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Simple Summary: In this era, characterized by remarkable anthropogenic impacts on wildlife, it is
crucial to monitor the health of wild animal populations while minimizing the interference to them.
To this end, for a better understanding of the eco-physiology of wild animals, the adrenocortical
activity can be non-invasively evaluated by measuring glucocorticoid metabolites excreted in feces.
However, to ensure that the endocrine information is reliable, the experimental assays should be first
validated and the causes for the major variability among individuals should be considered. Here we
validated an enzyme immunoassay for measuring fecal corticosterone metabolites (FCM) in three
wild gerbil species and emphasized the differences among them. These are endangered species,
which play a key role in psammophilic communities, and provide a model system for various aspects
in ecology. Thus, this work constitutes the first step toward using the FCMs of these species as
indicators for individual and community stress.

Abstract: The study of the endocrine status can be useful to understand wildlife responses to the
changing environment. Here, we validated an enzyme immunoassay (EIA) to non-invasively monitor
adrenocortical activity by measuring fecal corticosterone metabolites (FCM) in three sympatric gerbil
species (Gerbillus andersoni, G. gerbillus and G. pyramidum) from the Northwestern Negev Desert’s
sands (Israel). Animals included into treatment groups were injected with adrenocorticotropic
hormone (ACTH) to stimulate adrenocortical activity, while control groups received a saline solution.
Feces were collected at different intervals and FCM were quantified by an EIA. Basal FCM levels were
similar in the three species. The ACTH effect was evidenced, but the time of FCM peak concentrations
appearance differed between the species (6–24 h post-injection). Furthermore, FCM peak values
were observed sooner in G. andersoni females than in males (6 h and 18 h post-injection, respectively).
G. andersoni and G. gerbillus males in control groups also increased FCM levels (18 h and 48 h post-
injection, respectively). Despite the small sample sizes, our results confirmed the EIA suitability for
analyzing FCM in these species as a reliable indicator of the adrenocortical activity. This study also
revealed that close species, and individuals within a species, can respond differently to the same
stressor.

Keywords: adrenocorticotropic hormone; ACTH challenge; endocrine activity; enzyme immunoas-
say; fecal corticosterone metabolites; Gerbil; non-invasive monitoring
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1. Introduction

In nature, wildlife is continuously and increasingly exposed to a wide variety of stimuli
from environmental changes and anthropogenic perturbations. Consequently, animals have
evolved behavioral responses and adaptations to face an ever-changing environment [1,2].
Observations of wildlife may be crucial for identifying factors associated with negative
impacts (e.g., human activities or habitat alterations that may potentially disrupt wildlife
behavior) and determine how affected or flexible individuals are to incipient changes.
However, despite the advantages of direct monitoring in providing unique ecological
insights on wildlife, its application is limited in certain species (e.g., rare and elusive species
or those with large territories and/or low densities) and it may bias the results through
human interference [3,4]. Furthermore, traditional techniques using direct monitoring
are normally conditioned by logistical aspects and they are also both time and labor
consuming [5]. Therefore, considering these budgetary and performance limitations,
alternative methodologies to appropriately monitor animal population trends and their
state of health are highly required.

