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Abstract 24 

Faecal cortisol metabolite (FCM) analysis is a reliable non-invasive method used in field endocrinology 25 

studies to assess levels of stress in animals. It is known that weather and, above all humidity, can affect 26 

FCM concentrations in faeces. As well, the prolonged storage of samples and delay in their analysis may 27 

increase or decrease metabolite concentrations. Intrinsic factors such as the heterogeneous distribution of 28 

FCMs within scats may likewise cause intra-sample variation. All of these sources of variation in FCM 29 

concentrations need to be addressed if we are to interpret results correctly. The aim of this study was to 30 

assess the effects of lyophilisation and storage temperature on the long-term stability of 11-31 

oxoetiocholanolone (11-o) in red deer (Cervus elaphus) faecal samples. After pre-cleaning with hexane 32 

and extraction with methanol, 11-o levels were calculated using high-performance liquid chromatography 33 

coupled with tandem mass spectrometry HPLC-MS/MS at 1, 2, 4, 6, 8, 16 and 32 weeks post-collection. 34 

We used linear mixed models to explore the effects of temperature and storage time on concentrations of 35 

faecal 11-o in wet and dry samples. Our results showed significant variations in 11-o concentrations in 36 

wet faecal samples over time and at different storage temperatures. However, after lyophilisation, storage 37 

time was found not to affect observed 11-o concentrations. By contrast, the 11-o values of dry samples 38 

were more stable in terms of storage temperatures, with values for samples kept at -80 ºC being highest at 39 

the beginning and at the end of the study period. Lyophilising red deer faecal samples and storage at -40 

80ºC guarantees the stability of 11-o for several months. 41 

 42 

Keywords: Cervus elaphus, faecal 11-o, HPLC-MS/MS, non-invasive monitoring, storage conditions, 43 

stability, stress index  44 
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Introduction 45 

The welfare of wild animal species is of increasing concern in research involving disciplines that use 46 

them as experimental models. This affects both free-ranging animals and those kept in captivity. Thus, 47 

measuring stress is crucial for monitoring the welfare of experimental animals and complying with 48 

current legislation (Terio et al. 2002; Lexen et al. 2008). 49 

 Cortisol is the main stress biomarker in ruminants (Touma and Palme 2005) but after being 50 

metabolized by liver and gut microbiota it is practically absent and therefore undetectable in faeces 51 

(Palme and Möstl 1997; Dehnhard et al. 2001). Currently, the non-invasive characterization of stress is 52 

increasingly being based on the analysis of faecal cortisol metabolites (FCM) (Palme 2019). Of  these 53 

FCMs, 11- and 17-dioxoandrostanes (in particular, 11-oxoetiocholanolone) (in the bibliography its former 54 

name of 11-ketoetiocholanolone is still found) are regarded as major faecal cortisol metabolites in 55 

ruminants (Palme and Möstl 1997; Palme et al. 1999; Bahr et al. 2000; Keay et al. 2006; Hadinger et al. 56 

2015; Allwin et al. 2016). Several studies focussed on wild ungulates have revealed evidence of a clear 57 

seasonal pattern in FCM excretion (Huber et al. 2003; Dalmau et al. 2007; Allwin et al. 2016).  58 

 When working with non-fresh faecal samples, environmental conditions (above all, humidity) 59 

influence microbial activity and so alter FCM measurements (Washburn and Millspaugh 2002). Aerial 60 

oxidation of the glucocorticoid side-chain may also occur (Edmonds et al. 2006). Furthermore, 61 

circumstances occurring after the collection of biological samples (changes occurring ex vivo: e.g. the 62 

storage method) can influence the measurement of hormone concentrations, leading to analytical and pre-63 

analytical variability hindering the correct interpretation of data (Bielohuby et al. 2012). The designs of 64 

field endocrinology studies thus need to quantify the effects of intra-sample variation if they are to (a) 65 

identify sources of error correctly (Millspaugh and Washburn 2003; Descovich et al. 2012) and (b) detect 66 

individual and sex-specific variations (Pérez et al. 2019) and the potentially uneven distribution of 67 

metabolites in faeces (Hadinger et al. 2015). 68 

 From a logistical point of view, the lack of specific laboratory equipment (e.g. an ultra-freezer) 69 

or the remoteness of a study area may affect the study design, the selection of the most appropriate 70 

methods for sample storage, the quantification of the stress, and/or the timing of the sample analysis 71 

