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Ungulates in higher latitudes and altitudes experience sharp seasonal changes in forage
abundance and quality. In response, ungulates show varying degrees of synchrony in
reproduction. Diet type has been hypothesized to be a determinant of differences in
reproductive synchrony. Analyses at global scales using proxies of plant phenology such
as climate, latitude and Normalized Difference Vegetation Index (NDVI) have found no
evidence in support because such proxies do not capture differences in phenology
among plant taxa at local scales. We compared seasonal variations in diet quality
with reproductive synchrony in the Himalayan musk deer (Moschus chrysogaster),
a browser, and the Himalayan goral (Naemorhedus goral), a grazer, in mid-altitude
Himalaya. We also compared seasonal variations in physiological stress using fecal
glucocorticoid metabolite (FGM). We identified different stages of female reproductive
cycle using fecal concentrations of metabolites of estradiol, pregnanediol-3-glucuronide
(PdG) and testosterone and used fecal crude protein (CP) as an indicator of diet quality.
In musk deer, fecal estradiol and PdG concentrations showed a dispersed estrous and
parturition, respectively. Goral had a more synchronized estrous and parturition. Estrous
cycles in both species occurred when diet quality was poor, but parturition occurred
when diet quality was high. Greater seasonality in reproduction in goral is driven by sharp
phenological changes in graminoids on which it feeds, compared to slow changes in
browse on which musk deer feeds. Thus, we show that diet type drives the differences
in reproductive synchrony in these two sympatric species. Spring and summer with
highest diet quality were times of highest stress in both the ungulates. We hypothesize
predation pressure from feral dogs and resource competition with livestock as plausible
explanations for this, which need to be tested in future. Our findings also highlight
the need for studying relationships among plant phenology, diet type and reproductive
biology of ungulates at local scales if we are to understand species responses to global
phenomena such as climate change.

Keywords: Himalayan goral, Himalayan musk deer, reproduction, reproductive stages, fecal hormones, diet,
forage quality, stress

Frontiers in Ecology and Evolution | www.frontiersin.org 1 June 2021 | Volume 9 | Article 647465

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.647465
http://creativecommons.org/licenses/by/4.0/
maito:tanushree.wildlife@gmail.com
https://doi.org/10.3389/fevo.2021.647465
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.647465&domain=pdf&date_stamp=2021-06-17
https://www.frontiersin.org/articles/10.3389/fevo.2021.647465/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-647465 June 11, 2021 Time: 17:19 # 2

Srivastava et al. Reproductive Synchrony in Mountain Ungulates

INTRODUCTION

Ungulates in higher latitudes and altitudes experience sharp
seasonal changes in environmental conditions and forage
abundance and quality (Post, 2003; Bronson, 2009; English et al.,
2012; Stoner et al., 2016). A shortening of the season with
palatable forage makes reproduction metabolically challenging
for these ungulates (Rutberg, 1987). In female ungulates,
nutritional demands are highest during late gestation and
lactation, the latter being greater than the former (Oftedal, 1985;
Clutton-Brock et al., 1989). Mating season in these ungulates
is separated from the birth season by an over winter gestation
period, thus maximizing the chance of late gestation and births
coinciding with peak nutritional availability in spring or early
summer (Loe et al., 2005; Moyes et al., 2011; Owen-Smith and
Ogutu, 2013). In addition to meeting lactational requirements
in spring and summer, females must gain nutritional reserves to
carry out breeding in late autumn or early winter (Parker et al.,
2005; Pettorelli et al., 2006). The acquisition of these nutritional
reserves depends on the plant growth forms on which they
primarily feed (Iversen et al., 2014). Plant growth forms strongly
influence their phenology, especially in higher latitudes and
altitudes. Grasses and forbs uptake nutrients faster immediately
following winter compared to shrubs and other evergreens, and
therefore show faster phenological changes (Iversen et al., 2009).
Thus, a grazer faces more drastic seasonal changes in forage
quality, compared to a browser in the same environment, which
can influence the scheduling of reproduction by them (Rutberg,
1987; Owen-Smith and Ogutu, 2013). Grazers in highly seasonal
environments need to build up a capital of nutrients during the
peak in the abundance and quality of their forage, which is in
spring and summer, and then expend it during a harsh winter
and gestation. Such breeders have been termed capital breeders
(Jonsson, 1997; Stephens et al., 2009). Browsers living in the same
environment can mostly meet their resource needs for gestation
and lactation concurrently, as the quality and abundance of their
forage show relatively less drastic seasonal changes. These have
been called income breeders (Jonsson, 1997). Thus, in the same
habitat, grazers are likely to be at the capital breeder end of
the spectrum, with greater synchrony in their reproduction, and
the browsers toward income breeder end with lower synchrony.
English et al. (2012) analyzed birth season length in 38 ungulates
and found that the synchrony in births increased with seasonality
and inter-annual constancy in Normalized Difference Vegetation
Index (NDVI), an indicator of resource availability. Rutberg
(1987) found climate to be a major driver of birth season length
in 27 species of ungulates. Both these studies did not find any
evidence for the influence of diet type on birth season length,
although it was a predictor in their analyses. As English et al.
(2012) have noted, global drivers of reproductive synchrony can
hide the influence of local drivers, especially the differences
among plant taxa in phenology which have implications on
ungulate reproduction depending on their diet type.