In this regard, indirect indicators may play a decisive role in warning of the presence
of external stimuli affecting wildlife populations. Human perturbations, environmental
alterations and resource fluctuations are common sources of stress and may influence
animal physiology to respond to such situations [6–11]. For example, upon facing stressful
conditions, the typical response potentially involves the activation of the hypothalamic-
pituitary-adrenal (HPA) axis leading to increased secretion of glucocorticoids (cortisol
or corticosterone depending upon the species) into the bloodstream to maintain home-
ostasis [12,13]. Overall, while the temporary or short-term increase of glucocorticoids is
considered to act as an adaptive response mediating the mobilization of energy stores to
cope with stressors, chronic or long-term elevation is highly associated with detrimental ef-
fects on body condition, immunocompetence, reproductive output and survival [12,14–16].
In the past, the most widely used technique for measuring glucocorticoids was blood sam-
pling [17]. However, besides being considered an invasive method, blood-based measures
require animal capture and handling which may indeed increase the stress response [18].
In contrast, fecal sampling reliably samples occurrence of the study species and allows
tracking animal populations. Additionally, measuring fecal glucocorticoid metabolites
avoids disturbance to animals (e.g., handling/blood-sampling), so it has proved to be a
suitable alternative to blood sampling [19]. Thus, to understand how stressors may affect
animal populations and how individuals cope with them, measuring fecal glucocorticoid
metabolites is a widely used non-invasive approach to quantify baseline levels and phys-
iological responses of wildlife [20–26]. However, the analytical methods used must be
appropriately validated for measuring fecal glucocorticoid metabolites and individual
factors (e.g., sex) influencing their metabolism and excretion need to be controlled.

Gerbil communities are representative from the northwestern Negev desert’s sand
in Israel and are mainly comprised of three species (Gerbillus andersoni, G. gerbillus and
G. pyramidum). Wild gerbils have been used as a suitable model for investigating a vast
array of ecological and behavioral aspects, including community dynamics, predation risk
responses and host-parasite relationships [27–32]. Furthermore, according to the Red Book
of Israel [33] the three gerbil species are considered as endangered species and they are
also indicators for healthy sand communities, which are decreasing and are of conservation
concern. These three species experience extreme fluctuating climatic conditions in the sandy
desert environment, and evidence on their world distribution, habitat preference, and
morphological characteristics suggest that G. gerbillus is the most adapted species to such
fluctuating environmental conditions, followed by G. pyramidum, whereas G. andersoni is the
least adapted species [34]. G. gerbillus is the rarest species and the only species that has major
distribution shifts through time and space, occurring only sporadically in the Israeli parts
of the sand dunes [27,28]. These three gerbils, as other wildlife species, can be also affected
by other environmental and human factors acting as stressors [6–11]. However despite the
great importance of understanding physiological aspects of wild animals, the few available
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works have been carried out only in G. andersoni [35–38] and G. pyramidum [16,36] and, as
far as we know, currently there is no work addressing physiological stress responses in
G. gerbillus nor is there any comparing physiological stress responses among these three
sympatric species.

Cortisol is assumed to be the main glucocorticoid produced in some desert rodents [39–42],
but according to Romero [8] corticosterone is the main glucocorticoid released in many
rodent species and is the targeted glucocorticoid in gerbil species [16,35,36,43]. The main
purpose of the present study was to optimize and validate the suitability of a commercial
enzyme immunoassay for non-invasively monitoring adrenocortical activity, through mea-
suring fecal corticosterone metabolites (FCM), in the above-mentioned three sympatric
gerbil species of the Negev dunes. The optimization included the determination of the
required time frame to detect FCM peak concentrations in fecal samples collected following
a controlled stimulation of the HPA-axis via an adrenocorticotropic hormone (ACTH)
injection. We also exploited the validated assay to get an initial exploration into species
and gender differences in physiological stress responses.

2. Materials and Methods
2.1. Study Animals and Housing Conditions

We used 24 gerbils (Gerbillus andersoni: 6 males and 6 females; G. gerbillus: 6 males;
G. pyramidum: 6 males). All animals belonged to the F1 offspring from parents who were
previously captured from wild communities inhabiting the Northwestern Negev Desert´s
sands in Israel. Only non-breeding adults were used to avoid bias in our results due to
the potential influence of breeding condition. All animals were singly housed in standard
plastic cages (34 × 24 × 13 cm) with a 1-cm layer of autoclaved sand as substrate. The
animal facility was maintained with a 25 ± 1 ◦C temperature and with a constant diurnal
rhythm of 12:12 h light-dark cycle, with artificial light from 07:00 to 19:00 for resembling
natural light cycle. They were provided daily with millet seeds ad libitum and alfalfa as a
water source according to Hawlena et al. [44].

