbreeding depression (general effect hypothesis), we applied the method 

proposed by Balloux et al. (2004). We divided our sample of 10 loci into two groups 

of 5 loci, and asked whether across individuals the heterozigosity of the first group 

was correlated with the second group. Furthermore, by resampling the 10 loci we 

repeated the procedure 50 times in order to obtain a mean and a standard error for 

the correlation. High values of heterozygosity-heterozygosity correlation (H-H 

correlation) indicate that our loci are representative of overall genetic variation 

(Balloux et al., 2004). 

 
Heterozygosity-fitness correlation 

Statistical analyses were performed to correlate the genetic variation with 

fitness-related traits (HFC). The general and local effect hypotheses were tested 

for each variable, including all the study populations as a random categorical 
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variable. For each trait, the same model was applied both in general as in local 

effect hypothesis. Tree different generalised mixed models (GLMMs) were applied:  

i) Model to test the relationships between the presence of tuberculosis 

compatible lesions (TBCL) (as a binary dependent variable), and the general 

(observed heterozigosity (Ho), Internal Relatedness (IR), Log10 (mean d2) and 

homozigosity by locus (HL), as a continuous explanatory variables), and the local 

effect hypothesis (each of the ten loci analysed, as a categorical explanatory 

variable), respectively. We also incorporate the sex as explanatory categorical 

variable (Clutton-Brock et al., 1982). Only adult animals were considered (age 

class 4) because we assumed that they have the identical probability to contact 

with micobacteria. FG/CP is the unique population tuberculosis-free and hence 

was excluded.  

ii) Model to test the relationships between body length (Log10) (as a continuous 

dependent variable) and general and local effect hypothesis (as mentioned above). 

Log10 (thoracic perimeter) was included as a continuous explanatory variable, once 

it is highly correlated with BL, and both measures reflect the body size of animals. 

We also integrated the sex as explanatory categorical variable (Clutton-Brock et 

al., 1982). Only adult animals were considered (age class 4) due to the small 

number of animals for both sexes in the others age classes.  

iii) Model to test the relationships between spleen weight and genetic variation 

(as mentioned for the two models before). In this case, we added the continuous 

variable body length (BL) to control for body size effects as well as the sex as an 

explanatory categorical variable (Clutton-Broke et al., 1982). The individuals from 

DN population were not included in this statistical analysis because of the 

impossibility to collect the spleen.  

Significance levels were adjusted using the sequential method of Bonferroni for 

multiple comparisons on local effect hypothesis (Rice, 1989). All models were 

carried out in SAS (Glimmix Procedure; SAS version 9.1.3 SAS Institute Inc., Cary, 

NC, USA), using an identity link and normal error for continuous dependent 

variables (BL and SW) and a logit link and binomial error for binary dependent 

variables (TBCL).  
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Results  
Genetic diversity and population differentiation  

The number of alleles, observed heterozygosity and range size for each locus is 

presented in Table 2. Allelic dropout and false alleles error rates estimated for the 

average of 10 microsatellites was 0.7% and 0.0%, respectively. Departures from 

HWE (FCB304, TGLA53, BL42, MMP9) and LE (17 pairwise linked loci) were 

detected when considering all populations, but no deviations were observed when 

each population was considered separately, after Bonferroni corrections. Genetic 
 

Table 2: Characterization of the panel of 10 loci used to determine the genetic diversity of 
red deer populations. 

Locus NCBI 
UniSTS 

Caspe/Fraga Cabañeros Doñana Private estate Total 

Na He Size Na He Size Na He Size Na He Size Na Size 

ETH225 250852 8 0.793 157-179 11 0.863 153-183 5 0.732 159-177 13 0.857 153-183 13 153-183 

ETH003 250763 2 0.231 125-126 3 0.402 122-126 2 0.480 125-126 3 0.531 122-126 3 122-126 

FCB304 250720 7 0.708 146-164 7 0.746 144-160 6 0.777 144-160 11 0.866 138-162 12 138-164 

ILSTS008 250871 6 0.622 189-197 4 0.485 189-193 4 0.532 189-193 4 0.494 189-193 6 189-197 

TGLA53 53 5 0.603 185-201 14 0.883 175-215 4 0.494 185-205 17 0.766 175-217 17 175-217 

GLYCAM1 279494 4 0.596 185-205 11 0.859 183-207 6 0.799 181-199 11 0.863 181-209 13 181-209 

BL42 250745 6 0.759 256-282 9 0.717 266-282 7 0.766 242-282 8 0.715 242-282 12 242-282 

BM4107 17726 5 0.709 179-187 11 0.809 175-191 4 0.507 177-183 13 0.770 167-191 13 167-191 

ILST87 12934 2 0.153 153-155 4 0.558 151-157 3 0.516 151-155 4 0.516 151-157 4 151-157 

MMP9 279619 4 0.711 210-224 7 0.805 210-228 6 0.756 210-226 10 0.773 198-228 11 198-228 

NCBI (UniSTS), reference of markers and mapping data on National Center for Biotechnology Information; 
Na, number of alleles; He, expected heterozygosity; Size, size range of amplified fragment for each marker, 
in base pares. 