Most ungulates in high altitudes and latitudes switch their diet
from the growing season to winter when there is severe resource
crunch. Grazers switch from graminoids to browse or lichens,
due to drastic decline in nutritive value of graminoids as well as

limited access due to snow cover. Examples include woodland
caribou (Rangifer tarandus tarandus) (Thompson et al., 2015),
blue sheep (Pseudois nayaur) (Suryawanshi et al., 2010) and
mountain goat (Oreamnos americanus) (Fox and Smith, 1988).
Such dietary switch is followed by a drastic dip in dietary
nitrogen (N) (Klein, 1990; Barboza et al., 2018) which is the
most limiting nutrient for wild ungulates (Robbins, 1993; White,
1993). Studies suggest that 5–9% of crude protein (CP) content
is needed to maintain minimum protein balance in wild adult
ruminants (Robbins, 1993). The inability to accomplish this
would result in high nutritional stress which is in turn associated
with physiological stress [indicated by Fecal Glucocorticoid
Metabolite (FGM) levels] in barren-ground caribou (Rangifer
tarandus groenlandicus) (Joly et al., 2015), and in red deer (Cervus
elaphus) (Huber et al., 2003). In barren-ground caribou stress
levels were greater in pregnant females (Joly et al., 2015). Such
stress is expected to be greater in grazers which have to switch
from a monocot diet in spring and summer to dicots in winter, in
addition to having to depend on body reserves during gestation
in winter. In contrast, ungulates that feed primarily on browse
switch only from one dicot growth form to another during winter,
e.g., mule deer (Odocoileus hemionus) from forbs to shrubs
and elk (Cervus elaphus) from shrubs to tree foliage (Hosten
et al., 2007). Therefore, they may be under less nutritional and
physiological stress. However, comparable data on physiological
stress do not exist for browsers, to the best of our knowledge.
Nonetheless, we expect physiological stress to be associated with
gestation in grazers more than in browsers. Another factor
that influences the seasonal patterns in reproduction of these
ungulates is the photoperiod or daylength (Bronson, 1989; Zerbe
et al., 2012). In highly seasonal breeders, photoperiodic stimulus
triggers estrous and thus synchrony in conception (Spinage,
1973; Zerbe et al., 2012). However, unlike higher latitudes where
seasonal change in daylength is drastic, it is not so in tropical
latitudes. Since grazers are expected to show greater synchrony
in reproduction, we can expect the onset of estrous in them to
be more correlated with photoperiod than in browsers in the
same environment.

In this study, we compared reproductive synchrony and
physiological stress in two sympatric ungulates in mid-altitude
Himalaya, in relation to seasonal variation in their diet quality.
With different body sizes and phylogenies, the two species
have different feeding habits (Green, 1987a), with the smaller
Himalayan musk deer being a browser feeding primarily on
dicots and the Himalayan goral feeding on graminoids, except
in winter when dicots form a significant part of their diet
(Srivastava, 2019). In their habitat, dicots have higher CP than
graminoids throughout the year without a distinct peak, while
the graminoids have a distinct peak in the growing season and a
rapid decline in autumn (Srivastava, 2019). The gestation period
which mostly coincides with winter ranges from 183 to199 days
in Himalayan musk deer (Mithileshwari et al., 2016) and 170 to
218 days in Himalayan goral (Duckworth and MacKinnon, 2008).
We therefore expected seasonal reproductive patterns in both
species to exhibit strong associations with seasonal variations
in fecal CP, an indicator of diet quality in ungulates (Leslie
et al., 2008). We expected the fecal glucocorticoid metabolite
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(FGM) concentration, a widely used indicator of physiological
stress (Keay et al., 2006), to be negatively related to the fecal
CP in both the species and positively correlated with gestation.
Finally, since seasonal changes in daylength are more gradual in
the sub-tropics compared to higher latitudes, we hypothesized
poor association of daylength with the reproductive seasonality
in both the ungulates. We specifically asked—(1) How do the
variations in fecal metabolites of estradiol, progesterone and
glucocorticoids relate to different reproductive stages, including
estrous, gestation and parturition? (2) Do the reproductive stages
correlate with diet quality, physiological stress and daylength?
(3) Which is more closely related to increased stress levels –
reproductive stages or diet quality?