2.2. Experimental Design

The experiment was conducted in October 2016. Before the experiment, the 24 gerbils
were randomly assigned to either a treatment or a control group and moved to sampling
cages 48 h before the experiment. On the day of the experiment, the treatment group
received an intraperitoneal injection (a high dose of 60 µg/100 g of body weight of synthetic
ACTH (Synacthen Depot, Novartis, Germany) [45]. Since an injection alone may also affect
glucocorticoid concentrations [46,47], for controlling the potential effects of handling and
injection procedures, control animals were treated the same, i.e., control groups in the three
species were equally handled and injected with the same volume of isotonic saline solution.
In order to avoid potential bias due to the time of the day influence in metabolism and
excretion of glucocorticoids [47], all animals received the ACTH or the saline injection at
the same time (between 16:50 h–17:25 h local time).

2.3. Faecal Sample Collection

Fecal sample collection was initiated before the experiment (i.e., pre-injection) to
know baseline levels of fecal corticosterone metabolites (FCM). Concretely, feces were
twice collected before the experiment, 48 h before and right before gerbils received the
intraperitoneal injection (ACTH or saline solution depending on the groups assigned).
During the experiment, fecal sample collection continued for 96 h post-injection at different
time points (2, 4, 6, 9, 12, 18, 24, 36, 72, 96 h). This collection schedule allowed us to
determine the time elapsed to detect any physiological stress reaction in feces. Fecal sample
collection was randomized (changing the sampling order of individuals at each collection
time point) to avoid bias and was done by the same person who ensured that only fresh
and not urinated fecal samples were collected each time by removing any remaining feces
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from the sampling cage after each collection. Each collected fecal sample (consisting of
several fecal pellets from the same individual) was frozen at −20 ◦C until FCM assays.

2.4. Measurement of Faecal Corticosterone Metabolites (FCM)

Fecal sample processing and FCM analysis in gerbil feces were performed at the
Etho-Physiology Group’s laboratory (Autonomous University of Madrid) following the
protocol from Navarro-Castilla et al. [45]. Briefly, fecal samples were unfrozen and dried in
the heater until constant weight (at 90 ◦C 3 h). Later, 0.5 mL of phosphate buffer and 0.5 mL
of 80% methanol were added to 0.5 g of dry feces in Eppendorf tubes. Tubes were vortexed
15 s and shaken on an orbital agitator overnight (16 h). Following this, samples were
centrifuged for 15 min at 2500 rpm and fecal extracts were stored at −20 ◦C until analysis.
Finally, FCM were quantified in the extracted samples via a DEMEDITEC Diagnostics
corticosterone enzyme immunoassay (EIA), according to the kit specifications. This EIA
used has been previously proven to be valid for measuring FCM in mammals, including
rodent species [45,48].

The present EIA was biochemically validated by following previously described
standard assay validation procedures (i.e., parallelism, accuracy and precision tests [49]).
Parallelism assessment, through analyzing serial dilutions of fecal extracts (1:32, 1:16, 1:8,
1:4, 1:2, 1:1), yielded displacement slopes parallel to the respective slope of the calibration
curve built with the standard corticosterone preparations provided by the manufacturer
(p > 0.05). The recovery of exogenous corticosterone was performed by combining equal
volumes of fecal extracts with known concentrations of exogenous corticosterone (standard
preparations provided in the kit) and calculating the difference between the expected and
observed FCM values (n = 6). Recovery was within 131.5 ± 24.0% accuracy. The precision of
the EIA was assessed through intra and inter coefficients of variation (CV). The intra-assay
CV (4.2%) was analyzed by running in the same plate fecal extracts (n = 6) in duplicate
and the inter-assay CV (12.7%) was performed by running fecal extracts (n = 5) in four
different plates. According to the manufacturer, the sensitivity of the corticosterone assay
was >4.1 ng/mL and cross-reactivities of the antibodies with other substances are 12.5%
for 11-deoxycorticosterone, 6.2% for progesterone, 2.3% for cortisol, 1.1 for pregnenolone
and <1% with any other substance. In each assay, a blank and a control (standard provided
by the manufacturer) were included. The assay was repeated if any standard exceeded
10% from the expected value. The biological validation of the EIA was performed through
subjecting individuals from the three gerbil species to the ACTH challenge explained above
in the experimental protocol. FCM values are presented in nanograms per gram of dry
feces (ng/g).

