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Abstract
1.	 As a non-invasive and inexpensive method, the use of faecal glucocorticoid me-
tabolites (FGM) analysis in wildlife research is increasing. Various environmental 
factors have been shown to influence FGM levels, or faecal corticosteroid me-
tabolites (FCM) levels in birds, but most studies do not account for inter-individual 
variance, which we hypothesized may substantially affect results.

2.	 We combined FCM analysis with genetic analysis to identify the sex and individu-
al’s identity in samples collected in three consecutive winters; with repeated sam-
ples per individual, across the entire range of an endangered population of 
capercaillie Tetrao urogallus in south-western Germany. Using generalized additive 
mixed models, we modelled FCM levels as a function of sex, season and environ-
mental covariates at two spatial scales: location and home range. We compared 
two models: one including information on the individual animal and the other ex-
cluding this information (i.e. naïve model) to assess the influence of individual het-
erogeneity on the results obtained.

3.	 Models accounting for inter-individual differences explained 44.0% and 45.1% (at 
the location and home-range scale respectively), while only very little (4.0% and 
5.1%, respectively) was explained by the environmental predictors. When ignor-
ing individual effects, the model results changed considerably with other, previ-
ously non-informative predictors, becoming significant.

4.	 In the full models, accounting for inter-individual variance, weather conditions had 
no effect at either scale. FCM levels were negatively correlated with habitat quality 
at the sampling location, while human recreation at the home-range scale led to el-
evated FCM levels. In the naïve models, two additional predictors appeared signifi-
cant: one weather variable at the local scales and two at the home-range scale. In all 
models, seasonal FCM patterns differed significantly between males and females.

5.	 Synthesis and applications. By combining faecal corticosteroid metabolites (FCM) 
analysis with genetic individual assessment, we demonstrate that individual het-
erogeneity can explain most of the variance in faecal corticosteroid metabolites 
levels and that ignoring this information can lead to erroneous conclusions when 
testing for environmental stressors. We therefore stress the importance of iden-
tifying individuals when studying faecal corticosteroid metabolites in wildlife and 
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1  | INTRODUC TION

If confronted with actual or perceived threats, animals elicit stress 
responses which help them adjust to changes in their environ-
ment (Cockrem, 2007). One frequently studied stress response 
in vertebrate ecology is the change in glucocorticoid (cortisol or 
corticosterone) levels (Möstl & Palme, 2002; Sheriff, Dantzer, 
Delehanty, Palme, & Boonstra, 2011). Those stress hormones with 
their pleiotropic role within the organisms are recognized as medi-
ators of allostasis that help maintain homeostasis of bodily func-
tions (McEwen & Wingfield, 2003; Sapolsky, Romero, & Minck, 
2000). Although it is natural that corticosteroid levels fluctuate 
(e.g. due to time of day, season, food availability, social status, re-
productive status, age or sex) (Broom & Johnson, 1993; Moberg 
& Mench, 2000), prolonged exposure to high levels can reduce 
growth (Sapolsky, 2002), suppress the immune system (Cyr, Earle, 
Tam, & Romero, 2007; Stier et al., 2009) or inhibit the reproduc-
tive system (Sapolsky, 2002), a condition known as allostatic over-
load (McEwen & Wingfield, 2003). This in turn may affect fitness 
(Boonstra, Hik, Singleton, & Tinnikov, 1998; Rangel-Negrın, Alfaro, 
Valdez, Roman, & Serio-Silva, 2009; Sheriff, Krebs, & Boonstra, 
2009; Thierry, Ropert-Coudert, & Raclot, 2013), making it a rel-
evant conservation issue for threatened species. Glucocorticoids 
are frequently measured to evaluate the response of organisms to 
various stressors (Goymann, 2012; Touma & Palme, 2005). In wild-
life research, they are often assessed indirectly and non-invasively 
by analysing their metabolites in faecal samples (Möstl, Maggs, 
Schrötter, Besenfelder, & Palme, 2002; Thiel, Jenni-Eiermann, & 
Palme, 2005), so as to avoid additional stress by capturing or han-
dling the animal, biasing the results (Buehler et al., 2008; Goymann, 
2012; Sheriff et al., 2011). It is also important to recognize that the 
faecal metabolites represent an integrated measure of adrenocor-
tical activity at a certain time before the faecal excretion (Palme, 
2005; Touma & Palme, 2005).