MATERIALS AND METHODS

Study Area
We conducted this study in and around Kyongnosla Alpine
Sanctuary in Sikkim, India (Figure 1A), from December 2014
to December 2015. The Sanctuary encompasses an area of
31 km2 with an elevational range of 3,200–4,200 m. Three wild
ungulates occur here—the Himalayan musk deer, Himalayan
goral and Himalayan serow (Capricornis sumatraensis thar).
Musk deer and goral have overlapping distribution, with the
former mostly occurring >3,300 m and goral mostly <3,600 m.
Although serow is distributed across the altitude gradient, it is
less abundant (Srivastava and Kumar, 2018). Musk deer is solitary
and territorial while goral occurs in small groups of 4–6 animals,
including males and females (Menon, 2014).

The area experiences a highly seasonal climate with
the maximum temperature recorded during this study as
18.50 ± 0.70◦C in July below 3,600 m and minimum temperature
being -8.27 ± 0.52◦C in January above 3,600 m. Areas < 3,600
m had snowfall from January to April, with 80% snow cover in
January, while areas >3,600 m remained snow covered from
November till May, with the snow cover between 50 and 100%.
Based on the mean minimum and maximum temperatures
recorded and the data on vegetation phenology in the area, we
could group the months into four seasons: spring (April–June),
summer (July–September), autumn (October–December), and
winter (January–March) (Srivastava, 2019).

Fecal Sample Collection
We marked five permanent trails in musk deer habitat and four
trails in goral habitat (Figure 1B) ranging from 600 to 900 m in
length (Table 1). We spaced the trails at least 2–2.5 km apart
from each other so that the home ranges of different animals
in case of musk deer (0.47–1.81 km2 in Moschus chrysogaster
and M. moschiferous, Green, 1987b; Zaitsev et al., 2015) and
different groups of goral (1.08–1.46 km2, Cho et al., 2015), did
not overlap. This minimized the probability of sampling the
same animal on different trails. We monitored each of these
trails in the morning at an interval of 4–5 days, from January
to December 2015, to collect only fresh fecal samples. From
each pellet group encountered, we collected around 10 pellets.
Also, to avoid pseudo replication, we either removed or marked

the pellet groups collected. The fecal pellets of the two species
were identified visually as they were of different sizes and shapes
(Figure 2). To avoid steroid hormone degradation in the fecal
samples collected, they were oven-dried at 60◦C for 48 h on the
same day of collection in the field and then stored at -20◦C until
further laboratory analysis.

Estimation of Fecal Hormone
Metabolites
We measured the concentrations of fecal metabolites of
estradiol, pregnanediol-3-glucuronide (PdG), testosterone and
glucocorticoids. Estrogen metabolites have been used for
determining the onset of estrous and length of estrous cycles
in ungulates (Plotka et al., 1980; Conception et al., 2011).
Metabolites of progesterone are widely used for pregnancy
detection in many ungulates (Shivaji et al., 2003; Cain et al.,
2012; Khonmee et al., 2014a; Mithileshwari et al., 2016) and in
the identification of estrous and luteal phases (Kirkpatrick et al.,
1992; Schwartz et al., 1995; Kapke et al., 1999). Typically, estrogen
peaks at the time of ovulation and troughs during diestrus and
pregnancy. Progesterone levels trough during estrous, remain
high during luteal phase, but reach the highest concentrations
during pregnancy, with a sharp drop at parturition (Budithi
et al., 2016; Mithileshwari et al., 2016). We used FGM to assess
stress levels as used in other ungulates (Saltz and White, 1991;
Huber et al., 2003; Keay et al., 2006). We used testosterone in
combination with estradiol and PdG to assign sex to the collected
fecal samples (Oates et al., 2002; Bajra et al., 2008, 2011).

Extraction of Fecal Steroid Metabolites
We extracted fecal steroid metabolites (Estradiol, PdG,
testosterone and glucocorticoids) following standard procedures
(Umapathy et al., 2013; Budithi et al., 2016). Dried pellet samples
were pulverized and 0.2 gm of each was boiled in 5 ml of 90%
ethanol for 20 min, then centrifuged at 500 g for 10 min and the
supernatant was transferred into a fresh glass tube. The pellet
was re-suspended in 5 ml of 90% ethanol, vortexed for 1 min and
centrifuged again. Both the supernatants were pooled, dried at
40◦C in oven and re-suspended in 1 ml of absolute ethanol and
stored at -20◦C until assayed.

Hormone Assays and Validation
We estimated fecal estradiol concentration using estradiol
polyclonal antibody (R0008; Dr. Coralie Munro lab, University of
California, Davis, CA, United States). Estradiol antibody cross-
reacts 100% with estradiol, 3% with estrone and 1% with others
(Umapathy et al., 2015). We estimated fecal PdG concentration
using PdG polyclonal antibody (R13904; Dr. Coralie Munro
lab, University of California, Davis, CA, United States). PdG
antibody cross-reacts 100% with PdG, 45% with 20α hydroxy-
4-pregnen-3-one and less than 10% with other progestagens
(O’Connor et al., 2011).

