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Does persistent snowpack inhibit degradation of
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Physiological stress in wildlife can be a useful indicator of a population’s response to environmental factors. By using non-
invasive endocrinological techniques, such as fecal sampling, potential confounding factors associated with the stress of
capture can be avoided. A potential drawback of fecal sampling, however, is degradation of samples which may produce
aberrant measurements of fecal glucocorticoid metabolites. In vertebrates, glucocorticoids, such as corticosterone, become
elevated in response to stress. We sought to gauge the reliability of measurement of fecal glucocorticoid metabolites from
white-tailed deer (Odocoileus virginianus) fecal samples exposed to a temperate winter with substantial snow cover and
cold temperatures for up to 90 days, by repeatedly subsampling fecal samples every 10 days and performing a cortico-
sterone enzyme-linked immunosorbent assay (ELISA). Measurements of fecal glucocorticoid metabolites at 10 days were
consistent with initial measurements, after which (20 days) they became aberrant following a period of thawing.
Consequently, glucocorticoid metabolite levels in feces appear to remain stable under ambient conditions if temperatures
remain below freezing at least for 10 days. While it's possible that samples may remain useful beyond this time frame
based on previous laboratory studies of samples stored in a freezer, further work is needed to determine how samples
weather in situ under extreme cold (e.g. Arctic) or periods of partial thawing.
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Introduction affect population recruitment (Wikelski and Cooke, 2006).

By understanding the stress response associated with various
environmental factors, more effective management decisions
are potentially possible.

Conservation physiology has become an important part of
understanding the health of wildlife populations. For
example, non-invasive endocrinological techniques allow

researchers to monitor response to stressors, such as human
activity, predation or weather conditions. In addition to gau-
ging stress responses, these techniques can provide insight
into an animal’s reproductive status and condition that may

The physiological response to stress in vertebrates leads to
increased production of catecholamines and stimulation of
the hypothalamic-pituitary axis (HPA), which induces pro-
duction of glucocorticoids from the adrenal cortex, such as

© The Author(s) 2018. Published by Oxford University Press and the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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cortisol and corticosterone (Sheriff et al., 2011). Glucocorticoids
lead to mobilization of energy reserves necessary to mitigate a
stressor (e.g. outrun a predator). Although this is adaptive in the
short-term, long-term elevation in glucocorticoids can alter HPA
function and jeopardize an individual’s fitness through immuno-
suppression and/or reduced reproductive success (Dantzer et al.,
2014; Barelli et al., 2015).

As glucocorticoids are metabolized, the resulting metabo-
lites are excreted in feces. The metabolites represent gluco-
corticoids metabolized over recent days or weeks providing a
composite index of stress (Millspaugh and Washburn, 2004;
Dantzer et al.,, 2014). Fecal measurements provide a non-
invasive alternative to blood-based measurements for popu-
lation level studies, which have the advantage of avoiding
the stress of capture and being cost-effective (Millspaugh and
Washburn, 2004; Dantzer et al., 2014). Non-invasive techni-
ques may also lower cost per sample and facilitate larger
sample sizes.

Although fecal glucocorticoid metabolites are a useful
index of an animal’s condition, there are some caveats to
using this technique. Specifically, deposition environment
may influence glucocorticoid metabolite measurements
(Wilkening et al., 2016). Ambient conditions are liable to be
less stable; warm temperatures, humidity and rain have been
associated with sample degradation and aberrant measure-
ment values (Washburn and Millspaugh, 2002; Wilkening
et al., 2016). Laboratory experiments involving simulated
freeze-thaw exposure of fecal pellets led to aberrant measure-
ments in comparison to initial measurements (Washburn and
Millspaugh, 2002). In contrast, fecal samples stored in a
freezer provided stable glucocorticoid metabolite measure-
ments for up to a year (Beehner and Whitten, 2004).
However, most evidence regarding degradation of fecal
glucocorticoid metabolites comes from short-term studies
(1-3 weeks) or field experiments under moderate weathering
conditions (Washburn and Millspaugh, 2002; Evans et al.,
2013; Wilkening et al., 2016). Given that the utility of fecal
glucocorticoid metabolites depends on the ambient environ-
ment into which samples are deposited, there is a clear need
to characterize degradation dynamics under a range of cli-
matic conditions and weathering situations. We sought to
assess effects of ambient conditions on fecal sample weather-
ing in a region with consistent sub-freezing temperatures and
substantial snow cover during the winter. Deep persistent
snow packs are characteristic of ~50 % of the northern
hemisphere where ungulates range (Armstrong and Brodzik,
2001). We hypothesized that samples deposited into a per-
sistent snowpack would remain viable as long as freezing
conditions persisted.