2.5. Statistical Analyses

We firstly compared baseline FCM levels between collection time points before the
experiment, i.e., 48 h before the experiment vs. right before the injection, fitting linear mixed
models (LMM) to analyze repeated measurements. LMMs were performed separately for
each species, setting FCM as the response variable and time point as a fixed factor. In
the case of G. andersoni, LMMs were carried out both independently for each gender and
combining data from both genders (sex included with time point as an interaction term).
Finally, an LMM was performed for analyzing differences in basal FCM levels between the
three gerbil species (fixed factor).

To analyze physiological stress responses following the corresponding injections
(ACTH/saline control), we ran independent LMMs for each species and, to simplify the
analysis, data for ACTH and control groups were analyzed apart. In addition, despite
we did not find differences in basal FCM levels due to gender, responses of G. andersoni
males and females were also analyzed separately to avoid any potential bias in the results.
In all LMMs performed, FCM was set as the response variable and time point (from 0 to
96 h) as a fixed factor. The highest FCM values detected were considered as the FCM peak
concentrations and significant differences between FCM peak concentrations and basal
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values (right before the injection) were determined in a pairwise manner. To calculate FCM
increase, individual baseline FCM values (right before the injection) were set as the 100%
and FCM increase is expressed as a percentage of the respective basal value.

Animal ID was included in all LMMs as a random effect to account for pseudorepli-
cation and control for interindividual variability. The response variable (FCM) was log-
transformed to meet normality and homoscedasticity assumptions of model residuals
(checked visually for each model by plotting the residuals as a function of fitted val-
ues [50]). Statistical analyses were done using the SPSS V22.0 software and results were
considered significant at p < 0.05. Results are presented as mean ± standard error (SE) and
coefficient estimates from models are given with their respective 95% confidence intervals
(CIs).

3. Results
3.1. Baseline FCM Levels

Based on the results from the LMMs, we found no evidence to suggest differences in
FCM levels between both collection time points before the experiment, i.e., 48 h before and
right before injection (Table 1). In the case of G. andersoni, this result was found in both
genders (males and females separately and combined). Furthermore, there were no gender
differences in baseline FCM levels 48 h before the experiment nor right before the injection
(LMM: F2,12 = 1.119, p = 0.359; β = −0.0991, 95% CI = −0.314, 0.115). Overall, we found no
difference in baseline FCM concentrations between the three gerbil species at 48 h before
starting the experiment (LMM: F2,24 = 0.940, p = 0.407) and right before the injection (LMM:
F2,24 = 0.711, p = 0.502).

Table 1. Baseline fecal corticosterone metabolite (FCM) levels in the three gerbil species.

Species
Baseline FCM Levels (ng/g)

F df p β
95% CI (Confidence

Interval)48 h before before
Injection

Gerbillus andersoni
males 1510.42 1920.00 1.046 1 0.336 −0.091 −0.278, 0.095

females 1975.78 1857.33 0.184 1 0.683 0.008 −0.132, 0.148
sexes combined 1743.10 1888.67 0.358 1 0.556 0.008 −0.143, 0.160

G. gerbillus males 2842.33 1521.78 0.913 1 0.382 0.026 −0.197, 0.151
G. pyramidum males 1711.28 1829.00 0.081 1 0.782 −0.009 −0.206, 0.188

3.2. Experimental FCM Variation

Overall, we detected an increase in FCM values in the three gerbil species. Comparing
mean FCM concentrations right before the injection, 1782 ng/g of dry feces (see values
in Table 1), with mean FCM peak values of 7754 ng/g of dry feces detected during the
experiment (range: 6610–9531 ng/g of dry feces), we found an average 358% increase
in FCM values (range: 183–645%). However, the response to the stimulation differed
markedly among groups since FCM peak concentrations occurred at different times (within
6–48 h following administration) depending on the species, treatment, and gender.