 

diversity showed statistical differences among populations concerning allelic 

richness and observed heterozygosity (one-way ANOVA, F=4.080, p<0.05 and 

F=18.39, p<0.05, respectively), although no significant differences were observed 

for expected heterozygosity (one-way ANOVA, F=1.287, p=294) (Figure 2).   

 

 
Figure 2: Mean and standard error of expected heterozygosity (He) and allelic richness 
(AR) by population.  
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The Fraga/Caspe and Doñana populations exhibited the lowest values for all 

genetic diversity measures. The mean number of alleles and standard error (S.E.) 

per population was: Na(Fraga/Caspe)= 4.9 (S.E. 0.62), Na(Doñana)= 4.7 (S.E. 0.5), 

Na(Cabañeros)= 8.1 (S.E. 1.17), Na(private estate)= 8.6 (S.E. 1.25); when the number of 

alleles was corrected by sample sizes, the values of allelic richness (AR) ranged 

from 4.4 (Doñana) to 7.5 (Cabañeros). Cabañeros was also the population with 

more private alleles (PA(CB)= 9) compared with the remaining populations (PADN= 

1; PAFG/CP= 4; PAPE=7). Regarding to expected heterozygosity (He), the values 

ranged from 0.600 (Fraga/Caspe) to 0.723 (Cabañeros).The main difference 

between expected and observed heterozygosity was estimated for the 

Fraga/Caspe population (FIS= 0.095), whereas the private hunting estate presented 

a relatively low FIS, 0.005 (see Table 3).  
 

Table 3: Genetic diversity indices by population  

Population n 
Allelic Richness Private 

Alleles 

Observed heterozygosity Expected heterozygosity 
FIS  

Mean S.E. Range Mean S.E. Range Mean S.E. Range 

CB 26 7.5 1.06 3.0-13.3 9 0.731 0.062 0.423-0.961 0.727 0.055 0.410-0.900 -0.006 

DN 30 4.4 0.47 2.0-6.1 1 0.643 0.044 0.500-0.833 0.647 0.045 0.488-0.812 0.005 

FG/CP 30 4.5 0.54 2.0-7.5 4 0.546 0.067 0.167-0.792 0.600 0.071 0.155-0.820 0.095 

PE 86 6.8 0.92 2.7-10.2 7 0.716 0.049 0.477-0.884 0.719 0.047 0.497-0.871 0.005 

CB, Cabañeros; DN, Doñana; FG/CP, Fraga/Caspe; PE, private estate; n, number of individuals per 
population; S.E, standard error of mean; FIS, coefficient of inbreeding.  
 

The pairwise FST values showed an evident genetic differentiation among 

populations. The maximum value was observed between DN-FG/CP populations 

(FST=0.203), and the smallest variations for PE-DN (FST=0.027) and PE-CB 

(FST=0.038). The Mantel test revealed a significant correlation between genetic 

distances (FST/(1- FST) and geographic distances (km), with a coefficient of 

determination of r2=0.857, p < 0.05 (Figure 3).  
 

	  
Figure 3: Scatter plot showing the linear regression between genetic distances (FST/(1-FST) 
and geographic distances (Km) for all populations (coefficient of determination, R2 = 0.857; 
p<0.05). 
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The same pattern of genetic differentiation was found using the exploratory 

analysis with factorial correspondence analysis (FCA). A clear separation among 

FG/CP, CB and DN populations was revealed by the two main factors, which 

explained 10.6% of the overall genetic variability. The private estate population 

plotted between CB and DN populations, evidencing little genetic differentiation 

from them (as estimated by FST), and suggesting an admixture pattern (Figure 4). 
 

 
Figure 4: Plot of individual scores for two main factors of factorial correspondence 
analysis (FCA). The first factor was ploted on X axis and the second factor on Y axis. 
These axes explain 6.3% and  4.3% of total genetic variability, respectively.  
 

Bayesian clustering analysis gives complementary information on population 

relationships. Concerning the full model analysis (all populations), the highest log 

likelihood value was obtained for K=3, following the approach by Evano et al. 

(2005). The 3 inferred clusters (K, number of populations inferred based on HWE 

and LE) showed a patent genetic differentiation of FG/CP population. The average 

proportion of membership (qi) for this population was 97%, being all the individuals 

correctly assigned in that cluster. As previously described for FCA, the private 

estate population (PE) presented an admixture pattern between DN and CB 

populations.  
 

       FG/CP                 CB            DN      PE 

K=3 

Social hunting area Protected national parks Intensive hunting estate 

 
Figure 5: Bayesian Structure analysis of red deer populations. The colours correspond to 
predicted genetic clusters: Fraga/Caspe (FG/CP, red), Cabañeros (CB, blue), Doñana 
(DN, green), Private hunting estate (PE, exhibited a mix of mainly DN (green) and CB 
(blue) populations).  
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All individuals of DN and CB populations were correctly assigned to its respective 

clusters, with an average proportion of membership (qi) for each population above 

96%. (Figure 5, Supporting information for details). 