Previous studies showed that many endogenous and exogenous 
factors can affect the concentration of faecal corticosteroid me-
tabolites (hereafter referred to as FCM levels) (Hadinger, Haymerle, 
Knauer, Schwarzenberger, & Walzer, 2015). In free-living animals, 
FCM levels can be affected by food availability (Jenni-Eiermann, 
Glaus, Grübler, Schabl, & Jenni, 2008; Schoech, Bowman, Bridge, & 
Boughton, 2007), with increased food availability being associated 
with lower FCM levels (Jenni-Eiermann et al., 2008). Habitat condi-
tions, related to cover or foraging conditions are also suggested to 

affect FCM levels (Rangel-Negrın et al., 2009). For several species, 
an effect of the ambient temperature has been found, with higher 
FCM levels during the cold season (Corlatti, Palme, Frey-Roos, & 
Hackländer, 2011; Frigerio, Dittami, Möstl, & Kotrschal, 2004). 
Predators have been found to increase corticosterone levels in birds 
(Cockrem & Silverin, 2002), and indirect predator effects, such as 
mere predator presence or elevated densities (Monclús, Palomares, 
Tablado, Martínez-Fontúrbel, & Palme, 2009; Sheriff et al., 2009), 
can be as important as direct ones (Preisser, Bolnick, & Benard, 
2005; Schmitz, Beckerman, & O’Brien, 1997). Similarly, human recre-
ational activities have been linked to elevated FCM levels in a variety 
of bird species (Arlettaz et al., 2007; Thiel, Jenni-Eiermann, Palme, 
& Jenni, 2011). Sex-specific (Rangel-Negrın et al., 2009; Weingrill, 
Gray, Barrett, & Henzi, 2004) and inter-individual differences in 
stress responses and associated FCM levels (Rehnus & Palme, 2017) 
have also been shown in several species.

Despite this variety of drivers and associated sources of vari-
ance, most studies focus only on a small number of factors to 
assess their hypothesized effect on FCM levels. Inter- and intra-
individual differences are often neglected (Goymann, 2012; 
Hadinger et al., 2015; Rehnus & Palme, 2017). Especially when 
non-invasive sampling methods are used, it is often unknown how 
many individual animals of a population have been sampled and 
possible pseudo-replication cannot be excluded (Rehnus & Palme, 
2017). If and to which extent this may affect the results with re-
gard to the effects of environmental stressors on FCM-levels has 
not yet been tested.

Declining and endangered in many Central European coun-
tries, grouse (Tetraoninae) have become a common model for 
conservation-related endocrinological studies. As these species 
are highly susceptible to human disturbance (Coppes, Ehrlacher, 
Thiel, Suchant, & Braunisch, 2017; Storch, 2013; Summers, 
McFarlane, & Pearce-Higgins, 2007; Thiel et al., 2011), their stress 
response has been elucidated particularly in relation to human rec-
reation activities: Elevated FCM levels were found after repeated 
flushing in black grouse Tetrao tetrix (Arlettaz et al., 2015), with 
decreasing distance to recreational infrastructure in capercaillie 
Tetrao urogallus (Thiel et al., 2011) and in areas severely disturbed 
by winter sports in both species (Formenti et al., 2015; Thiel, 
Jenni-Eiermann, Braunisch, Palme, & Jenni, 2008). Furthermore, 
tree species composition and ambient temperature were found 
to affect FCM levels in capercaillie (Thiel et al., 2011). All studies 
were based on FCM extracted from faecal samples collected in 

recommend combining faecal corticosteroid metabolites analyses with genetic 
analyses to adequately address this issue.
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winter, when they are well-preserved in the cold environmental 
conditions. Although most studies distinguished between males 
and females, which are easily identified based on the size of their 
droppings, both inter- and intra-individual differences in FCM lev-
els have not been considered so far.

In our study, we collected faecal samples across the entire geo-
graphical range of an endangered central European capercaillie 
population. We chose capercaillie as an ideal study model because 
FCM are calibrated (Thiel et al., 2005), they occur in various land-
scapes (Klaus et al., 1989) and they respond to various stressors 
such as predation (Kämmerle, Coppes, Ciuti, Suchant, & Storch, 
2017), climate change (Braunisch et al., 2013), habitat degrada-
tion (Suchant & Braunisch, 2004) and human disturbance (Coppes 
et al., 2017) while being threatened throughout their central 
European range (Storch, 2007). By combining FCM measurements 
in three consecutive winters with genetic (i.e. to identify individual 
animals and determine their sex) and environmental analyses, we 
tested for individual variation in FCM levels and studied the ef-
fect of including or neglecting this information when investigating 
the effects of several potential environmental stressors on FCM 
levels: (1) habitat quality, (2) weather conditions, and (3) human 
recreational use. We expected a major effect of sex and individ-
ual animal on the FCM levels, which could considerably alter the 
results if not accounted for within the models. Furthermore we 
hypothesized that FCM would be higher in areas with low habitat 
quality (i.e. in dense forests) in cold weather conditions and close 
to recreational infrastructure.