We measured fecal testosterone concentrations using
testosterone polyclonal antibody (R156/7; Dr. Coralie Munro lab
University of California, Davis). Cross-reactivity of testosterone
antibody with testosterone 100%, dihydrotestosterone was
57.4%, <0.3% with androstenedione and < 0.1% with
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FIGURE 1 | Study area map showing (A) location of Kyongnosla Alpine Sanctuary in Sikkim (B) classification of elevation zones and location of sampling
trails—Trails located in elevation zones below 3,600 m are for goral and those above 3,600 m are for musk deer.

TABLE 1 | The number of fecal samples of musk deer and goral collected from different trails in different months starting from January to December coded as 1 to 12.

Trail name Length (m) Number of samples collected

Musk deer 1 2 3 4 5 6 7 8 9 10 11 12 Total

T1 900 0 0 0 0 7 6 7 4 3 1 4 0 32

T2 600 4 5 1 0 10 5 5 4 1 1 4 4 44

T3 600 0 0 0 0 7 9 9 3 0 0 0 0 28

T4 700 2 3 0 1 6 5 9 6 1 0 1 2 36

T5 800 2 0 1 1 4 19 5 6 0 1 0 0 39

Total 179

Goral 1 2 3 4 5 6 7 8 9 10 11 12 Total

T5 800 3 3 0 0 1 2 3 2 2 3 6 5 30

T6 700 5 4 0 0 8 7 4 3 3 2 4 3 43

T7 600 6 8 0 1 5 3 2 2 4 4 4 8 47

T8 600 0 0 0 0 2 7 3 4 3 3 5 2 29

Total 149

androsterone, dihydroepiandrosterone, β-estradiol and
progesterone (Dloniak et al., 2004; Kumar et al., 2014). We
measured FGM concentration using cortisol polyclonal antibody
R4866; Dr. Coralie Munro lab University of California,
Davis). The cortisol antibody cross-reacts with cortisol
100%, prednisolone 9.9%, prednisone 6.3% cortisone 5%
and <1% with corticosterone, desoxycorticosterone, 21 -
desoxycortisone, testosterone, androstenedione, androsterone
and 11-desoxycortisol (Young et al., 2004; Kumar et al.,
2014, 2019). We followed previously validated methods
in our laboratory for all the Enzyme Immunoassays
(EIAs) including PdG (Mithileshwari et al., 2016), estradiol
(Munro and Lasley, 1988; Umapathy et al., 2015), testosterone

(Kumar et al., 2014), and cortisol (Kumar et al., 2014, 2019). We
have also biologically validated these hormones in musk deer
for PdG (Mithileshwari et al., 2016) estradiol, testosterone and
cortisol (Unpublished data). For goral, we could not perform
the physiological validation due to non-availability animals in
captivity, however these hormones have been validated in other
species i.e., Chinese goral (Naemorhedus griseus) (Khonmee
et al., 2014a,b).

We drew parallel displacement curves to demonstrate
parallelism between the pooled fecal extracts of musk deer and
goral (endogenous hormone) and their respective standards
(exogenous hormone) to determine the optimum fecal sample
dilution at 50% binding and validated immunogenicity of
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FIGURE 2 | Photographs of fecal pellets of (A) musk deer and (B) goral, for size and shape comparisons.

endogenous hormone with respective assay antibodies (Kumar
and Umapathy, 2019). The pooled fecal extracts of musk deer
and goral and standard curves showed similar slopes for all the
hormones (within r = 0.90). We calculated assay sensitivities at
90% binding and found them to be 1.95 pg/well for estradiol, 39
pg/well for PdG, 1.17 pg/well for testosterone and 1.95pg/well
for cortisol. The respective intra and inter-assay coefficients of
variation (CV) were 3.82 and 6.01% (n = 10) for estradiol, 6.81
and 8.42% (n = 10) for PdG, 3.87 and 6.57% (n = 10) for cortisol
and 6.83 and 8.54% for testosterone (n = 10). Recovery of known
amount of unlabeled hormones were 90 ± 3.83%, 85.1 ± 2.4%,
87.3 ± 5.3%, and 83.6 ± 4.3% for PdG, estradiol, testosterone
and cortisol, respectively. Moreover, the correlation (r2) and slope
(m) values for the recovery of hormones were r2 = 0.99, m = 0.92;
r2 = 0.99, m = 0.96; r2 = 0.98, m = 0.94; and r2 = 0.98, m = 0.92
for PdG, estradiol, testosterone and cortisol, respectively. We
performed the EIAs for PdG (Mithileshwari et al., 2016), estradiol
(Umapathy et al., 2015), testosterone (Kumar et al., 2014), and
cortisol (Budithi et al., 2016) as described previously.