 
Heterozygosity-fitness correlation (HFC): general and local hypothesis 

Multilocus heterozygosity, a measure of genetic variation (general hypothesis) 

did not show significant correlations with the fitness traits TBCL, BL and spleen 

weight (see Supplementary data, Table 3). To apply the test of the general effect 

hypothesis (Balloux et al. 2004), we tested for a heterozygosity correlation between 

two random sets of 5 loci. We obtained, for the Heterozygosity-heterozygosity 

correlation, an estimated mean r2 of 0.03 (S.E.=0.0021). Concerning correlations 

between heterozygosity at several loci and fitness traits, again no significant 

associations were evidenced after Bonferroni correction (Rice, 1989) (see 

Supplementary data, Table 4,5,6). However, being less conservative a marginally 

significant association between the presence of tuberculosis compatible lesions 

and the BM4107 locus could be evidenced (GLMM: F=3.82, p=0.050). The 

homozygous individuals for this locus tended to present less TB presence than 

heterozygous ones (Estimate=-0.203, p=0.053) (Supplementary data, Table 4). 

Also, statistically significant correlations were observed between the loci ETH225 

and BL42 and spleen weight (GLMM: F=4.47, p=0.037; F=7.32, p=0.008, 

respectively). Homozygosis at ETH225 locus associated with heavier spleen 

weights (Estimate=0.07, p=0.036). Conversely, the BL42 locus showed lighter 

spleen weights for homozygous individuals (Estimate=-0.07, p<0.05) 

(Supplementary data, Table 6).  
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Discussion 
Genetic diversity and isolation-by-distance in the study populations 

This study indicates that the population managed for hunting (PE) presented 

higher levels of genetic diversity for the panel of analysed loci when compared with 

the remaining populations. Interestingly some of them were the founder 

populations. In addition, this variability is also higher than the observed across 

different populations from Central Europe (Zachos and Hartl, 2011). The admixture 

of founder individuals from different geographic regions can explain this high 

genetic variability observed both in allelic and heterozygosity measures (Hedrick, 

2011). Moreover, balanced sex ratios and age structures in fenced estates (Pérez-

González and Carranza, 2009) might contribute to maintain high effective 

populations sizes (Ne) as compared to strongly imbalanced populations (Pérez-

González et al., 2009). These factors (initial heterozygosity and Ne), together with 

the generation interval have been mentioned as the principal drivers maintaining 

the genetic diversity (e.g. Frankham, 1995). The low number of generations 

elapsed since the initial releases would also explain the apparently small variability 

loss during this time (Pérez-González et al., 2009).  

The significant differences in genetic variability (allelic richness and observed 

heterozygosity) observed in our study populations may result from the recent 

anthropogenic impacts on demographic history of red deer populations. The 

population bottlenecks provoked by Spanish civil war (this period probably 

culminated a pre-existing and continuous loss of red deer populations though 

Iberia) could have led to changes in genetic variation so that allele frequencies 

became different from those ancestral populations, resulting in a lower 

heterozygosity and fewer alleles (Hedrick, 2011). A founder event (or a bottleneck) 

can quickly generate genetic distance between the ancestral populations and the 

newly founded or bottlenecked population (Hedrick, 2011). These events 

associated with isolation of populations due to forest clearings, human settlements, 

roads, among others, lead to an increase of genetic drift and inbreeding (Hartl et 

al., 2003; Zachos et al., 2007; Zachos and Hartl, 2011). The small genetic diversity 

in FG/CP population might be a good example of this situation. This population 

was restricted to a small area between the provinces of Zaragoza and Huesca, 

without connectivity with other red deer populations and a reduced number of 

individuals (due to a bottleneck). This has probably led to a loss of genetic diversity 

(allelic richness, private alleles and observed heterozygosity) and prompted a 
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pronounced genetic differentiation from the other populations (see results). 

Conversely, the private estate is an example of an artificial big game population 

that resulted from admixture populations. 

In the case of the protected populations, Cabañeros and Doñana National 

Parks, a significant difference of genetic variation was observed between them. 

The great variability of CB population could be explained by its location at the 

center of Montes the Toledo region (central Spain), which was one of the most 

preserved and large areas for red deer populations during the Spanish Civil war. 

This population was used as a founder during the restocking period (Braza et al., 

1989; Acevedo and Cassinello, 2009). Also, the gene flow may occur between the 

numerous populations around the Cabañeros National park. By contrast, Doñana 

is smaller than Montes de Toledo, and is limited and isolated by the sea to the 

south and by rivers (the Guadalquivir), intensive crops, roads and human touristic 

resorts. Similarly to FG/CP population, DN showed a reduced number of alleles 

and rare alleles compared with observed heterozygosity. This has been considered 

indicative of recent bottlenecks in natural populations (Luikart and Cornuet, 1998). 