2  | MATERIAL S AND METHODS

2.1 | Study area and model species

The study was performed in the Black Forest, a lower mountain 
range in south-western Germany (Figure 1). The forest, domi-
nated by spruce Picea abies, silver fir Abies alba and beech Fagus 
sylvatica (Kändler & Cullmann, 2014), is interspersed with pastures 
and small settlements, the latter predominantly located in the val-
leys. The Black Forest holds one of the largest capercaillie popula-
tions in central Europe, outside the Alps (Segelbacher, Höglund, & 
Storch, 2003; Storch, 2007), a species inhabiting well-structured, 
open mountain and boreal forests (Graf, Mathys, & Bollmann, 
2009; Klaus et al., 1989; Storch, 2002). The Black Forest capercail-
lie population is isolated from other populations in central Europe 
(Segelbacher et al., 2003) and highly fragmented (Braunisch, 
Segelbacher, & Hirzel, 2010; Coppes et al., 2016). Population 
size and distribution have been continuously decreasing over 
the last 30 years (Coppes et al., 2016), with the cause considered 
to be multifactorial, including habitat deterioration (Suchant & 
Braunisch, 2004), habitat fragmentation (Braunisch et al., 2010), 
predator abundance (Kämmerle et al., 2017), disturbance through 
human recreation (Coppes et al., 2017) as well as climate change 
(Braunisch et al., 2013; Huntley, Green, Collingham, & Willis, 
2007).

2.2 | Sampling method

Capercaillie faecal samples were collected in winter between November 
2012 and May 2016, during periods with snow cover. Sampling areas 
were distributed over large parts of the capercaillie range in the Black 
Forest (Figure 1), and systematically searched between one and three 
times per winter. However, due to differences in weather, snow and 
topographical conditions, the surface searched within a single day varied 
greatly. Samples were collected 3–7 days after new snowfall. We only 
collected samples lying on snow, as Thiel et al. (2005) had shown in an 
experimental set-up that FCM levels in capercaillie droppings are stable 
for 7 days if samples were kept at temperatures below 9°C. When several 
samples were located within a radius of 25 m, only the freshest one (de-
termined by visual assessment) was collected and its location taken using 
a handheld GPS (Garmin Etrex30). Samples were cooled during transport 
and stored at −32°C in the laboratory. Therefore, we assume our FCM 
measurements are not influenced by storage conditions after defecation.

2.3 | Model predictors

To study the importance of including information on individual het-
erogeneity when assessing the effect of environmental stressors, 

F IGURE  1 Capercaillie distribution in the Black Forest and 
the areas where samples were collected for faecal corticosteroid 
metabolites analysis. The inlay map shows the location of the Black 
Forest within Germany
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we tested several environmental predictors. These included spa-
tial information on habitat quality and human recreation, temporal 
information on weather and season as well as information on sex 
and identity of the individual (Table 1). To account for the mobility 
of the species and the time-lag between blood corticosteroid levels 
and the excretion of their metabolites in the droppings (Thiel et al., 
2005), we extracted the spatial environmental covariates using cir-
cular buffers at two spatial scales; at the “local scale” the predictors 
were considered within a 20 m radius (to account for GPS inaccura-
cies) around the faecal sample location. In addition, we considered 
the environmental conditions within a 400 m radius, which is equiv-
alent to an area of 50 ha (i.e. the size of a small winter home range of 
capercaillie in the Black Forest; Coppes et al., 2017). The predictors 
were prepared using ArcGIS 10.4 (ESRI 2014).

2.3.1 | Habitat quality

We calculated the proportion of open forest (<70% canopy cover) 
as a proxy for habitat quality, as it has been identified as a key 
structural habitat characteristic in various European capercaillie 
populations (Graf et al., 2009; Storch, 2002; Suchant & Braunisch, 
2004). We used a digital vegetation surface model (1 × 1 m reso-
lution), which was derived from stereo aerial images of the years 
2015 and 2016 as described in Zielewska-Büttner, Adler, Ehmann, 
and Braunisch (2016). In a first step, canopy cover was calculated 

as the proportion of pixels with vegetation of at least 2 m height 
within a 25 m radius around every raster cell (Zielewska-Büttner 
et al., 2016). We then calculated the proportion of pixels classi-
fied as “open forest” (canopy cover <70%) in a 20 and 400 m radius 
around our samples.

2.3.2 | Human recreation

To test for an influence of human recreational activities on FCM levels, 
we calculated the mean distance of each sample to the nearest win-
ter recreation infrastructure (i.e. winter hiking paths, cross-country 
skiing trails, skiing pistes, snowshoe trails) as well as the density (as 
length per aerial unit) of infrastructure within a 20 and 400 m ra-
dius respectively. In addition, we applied a 50 m buffer around all 
recreational infrastructure and estimated the proportion of buffer 
area within the two radii. The data on recreational infrastructure 
were adopted from the official Tourism and Recreation Information 
System of Baden-Württemberg (TFIS) and complemented with data 
of snowshoe trails, back-country skiing tours or winter hiking trails 
provided by specific user groups on the Internet (www.outdoorac 
tive.de, www.gpsies.com, www.bergfex.de). Since capercaillie are 
most likely not affected by recreation activities at distances over 
400 m (Coppes et al., 2017; Thiel et al., 2011), we truncated the dis-
tance to recreation at 400 m based on the frequency distribution of 
the data that is excluding extreme outliers (Figure S1).