(Gholib et al. 2018). Yet, the possibility of storing samples over a period of time does allow us to 72 

optimize comparative analyses. The aim of our study was thus to assess the effect of different methods of 73 
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long-term storage on the stability of 11-oxoetiocholanolone (used as a stress index) in red deer (Cervus 74 

elaphus) faecal samples. 75 

 76 

Materials and methods 77 

Sample collection, pooling and subsample storage 78 

Fresh faecal samples were collected manually from the rectums of 20 adult female red deer shot during a 79 

montería (a traditional collective hunting method common in southern Spain) in Hornos de Segura (Sierra 80 

de Cazorla Segura y Las Villas Natural Park, S Spain) (38⁰13’00’’N – 2⁰43’09’’W). Samples were placed 81 

in individual hermetic plastic bags, labelled, stored in carbonic ice, and then transported to the laboratory, 82 

where they were immediately mixed and homogenized to obtain a faecal powder. Subsequently, the pool 83 

was divided into two parts, one of which was lyophilised (dry fraction) and the other not (wet fraction). 84 

Then, each of the two parts was divided into four sub-subsamples: the first was stored at -80⁰ C, the 85 

second at -20⁰ C, the third at 4⁰ C and the fourth at room (ambient) temperature.  86 

Determination of 11-o concentration   87 

One of the main cortisol metabolites, 11-oxoetiocholanolone (11-o), was quantified in these faecal 88 

samples using the analytical method described by Azorit et al. (2012) and optimized by Molina-García et 89 

al. (2018). Briefly, this method consists of pre-cleaning with hexane, the extraction of faecal 90 

glucocorticoid metabolites (FGCM) with methanol, the purification and pre-concentration of the FGCM 91 

extracts, and finally analysis with high-performance liquid chromatography coupled with tandem mass 92 

spectrometry HPLC-MS/MS. This process allows for the unequivocal determination of 11-o 93 

concentrations. This methodology was used to measure 11-o concentrations in each of the eight 94 

subsamples (four wet and four dry) at 1, 2, 4, 6, 8, 16 and 32 weeks post-collection. We carried out two 95 

11-o determinations for each subsample and average values were used for further comparisons. The 96 

analytical validation of this method, its precision and linearity and the limit of its detection indicators 97 

have been determined and reported by Molina García et al. (2018). 98 

Statistical analysis 99 
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In order to perform a descriptive analysis of the data, we drew time-series plots of the dependent variables 100 

at each temperature and for the two sample states (dry and wet) using the ggplot function in the R 101 

package ggplot2 (Wickham 2016). We set up two separate datasets to analyse the data: dry and wet 102 

samples. For both datasets, we explored the analysis of variance (ANOVA) using a linear mixed model 103 

(LMMs) procedure for longitudinal data analysis (McCullagh and Nelder 1989; Zuur et al. 2009). 104 

 We tested the effects of treatments (temperature and time) on the response variable (11-o 105 

concentrations) in wet and dry samples separately. For the covariance structure of the two linear mixed 106 

models, we selected the Compound Symmetry covariance structure for repeated measures matrix from 107 

several correlation structures using the gls function in the nlme package in R (Pinheiro et al. 2013). The 108 

covariance structure was selected using an automatic selection procedure based on Akaike’s Information 109 