A recent bottleneck event could lead to the increase of inbreeding (as observed for 

the FG/CP population) and fixation of deleterious alleles, thereby reducing 

evolutionary potential (Hedrick and Miller, 1992; Mills and Smouse, 1994; 

Newman, 1996; Rails et al., 1988). In this sense, the fact that populations are 

protected from hunting selection does not exclude the possibility of suffering the 

consequences of isolation and inbreeding depression.   

A great difference regarding the genetic pool was observed among natural 

populations (CB, DN, FG/CP), revealing the consequences of isolation (pattern of 

isolation-by-distance), but also local adaptations and genetic drift may occur, 

especially in small populations (e.g. Allendorf and Luikart, 2007). We found a 

smaller genetic differentiation between PE-CB and PE-DN populations in the factor 

correspondence analysis (FCA) and Bayesian inference, which corroborate the 

data of deer introductions to the private estate. Red deer were translocated from 

populations of Huelva (geographically close to Doñana National Park), Ciudad 

Real (geographically close to Cabañeros National Park) and Badajoz provinces. 

Bayesian analysis has not enough power to detect the ancestral population 

provided from Badajoz province. When allele frequencies vary gradually across the 

region, the underlying model structure is not well suited for this kind of scenario. 

However, when we re-run the models with individuals from the private estate only 
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(the same animals of this study plus fifty animals from another unpublished study) 

the tree ancestral populations were inferred (data not shown). These tree 

geographic regions are separated by at least 200 km, which, according our results 

(pattern of isolation-by-distance), suggests that they were significantly genetically 

differentiated. For instance, genetic differentiation between CB and DN National 

Parks is 11% (FST(CB-DN)=0.11). Similar patterns of genetic structure and isolation-

by-distance were described for several closed populations of Spanish Red Deer, 

although with smaller coefficient values (Martínez et al., 2002; Pérez-González et 

al., 2011). The common practice of releasing animals from distinct geographic 

regions (genetically differentiated) increased the levels of genetic variability in 

fenced populations (at least in this short time-scale) compared to the founder 

populations. Whether this is beneficial or not for the species (in term of fitness) and 

persists for long time (avoiding loss of genetic diversity) requires future research at 

larger time scales. Mixing genetically different individuals in the same population 

can also have negative consequences on individual fitness traits due to 

outbreeding depression. This phenomenon has been largely studied in fish and 

plants (Gharrett et al., 1999; Fenster and Galloway, 2000; Peer and Taborsky, 

2005; Wang et al., 2007; Frankham et al., 2008). It is characterized by a reduction 

of fitness in first or later generations caused by a loss of local adaptations, local 

alleles and co-adapted gene complexes (Rhymer and Simberloff, 1996; Barton, 

2001; Burke and Arnold, 2001). Outbreeding depression is a theme of a great 

concern among conservationists and managers since it is the main threat to 

programs of genetic recue of isolated and inbreeding populations, as well as in 

programs of improvement of the genetic pool for certain traits (Templeton, 1986, 

Thornhill, 1993, Edmands, 2007). This phenomenon can be a possible explication 

of the decreasing trend of antler size on the study private estate (unpublished 

results). The other possible explication for this trend could be the tendency for 

hunting big male antlers in this population over 30 years. High trophy hunting 

pressure was linked to declines in breeding values of both male body mass and 

horn length in Bighorn sheep population from Alberta, Canada. (Coltman et al., 

2003b). However, management strategies applied to counterbalance the possible 

directional selection for big antlers has been performed in this estate (Fierro et al., 

2002).  
 
Life history traits and genetic diversity 

In this study, we were unable to estimate the impacts of population genetic 
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diversity on different population features, due to a limited number of individuals and 

populations. However, correlating the average of several genetic measures (AR, 

Ho, He IR, Log10 (mean d2) and HL) for each population with some population 

features, such as the reproductive rate, the prevalence TBCL and the severity of 

TBCL (disseminated lesions), we found a significant trend. Positive associations 

were observed between reproductive rate and allelic richness (Spearman non-

parametric test, p<0.01), the prevalence of TBCL and IR (Person parametric test, 

p<0.05) as well as between Log10 (mean d2) and the prevalence of disseminated 

TBCL (Person parametric test, p<0.05). These results should be taken with care 

due to the small number of individuals analysed for natural populations, as well as 

the number of populations per se, but they could be indicative of the implications of 

genetic diversity on several parameters of red deer populations. Our results concur 

with previously published studies that link microsatellite heterozygosity and 

pathogen susceptibility in natural populations (Coltman et al., 1999; Acevedo-

Whitehouse et al., 2003; Acevedo-Whitehouse et al., 2005; Da Silva et al., 2008; 

Luikart et al., 2008; Acevedo et al., 2009). The study carried out by Acevedo-

Whitehouse et al. (2005) found a positive correlation between IR (a measure of 

genetic diversity adjusted for inbred populations) and infection and severity of 

lesions produced by complex Mycobacterium bovis, in wild boar (Sus scrofa) 

populations of South-central of Iberian. In this study, the individual heterozygosity 

revealed that genetics were more relevant for TB infection and severity of lesions 

than demographic and management factors (Acevedo-Whitehouse et al., 2005). 