Fecal CP Estimation
We used fecal CP content as an indicator of the quality of
ungulate diet (Leslie et al., 2008). We used a subsample from
each dried pellet group to estimate fecal CP. We ground the dried
subsamples in a Willey mill at 0.20 mm mesh size to estimate
total Carbon (C) and Nitrogen (N) using a CN analyzer (Leco
Instruments, St Joseph, MI, United States). Following this, we
multiplied the N values with 6.25 to obtain CP content (Klein,
1990; Parker et al., 2005).

Data Analyses
Sex Assignment to Samples
We were unable to identify sex of the collected fecal samples using
molecular genetics due to logistic constraints. We, therefore, used
the concentrations of testosterone + PdG + estradiol (T + P + E)
and the testosterone/PdG (T/P) ratio to assign sex to each fecal
sample using k-means conglomerate analysis (using package
stats in R), both of which have shown higher values in males

in many mammals (Bajra et al., 2008, 2011). We additionally
used estradiol/testosterone (E/T) ratio as reported in echidnas
Tachyglossus aculeatus for sexing the samples (Oates et al., 2002).
Previously, population level estimates of fecal hormones without
assigning sex to the collected samples have been used by Creel
et al. (2009) to conclude over aspects of reproductive and stress
physiology of elk. We expect that our method has excluded
the female calves with low concentrations of estradiol and PdG
from the analysis by classifying them as males, thus further
refining the results.

Prior to statistical analysis, we tested the dataset for normal
distribution using Kolmogorov-Smirnov test of normality (using
package ks in R). We used Mann-Whitney-Wilcoxon statistic to
test for differences between the two groups in the concentrations
of hormone metabolites.

Identification of Peaks in Hormone Metabolite
Concentrations
For samples that we identified as those of females, we plotted the
concentrations of estradiol and PdG against day of collection,
and set mean + 2SD as a threshold to estimate baseline and
peak values (Brown et al., 2004). We also examined monthly
variations in fecal concentrations of estradiol, PdG and FGM. We
used linear regression to examine the relationships of response
variables i.e., the monthly estradiol and PdG concentrations with
the explanatory variables i.e., fecal CP, fecal FGM, and daylength
(calculated using the Geosphere package in R). All the analyses
were done with statistical software R 3.0.1 (R Development Core
Team, 2013).

RESULTS

As both the study species were rare in the area (Srivastava and
Kumar, 2018), even after continuous repeated monitoring of the
trails we were able to collect only a limited number of samples.
The number of samples collected varied greatly between different
trails as well as months (Table 1). In all, we collected 179 fecal
samples of musk deer and 149 samples of goral.

Frontiers in Ecology and Evolution | www.frontiersin.org 5 June 2021 | Volume 9 | Article 647465

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-647465 June 11, 2021 Time: 17:19 # 6

Srivastava et al. Reproductive Synchrony in Mountain Ungulates

Sex Assignment
The k-means conglomerate analysis for the variables T + P + E,
T/P ratio and E/T ratio revealed that these samples belonged to
two groups with significantly different T + P + E concentrations
(Mann-Whitney-Wilcoxon Test, p < 0.000) for both the species.
Group 1 comprised of samples with significantly lower T + P + E
concentration and higher E/T ratio and assigned as females
(Table 2). Group 2 had samples with high T + P + E concentration
and low E/T ratio and were assigned as those of males (Oates
et al., 2002; Bajra et al., 2011). We did not find any difference in
the T/P ratio between the two groups of both the species. Based
on the analysis, 161 fecal samples of musk deer and 111 samples
of goral were assigned as females.

Reproductive Synchrony
We examined reproductive synchrony with reference to
concentrations of fecal metabolites of estradiol and PdG in
individual female samples as well as monthly means across all
female samples. In musk deer, individual estradiol concentrations
showed values above the threshold (mean + 2SD) between
February and May representing cycling females (Figure 3A). The
monthly mean concentrations of estradiol between January and
May were also higher compared to other months clearly showing
estrous (Figure 5). Individual as well as monthly mean PdG
concentrations in musk deer were also higher than the threshold
between January and March and also sporadically between
August and October indicating dispersed pregnancies (Figures
3B, 5). However, the lowest concentrations of fecal PdG were
in May and June, indicating parturition. Thus, both estradiol
and PdG concentrations in individual samples and monthly
means showed a dispersed estrous, gestation and parturition. In
goral, individual estradiol concentrations above the threshold
occurred in October on all trails reflecting synchronized estrous
(Figure 4A). Although we did not have fecal samples for goral
in March and April, the highest mean monthly concentration
of estradiol was also in October (Figure 4). Individual PdG
concentrations above threshold were in December, January,
and February reflecting pregnancies (Figure 4B). The mean
monthly PdG levels showed an increase from October indicating
pregnancies, with a trough in May–June indicating parturition
(Figure 5). Thus, the estradiol and PdG levels in goral show
greater synchrony in estrous and parturition, respectively.