Criterion using the anova.lme function in the nlme package. 110 

 To study the effects of the interaction between temperature and time on 11-o concentrations, we 111 

tested the significance of each effect at each level of the interacting effect. For the significance of each 112 

pair-wise comparison with interaction effects, we used Tukey’s Honesty Significant Difference 113 

adjustment for the whole pair-wise comparisons using the glht function with the multcomp package in R 114 

(Hothorn et al. 2008). 115 

 We used R software 3.3.2 (R Development Core Team, 2017) to conduct all the statistical 116 

analyses. The significance level was set to α = 0.05. 117 

 118 

Results 119 

The mean, standard deviation and coefficient of variation obtained for intra- and inter-assay analyses of 120 

the high and low concentration pools are shown in Table 1.  121 

 The dynamics of 11-o values in the different subsamples over time can be seen in Figure 1. In all 122 

cases except wet samples stored at room temperature, there was an initial decrease (during the two first 123 

weeks), followed by an increase (at 6–8 weeks), another decrease (up to 16 weeks), and a final slight 124 

increase in the 11-o values. Wet samples maintained at room temperature had higher 11-o values at the 125 
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end of the experiment, while dry samples kept at -80⁰C had very similar 11-o values at the beginning and 126 

the end of the study (Fig. 1). 127 

 The values for the 11-o concentrations obtained for each subsample fitted a normal distribution 128 

(Table 1). Intra-sample variation was lower in dry samples regardless of the storage temperature (Table 1, 129 

Fig. 1). ANOVA results for comparisons of 11-o concentrations in dry samples only showed significant 130 

effects for storage temperature (p < 0.001) (Table 2). We did not find any significant differences in 11-o 131 

concentrations over time (p = 0.445) or when considering the interaction between temperature and time (p 132 

= 0.902). Tukey’s pair-wise comparisons between different categories of temperature indicate that the 133 

only significant differences in 11-o concentrations appeared between samples kept at -80º C and those 134 

stored at room temperature (p < 0.001) (Table 2).  135 

 In the ANOVA results for the measurements of 11-o in wet samples there were significant 136 

effects on 11-o concentrations for temperature, as well as for interactions between time and temperature 137 

(Table 2). In all of the Tukey’s pair-wise comparisons we found significant differences in 11-o 138 

concentrations between time and different temperature categories, and in interactions between time and 139 

temperature categories (Table 2). 140 

 141 

Discussion 142 

In field studies focussed on assessing the physiological status of wildlife, non-invasive approaches (Keay 143 

et al. 2006; Pauli et al. 2009) coupled with analytical methods that offer specificity, sensitivity and 144 

precision constitute a potentially powerful tool. Nevertheless, such methods need to be validated and 145 

calibrated for target species, which involves sample handling and specific storage protocols (Khan et al. 146 

2002; Herring and Gawlik 2009; Parnell et al. 2015). Our method was first calibrated for the target 147 

species (Azorit et al. 2012), then optimized and validated for Iberian ibex (Capra pyrenaica) (Molina-148 

García et al. 2018) and, finally, used to address inter-individual differences in 11-o concentrations in ibex 149 

(Pérez et al. 2019). However, methods of sample storage may potentially affect the quality of FGM 150 

measurements (Keay et al. 2006).  151 

Glucocorticoid metabolites are not always evenly distributed in ungulate faecal samples 152 

(Millspaugh and Washburn 2003) or even in pellets from the same animal (Hadinger et al. 2015), a fact 153 
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that may generate great intra-sample variability. According to Millspaugh and Washburn (2003), faecal 154 

glucocorticoid metabolite measurements from mixed samples were less variable than those realized using 155 

pellet groups from the same faecal mass. These authors recommend collecting the entire faecal mass and 156 

mixing it thoroughly before selecting a sub-sample for analysis. In our case, the homogenization of 157 

pooled samples not only helped gain precision in the 11-o determination but also enabled us to generate 158 

enough subsamples for our study.  159 

 Results from previous studies demonstrate that greater relative humidity (i.e. due to rainfall) and 160 

heat accelerate the bacterial degradation of samples, leading to changes in FGM concentrations (Terio et 161 

al. 2002; Washburn and Millspaugh 2002). In fact, Möstl et al. (1999) reported significant increases in 162 