Individuals with high heterozygosity appeared more capable of resisting infection, 

possibly due to having superior innate immunity after coming in contact with the 

pathogen (Orme, 2004). Slate et al. (2000) showed in a red deer population from 

the Isle of Rum (Scotland), an association between multilocus heterozygosity and 

lifetime breeding success both in males as in females. These two examples 

reinforce the possible associations reported herein. 

To study the effects of individual genetic variability, “single effect hypothesis” 

and “general effect hypothesis”, on the presence of tuberculosis compatible lesions 

(TBCL), spleen weight and body length, a series of generalised linear mixed 

models (GLMMs) were performed, covering animals from all populations. The 

general effect hypothesis was tested using several measures of multilocus 

heterozygosity that have been associated with fitness-related traits (Coulson et al., 

1998; Amos et al., 2001; Aparicio et al., 2006), in order to fit the best measure of 
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overall genetic diversity for our populations of study. However, from all estimated 

multilocus heterozygosity (general effect) studied parameters we did not found any 

statistical association with the fitness traits (Supplementary information, Table 3). 

Furthermore, the small value for H-H correlation found using the Balloux et al. 

(2004) approach, suggests that these measures are not representative of genome-

wide inbreeding.  

Concerning the local effect hypothesis, no association was found between the 

loci analysed and the fitness traits after Bonferroni correction. This suggests that 

our microsatellites are not linked with genes directly associated with TBCL, BL and 

SW and/or these life history traits were mostly influenced by demographic and 

management factors (environmental variance). However, most of the cases that 

report HFCs in wildlife may be due to a subset of loci being linked to genes 

showing heterozygote advantage (single-locus effects), rather than to inbreeding 

(Hansson et al., 2004). Moreover, the linkage disequilibrium that occurs in recent 

bottleneck and expansion populations (Hansson and Westerberg, 2002), as 

observed on recent demographic history of Iberian red deer populations, is more 

suitable to found HFC (single locus effect). In this way, being less conservative and 

considering the significance level at 0.05, statistical associations were observed. In 

the TBCL model, homozygotes for Locus BM4107 tended to present less TB 

lesions than heterozygotes. Mapped on chromosome 20 of Bos taurus genome, 

BM4107 has been linked with genes related with milk protein percentage, milk yield 

and percentage sperm with abnormal cytoplasmic droplet (NCBI, UniSTS, 17726), 

but not with susceptibility/resistance to infection. Finally, the other HFC were 

detected for loci ETH225 and BL42 and spleen weight, but in opposite directions. 

Homozygotes for locus ETH225 and heterozygotes for BL42 presented heavier 

spleen. ETH225 locus, mapped on chromosome 9 of Bos taurus genome, has 

been linked with genes related to milk fat yield, clinical mastitis, body weight 

(weaning), and calving ease (maternal) (NCBI, UniSTS 250852). BL42 locus 

mapped on chromosome 13 of Bos taurus has been linked with genes associated 

with foot angle (NCBI, UniSTS 250745). Further studies on these loci should be 

made to improve the knowledge of possible linked genes associated with 

resistance/susceptibility to TB infection and the global immune response of red 

deer, as estimated by spleen weight (Corbin et al., 2008). Future research in this 

area is underway, using more individuals and populations as well as more neutral 

markers. 
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Conclusions 
The four studied Iberian red deer populations presented distinct levels of genetic 

variation and differentiation, probably as a consequence of recent anthropogenic 

impacts.  

The private hunting estate, which originated, among others, from two of the 

other studied populations, showed higher levels of genetic diversity in comparison 

with the other populations.  

The introduction of animals from different geographic regions into a small and 

fenced population with intensive selection in a short time-scale did not produce an 

apparent loss of genetic variation and inbreeding.  

Population genetic diversity may correlate with life history traits and disease 

susceptibility, though future research is need. 
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Supplementary data  
 
Table 1: Results of Bayesian cluster inference.  We show the mean and the standard 
deviation (SD) of likelihood (LnP(D)) values of 25 repetitions for each K. Estimation of 
Delta K (Δk), following Evano et al (2005) approach. 

K 
Full model analysis 

Mean LnP(D) SD [LnP(D)] Δk 
1 -5717.4 6.70  
2 -5397.9 14.23 6.1 
3 -5164.9 13.05 35.6 
4 -5396.9 27.70 9.2 
5 -5375.2 28.05 15.7 
6 -5783.9 40.63  

 

 

!

(a) 

 
Figure 1: Graphics representing Delta K values for each k, following Evano et al 2005 
approach: (a) full model analysis, (b) fine scale model analysis. 
 

 
Table 2: Classification of tuberculosis compatible lesions (TBCL) according to population 
and degree of dissemination of macroscopic lesions (as a measure of infection severity).  