Diet Quality, Physiological Stress, and
Daylength
In musk deer, diet quality, measured as fecal CP, was the lowest in
January-April coinciding with estrous period (Figure 5). Fecal CP
showed a sharp rise from May to July and remained high in the
second half of the year coinciding with parturition and lactation.
Monthly estradiol concentration showed a significant negative
relationship with fecal CP (Table 3), indicating that the estrous
cycles occurred when diet quality was poor. PdG concentration
was not correlated with fecal CP. In goral, the fecal CP was lower
than that in musk deer and showed a sharp increase from April
to July, followed by an equally sharp decline reaching <15% in
winter (Figure 5). The highest levels in fecal CP coincided with

parturition and lactation as indicated by the lowest levels of PdG.
Thus, in both species parturition and lactation coincided with
high diet quality.

In musk deer, FGM concentrations were higher in spring
and summer months between April and July which is also the
period of peak in fecal CP (Figure 5), however it was not
correlated with fecal estradiol or PdG concentrations (Table 3).
In goral, fecal estradiol concentration did not show a significant
relationship with any of the predictor variables (Table 3).
Fecal PdG, on the other hand, showed significantly positive
relationship FGM (Table 3 and Figure 5), indicating that goral
had gestation related stress which was not evident in musk
deer. Daylength was not correlated with any of the hormonal
metabolites in the both species, indicating a lack of its influence
on reproductive phenology.

DISCUSSION

To the best of our knowledge this is the first study to show
differences in reproductive synchrony in relation to diet type and
quality in sympatric ungulates. Previous studies have identified
climate (Rutberg, 1987) and NDVI (English et al., 2012) as major
drivers of birth season length in ungulates at a global scale, with
diet type having no influence at that scale. In addition, we also
examined the variation in physiological stress which in many
female ungulates is related either to nutrition or reproduction.

Reproductive Synchrony
Because estrogen shows sharp peaks and troughs over a few
days, compared to progesterone which shows high levels during
luteal phase and pregnancy, it is easier to detect estrous using
estradiol than to detect pregnancy using PdG. For example, in
captive female Himalayan musk deer PdG levels started rising
soon after conception, with a significant increase from the third
month till parturition when it dropped sharply to baseline levels
(Mithileshwari et al., 2016). High estradiol concentrations in
musk deer from January to April indicate a diffused estrous
season. While the elevated levels of PdG from January to May
indicate gestation in the population and low levels in May and
June indicate parturition, the elevated levels in the following
months indicate gestation in females that were in estrous in April
and May. Therefore, musk deer in the Himalayan subtropical
forests seems to have a prolonged mating season from late winter
to early spring, and an equally long birth season in summer and
autumn. Similar patterns have also been reported by Qi et al.
(2011) in captive forest musk deer (Moschus berezoski), where the
mating season extended from October till early March and the
fawning season from April till August.

In goral, peak estradiol concentrations in October on all the
trails clearly show high estrous synchrony and a short mating
season, as is also reported in both wild and captive Chinese goral
(Lekagul and McNeely, 1988; Khonmee et al., 2014a). Rutting
and mating activities in October have previously been observed
in wild Himalayan goral (Lovari and Apollonio, 1994). Low
concentrations of PdG in May and June indicate synchronized
parturition. Unlike in musk deer, PdG concentration remained
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TABLE 2 | Fecal concentrations (ng/g) (Mean ± SE) of T + P + E, T/P ratio and E/T ratio in musk deer and goral.

Fecal hormone metabolites Musk deer Goral

Group 1 Group 2 Group 1 Group 2

T + P + E 1210.08 ± 48.17a 4297.20 ± 395.24b 1205.00 ± 46.46a 3218.89 ± 144.06b

T/P ratio 0.17 ± 0.01a 0.17 ± 0.05a 0.55 ± 0.05a 0.42 ± 0.06a

E/T ratio 1.94 ± 0.31a 0.68 ± 0.31b 0.51 ± 0.06a 0.32 ± 0.06a

Mean values with significant differences (p < 0.05, Mann-Whitney-Wilcoxon Test) have different superscript letters (a, b). Group 1 = females; Group 2 = males.

FIGURE 3 | Fecal hormone metabolite concentrations in musk deer in various sampling trails (T1, T2, T3, T4, and T5) (A) Estradiol; (B) PdG.

low in goral after May–June till the next estrous in October,
indicating anestrous.