TABLE  1 Predictor variables tested for their effect on faecal corticosteroid metabolites levels in capercaillie. Predictors retained in the 
models are indicated, otherwise the reason for discarding them is provided (“Decision”). Spatial predictors (i.e. Recr_dist and PropOpen) 
were calculated at two scales: local scale (average values in a 20 m radius) and home-range scale (average values in a 400 m radius)

Group Name Description (unit) Type Decision

Human recreation Recr_dist Average distance to recreational infrastructure within 
a 20 and 400 m radius (m)

Continuous Retained

Recr_dens Density (sum of line feature lengths) within a 20 and 
400 m radius (1,257 m2 and 502 655 m2)

Continuous corr. with Recr_dist

Prop_recr Proportion of 20 or 400 m buffer covered by a 50 m 
buffer around recreational infrastructure 

Continuous corr. with recr_dist

Habitat PropOpen Proportion of open forest (<70% canopy cover) 
within a 20 and 400 m radius (%)

Continuous Retained

Altitude Elevation of sample above sea level (m) Continuous corr. with Tmin3d

Weather conditions Tmin3d Minimum temperature in the 3 days before sample 
was collected (°C)

Continuous Retained

Tmean3d Mean temperature over 3 day window before sample 
was collected (°C)

Continuous corr. with Tmin3d

Tmin7d Minimum temperature in the 7 days before sample 
was collected (°C)

Continuous corr. with Tmin3d

Tmean7d Mean temperature over 7 day window before sample 
was collected (°C)

Continuous corr. with Tmin3d

PrecDays Number of days without precipitation before the day 
of sampling (range 3–7 days)

Continuous Retained

Season Day Day of the winter season with 1 as start of winter and 
212 as the end of winter

Continuous Retained

Individual Sex The sex of the animal (male/female) Categorical Retained

Indiv The ID of the individual animal Categorical Retained

http://www.outdooractive.de
http://www.outdooractive.de
http://www.gpsies.com
http://www.bergfex.de
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2.3.3 | Weather

To test for weather effects on FCM levels, weather data were 
obtained from the German meteorological service (Deutscher 
Wetterdienst, www.dwd.de). Precipitation and temperature data 
of the nearest meteorological station were used for each sample. 
We corrected for differences in elevation between sample and sta-
tion by adjusting temperature with −0.6°C per 100 m of elevation 
increase (Liston & Elder, 2006). We prepared a number of weather 
predictors: the number of days without precipitation before the date 
of sampling (PrecDays) and the minimum temperature as well as the 
mean temperature over three as well as 7 days before the date of 
sampling (Tmin3d, Tmean3d, Tmin7d, Tmean7d).

2.3.4 | Season

Since photoperiod and season can affect FCM levels (Corlatti et al., 
2011), all samples were numbered based on the collection date, 
starting with 1 for the start of winter (1 November) and ending with 
212 at the end of Winter (31 May) for every year. This resulted in a 
continuous variable depicting the time of the year.

2.4 | Endogenous predictors: Genetic analysis

Genomic DNA was extracted from capercaillie droppings using spin 
columns (QIAamp DNA Stool Mini Kit, Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s protocols. To minimize contamination 
risks, amplification and post-PCR procedures were conducted sepa-
rately from DNA extraction. All samples were genotyped using 12 
microsatellite loci (Jacob, Debrunner, Gugerli, Schmid, & Bollmann, 
2010) and one sex marker (Kahn, St. John, & Quin, 1998) arranged 
in four multiplex-PCR reactions based on the protocol by Jacob et al. 
(2010). To avoid genotyping errors, a multiple tube approach with 
three replicates was implemented. Additionally, negative controls 
were included in the PCR amplification procedure to exclude con-
taminations. PCR products were sized on an ABI 3130 DNA Analyzer 
(Applied Biosystems, Darmstadt, Germany). Fragment length was 
scored using the program GeneMapper v.4.0 (Applied Biosystems). 
Individuals were identified using GenAlEx 6.503 (Peakall & Smouse, 
2006) by searching for multilocus genotype matches. Samples that 
shared all alleles at all loci, excluding loci with missing values, were 
considered as identical.

2.5 | FCM analysis

To avoid effects of the sample humidity on the FCM measure-
ments, all samples were dried at 80°C. After careful homogeniza-
tion, glucocorticoid metabolites were extracted with 60% methanol 
(0.5 g droppings plus 5 ml) as described by Palme, Touma, Arias, 
Dominchin, and Lepschy (2013). FCM metabolites were measured 
using a cortisone enzyme immunoassay (EIA; Rettenbacher, Möstl, 
Hackl, Ghareeb, & Palme, 2004), which has been successfully vali-
dated for capercaillie (Thiel et al., 2005). To exclude any bias due to 

storage, analysis or other conditions, all faecal samples were stored 
and analysed under the same conditions in the same laboratory.