In response to the ACTH challenge, both G. andersoni males (LMM: F1,10 = 7.309,
p < 0.001) and females (LMM: F1,10 = 16.960, p = 0.008) showed increased FCM levels over
time (Figure 1). However, significant FCM peak values were observed at 6 h in females
(β = 0.532, SE = 0.131, 95% CI = 0.211, 0.912, p = 0.022; Figure 1A) and at 18 h in males
(β = 0.639, SE = 0.174, 95% CI = 0.199, 1.079, p = 0.013; Figure 1B). Regarding control
groups, females did not mount significant FCM peak concentrations (LMM: F1,10 = 1.528,
p = 0.216; Figure 1A) but control males also responded to the saline solution injection
(F1,10 = 6.003, p < 0.001; Figure 1B) showing a significant peak value 18 h following admin-
istration (β = 0.540, SE = 0.131, 95% CI = 0.216, 0.863, p = 0.007).
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Figure 1. Fecal Corticosterone Metabolite variation (mean ± SE) in G. andersoni females (A) and males (B) after ACTH
(adrenocorticotropic hormone)/saline solution injection (n = 3 per experimental group). Significant differences between
basal (values at 0 h, i.e., right before the injection) and peak FCM (fecal corticosterone metabolites) values are indicated with
different small letters.
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G. gerbillus (males) experienced increased FCM levels after the ACTH (LMM: F1,11 = 4.248,
p = 0.002), showing significant FCM peak concentrations at 6 h (β = 0.653, SE = 0.140, 95%
CI = 0.224, 1.081, p = 0.016) and 24 h (β = 0.731, SE = 0.066, 95% CI = 0.553, 0.910, p < 0.001)
following administration (Figure 2). In this species, the control group also mounted
increased FCM levels (LMM: F1,11 = 4.248, p < 0.001) reaching a significant maximal value
48 h after the saline solution injection (β = 0.850, SE = 0.082, 95% CI = 0.600, 1.099, p = 0.001;
Figure 2).
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G. pyramidum (only males) individuals showed virtually no difference between the
ACTH and saline groups since both treatments evoked an increase in FCM levels (Figure 3).
However, collection time did not result statistically significant for the saline control group
(LMM: F1,11 = 1.881, p = 0.108). Conversely, the ACTH treatment lead to significant FCM
peak concentrations (LMM: F1,11 = 2.784, p = 0.006) that were detected on feces 24 h after
the ACTH injection (β = 0.471, SE = 0.073, 95% CI = 0.239, 0.702, p = 0.007; Figure 3).



Animals 2021, 11, 75 8 of 13Animals 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

Figure 3. Fecal Corticosterone Metabolite variation (mean ± SE) in G. pyramidum (only males) after ACTH (adrenocorti-

cotropic hormone) (n = 3) or saline solution (n = 3) injection. Significant differences between basal (right before the injec-

tion) and peak FCM (fecal corticosterone metabolites) values are indicated with different small letters. 

4. Discussion 

Considering that human pressure on the environment and wildlife continues leading 

to increasing concerns about biodiversity loss [51], there is an urgent need for appropri-

ately monitoring wild animal populations, especially through non-invasive methods as 

early warning indicators of the physiological state of health. Our study confirmed that the 

ACTH experimental test rose fecal corticosterone metabolite (FCM) concentrations in the 

three gerbil species and proved the suitability of the corticosterone enzyme immunoassay 

(EIA) as a valid method for the non-invasive quantification of FCM concentrations in wild 

animals. Moreover, the indications for species- and gender-specific response dynamics 

and levels, despite the limited sample size and the relationships between the species, em-

phasize the importance of using individuals with variable characteristics for the efficient 

optimization and validation of assays.  