Study system and methods

Samples were collected from a winter deer-yarding complex
near Prickett Lake (Houghton County, Michigan, USA,
46.7°N, 88.7°W), located on an outlying tract of the
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Michigan Technological University Ford Forest in Michigan’s
Upper Peninsula. Mean annual snowfall in Houghton County
is 6.86 m + 1.14 m (National Weather Service, 2018). Between
2006 and 2017, mean annual snowpack depth was 0.37m
(from 15 November—15 April), and exceeded this depth an
average of 76 days per year (National Operational Hydrologic
Remote Sensing Center, 2004), calculated using the Snow Data
Assimilation System (SNODAS). The study area is characterized
by persistent white-tailed deer (Odocoileus virginianus) use,
with annual over-wintering deer densities of up to 97 deer/km?®
(Murray et al., 2014). The overstory at this site was predomin-
antly eastern hemlock (Tsuga canadensis), which provides high-
quality winter habitat for white-tailed deer (Mladenoff and
Stearns, 1993; Morrison et al., 2003). In the northern Great
Lakes region, white-tailed deer forage over a wide range in
warm months, and congregate in conifer stands during winter,
due to forage availability and reduced snow depth (Verme,
1973; Doepker et al., 1994), which facilitates predator avoid-
ance (Nelson and Mech, 1981).

We collected 15 fecal samples from white-tailed deer in
January 2017 by following their tracks in the snow. To
ensure that samples were recently deposited, we collected
samples within a day of the most recent snowfall. To reduce
the likelihood of repeatedly sampling the same individual,
each sample was collected from a different set of tracks,
spaced sufficiently far apart (~100m or more) as to likely
represent tracks from a different individual.

For simulated weathering, we took a subsample for imme-
diate hormone extraction and assay, and placed the remain-
ing samples in an area outside, with minimal human
disturbance and exposure to ambient conditions. Each sam-
ple (individual pellet group) was divided into nine subsam-
ples, consisting of two fecal pellets. Subsamples were placed
in fine-mesh bags to facilitate recovery and minimize disturb-
ance to the exposure area and other samples. Subsample
placement within the exposure area was randomized and
occurred within 48 h of field collection. Because fecal masses
exhibit heterogeneity in glucocorticoid metabolite distribu-
tion (i.e. hotspots in a mass) (Millspaugh and Washburn,
2003), we thoroughly mixed the sample prior to subsamp-
ling. Every 10 days, we removed one subsample per individ-
ual from the snow for assay, for a total of 10 measurements
per individual including time zero.

We wused the enzyme-linked immunosorbent assay
(ELISA) technique to measure glucocorticoid metabolites in a
fecal sample extract. To prepare the sample, we first dried
subsamples at 60°C per Palme et al. (2013) for 8 h prior to
grinding. Then we used a vortex to mix 0.2 g of the homoge-
nized material with 2 ml methanol. Next, we decanted the
slurry and placed it in a centrifuge for 20 min at 2200 rpm
(Creel et al., 2002). Samples were stored at —80°C until
immunoassays were performed.

