
1Scientific Reports |         (2019) 9:19170  | https://doi.org/10.1038/s41598-019-55715-5

www.nature.com/scientificreports

Noninvasive measures of 
physiological stress are confounded 
by exposure
Diana J. R. Lafferty1,2,3,7*, Marketa Zimova3,4,7, Lindsay Clontz2, Klaus Hackländer5 & 
L. Scott Mills3,6

Glucocorticoids and glucocorticoid metabolites are increasingly used to index physiological stress 
in wildlife. Although feces is often abundant and can be collected noninvasively, exposure to biotic 
and abiotic elements may influence fecal glucocorticoid metabolite (FGM) concentrations, leading 
to inaccurate conclusions regarding wildlife physiological stress. Using captive snowshoe hares 
(Lepus americanus) and simulated environmental conditions, we evaluated how different realistic 
field conditions and temporal sampling constraints might influence FGM concentrations using an 
11-oxoetiocholanolone-enzyme immunoassay. We quantified how fecal pellet age (i.e., 0–6 days), 
variable summer temperatures, and precipitation affected FGM concentrations. Fecal pellet age 
had a strong effect on FGM concentrations (βAge = 0.395, s.d. = 0.085; β2

Age = −0.061, s.d. = 0.012), 
which were lowest at the beginning and end of our exposure period (e.g., meanday6 = 37.7 ng/mg) 
and typically highest in the middle (meanday3 = 51.8 ng/mg). The effect of fecal pellet age on FGM 
concentrations varied across treatments with warm-dry and cool-wet conditions resulting in more 
variable FGM concentrations relative to control samples. Given the confounding effects of exposure 
and environmental conditions, if fresh fecal pellet collection is not an option, we encourage researchers 
to develop a temporally consistent sampling protocol to ensure all samples are exposed to similar 
environmental conditions.

Understanding wildlife responses to local and broad-scale environmental perturbations poses an enormous 
challenge for scientists, wildlife managers, and policy makers. The current need for reliable tools that can be 
used to measure and monitor wildlife responses to environmental stressors is exacerbated further by ongoing 
global environmental change. Over the past decade, assessments of adrenocortical activity, particularly measures 
of glucocorticoids (stress hormones) and glucocorticoid metabolites, have been used increasingly to index the 
stress burden experienced by diverse taxa1–6. In fact, fecal glucocorticoid metabolites (FGM) have been shown 
to provide an integrative measure of circulating glucocorticoids, representing the physiological state of the target 
animal over a well-defined period of time7. Feces is a particularly useful matrix for measuring stress hormone 
metabolite concentrations because it is relatively abundant and can be collected with minimal disturbance to 
study animals1,5,7, thus eliminating the confounding effects of capture stress8–10.