The dispersed estrous cycles and births in musk deer and the
relatively high sychrony in goral correlate with the differences in
their diet composition and quality. Partly overlapping habitats
of musk deer and goral have similar biomass in graminoids,
forbs and shrubs across seasons, with forbs forming about
70% of the biomass (Srivastava, 2019). However, in all months
musk deer which fed primarily on dicots had higher fecal CP
indicating better quality diet than goral which fed primarily
on graminoids except in winter when it also fed on browse
(Srivastava, 2019). Fecal CP remained high in musk deer in
summer and autumn, during their long birth season. Fecal CP
was the lowest during winter and early spring, coinciding with

dispersed estrous. Thus fecal CP in musk deer was negatively
correlated with estradiol concentration. In goral, there was a
sharp increase in fecal CP from spring, peaking in May to July,
which coincided with the lowest PdG levels indicating parturition
during peak diet quality. Fecal CP levels remained <15% in
late autumn and winter, during estrous and early gestation. In
goral, a negative correlation between PdG and fecal CP, and the
rise in fecal CP from April followed by probable parturition
in May and June indicate that goral timed parturition to
coincide with sharp increase in diet quality. Ungulates in seasonal
environments are known to time parturition and lactation to
capture the period of maximum forage quality and productivity
(Sadlier, 1969; Parker et al., 2009; Kerby and Post, 2013a;
Stoner et al., 2016). While this is true for both the species
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FIGURE 4 | Fecal hormone metabolite concentrations in goral in different sampling trails (T5, T6, T7, and T8) (A) Estradiol; (B) PdG.

in this study, we also show that the duration of high diet
quality can vary among sympatric ungulates depending on their
primary diet type and this is reflected in the synchrony of
reproduction in terms of duration of mating and birth seasons.
This influence of diet type on reproductive synchrony, due to
differences in phenology of plant growth forms, hypothesized by
Rutberg (1987) would not be captured by global scale analyses
that also include climate (Rutberg, 1987), latitude and NDVI
(English et al., 1987).

This difference has implications on the impact of climate
change on reproduction in these two species. A trophic
mismatch between peak abundance of food resources and
peak demand by consumers, often at breeding time, due to
changes in plant phenology caused by climate change has been
reported in many species (Thackeray et al., 2010). Income and
capital breeders have been shown to respond differently to
perturbations in resource abundance due to climate change.
For example, reproductive performance in caribou, an income
breeder, decreased due to trophic mismatch in the concurrent
year, while that of the sympatric muskoxen (Ovibos moschatus),
a capital breeder, was sensitive to resource conditions in the
previous years (Kerby and Post, 2013b). Moreover, caribou
was more likely to experience calf mortality while muskoxen
skipped births. We found that musk deer was in the income
breeder end of the spectrum, with relatively long estrous and

birth seasons, and goral to be at the capital breeder end
with much shorter estrous and birth seasons. By analogy
with Kerby and Post (2013b), we would expect must deer to
respond to concurrent perturbations in plant phenology due
to climate change, and goral to respond to perturbations in
previous years. These two species provide an ideal system to
explore the differential impact that climate change can have on
sympatric species.

Physiological Stress
In musk deer, neither fecal estradiol nor PdG was related to
FGM concentrations, thus indicating that it did not exhibit stress
related to reproduction or to low diet quality (Budithi et al., 2016;
Tyagi et al., 2019). In goral, on the other hand, levels of fecal
PdG and FGM were positively correlated indicating high stress
co-inciding with gestation. Increased levels of stress hormones
during late gestation or birthing period have been reported in
pregnant barren-ground caribou (Joly et al., 2015), mandrills
(Mandrillus sphinx) (Charpentier et al., 2018), sifaka (Propithecus
verreauxi) (Brockman et al., 2009), and in red pandas (Ailurus
fulgens) (Budithi et al., 2016).

Since the highest concentrations of FGM in both musk deer
and goral were recorded in spring and summer when diet quality
was also the highest, there might be other reasons for high
stress levels. One is the presence of livestock during summer
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FIGURE 5 | Monthly variations in fecal hormone metabolite concentrations and fecal CP in musk deer and goral. Box represents the interquartile range; horizontal
line in the middle of the box is the median and the whiskers are the variability outside the upper and lower quartiles.
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TABLE 3 | Model parameter estimates and adjusted R-squared values (r2adj) of linear regression models used to fit fecal hormone metabolites (estradiol and PdG) of
musk deer and goral against fecal CP, FGM and daylength.