Glucocorticoid metabolite measurements were done using
ELISA corticosterone kits from MP Biomedicals (Appendix
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1). The ELISA assays were performed by placing the fecal
extract on a microplate treated with corticosterone anti-
bodies. A second antibody was introduced. Both of these
antibodies bind to sites on the corticosterone molecule before
an enzyme is introduced to create a product allowing for the
concentration of corticosterone to be measured spectro-
photometrically (Guyton and Hall, 2006). We followed the
protocol recommended by MP Biomedicals for the ELISA
corticosterone assay. Standard curves were created from six

fecal glucocorticoid
metabolites (pg/L)
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Figure 1: (A) Mean fecal glucocorticoid readings for 15 white-tailed
deer fecal samples after 90 days of weathering. A plus sign (+)
denotes a statistically significant difference between that subsample
and the original measurement, and an asterisk (*) denotes a
statistically significant difference between that subsample and the
previous one. (B) Daily maximum temperature (solid line) and
minimum temperature (dashed line) at study site. (C) Daily snow
depth at exposure site for duration of study.

standards (15-2250 ng/ml). The interassay coefficient of vari-
ation was 13%, and the intra-assay coefficient of variation
was 6%.

It is important to note that in these assays, there is sub-
stantial cross-reactivity, and it is likely that antibodies in
these immunoassays detect metabolites of both cortisol and
corticosterone. Antibodies may not be able to distinguish
between the two glucocorticoids (Mostl et al., 2005; Koren
et al., 2012). For white-tailed deer, cortisol is the dominant
glucocorticoid, and ratios of cortisol:corticosterone in plas-
ma are 5:1 or higher (Bubenik et al., 1975; Koren et al.,
2012).

Snowfall data were obtained from the National Operational
Hydrologic Remote Sensing Center, for dates 1 Febraury-2
May 2017 (2004). Temperature data were obtained from the
National Oceanic and Atmospheric Administration’s National
Data Buoy Center (2017), based on the Portage Canal station,
for dates Feb 1 to May 2, 2017.

Statistical analysis

We tested the expectation that glucocorticoid metabolite
concentration would vary with sample exposure time using a
repeated measures mixed model, with glucocorticoid metab-
olite concentration as the response variable, and snow depth
(m), sample exposure time (days since placement), and 10-
day maximum temperature (°C) as fixed effects, and individ-
ual deer as a random effect. We fit this model using the
(R Core Team, 2017) package nlme (Pinheiro et al., 2017)
and assessed model quality based on R? using the (R Core
Team, 2017) package MuMIn (Barton, 2018). To determine
the point at which samples degraded and showed significant
differences in glucocorticoid metabolite concentration from
the initial measurements, we fit a second model with individ-
ual deer as a random effect and sample exposure time as a
categorical variable. Differences between exposure times
were then compared post hoc using an all pair-wise Tukey’s
honestly significant difference (Keppel, 1991).

Results

Winter 2017 was marked by periodic freezing and thawing
during the study prior to spring thaw (Fig. 1). Just prior to
Day 20 of the study, temperatures spiked and snow melted
completely at the exposure site, which was underlain by con-
crete; however, snow remained adjacent to the exposure
area. Snow accumulated again around Day 30, and tempera-
tures dropped back below freezing. When temperatures
remained below freezing, glucocorticoid metabolite readings
appeared stable (Fig. 1). Aberrant measurements were asso-
ciated with decreases in snow depth associated periods of
thawing, especially at the end of the study during spring
thaw (Fig. 1).
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A repeated measures mixed-model, with glucocorticoid
metabolite concentration as the response variable, and snow
depth, sample exposure time and 10-day maximum tempera-
ture as fixed effects, and individual deer as a random effect
(R* = 0.37, P < 0.001) found that both snow depth (P <
0.001) and sample exposure time (P = 0.03) were weakly
negatively associated with glucocorticoid metabolite concen-
tration. However, 10-day maximum temperature was not
associated with glucocorticoid metabolite concentration (P =
0.37). To further investigate the influence of exposure time
on glucocorticoid metabolite concentration, we fit a second
model (F = 12.914, 146), P < 0.001) with exposure time as a
categorical variable and individual deer as a random effect
and contrasted differences at each time period to the initial
concentration at exposure time 0 (i.e. placement in the
weathering area) and subsequent concentrations. Post hoc
comparisons using Tukey’s honestly significant difference
showed that there was no difference in glucocorticoid metab-
olite concentration between 0 and 10 days of exposure (P =
0.99). The difference in glucocorticoid metabolite concentra-
tion between 0 and 20 days of exposure became significant
(P = 0.04) (Fig. 1). A difference was also observed between
10 and 20 days of exposure (P = 0.004), but not between
subsamples at 30-50 days exposure (P > 0.990). Difference
again appeared between 60 and 70 days of exposure (P <
0.001) and 80 and 90 days of exposure (P < 0.001). No
other significant differences were observed (P > 0.05).