4.1. Baseline FCM Levels 

Before the experimental procedure, variation in FCM concentrations between both 

initial measurements (i.e., 48 h and right before the injection) did not differ significantly 

in any of the three gerbil species. This stability in FCM values during the pre-experimental 

period suggests that there was not any effect of the sampling cage and accurately reflects 

baseline FCM levels of individuals. Furthermore, our findings indicated that the average 

baseline FCM concentration did not differ between the three gerbil species. This lack of 
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and peak FCM (fecal corticosterone metabolites) values are indicated with different small letters.

4. Discussion

Considering that human pressure on the environment and wildlife continues leading
to increasing concerns about biodiversity loss [51], there is an urgent need for appropriately
monitoring wild animal populations, especially through non-invasive methods as early
warning indicators of the physiological state of health. Our study confirmed that the
ACTH experimental test rose fecal corticosterone metabolite (FCM) concentrations in the
three gerbil species and proved the suitability of the corticosterone enzyme immunoassay
(EIA) as a valid method for the non-invasive quantification of FCM concentrations in wild
animals. Moreover, the indications for species- and gender-specific response dynamics
and levels, despite the limited sample size and the relationships between the species,
emphasize the importance of using individuals with variable characteristics for the efficient
optimization and validation of assays.

4.1. Baseline FCM Levels

Before the experimental procedure, variation in FCM concentrations between both
initial measurements (i.e., 48 h and right before the injection) did not differ significantly in
any of the three gerbil species. This stability in FCM values during the pre-experimental
period suggests that there was not any effect of the sampling cage and accurately reflects
baseline FCM levels of individuals. Furthermore, our findings indicated that the average
baseline FCM concentration did not differ between the three gerbil species. This lack of
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difference in FCM basal values could probably be due to the closely related life-history
patterns shared between the three species, because of experiencing similar environmental,
ecological and evolutionary factors. Despite FCM, differences due to gender have been
reported in other rodent species [21,39,52], here we found no evidence of significant
intersexual differences in FCM levels in G. andersoni, which is consistent with results from
other works carried out on this gerbils and other rodent species [36,39,53].

4.2. Experimental FCM Variation

The primary goal of this study was to validate the reliability of a commercially avail-
able EIA for non-invasively measuring FCM in three gerbil species. Consistent with this
objective, the approximate four-fold increase in FCM values found in response to the ACTH
challenge demonstrates the suitability of the present EIA for detecting FCM variations
in these gerbil species. The average 358% increase in FCM found is comparable to the
overall increase detected between basal and peak concentrations in gerbils (range: 220–
374%; [16,36]). However, compared to these studies, FCM concentrations detected here
are notably higher and probably due to differences in both the extraction protocol and the
analytical means used. Variations in FCM values within the same species because of using
different analytical procedures are commonly documented in the scientific literature, see
for example basal FCM values found in the house mouse Mus musculus domesticus [46,54]
or for the wood mouse Apodemus sylvaticus [7,55]. In this regard and considering the similar
percentage of FCM increase obtained compared to the bibliography, the higher FCM values
found might be partially supported by the EIA from Demeditec utilized in the present
study, since it has been proved to quantify higher FCM concentrations than the Enzo´s EIA
used in the studies by St. Juliana et al. [48].