Population 
Number individuals  Prevalence CTBL 
TBCL Total  Restricted  Disseminated Total 

CB 3 14 14.3 7.1 21.4 
CP/FG* 0 20 0.0 0.0 0.0 

DN 4 22 0.0 18.2 18.2 
PE 19 101 14.9 4.0 18.8 

Total 26 157 12.5 6.6 19.1 
* Individuals from this population, where TB was absent, were not considered for overall prevalence 
calculations.  
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Table 3: Results of heterozygosity-fitness correlations under the general effect hypothesis. 
Presence tuberculosis compatible lesions (TBCL) 

GLMMs Factors Df num/denom F p Parameter estimates 

1 
Sex 1/134 3.19 0.0800 

Males = 1.17 
Females = 0* 

Ho 1/134 0.07 0.8000 0.413 

2 
Sex 1/134 3.21 0.0800 

Males = 1.16 
Females = 0* 

IR 1/134 0.27 0.6100 -0.654 

3 
Sex 1/134 3.19 0.0800 

Males = 1.17 
Females = 0* 

Log10 (mean d2) 1/134 0.22 0.6380 0.346 

4 
Sex 1/134 3.19 0.0800 

Males = 1.17 
Females = 0* 

HL 1/134 0.11 0.7400 -0.546 
Body length (Log10 (BL)) 

1 
Sex 1/154 70.93 <0.0001 

Males = 0.05 
Females = 0* 

Log10 (TP) 1/154 16.73 <0.0001 0.179 
Ho 1/157 0.11 0.7440 -0.005 

2 
Sex 1/154 70.83 <0.0001 

Males = 0.05 
Females = 0* 

Log10 (TP) 1/154 16.71 <0.0001 0.179 
IR 1/155 0.04 0.8410 0.841 

3 
Sex 1/154 70.63 <0.0001 

Males = 0.05 
Females = 0* 

Log10 (TP) 1/153 16.88 <0.0001 0.179 
Log10 (mean d2) 1/157 0.39 0.5320 0.004 

4 
Sex 1/154 70.80 <0.0001 

Males = 0.05 
Females = 0* 

Log10 (TP) 1/154 16.68 <0.0001 1.785 
HL 1/157 0.02 0.8970 0.002 

Spleen weight (Log10 (SW)) 

1 
Sex 1/118 8.92 0.0030 

Males = 0.11 
Females = 0* 

Log10 (BL) 1/44.6 8.81 0.0050 1.265 
Ho 1/53 1.01 0.3190 0.080 

2 
Sex 1/118 9.10 0.0030 

Males = 0.12 
Females = 0* 

Log10 (BL) 1/65.4 8.04 0.0060 1.230 
IR 1/118 0.47 0.4930 -0.046 

3 
Sex 1/117 9.11 0.0030 

Males = 0.12 
Females = 0* 

Log10 (BL) 1/96.6 7.68 0.0070 1.225 
Log10 (mean d2) 1/116 1.04 0.3100 -0.040 

4 
Sex 1/118 9.11 0.0030 

Males = 0.12 
Females = 0* 

Log10 (BL) 1.58.5 8.23 0.0060 1.239 
HL 1/95.5 0.60 0.4400 -0.064 

GLMMs, generalised linear mixed models; Ho, observed heterozygosity; IR, internal relatedness; Log10 (mean 
d2), base-10 logarithm of mean distance square; HL, homozygosity by locus; Log10 (BL), base-10 logarithm of 
body length; Log10 (PT), base-10 logarithm of thoracic perimeter; Df num/denom, degrees of freedom of 
numerator and denominator; F, F-statistic, p, significance of test; * Parameter estimates take the reference 
value 0 for females.  
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Table 4: Results of correlations between heterozygosity (local effect hypothesis) and the 
presence of tuberculosis compatible lesions (TBCL).  