2.6 | Statistical analysis

2.6.1 | Individual variation in FCM levels

In order to evaluate and visualize inter-individual differences in mean 
FCM levels, we calculated individual means and associated standard 
errors (SE) and confidence intervals (CI = 1.96 × SE) for each animal 
with ≥3 samples. Prior to that, we tested whether the mean was cor-
related with the sample size (i.e. resampling rate) of each individual 
using Pearson’s product-moment correlations. We conducted a re-
peatability analysis to assess the consistency of FCM among indi-
viduals (i.e. the intraclass correlation coefficient, ICC), calculating (1) 
ANOVA-based and linear mixed-effect model (LMM)-based agree-
ment repeatability with confidence intervals and (2) adjusted re-
peatability after accounting for environmental covariates (i.e. human 
recreation, habitat and weather conditions, Table 1; Nakagawa & 
Schielzeth, 2010; Wolak, Fairbairn, & Paulsen, 2012). Using the ca-
percaillie individual as a grouping factor, we calculated agreement 
repeatability as implemented in the r-packages icc (ANOVA-based 
Wolak et al., 2012) and rptR (LMM-based; Stoffel , Nakagawa, & 
Schielzeth, 2017). Adjusted repeatability in package rptR was estimated 
based on the final LMM structure specified below (see next section). All 
iccs were estimated assuming Gaussian error distributions.

2.6.2 | Model generation

In a first step, the initial set of predictors (Table 1) was tested for 
collinearity by calculating pairwise Pearson correlations (Dormann 
et al., 2012; Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Of variables 
with a pairwise correlation coefficient of |r| > .5, we retained the one 
we considered to be of higher ecological relevance. Pre-selection of 
variables resulted in seven predictors that we hypothesized to be 
related to the FCM levels: the proportion of open forest, the dis-
tance to winter tourism infrastructure, the number of days since the 
last precipitation event and the minimum temperature within a 3-
day window. Furthermore, the day of season, the sex of the animal 
and an interaction term was included, as we expected FCM patterns 
to differ between sexes as a function of the advancement of the 
mating season. All data were standardized by subtracting the mean 
and dividing by the SD to aid model convergence and to allow for a 
comparison of effect sizes.

We modelled FCM levels using generalized additive mixed 
models (GAMM, e.g. Wood, 2006) from the r-package gamm4 
(Wood & Scheipl, 2017) with a Gaussian error distribution and a log-
transformed response variable to meet parametric assumptions and 
to achieve model convergence. We accounted for variation in the 
mean FCM levels between individuals and study years by including 
a random intercept for individual and the year of study. One full 
GAMM containing all pre-selected predictors was calibrated for 
each scale (i.e. 20 and 400 m radius) using cubic regression splines 

http://www.dwd.de
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with shrinkage (Wood, 2006) to penalize non-relevant predictors to 
zero.

In a first validation step, we compared the results of the GAMMs 
to LMMs (package lme4, Bates, Mächler, Bolker, & Walker, 2015) of 
equal structure as our GAMMs, including higher order terms for each 
predictor as indicated by the degrees of freedom estimated for each 
predictor in our GAMMs (LMM model results are provided in Table 
S1).

We then evaluated the performance of GAMMs as compared 
to LMMs using fivefold cross-validation (CV; with the five random 
partitions containing equal proportions of our data to detect over-
fitting) by comparing the root mean square error (RMSE) of our 
final models to the mean RMSE of the CV iterations. Finally, we 
obtained effect plots with 95% confidence intervals conditional on 
the estimated smoothing parameters of the model, while holding all 
other covariates at the mean (package mgcv, Wood, 2004, 2011). All 
statistical analyses were performed using the program r 2.15.0 (R 
Development Core Team, 2017).

2.6.3 | Assessing the importance of individual  
effects

In order to quantify the effect of inter-individual variation in FCM 
levels, we partitioned the reduction in model deviance that could 
be ascribed to the fixed effect (i.e. environmental predictors) and 
random effect part (i.e. inter-individual differences) of our GAMMs 
respectively. Fitting both models using maximum likelihood estima-
tion allowed for comparison across different fixed effect structures.

The model deviance was quantified as the squared sum of residu-
als (RSS) and we related this to the deviance of a null model to obtain 
a measure of variance explained (i.e. a pseudo-R2). We constructed 
the null model as a GAMM containing a single intercept only, but 
adding the random effect structure of our models as:

with random intercepts rj,i of equal structure to our full models. To 
obtain null deviance, the RSS was calculated based on population 
level predictions of the null model (i.e. discarding the random effects 
for predicting).