While measures of FGM concentrations have great potential to contribute to integrative wildlife conserva-
tion and management11, important sampling caveats that can affect stress levels estimated from fecal samples 
must be considered1,4,5,12. Whether an increase, decrease or no changes in FGM concentration is detected within 
fecal samples from a target population often depends on multiple factors including: 1) the species and sex of the 
individuals being sampled; 2) the species-specific and sex-specific glucocorticoid metabolism in combination 
with the immunoreactivity of the antibody utilized in the enzyme immunoassay (EIA); 3) the steroid extraction 
method applied to measure FGM concentrations7. For example, variation in measures of FGM concentrations 
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may result from differences in immunoreactivity of the numerous glucocorticoid metabolites present in feces, 
particularly if feces has been exposed to water7,13,14. Because water is highly polar, samples exposed to precipita-
tion may result in more rapid extraction of the most polar metabolites, followed later by less polar metabolites13. 
As such, the effects of water exposure on FGM concentrations will in turn depend on the affinities of the antibody 
used to measure the FGMs in the sample7,13,14. However, measures of FGM concentrations may also be influenced 
by environmental factors. For instance, ambient temperature and humidity can affect bacterial metabolization 
that can result in possible increases or decreases in FGM concentrations14–16. Differences in microclimates across 
the range of American pika (Ochotona princeps) have been reported to influence FGM concentrations when 
feces are not immediately collected and preserved after defecation17. Hot and dry environmental conditions were 
associated with decreased FGM concentrations in cheetah (Acinonyx jubatus)14, whereas precipitation seemed to 
cause a “washing-out effect” in which FGM leached from the feces of mountain hare (Lepus timidus)18. However, 
a recent study that evaluated the suitability of different EIAs for monitoring adrenocortical activity in leopards 
(Panthera pardus), found that FGM concentrations remained relatively stable over a six-day period post defeca-
tion19. Evidently, the confounding effects of exposure time and abiotic environmental conditions are variable by 
species and in some situations mitigated by observing animals and collecting samples immediately after defe-
cation20,21 or possibly by sampling feces deposited in snow22. However, observing defecation may be logistically 
challenging for a variety of taxa, and the collection of feces on snow is not possible impossible outside of the snow 
season or in the tropics. Thus, understanding how environmental conditions affect FGM concentrations is both 
complex and important for developing rigorous noninvasive sampling protocols for any wildlife study.

We use snowshoe hares (Lepus americanus), as an example to illustrate the variable influence of time and envi-
ronmental conditions on FGM concentrations. Snowshoe hares are particularly suitable for our study for three 
main reasons. First, from an eco-evolutionary perspective, snowshoe hares have emerged recently as a model 
organism for understanding the effects of climate change on seasonal coat color changing species23–26. However, 
before scientists can evaluate whether snowshoe hares exhibit a biologically meaningful stress response to ongo-
ing climate change, we must first establish rigorous sampling protocols for obtaining representative samples from 
which measures of physiological stress can be indexed. Second, a protocol for quantifying FGM concentrations 
from fecal material using an 11-oxoetiocholanolone-EIA is well established27 and validated for snowshoe hares28. 
Third, results from previous research determined the lag time between stress-induced cortisol production and 
the expression of cortisol metabolites in snowshoe hare fecal pellets is approximately eight hours, thus providing 
a sampling frame over which an animal may be held in a trap during field-based operations28, thereby allowing us 
to conduct a controlled experiment that closely mimics potential field constraints.

Using a captive collection of snowshoe hares and simulated environmental conditions, we examined the effect 
of realistic field conditions and temporal sampling constraints on FGM measurements. First, we tested how fecal 
pellet age (i.e., exposure time of 0–6 days), temperature (summer warm [23.5 °C], summer cool [7.3 °C]) and 
precipitation (dry, wet) affected FGM concentrations. Second, we evaluated at what fecal pellet age FGM levels 
begin to differ from FGM concentrations in control samples when exposed to different environmental treatments 
(precipitation and temperature combinations). Finally, we provide recommendations for field study design to 
ensure measures of FGM concentrations represent the physiological state of the target animal and/or populations.

Results
We found that the age of feces affects FGM concentrations, and the age-FGM relationship has a curvilinear shape 
(βAge = 0.395, s.d. = 0.085; β2

Age = −0.061, s.d. = 0.012). FGM concentrations peaked on day 3 (meanday3 = 51.8 ng/
mg, s.d. = 24.8) and were lowest on day 6 (meanday6 = 37.7 ng/mg, s.d. = 24.6). Temperature, precipitation and sex 
had no significant effect on FGM concentrations during those days (alpha set at 0.05).

We found multiple significant differences between the FGM concentrations in the control samples and FGM 
concentrations exposed to the environmental treatments (Fig. 1). We did not detect a particular age at which 
FGM concentrations consistently began to differ from the control samples (i.e., day 0). Instead, we found substan-
tial variation in the trend of FGM concentration over time across all experimental treatments. For example, in the 
CW treatment, FGM concentrations initially declined and then followed the curvilinear trajectory, whereas FGM 
concentrations in the CD treatment were the most consistent over the six-day exposure period. Overall, we found 
that FGM concentrations differed from those measured in the control samples most often in the WD (on three 
days) and the CW (on two days) (Fig. 1).