FCM concentrations in bovine, equine and porcine faeces stored at room temperature for up to 24 hours. 163 

In our study, this was evident when observing the dynamics of 11-o concentrations in wet samples over 164 

time (Fig. 1). Only in the samples stored at room temperature were the 11-o values at the end of the 165 

experimental period higher than those obtained at the beginning. Although this type of increase in FCM 166 

concentrations were explained – at least partially – in previous studies by alterations in the affinity for the 167 

antibody of certain metabolites, our results suggest that the metabolization of residual molecules of 168 

cortisol in faeces occurs. 169 

 We only found significant differences when comparing 11-o concentrations between dry samples 170 

kept at -80ºC and at room temperature. Other potential causes of variations in 11-o concentrations include 171 

aerial oxidation and the hydroxylation of FGMs (Möstl et al. 1999; Edmonds et al. 2006). All these 172 

studies highlight the importance of collecting faecal samples that are as fresh as possible to prevent ex-173 

vivo sources of variation in 11-o concentrations.  174 

 Variations in faecal glucocorticoid concentrations that depend on the number of days of sample 175 

storage – be it at room temperature or at -20ºC – have been reported from samples from baboons (Papio 176 

cynocephalus) fixed in 95% ethanol (Khan et al. 2002). Other in situ (e.g. just after collection) treatments 177 

for preserving faecal samples include autoclaving, oven drying or fixation in other preservatives such as 178 

10% formalin, 2% acetic acid or 2% sodium hydroxide (Millspaugh et al. 2003; Keay et al. 2006). On the 179 

other hand, the use of reagents such as ethanol may complicate sample transportation. 180 

 Further studies are needed to address the effects of sample fixation procedures on the stability of 181 

FGMs, the usefulness of in-situ extraction and the dynamics of FGM concentrations (particularly 11-o) 182 
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during the first hours and days after sample collection. Such studies will allow us to standardize protocols 183 

for sample collection, transport and storage.   184 

  De Clercq et al. (2014) recommend lyophilising bovine faecal samples and storing them at -185 

80ºC under aerobic conditions to ensure the stability of natural and synthetic faecal glucocorticoids for up 186 

to 10 weeks. Our results support this recommendation and suggest that, under less favourable conditions 187 

(e.g. higher storage temperature), this period could even be extended.   188 
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   Temperature  11-o concentration (ng/g) Shapiro-Wilk  Intra CV (%)  Inter CV (%) 

       Mean ± SD  p-value 

  

 Dry  - 80 ºC    13.94 ± 2.75ª  0.5984     9.53  14.32 

   - 20 ºC    12.90 ± 2.96ab  0.9663       15.75 

       4 ºC    12.46 ± 2.59ab  0.9952   10.41 

       A.T.    11.22 ± 2.83b  0.8326   12.47 

 

 Wet  - 80 ºC    15.33 ± 3.86c  0.0175   5,62  38.64 

   - 20 ºC    14.07 ± 3.59c  0.3191   7.39 

       4 ºC    10.70 ± 4.63c  0.4010   15.79 

       A.T.    14.10 ± 6.40d  0.3565     8.70 
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Table 1



 

Sample 

treatment 

Variables Num DF Den DF F value p-value 

 

Dry 

Time 1 5 0.688 0.445 

Temperature 3 15 13.009 < 0.001 

Time*Temperature 3 15 0.189 0.902 

 

Wet 

Time 1 5 3.8817 0.106 

Temperature 3 15 20.1506 < 0.001 

Time*Temperature 3 15 7.1563 0.003 

 

Table 2. Results of repeated measures ANOVA test for samples treatment (dry vs wet), 

time, temperature, and time*temperature interaction effects on 11-k concentration. Num 

DF = Numerator degree of freedom; Den DF=Denominator degree of freedom. 
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