The variance explained by the models was quantified as the 
reduction in model deviance attributed to fixed effects, random 
effects or both combined. We calculated the variance explained 
by (A) our full model (using RSS of predicting with the full model 
on the data), (B) the fixed effects for unknown random effects 
(using RSS of population level predictions, i.e. disregarding the 
random term) and (C) the fixed effects given our known random 
effects (as the difference between the RSS of A and the RSS of 
the full model prediction of our null model that is including the 
random term for predicting). Finally, we dropped the random in-
tercept for the year of the study from the model to estimate the 
amount of variance explained by individuals alone. For this com-
parison of the two random effect terms, we used models fitted 
using restricted maximum likelihood. Finally, we validated our 

calculations by estimating the variance explained by individual 
differences in the LMMs using the marginal and conditional R2 
(Nakagawa & Schielzeth, 2013).

To test how the results of our analysis were influenced by including 
the information on inter-individual differences, we refitted our GAMMs 
keeping all settings the same except that individual was not included 
as a random effect. We compared these “naïve” models with the cor-
responding full models (i.e. including individual as a random effect) in 
terms of significance of predictors and the shape of the effect plots.

3  | RESULTS

3.1 | Individual variation in FCM levels

A total of 894 samples were collected and genetically analysed in the 
three winter seasons. Across all seasons, 232 individual capercaillies 
could be genetically identified, of which 139 were males and 93 fe-
males (Table S2). The probability of two unrelated individuals sharing 
the same genotype (PI) was 1.7 × 10−10 while the probability of siblings 
sharing the same genotype (PISib) was 1.0 × 10−4. Individual birds were 
resampled between 1 and 32 times (M = 3.8, median = 2 times). There 
was large inter-individual variation in FCM levels (Figure 2), which did 
not correlate with sample size (r = −.05, t = −0.56, p = .57). ICCs were 
accordingly low with confidence intervals excluding zero (ANOVA-
based R = .21 [0.14–0.28]; LMM-based R = .235 [0.151–0.314]). 

Nullmod=GAMM(y∼1+ rj,i+ε)

F IGURE  2 Mean (±95%CI) faecal corticosteroid metabolites levels 
of individual capercaillie which were sampled at least three times. 
Samples size is illustrated by the size of the diamonds, with larger 
diamonds indicating larger sample sizes. For individuals for which no 
error bars are shown, error bars exceed beyond the extent of the box
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Adjusted repeatability was slightly lower than agreement repeatability 
(LMM-based 20 m: R = .21 [0.14–0.29] and 400 m: R = .21 [0.14–0.29]).

3.2 | Relative importance of individual effects

Our full models (i.e. fixed and random effects combined) explained 
approximately 44.0% (20 m) and 45.1% (400 m) of the variance in the 
data. The random term of our model explained the majority of variance, 
while fixed effects only accounted for 4.0% (20 m) and 5.1% (400 m) of 
the explained variance for known random effects (i.e. if individuals and 
years were known) and only 0.5% (20 m) and 0.8% (400 m) of the vari-
ance in population level predictions (i.e. for unknown individuals and 
years). Removing the year of study caused a drop in overall variance ex-
plained to 3.0% (20 m) and 3.2% (400 m), respectively, thus attributing 
the bulk of variance explained to the inter-individual differences (20 m: 
37.0%; 400 m: 36.8%). The same pattern was found for the LMMs, with 
a marginal R2 of.081 (20 m) and .082 (400 m) and conditional R2 of .428 
(20 m) and .438 (400 m), respectively.

3.3 | Effect of including individual variation on 
model outcomes

The GAMMs performed well in CV, with only a slight increase in 
RMSE in CV as compared to the full model at the 20 m scale (full 

model RMSE = 0.90; mean CV RMSE = 0.92; Δ = 0.02) and 400 m 
scale (full model RMSE = 0.89 mean CV RMSE = 0.91; Δ = 0.02). 
In addition, GAMMs performed better in CV than the respective 
LMMs of similar structure (20 m: Δ = 0.22; 400 m: Δ = 0.12). FCM 
levels were not related to weather conditions (PrecDay or Tmin3D) 
at the home-range scale (i.e. 400 m radius), but affected by the mini-
mum temperature 3 days before sampling (Tmin3D) at the local scale 
(Table 2). We found a significant, albeit small decrease in FCM levels 
with increasing proportions of open forest (ProbOpen) at the local, 
but not at the home-range scale (Table 2, Figure S2). Distance to 
human winter recreation infrastructure was significantly related to 
an increase in FCM levels at the home-range scale, but not at the 
local scale (Table 2). FCM levels were, however, only elevated if the 
average distance to recreation infrastructure within the home range 
was less than approximately 180 m (Figure S2). In both models, we 
found a significant interaction between the sex and day of season. 
Female capercaillie had higher FCM levels than males in November, 
which continuously decreased during the course of winter (Figure 
S3). Male capercaillie, in contrast, showed a more complex, bimodal 
pattern: Low FCM levels in early winter were followed by a first peak 
in mid-winter (January). Thereafter, FCM levels decreased, before 
peaking again in April–May (Figure S3).