Discussion
Our results indicate that the length of time between snowshoe hare defecation (i.e., pellet age) and fecal sample 
collection can affect FGM measurements. For example, our data from the WD treatment show an initial increase 
in FGM concentrations over the first four days followed by a decline in FGM concentrations over the last two 
days (Fig. 1). However, both WW and CW treatments resulted in an initial decline in measures of FGM concen-
trations before rising to concentrations similar to or higher than FGM concentrations measured from control 
samples (Fig. 1), which likely resulted from fecal pellet exposure to simulated precipitation and subsequent effects 
on immunoreactivity associated with polarity. For instance, water is highly polar and thus subjecting samples to 
simulated precipitation might result the rapid elution of the most polar metabolites, followed by the less polar 
metabolites13. While the effects of precipitation exposure on measures of FGM concentrations may dissipate over 
time, thus resulting in FGM concentrations returning to near-baseline levels, the period of time over which this 
occurs is somewhat variable and must be considered when collecting samples representing various ages, particu-
larly if samples were exposed to different levels of moisture over different periods of time. The observed changes 
in FGM concentrations under different temperature and precipitation treatments illuminate the importance of 
obtaining fresh fecal samples or samples collected within the same time frame whenever possible.
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Results from our controlled experiment also demonstrate that the effect of fecal pellet age varies across differ-
ent environmental conditions. For example, the effect of fecal pellet age was strongest under warm dry and cool 
wet conditions, where the measured FGM differed most frequently from the control samples (Fig. 1). On the 
other hand, FGM concentrations were least variable over the six-day exposure period represented by a cool and 
dry summer conditions (Fig. 1). Results from earlier studies of diverse taxa have shown that increased temper-
atures sometimes result in higher FGM concentrations relative to control samples14,17,29. On the other hand, the 
effects of precipitation (or moisture) on FGM concentrations are variable, leading to increased or decreased FGM 
concentrations15,17,30. Both of our experimental temperature treatments that included simulated precipitation 
resulted in initial FGM decreases, which may have been the result of a ‘washing-out’ effect in which our applica-
tion of precipitation removed some FGMs from the sample or possibly a consequence of issues associated with 
metabolite polarity7,13,14. Furthermore, the effects of temperature and precipitation on the FGM concentrations 
may interact; for example, increased microbial activity in warmer temperatures may be offset by FGM degrada-
tion or potential washout when feces are exposed to precipitation. However, whether measures of FGM concen-
trations show an increase, decrease or no change, is complex and may be related to species, sex, or species-sex 
specific glucocorticoid metabolism and even to the specific extraction method7. In conclusion, it is critical to 
reduce sample exposure to uncontrolled environmental conditions that may influence measurements of FGM 
concentrations.

Given the confounding effect of pellet exposure time on FGM measurements, our study demonstrates the 
need to preserve snowshoe hare feces immediately following defecation. Whenever collection of fresh feces is not 
possible, as often the case with free-ranging wildlife, including snowshoe hares, we strongly advise researchers 
apply a systematic sampling protocol to ensure all sampled feces are subjected to similar exposure times and 
environmental conditions prior to sample preservation. For example, if environmental conditions are stable, 
line transects or plots could be cleared of feces initially and re-checked for fecal pellet samples within a specified 
timeframe (e.g., one day, two days). Landscape cloths deployed for short time periods may also be an efficient 
way to collect feces of known age31. For snowshoe hares specifically, we recommend sampling feces during cool 
dry conditions in the summer. More generally, we advise against opportunistic use of samples collected for pur-
poses other than for measuring FGM concentrations unless the collected samples are of known age (e.g., one day, 
two days) and collected under similar environmental conditions throughout the sampling period. Samples of 
unknown age or collected during variable environmental conditions may not accurately reflect the physiological 
state of the animals sampled and should not be used to infer stress responses or should be used very cautiously 
when drawing conclusions about the stress response of the target population. Noninvasive measures of physi-
ological stress can be a powerful tool for evaluating wildlife responses to diverse environmental changes or for 