Discussion

Our results indicate that glucocorticoid metabolite measure-
ments from fecal pellets may remain stable when deposited
into an environment with persistent sub-freezing tempera-
tures and no snowmelt. This is in contrast to regions with
more moderate climate conditions because both gut microbes
and environmental microbes degrade fecal masses, beginning
at deposition (Mostl et al., 1999; Parnell et al. 2015) and
their activity may be accelerated or inhibited by ambient con-
ditions (Mesa-Cruz et al., 2014). In warm, wet climates, fecal
samples are likely to degrade in less than a day, as a conse-
quence of high microbial and enzymatic activity. Cooler, wet
climates produce similar trends in destabilization of samples
because of the influence of moisture on microbial and enzym-
atic activity (Washburn and Millspaugh, 2002). In hot, dry
climates, samples are likely to be stable for up to 5 days, due
to inhibited microbial activity (Mesa-Cruz et al., 2014).
Consequently, in regions with deep persistent snow packs
and sub-freezing temperatures, fecal glucocorticoid metabo-
lites may provide a reliable measure of animal condition
because freezing temperatures inhibit microbial and enzym-
atic activity.

Our results suggest that extended exposure of fecal sam-
ples may lead to degradation as a result of fluctuations in
ambient temperatures and periods of thaw. For example,
fecal glucocorticoid metabolite concentrations began to
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significantly deviate from the initial concentration between
10 and 20 days, a period that experienced a pronounced
warm up to 9.3°C. Sample degradation under ambient con-
ditions was also observed beyond 1-2 weeks by Wilkening
et al. (2016) across the western USA, under a range of tem-
perature and moisture conditions. Although glucocorticoid
metabolite concentration deviated significantly from the ori-
ginal values beginning at 20 days, at Days 30-60, concentra-
tion did not change significantly with these consecutive
subsamples. This period was marked by consistent snow cov-
er and minimum temperatures that remained below freezing
suggesting that, in our case, degradation was associated with
thawing. Our finding of stable glucocorticoid metabolite
measurements in samples exposed to consistent winter condi-
tions is similar to results obtained from Beehner and Whitten
(2004), where fecal samples were stored in a freezer for over
a year and produced stable measurements. However, because
ambient conditions under normal field conditions and in our
study were not as stable, they did not provide the same
degree of sample preservation as a freezer.

Freeze-thaw periods produced aberrant readings, but the
direction of these changes in concentration were not consistent,
except during spring thaw, when glucocorticoid metabolite
concentration increased substantially. The increase during
spring thaw could be attributable to increased moisture and
warmer temperatures. Together, these conditions can increase
enzymatic activity and microbial metabolism of fecal material.
Subsequent heat-catalyzed chemical reactions alter glucocortic-
oid metabolites, and lead to a greater affinity for the antibody
used in the enzyme-linked immunoassay. For this reason, sam-
ples exposed to freezing and thawing are less likely to produce
accurate measurements (Pappano et al., 2010).

By assessing sample viability in a temperate climate with
significant snow cover for much of winter, we sought to fur-
ther knowledge regarding the influence of environmental
conditions on the duration of fecal sample viability for assay-
ing glucocorticoid metabolites. Our 90-day study extended
from midwinter to spring thaw, and suggests that midwinter
fecal glucocorticoid metabolite concentrations could remain
stable beyond 10 days if temperatures remain below freezing.
Our ability to infer how long samples may actually remain
viable, unfortunately, was compromised by an unseasonable
warm up to 9.3°C on Day 16 (16 February 2017) of the
exposure period. Consequently, to clarify the role of ambient
winter conditions on fecal sample viability, we recommend
that future field exposure studies be coupled with companion
studies under controlled environmental conditions. Such a
study could be designed to mimic a range of anticipated field
conditions and contrasted with i situ results.