The naïve models, not including individual as a random effect, 
differed considerably from the full models (Table 2, and Figures 3 

TABLE  2 Generalized additive mixed models explaining the faecal corticosteroid metabolites levels on both scales for both the full model 
(including individual as a random effect, panel a and c) as well as the naïve model (without individuals as random effect, panel b and d). 
Codes and descriptions of the predictors are given in Table 1. Predictors highlighted in bold become significant when not including the 
individual as a random effect

(a) Full model local scale (20 m radius) (b) Naïve model local scale (20 m radius)

Estimate SE T value Pr(>|t|) Estimate SE T value Pr(>|t|)

6.176 0.266 23.22 <0.001 6.141 0.296 20.74 <0.001

Predictors Edf p Edf p

Recr_dist 1.017 .071 0.861 .087

PrecDay 1.887 .108 8.468 .004

Tmin3D 2.022 .044 5.540 .035

ProbOpen 1.084 .007 5.540 .020

Day:SexF 2.375 <.001 6.046 <.001

Day:SexM 4.485 <.001 2.926 <.001

(c) Full model home-range scale (400 m radius) (c) Naïve model home-range scale (400 m radius)

Estimate SE T value Pr(>|t|) Estimate SE T value Pr(>|t|)

6.195 0.258 24.01 <0.001 6.148 0.275 22.37 <0.001

Predictors Edf p Edf p

Recr_dist 2.917 .001 6.007 .006

PrecDay 1.947 .077 8.407 .003

Tmin3D 1.947 .061 5.831 .019

ProbOpen 0.678 .193 8.415 .124

Day:SexF 2.398 .001 6.641 <.001

Day:SexM 4.403 <.001 2.911 <.001
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and 4). In the local scale model, one predictor (PrecDay) addition-
ally appeared significant which were not significant in the full model. 
Similarly, at the home-range scale two additional predictors were 
found significant in the naïve model (PrecDay, Tmin3D; Table 2, and 
Figures 3 and 4). The extreme increase in Edf (Table 2) indicates an 
overfitting of the naïve models, and effect plots revealed ecologi-
cally meaningless patterns, regardless of significance in the model 
(Figures 3 and 4).

4  | DISCUSSION

Our study is one of the first to investigate FCM levels combined with 
genetic analysis to identify the individuals in the sample within a 
free-ranging population over several years. Our results highlight the 
importance of considering individual heterogeneity when analysing 
FCM. While our models explained approximately 44.0%–45.1% of 
the variance in capercaillie FCM levels, only 4.0% and 5.1% thereof 
could be ascribed to environmental conditions, 36.8% and 37.0% 
being associated with inter-individual variation (Figure 2). This pat-
tern was independent of the scale at which environmental condi-
tions were measured and was supported by the low repeatability 
values and the fact that the adjusted repeatability was not larger 
than the agreement repeatability.

Differences in FCM levels between individual animals could be 
explained by differences in how individuals metabolize corticos-
terone (Goymann, 2012). However, individual animals can also re-
spond differently to environmental stressors (Dickens & Romero, 
2013; Ganswindt, Tordiffe, Stam, Howitt, & Jori, 2012). Our re-
sults suggest that neglecting these differences may lead to erro-
neous results, notably an overestimation of environmental effects 
on FCM levels: Several predictors which had no significant effect 
in the full models (accounting for inter-individual variance) were 
found to be significant in the naïve models (Table 2). Moreover, 
the latter models showed strange, ecologically meaningless ef-
fect patterns, partly due to the fact that they were more prone 
to overfitting (Figures 3 and 4). These findings indicate that one 
should be cautious when interpreting results without information 
on the number of individuals sampled (Rehnus & Palme, 2017) 
and their respective resampling rates. If a genetic assignment is 
not possible, due to financial or other constraints, the sampling 
design should be adapted so as to maximize the number of sam-
pled individuals while simultaneously minimizing repeated sam-
pling of the same individual. While extending the sampling area 
will increase the chance of sampling many individuals, the latter 
bias may be reduced by applying an adequate minimum distance 
between samples (e.g. corresponding to the territory size in ter-
ritorial species). Another method would be to attribute samples 
found within close distance to the same individual (Thiel et al., 
2008, 2011). This could, however, further blur the results if the 
samples of two or more individuals are erroneously pooled. 
Using genetic analysis to obtain information on sex and individ-
ual is therefore a major advantage, especially for non-territorial, 

elusive and disturbance-sensitive species, where samples have to 
be collected non-invasively and without observing the individual 
(Rehnus & Palme, 2017).