Figure 1.  Modeled snowshoe hare FGM concentrations (ng/mg; log-transformed) over time subject to 
different environmental treatments. Points show means and bars show standard errors across all individuals 
each day (n = 15). Control FGM concentrations, shown in red, were quantified from samples collected within 
eight hours of defecation and are the same in each panel. Modeled FGM concentrations are based on measured 
FGM concentrations from pellets exposed to different environmental conditions, shown in black. Statistically 
significant differences between the exposed samples and the controls are indicated by the asterisks (alpha 
level = 0.05). Figure created by S. J. Gillman.
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monitoring changes in stress among individuals in free-ranging populations. Our study demonstrates the impor-
tance of careful study design and systematic sampling to ensure data are high quality and therefore useful for 
drawing meaningful ecological conclusions about wildlife stress.

Materials and Methods
Animals and housing.  Fifteen wild-caught adult snowshoe hares were used in this experiment. Animals 
were captured in Lolo National Forest in Montana, USA (2 females, 3 males) and Mt. Baker-Snoqualmie National 
Forest in Washington, USA (4 females, 6 males). Animals were transferred from the field to an environmental 
facility at North Carolina State University (NCSU), College of Veterinary Medicine (CVM) and maintained in 
captivity for approximately one year prior to this experiment. Environmental rooms at this facility replicated 
site-specific temperature and photoperiod from the capture location of the animals. Animals were housed indi-
vidually in wire mesh enclosures (121.9 cm width × 60.9 cm depth × 73.6 cm height) including a wire mesh floor 
with a waste collection tray below the wire floor, lined with absorbent paper. Enclosures included an acrylic 
hide box (30.5 cm width × 60.9 cm depth × 73.6 cm height) that functioned as a visual barrier between animals, 
as well as an edible grass mat and grass hut to hide in or sit atop. Water and premium natural adult rabbit food 
(Sherwood Pet Health, Logan, UT, USA) were available ad libitum. All capture, handling, transport, husbandry 
and experimental procedures were approved by North Carolina State University Institutional Animal Care and 
Use Committee (IACUC) and we confirm that all procedures were performed in accordance with approved 
IACUC protocol 14-069-0.

Fecal sample collection.  On evenings prior to pellet collection, we replaced the absorbent paper in the 
waste collection tray beneath each enclosure between 2145 and 2200 hours to provide a clean substrate for sam-
pling. Then for six consecutive days, between 0600 and 0610 hours, we collected all fecal pellets beneath each 
animal’s enclosure, except pellets that were in contact with urine because urine may affect measured FGM con-
centrations12. We choose this eight-hour sampling frame to represent the time over which an animal may be held 
in a trap during field-based operations, which corresponds to the approximate lag time between stress-induced 
cortisol production and the expression of cortisol metabolites in snowshoe hares28. While this eight-hour sam-
pling window could impact within-sample FGM homogeneity32, we previously quantified within-sample varia-
tion in snowshoe hare FGM and found that FGM is relatively homogeneously distributed within snowshoe hare 
fecal pellet groups accumulated over a similar sampling frame (2200-0800)33. As such, we placed each sample in 
an individually labeled bag and transferred it to a −20 °C freezer within 5 minutes of collection. Then, at the end 
of the collection period, we pooled each animal’s pellets and thoroughly mixed them, thereby creating a single 
large sample per individual. Each individual’s pooled sample was then subsequently divided into 25 equal por-
tions based on sample wet weight. The pooled sample was necessary to obtain sufficient volume to be divided into 
25 subsamples for the temperature and precipitation treatments and to ensure we obtained a sample representa-
tive of the average FGM concentration in pellets per individual as opposed to a random stress event, which could 
have unduly biased our FGM measurements.