GLMMs Factors Df num/denom F p Parameter estimates 

1 
Sex 1/126 3.48 0.0600 

Males =1.30 
Females = 0* 

ETH225 1/126 1.82 0.1790 
Homozygosis=0.75 
Heterozygosis=0* 

2 
Sex 1/134 3.25 0.0700 

Males =1.18 
Females = 0* 

ETH003 1/134 0.12 0.7260 
Homozygosis=-0.16 
Heterozygosis=0* 

3 
Sex 1/134 3.23 0.0700 

Males =1.17 
Females = 0* 

FCB304 1/134 1.91 0.1690 
Homozygosis=-1.08 
Heterozygosis=0* 

4 
Sex 1/134 3.17 0.0700 

Males =1.17 
Females = 0* 

ILSTS008 1/134 0.11 0.7440 
Homozygosis=-0.15 
Heterozygosis=0* 

5 
Sex 1/134 3.18 0.0700 

Males =1.16 
Females = 0* 

TGLA53 1/134 1.96 0.1640 
Homozygosis=-0.82 
Heterozygosis=0* 

6 
Sex 1/134 3.23 0.0700 

Males =1.18 
Females = 0* 

GLYCAM1 1/134 0.04 0.8460 
Homozygosis=0.12 
Heterozygosis=0* 

7 
Sex 1/129 2.77 0.1000 

Males =1.10 
Females = 0* 

BL42 1/129 0.00 0.9910 
Homozygosis=-0.03 
Heterozygosis=0* 

8 
Sex 1/130 2.96 0.0900 

Males =1.30 
Females = 0* 

BM4107 1/130 3.82 0.0500 
Homozygosis=-2.04 
Heterozygosis=0* 

9 
Sex 1/134 3.67 0.0600 

Males =1.24 
Females = 0* 

ILST87 1/134 3.52 0.0600 
Homozygosis=0.85 
Heterozygosis=0* 

10 
Sex 1/134 2.47 0.1200 

Males =1.05 
Females = 0* 

MMP9 1/134 1.59 0.2100 
Homozygosis=0.64 
Heterozygosis=0* 

GLMMs, generalised linear mixed models; ETH225, ETH003, FCB304, ILSTS008, TGLA53, GLYCAM1, BL42, 
BM4107, ILST87 and MMP9, loci tested; Df num/denom, degrees of freedom of numerator and denominator; 
F, F-statistic, p, significance of test; * Parameter estimates take the reference value 0 for females in sex 
category and heterozygosis for genetic measure.  



	   32 

Table 5: Results of correlations between heterozygosity (local effect hypothesis) and the 
body length (BL (Log10). 

GLMMs Factors Df num/denom F p Parameter estimates 

1 

Sex 1/142 44.90 <0.001 
Males =0.04 
Females = 0* 

Log10 (TP) 1/137 24.91 <0.001 0.269 

ETH225 1/143 0.91 0.3400 
Homozygosis=0.01 
Heterozygosis=0* 

2 

Sex 1/154 72.61 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/154 16.29 <0.0001 0.176 

ETH003 1/156 1.45 0.2300 
Homozygosis=0.01 
Heterozygosis=0* 

3 

Sex 1/154 70.53 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/152 17.05 <0.0001 0.18 

FCB304 1/156 0.34 0.5630 
Homozygosis=-0.00 
Heterozygosis=0* 

4 

Sex 1/152 67.70 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/149 16.04 <0.0001 0.178 

ILSTS008 1/153 0.04 0.8330 
Homozygosis=0.00 
Heterozygosis=0* 

5 

Sex 1/154 70.40 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/155 16.29 <0.0001 0.176 

TGLA53 1/157 0.47 0.4920 
Homozygosis=-0.00 
Heterozygosis=0* 

6 

Sex 1/154 71.42 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/155 14.58 0.0020 0.170 

GLYCAM1 1/157 0.89 0.3480 
Homozygosis=-0.01 
Heterozygosis=0* 

7 

Sex 1/149 65.22 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/148 15.78 0.0001 0.178 

BL42 1/150 0.05 0.8320 
Homozygosis=-0.00 
Heterozygosis=0* 

8 

Sex 1/142 50.56 <0.0001 
Males =0.04 
Females = 0* 

Log10 (TP) 1/135 14.97 0.0002 0.22 

BM4107 1/144 0.01 0.9100 
Homozygosis=0.00 
Heterozygosis=0* 

9 

Sex 1/154 71.19 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/154 16.53 <0.0001 0.177 

ILST87 1/157 0.41 0.5210 
Homozygosis=0.00 
Heterozygosis=0* 

10 

Sex 1/154 66.25 <0.0001 
Males =0.05 
Females = 0* 

Log10 (TP) 1/153 16.52 <0.0001 0.178 

MMP9 1/157 0.05 0.8270 
Homozygosis=0.00 
Heterozygosis=0* 

GLMMs, generalised linear mixed models; ETH225, ETH003, FCB304, ILSTS008, TGLA53, GLYCAM1, BL42, 
BM4107, ILST87 and MMP9, loci tested; Log10 (TP), base-10 logarithm of thoracic perimeter; Df num/denom, 
degrees of freedom of numerator and denominator; F, F-statistic, p, significance of test; Parameter estimates 
take the reference value 0 for females in sex category and heterozygosis for genetic measure. 
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Table 6: Results of correlations between heterozygosity (local effect hypothesis) and the 
Spleen weight (SW (Log10). 