FIGURE  3 Effect plots showing faecal corticosteroid metabolites 
levels as a function of the environmental predictor variables, 
measured at the local scale (i.e. within a 20 m radius) for the models 
excluding (left) and including (right) information on individual 
heterogeneity. Grey areas indicate the 95% confidence intervals 
conditional on the estimated smoothing parameters of the model, 
while holding all other covariates at the mean. Variable codes and 
descriptions are provided in Table 1
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Despite the large proportion of variance explained by the indi-
vidual animal, we could still confirm significant environmental ef-
fects on FCM levels in capercaillie. The strongest effect was found 

for human recreation at the home-range scale (Table 2), even though 
we did not account for the number and distribution of recreationists 
within the area and between years, but only focused on recreation 
infrastructure. Birds exposed to high densities of recreation infra-
structure within their winter-home range showed elevated FCM lev-
els, this effect levelled off, however, when the average distance of 
recreation infrastructure within the 400 m radius exceeded 180 m. 
A similar pattern, with an effect up to 500 m was found by Thiel et al. 
(2011). The difference between their and our threshold can most 
likely be attributed to averaging within 400 m in our study, the fact, 
however, that effects of recreational infrastructure on capercaillie 
FCM levels are only measurable up to a certain distance, is also sup-
ported by behavioural studies (e.g. Coppes et al., 2017).

Habitat quality is likely to affect FCM levels (Davies et al., 2013; 
Rangel-Negrın et al., 2009; Suorsa et al., 2003); therefore, we ex-
pected to find lower FCM levels in samples from areas with a high 
proportion of open forest representing the habitat favoured by 
capercaillie, (Rolstad & Wegge, 1987; Storch, 1995, 2002) compared 
to dense forests, which represent less suitable habitats. This hy-
pothesis was supported at the local scale, where FCM levels were 
significantly lower at locations with a high proportion of open forest 
in the immediate vicinity (Table 2, Figure S2). We did not find this 
effect at the home-range scale, though (i.e. within 400 m radius), 
possibly due to the fact that there are only few, scattered and small 
areas with open forest in the Black Forest, which only marginally af-
fect values when averaging the canopy cover within a 400 m radius 
(home-range scale).

Interestingly, we found strong seasonal patterns in FCM levels, 
which differed markedly between the sexes (Figure S3). For females, 
the highest FCM levels were detected during early winter when the 
first snow appeared, their level dropped later in winter. This pattern 
may be linked to food constraints: During winter, capercaillie feed 
almost exclusively on conifer needles, a low-caloric food which is 
hard to digest (Klaus et al., 1989). Towards the end of winter addi-
tional new food sources, especially buds of trees and dwarf shrubs 
are available. This may explain a decrease in FCM levels in females, 
which strongly depend on sufficient energy supplies to be in good 
conditions for reproduction (Schoech et al., 2007). For males, we 
found two distinctive FCM-peaks. Although the first peak during 
mid-winter (January) might be due to the start of winter conditions, 
and associated change to a low-caloric diet, the second peak at the 
end of winter (April) is very likely linked to the start of the mating 
season. Capercaillie are polygynous birds, at the end of winter males 
display and defend territories at a lekking site to attract females 

F IGURE  4 Effect plots showing faecal corticosteroid 
metabolites levels as a function of the environmental predictor 
variables, measured at the home-range scale (i.e. within a 
400 m radius) for models excluding (left) and including (right) 
information on individual heterogeneity. Grey areas indicate the 
95% confidence intervals conditional on the estimated smoothing 
parameters of the model, while holding all other covariates at the 
mean. Variable codes and descriptions are provided in Table 1
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(Klaus et al., 1989). This competitive mating behaviour is likely to 
contribute elevated stress levels in male capercaillie (Figures 3 and 
4; Thiel et al., 2011).

In addition, we expected that weather conditions affect animal 
physiology and Thiel et al. (2011) found increased FCM levels in 
capercaillie in cold conditions. Our model confirmed these results 
for the local scale: With colder temperatures in the 3 days before 
the collection of the samples, significantly higher FCM levels were 
recorded (Table 2 and Figure 3).

Finally, due to a lack of reliable data across the large extent 
of the study area, we were not able to test for potential preda-
tor effects. The presence of predators can be an important driver 
for increased glucocorticoid levels in prey species (Sheriff et al., 
2009) and high predator densities were the main factor affecting 
FCM levels in rabbits Oryctolagus cuniculus (Monclús et al., 2009). 
Collecting sound data and including this potential stressor in the 
models would therefore be an important subject to be addressed 
in further studies.

5  | CONCLUSIONS

We demonstrate the importance of including inter-individual differ-
ences when studying FCM-levels in wildlife. Individual effects may 
account for the vast majority of variance in FCM levels and may lead 
to erroneous results, in our case an overestimation of environmen-
tal effects, when disregarded. Adding to the benefits of using FCM 
instead of invasive blood samples, we see it as a major advantage 
to combine genetic analysis with FCM measurements to gain more 
knowledge on the endogenous and exogenous factors influencing 
FCM levels in wildlife. If genetic individual assessment is not possi-
ble, we recommend avoiding pseudo-replication by adopting a sam-
pling strategy that reduces multiple sampling of the same individual. 
Furthermore, as we found strong sex-specific and seasonal FCM 
patterns, distinguishing between sexes and ensuring that samples 
are collected at the same time of season when comparing different 
areas are of crucial importance for correctly appraising the effects of 
environmental and human-induced “stressors” affecting FCM levels 
in wildlife.
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