Experimental treatments.  To assess the effect of age (max 6 days), all but one subsamples (n = 24) 
per individual were randomly assigned to one of 4 treatments for varying number of days. One subsample 
per individual was assigned to a pre-treatment control that was immediately returned to the −20 °C freezer. 
Environmental treatments included: (1) warm-dry [WD], (2) warm-wet [WW], (3) cool-dry [CD], and (4) 
cool-wet [CW]. Warm and cool temperatures represented average summer temperature in Washington and 
Montana and were based on monthly 1981–2010 normal temperatures in July and August at the snowshoe hare 
capture sites (mean warm = 23.5 °C; mean cool = 7.3 °C) (PRISM Climate Group). Similarly, summer precipita-
tion was based on 1981–2010 normal precipitation data (PRISM Climate Group) during July and August (mean 
wet = 1 mm; dry = 0 mm). Accordingly, we applied 1 mm of precipitation daily at 0800 am via a hand-held spray 
bottle each day 24 hrs. prior to sample collection for the WW and CW treatments. For the experiment, all but 
the control samples were placed in a 17.78 cm × 17.78 cm soak resistant paper bowl with approximately 40 pine 
(Pinus sp.) needles broken into thirds to cover the bottom of the bowl. Samples were then subjected to an assigned 
environmental treatment (WD, WW, CD, CW) for up to 6 days. We collected samples at the end of each day treat-
ment period and immediately placed the samples in a −20 °C freezer until FGM extractions.

Extraction and quantification of fecal glucocorticoid metabolites.  We thoroughly homogenized 
each sample using a glass mortar and pestle and then dried the samples at 80 °C for 48 hours33. After drying, we 
removed a 0.15 g subsample and placed it in 8.0 ml glass centrifuge tube with 5.0 ml of 80% methanol16. Next, we 
shook samples on a hand vortex for one minute and centrifuged each sample at 2,500 g for 15 minutes16. Following 
centrifugation, 0.5 ml of supernatant was transferred to micro-centrifuge tubes and dried for 2 hours at 80 °C16. 
Fecal extracts were then shipped to the Department of Biomedical Sciences, Unit of Physiology, Pathophysiology 
and Experimental Endocrinology at the University of Veterinary Medicine in Vienna, Austria for steroid analysis 
using an enzyme immunoassay (EIA)33. Concentrations of FGM were quantified in fecal extracts using an estab-
lished 11-oxoetiocholanolone-EIA protocol27 validated for snowshoe hares28.

Data analysis.  Prior to analysis, we assessed the data for outliers by visually inspecting the raw values for 
each day and tested for normality and equal variances using diagnostic plots. We subsequently log-transformed 
FGM data to meet the assumption of normality and confirmed it using diagnostic plots. To determine the effects 
of fecal pellet age, temperature and precipitation on the FGM concentration, we fitted linear mixed effects mod-
els using the package lme434. We included the fixed effects of age (days 1 through 6 of treatment exposure), 
precipitation (wet, dry) and temperature (warm, cool), and the random effect of individual hare to account for 
among-individual differences in FGM concentrations. In addition to linear terms, we included a quadratic term 
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to allow for a potential curvilinear response of FGM concentrations to fecal pellets’ age. Additionally, we included 
a fixed effect of sex to examine its potential influence on the FGM concentrations.

Next, we tested the effect of pellets age on FGM concentrations to determine when FGM concentrations begin 
to vary within each environmental treatment relative to control FGM concentrations. We allocated the samples 
from the four different treatments into daily intervals (days 0 [i.e., control] through exposure day 6) and ran a 
simple mixed model for each treatment with a single fixed effect age coded as a factor and individual hares as a 
random effect. All statistical tests were conducted using R 3.3.235 and significance of fixed effects were assessed 
with an alpha level of 0.05.
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