GLMMs Factors Df num/denom F p Parameter estimates 

1 

Sex 1/107 9.70 0.0024 
Males =0.12 
Females = 0* 

Log10 (BL) 1/107 8.59 0.0040 1.233 

ETH225 1/107 4.47 0.0370 
Homozygosis=0.07 
Heterozygosis=0* 

2 

Sex 1/118 9.65 0.0020 
Males =0.12 
Females = 0* 

Log10 (BL) 1/77.4 7.20 0.0090 1.180 

ETH003 1/117 0.33 0.5650 
Homozygosis=0.015 
Heterozygosis=0* 

3 

Sex 1/118 9.09 0.0030 
Males =0.12 
Females = 0* 

Log10 (BL) 1/81.1 7.90 0.0060 1.230 

FCB304 1/115 0.19 0.6630 
Homozygosis=0.015 
Heterozygosis=0* 

4 

Sex 1/116 9.56 0.0030 
Males =0.12 
Females = 0* 

Log10 (BL) 1/31.6 9.90 0.0040 1.320 

ILSTS008 1/116 2.35 0.1270 
Homozygosis=-0.04 
Heterozygosis=0* 

5 

Sex 1/118 9.32 0.0030 
Males =0.12 
Females = 0* 

Log10 (BL) 1/70.4 7.91 0.0060 1.230 

TGLA53 1/116 0.14 0.7080 
Homozygosis=0.01 
Heterozygosis=0* 

6 

Sex 1/118 9.06 0.0030 
Males =0.05 
Females = 0* 

Log10 (BL) 1/41.9 8.30 0.0060 0.170 

GLYCAM1 1/88.4 2.50 0.1170 
Homozygosis=-0.01 
Heterozygosis=0* 

7 

Sex 1/114 17.66 <0.0001 
Males =0.15 
Females = 0* 

Log10 (BL) 1/40.9 8.09 0.0070 1.070 

BL42 1/114 7.32 0.0080 
Homozygosis=-0.07 
Heterozygosis=0* 

8 

Sex 1/105 3.88 0.0500 
Males =0.08 
Females = 0* 

Log10 (BL) 1/105 12.65 0.0006 1.550 

BM4107 1/105 1.64 0.2038 
Homozygosis=-0.04 
Heterozygosis=0* 

9 

Sex 1/118 9.48 0.0030 
Males =0.12 
Females = 0* 

Log10 (BL) 1/82.7 7.09 0.0090 1.170 

ILST87 1/111 0.43 0.5110 
Homozygosis=0.02 
Heterozygosis=0* 

10 

Sex 1/117 8.86 0.0040 
Males =0.12 
Females = 0* 

Log10 (BL) 1/73.8 7.80 0.0070 1.220 

MMP9 1/107 0.00 0.9730 
Homozygosis=-0.00 
Heterozygosis=0* 

GLMMs, generalised linear mixed models; ETH225, ETH003, FCB304, ILSTS008, TGLA53, GLYCAM1, BL42, 
BM4107, ILST87 and MMP9, loci tested; Log10 (BL), base-10 logarithm of body length; Df num/denom, 
degrees of freedom of numerator and denominator; F, F-statistic, p, significance of test; * Parameter estimates 
take the reference value 0 for females in sex category and heterozygosis for genetic measure. 
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Glossary on conservation genetics (in review of Allendorf et al 2008, 2010) 

Adaptation: Heritable changes in genotype or phenotype that result in increased fitness. 

Admixture: The production of new genetic combinations in hybrid populations through 
recombination. 

Census population size: the total number of individuals in a population.	  

Effective population size (Ne): the size of an ideal population that would experience the 
same rate of genetic change through genetic drift as the observed population. There are 
two common measures of effective population size. The ‘variance effective number’ is 
based upon change in allele frequency, and the ‘inbreeding effective number’ is based 
upon reduction in heterozygosity. 

Effective population size: The size of the ideal population that would experience the 
same amount of genetic drift as the observed population. 

Epistasis:  The dependency of the effects of alleles at one locus on the genotypes at 
other loci in the genome. 

FST: A measure of population subdivision that indicates the proportion of genetic diversity 
found between populations relative to the amount within populations. 

Linkage disequilibrium: A measure of whether alleles at two loci in a population occur in 
a non-random fashion. 

Generation interval (G): the mean age of parents when offspring are born or hatched. 

Heterosis: When hybrid individuals have greater fitness than either of the parental types. 

Heterozygosity: a measure of genetic variation based upon the expected proportion of 
individuals in a population that are heterozygous. 

Hybridization: Interbreeding of individuals from genetically distinct populations, regardless 
of the taxonomic status of the populations. 

Inbreeding coefficient: The probability that two alleles in an individual are both 
descended from a single allele in an ancestor (that is, that they are ‘identical-by-descent’). 

Inbreeding depression: The loss of vigour and fitness that is observed when genome-
wide homozygosity is increased by inbreeding. 

Introgression: Gene flow between populations or species whose individuals hybridize. 

Neutral locus: A locus that has no effect on adaptation because all genotypes have the 
same fitness. 

Outbreeding depression: Reduced fitness of F1 or F2 individuals after a cross between 
two species or populations. It can result from genetic incompatibility or reduced adaptation 
to local environmental conditions. 

Population bottleneck: A marked reduction in population size followed by the survival 
and expansion of a small random sample of the original population. It often results in the 
loss of genetic variation and more frequent matings among closely related individuals. 

Proportion of admixture: The proportion of alleles in a hybrid swarm or individual that 
comes from each of the hybridizing taxa. 

	  