Midwinter thawing and refreezing produced aberrant
measurements, which stabilized once freezing conditions
returned. Spring thaw resulted in elevated readings likely in
response to microbial activity. Consequently, four main con-
clusions arise from our study. First, fecal samples collected

610Z 1890100 £Z uo Jasn Aieiqi aidO pue 1jod uep Aq 1205SZS/ 1 L0409/ /9noensge-ajoie/sAyduoo/woo dno-olwapeoe//:sdiy Woll papeojumoc]



Conservation Physiology - Volume 6 2018

from snowpack during periods of below freezing tempera-
tures likely provide a stable integrated index of animal condi-
tion. Second, the efficacy of fecal glucocorticoid metabolite
assays is strongly dependent on environmental conditions,
which should be monitored to ensure sample viability
(Abaigar et al., 2010). Third, given the strong response to
freeze-thaw cycles, frozen samples should be processed
immediately after they are defrosted. Finally, changing cli-
mate conditions may greatly influence the utility of this
method in field studies at northern latitudes if they result in
fewer periods of persistent below freezing temperatures
(Easterling, 2000; Walther et al, 2002; Kreyling, 2010).

Field studies involving non-invasive assessment of physio-
logical stress in response to disturbance are becoming more
prevalent, and our results underscore the importance of con-
sidering deposition environment and exposure time for meas-
uring fecal glucocorticoid metabolites. Specifically, such
measurements may be useful as indices of stress profiles of a
particular population. By expanding our understanding of
the limitations of this technique, field sampling protocols can
be adjusted for seasonality to ensure the most accurate
results, and allow for accurate monitoring of free-ranging
wildlife in a changing environment.
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Appendix 1

Hormone levels can be measured from samples of bodily
fluid (e.g. blood, urine or fecal extract using immunoassays).
Immunoassays are designed to measure the concentration of
a protein of interest, such as a hormone, and are sensitive to
measure minute quantities of that hormone (Guyton and
Hall, 2006).

In the early 1960s, a breakthrough technique known as
radioimmunoassay (RIA) was invented to measure hormone
concentrations in a fluid sample. RIA involves combining a
fluid sample with a hormone-specific antibody. An appropri-
ate amount of purified standard hormone is then added,
tagged with a radioactive isotope. In order for a RIA to work,
there cannot be enough antibody to bind both the tagged hor-
mone and sample hormone (Guyton and Hall, 2006).

The hormone in the sample competes for antibody-
binding sites with the tagged hormone, thus the proportion
of binding by each hormone is proportional to concentration
in the assay. Once binding reaches equilibrium, the

antibody-hormone complex is then isolated and radioactive
hormone levels are measured using a radioactive counter.
High quantities of radioactive hormone bound to the anti-
body indicates a low concentration of the hormone in a sam-
ple, while low quantities of radioactive hormone indicate
higher concentration of the hormone in a sample.

By the 1970s, enzyme-linked immunosorbent assay
(ELISA) were introduced as an alternative technique for
measuring hormone levels. ELISA relies on enzyme specificity
coupled with sensitive enzyme assays. ELISA is not only
more sensitive, but also bypasses the safety concerns asso-
ciated with radioactive isotopes, as well as the need for costly
measuring instruments (Beuvery et al., 1984).

ELISA involves placement of samples on a microplate
coated with a hormone-specific antibody. A second antibody
is introduced, binding to different sites on the hormone mol-
ecule. A third antibody, combined with an enzyme is then
introduced to produce a substrate and catalyze a reaction
that produces a product that can be measured with a spec-
trophotometer (Guyton and Hall, 2006).

Both types of immunoassay require use of standards, sam-
ples of purified hormone in different concentration, used to
calculate a standard curve. This curve is then used to com-
pute hormone concentration in a sample.
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