By exploiting the validated assay, we had an initial exploration into species and
gender differences in physiological stress. The different FCM variations detected along
the experimental procedure provided valuable insight into some of the factors that may
condition both specific and individual responses to environmental stressors. For example,
although the three gerbil species increased FCM in response to the ACTH challenge, the
response was detected sooner in G. andersoni (6–18 h), than in G. gerbillus (6–24 h) and G.
pyramidum (24 h). Likewise, several research works have previously reported differences
in physiological stress responses between co-occurring species [56], or even between sub-
species [46]. Besides other interspecific factors possibly underlying differential stress-axis
activation or conditioning the variability in the time course hormonal responses and their
detection in feces, lag-time differences in FCM peak excretion between these species may
be partially explained by differences in diet, metabolic rates and the intestinal passage
time [57,58]. Compared to the existing data on gerbil species [16,36], overall, FCM peak
values were detected later. For example, the time course of FCM excretion found for G.
andersoni is congruent for females, but in males it exceeds the range previously found
in this species (mean range: 5.5–9.25 h; [16,36]). Similarly, the time course of FCM peak
excretion detected for G. pyramidum (24 h) is larger than the average 9.83 h found by St.
Juliana et al. [16]. Animals from our experiment were all non-breeding individuals while St.
Juliana et al. [36] do not indicate the reproductive status, differences in breeding condition
of individuals may be, in part, behind the different results obtained. Moreover, St. Juliana
et al. [36] neither indicated the time of the day when the experiment started, they just state
“the night of the experiment”, and Touma et al. [47] shown that the time in FCM excretion
can be significantly reduced during the night due to the influence of the circadian rhythm.

Additionally, the saline control also increased FCM in males from G. andersoni and G.
gerbillus but excretion time course and the return of FCM to nearly basal values differed
between both species. In G. andersoni males, the time course for the excretion of FCM
after the saline injection (18 h) was similar than the obtained with the ACTH test (18 h).
In contrast, the post-saline FCM increase experienced by G. gerbillus males was detected
at 48 h. These significant FCM elevations in response to saline injections may indicate
that human handling and injection procedures may act as potential stressors for sensitive
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individuals. This result is in line with similar findings described in gerbils and other rodent
species [36,46,54], where some individuals also exhibited FCM peaks in response to the
saline injection used as the control.

Besides the indications for interspecific physiological responses, within the same
species we found that, after the ACTH test, G. andersoni females displayed FCM peaks
several hours prior to the males (females: 6 h; males: 18 h). Despite the above commented
time elapse in FCM excretion, this intersexual variation was also reported by St. Juliana
et al. [36]. In addition, as mentioned above, G. andersoni males also showed an increase
in FCM values 18 h after the saline injection. Overall, gender-specific differences in FCM
excretion are typically attributed to differences in the metabolism and/or excretion between
both genders, mainly conditioned by differing effects of gonadal sex steroids, and their
neuroactive metabolites, on the activity and responsivity of the HPA axis [59–61].

Altogether, these inter- and intra-specific variabilities in the course and level of the
stress response, despite the small sample size of and relationship between the three gerbil
species, emphasize the general importance of optimization and validation of non-invasive
monitoring of adrenocortical activity for each new species. They also demonstrate the need
to optimize and validate the response of individuals with different characteristics, despite
the challenges that experiments with wild, sometime endangered, species, entail.

5. Conclusions

In this era, in which biodiversity is under a continuous risk, non-invasive monitoring
of physiological stress responses of wild organisms has both theoretical and applied
significance. Here we provided a validated method for non-invasively measuring FCM
as a reliable indicator for assessing how free-ranging gerbils of these species cope and
respond to alterations in their natural environment. To the best of our knowledge, our
study represents the first attempt at analyzing endocrine activity in G. gerbillus and a
valuable contribution to the previous studies conducted on the other two gerbil species. In
particular, we collected some evidence suggesting that the course and level of physiological
stress responses can differ among populations (e.g., differences between our results and the
results of St. Juliana et al. [16,36]), closely related species, and even between sexes (current
study). These complex responses to the same stressor could indicate that individuals may
differently perceive stressors and accordingly undergo different hormonal adjustments to
each stressful event. Notably, this context-dependence of endocrine responses highlights
the key role of repeatability in science since, despite the laboratory standard conditions,
the influence of different uncontrolled intrinsic variables may still yield ambiguous results.
Therefore, these initial indications emphasize the importance of optimization and validation
of non-invasive monitoring assays before any investigation of a new study system (e.g.,
new species or population) and encourage the inclusion of diverse individuals in each of
the assays. Further studies including a large number of animals may help to control and
curtail potential individual variation in stress-related responses.
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