Fecal hormone metabolite Model Parameter Estimate SE t-value p-value r2
adj

Musk deer Estradiol Intercept 511.10 162.12 3.15 0.014* 0.441

Fecal CP −19.40 6.49 −2.99 0.017*

FGM 2.26 2.74 0.82 0.434

Daylength −6.28 9.75 −0.65 0.537

PdG Intercept 2547.25 1617.29 1.56 0.154 −0.088

Fecal CP −36.96 64.79 −0.57 0.584

FGM 23.96 27.37 0.88 0.407

Daylength −89.58 97.22 −0.921 0.384

Goral Estradiol Intercept 433.60 122.39 3.54 0.012* 0.448

Fecal CP 3.66 7.19 0.51 0.629

FGM −8.43 4.25 −1.98 0.095

Daylength −24.97 14.62 −1.71 0.138

PdG Intercept 1100.35 825.37 1.33 0.231 0.790

Fecal CP −87.68 48.51 −1.81 0.121

FGM 112.38 28.68 3.92 0.008**

Daylength −18.06 98.59 −0.18 0.861

*p < 0.05, **p < <0.01.

when forage quality was the highest (Srivastava, 2019). With yaks
(Bos grunniens) grazing in the area, both species of ungulates
might be facing some level of resource competition, when they
have to meet their late gestation and lactation requirements.
Second is the presence of a large population of feral dogs
(Canis familiaris) in the village settlements and army camps just
outside the sanctuary. From our camera trap data, we found
that during spring and summer the dog capture rates were
almost equal in both goral (13.95 ± 4.75 capture/100 days)
and musk deer (14.26 ± 3.20 capture/100 days) habitats. More
importantly, the capture rate of dogs increased in goral habitat
(21.50 ± 7.27 capture/100 days) during winter coinciding with
its gestation period and resulting in elevated stress levels as
evident from the FGM concentrations. In musk deer habitat,
dogs decreased during winter (2.69 ± 1.32 capture/100 days),
mostly due to heavy snow cover in higher elevations. In our
camera traps, we could record pack of dogs following gorals.
During the study period, a few ungulate kills reportedly by
feral dogs were also recorded (unpublished data). Feral dogs
have recently been recognized as a major threat to wildlife,
especially wild mammals, primarily due to predation (Doherty
et al., 2017; Home et al., 2017). They are also known to increase
stress levels not only by directly killing them, but also by
harassing and chasing them (Lenth et al., 2008; Young et al.,
2011). Stress levels in wild ungulates do not get elevated due
to the presence of natural predators (Creel et al., 2009; Zbyryt
et al., 2017), but anthropogenic factors could increase stress
levels in ungulates due to unpredictable nature of occurrence
(Zbyryt et al., 2017). The presence of predators can also cause
disruption of reproductive cycles in ungulates, as has been
reported in elk (Creel et al., 2009). These two hypotheses need
to be tested in future.

Finally, the lack of a relationship between reproductive
hormones and daylength in both the species, despite both being
seasonal breeders, could be attributed to the location of the study
area in the sub-tropical latitude where daylength might not be as

important a factor in triggering reproductive stages as reported in
higher northern latitudes (Owen-Smith and Ogutu, 2013).

CONCLUSION

Ungulates are expected to differ in synchrony of reproduction
depending on phenology of the plant taxa that they primarily
feed on. In this study we have shown that the Himalayan musk
deer, a browser, has long estrous and birth seasons both of
which are much shorter in the Himalayan goral, a grazer. This
difference closely reflects seasonal changes in diet quality, that of
goral showing a much sharper seasonal peak than that of musk
deer. This in turn reflects seasonal phenology of the plant taxa
that they primarily feed on. Previous studies at a global scale
using proxies such as climate, latitude and NDVI have found no
relationship between diet type and reproductive synchrony, since
these proxies do not capture local scale differences in phenology
among plant taxa. Our results imply that sympatric ungulates can
differ in their response to climate change which influence plant
taxa differently. We also found that physiological stress in the
both the species was highest during spring and summer, when
diet quality was also high, and not in winter when stress levels
in ungulates in higher latitudes are highest. We hypothesize that
grazing by domestic yak and harassment and predation by feral
dogs are potential causes.

This study, however, had some limitations within which we
have interpreted the results. We have used low T + P + E and high
E/T ratio to separate fecal samples of females. While it is unlikely
that we falsely included males, it is likely that this excluded some
female samples. In spite of continuous monitoring of trails, fecal
samples were not always found. Therefore, it is also likely that
in some cases we have missed the peaks in estradiol as they
last for a day or two. Finally, we could not identify individuals,
therefore, samples from different sampling ocassions could have
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come from different individuals. This is especially true in the
case of goral which lives in groups of three to five. In contrast,
musk deer is solitary and territorial and therefore samples from
a trail could be mostly of the same individual. Despite these
limitations, this study provides information for the first time
on seasonality of reproduction in these species in the wild and
the timing of different stages with seasonal variations in diet
quality. More importantly, our findings highlight the importance
of studying the relationship among reproductive biology, diet
quality and plant phenology at local scales in order to understand
species differences in response to global phenomena such as
climate change. We highlight the importance of studying whether
livestock and feral dogs increase stress levels in these two species
and disrupt their reproductive cycles, apart predation.
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