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Human disturbance has become a widespread threat to wildlife viability. The Asian elephant (Elephas maximus), an endan-
gered and disturbance-prone species, is under severe threat from habitat loss and fragmentation, human–elephant conflict
and poaching. Establishing connections between human disturbance, stress responses and reproduction is crucial for assess-
ing the long-term survivability of a species and will provide critical information for conservation management. The current
study investigated the effects of human disturbance on population-level stress responses and stress-related effects on repro-
ductive potential of wild Asian elephants in Xishuangbanna Dai Autonomous Prefecture, China. We used a radioimmunoassay
to measure the concentration of fecal cortisol and estradiol in 257 samples collected from five local populations at 15 sites over
4 years. Human disturbance in Xishuangbanna was quantified based on the Ecological-Niche Factor Analysis model. We found
that fecal cortisol concentrations were strongly positively correlated with the degree of human disturbance and increased
markedly with the expansion of tea plantations. Percentage of non-stressed individuals in a population was higher depending
on the extend of undisturbed area in their home ranges. Fecal estradiol concentrations decreased significantly with increasing
stress levels. Our results suggest that human disturbance poses environmental challenges to wild Asian elephant populations,
and chronic exposure to human disturbance could lead to population decline. The study demonstrates the efficacy of non-
invasive endocrine monitoring for further informing management decisions and developing conservation strategies.
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Introduction
Human disturbance, one of the principle issues of concern
in conservation, has generally been considered a widespread
environmental challenge and a principle threat to biodiversity

(Foley et al., 2005; Murphy and Romanuk, 2014). Glob-
ally, expanding pastures, plantations and urban areas have
encroached on a large portion of the natural habitats of
wildlife. Animals adjust their distribution and behaviour to
avoid contact with humans (Gill, 2007; Gaynor et al., 2018).
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However, as the human footprint expands, fewer areas are
available for animals to seek spatial refuge from people
(Venter et al., 2016). In this situation, animals in the wild
must compete with humans for space and resources (Madden,
2004), which results in severe human–wildlife conflicts, and
neither side benefits from such conflict.

Human disturbance could be considered as a whole group
of factors, including human activity, indirect effects such as
food accessibility (Martin and Réale, 2008), and potential
facilitators such as geographical conditions and biological
characteristics of the given species. Numerous studies have
documented the effects of human disturbance on wildlife,
most of which selected several disturbance factors, such as
noise, roads and tourism as indicators of human disturbance
(Wrege et al., 2010; Creel et al., 2013; Bhattacharjee et al.,
2015). Studies aiming to quantify human disturbance have
also been carried out. For example, Gill et al. (1996) cal-
culated the extent of human disturbance as the number of
disturbance events per minute of observation. Liker et al.
(2008) quantified the degree of urbanization by scoring the
occurrence of three major land-cover types and calculated the
‘urbanization score’ as the PC1 score of a principal compo-
nent analysis. French et al. (2011) used the ‘human exposure
frequency’ as a measure of human disturbance, which was
calculated based on the number of days in which human
presence was observed at least once divided by the number
of observation days in the observation period. However, few
studies have explored a method that integrates both direct and
indirect effects of human activity and the geographical and
biological characteristics of a given species that potentially
facilitate disturbance.

In the present study, we used the ‘human–elephant conflict
risk model’ (Li et al., 2018) to quantify the degree of human
disturbance. This model was built on the ecological-niche
factor analysis (ENFA) model, which has often been used
to assess habitat suitability and human–wildlife conflict risk,
and to predict species distribution (Le Lay et al., 2001; Hirzel
et al., 2002, 2006; Enari and Suzuki, 2010; Mateo-Tomás
et al., 2012). The ENFA model based on presence-only data
shares similar principles with the principal component anal-
ysis; i.e. it extracts the primary information of each ecogeo-
graphical variable to obtain the specialization factors, which
are orthogonal and contain most of the relevant informa-
tion (Hirzel et al., 2002, 2006). Human–elephant conflict
occurs when the needs of humans and elephants negatively
affect each other, essentially because the expansion of human
activity has occupied resources traditionally controlled by
the elephants. The indirect effects and potential facilitators
of human disturbance are not always observable or easy to
locate. Thus, the locations where the conflict occurred are
ideal ‘present points’ of human disturbance and provide large
amounts of information pertaining to the consequences of
disturbance.

Human disturbance may act as stressors and stimulate
the hypothalamic–pituitary–adrenal (HPA) axis, resulting

in elevated glucocorticoid levels. For instance, wildcats
(Felis silvestris), giant pandas (Ailuropoda melanoleuca),
elks (Cervus elaphus) and wolves (Canis lupus) exposed
to human disturbance showed increased glucocorticoid
concentrations (Creel et al., 2002; Owen et al., 2004; Piñeiro
et al., 2012). Glucocorticoids, the end product of the HPA
axis, help an organism maintain homeostasis after facing a
challenge and mobilize resources to provide energy but also
induce negative consequences, such as reproductive failure,
stereotypic behaviour and immunosuppression (Liu et al.,
2006; French et al., 2010; Strasser and Heath, 2013). In
mammals, elevated cortisol (the mammalian glucocorticoid)
is a risk factor for ovarian dysfunction, preterm delivery
and low birth weight (Mazor et al., 1994; Shively et al.,
1997; Corner et al., 2010). Besides, the developmental stress
can have long-lasting effects on the reproductive success of
future generations (Naguib et al., 2006; Mumby et al., 2015).
Therefore, establishing links between human disturbance,
physiological stress and reproduction is crucial for assessing
the effect of human disturbance on the self-maintenance
capability of wildlife populations.

The hypothalamus–pituitary–gonad (HPG) axis is a
neuroendocrine system that regulates the reproductive
function of the body. It is mainly composed of GnRH secreted
by the hypothalamus, LH and FSH secreted by the pituitary
and estradiol secreted by the gonad. Numerous studies have
shown that excessive secretion of glucocorticoids during
stress response can affect reproductive function at three
levels of the HPG axis: hypothalamus (inhibition of GnRH
secretion), pituitary (interfering with GnRH-induced LH
release) and gonad (suppressing the stimulatory effect of
gonadotropins on estradiol secretion) (D’ Agostino et al.
1990; Baldwin et al., 1991; Kol et al., 1998; Daley et al.,
1999; Consten et al., 2001; Dufourny and Skinner, 2002a,b;
Gaytán et al., 2002). Therefore, in the context of this study,
estradiol level can be used as an indicator of HPG axis
dysfunction caused by long-term stress.

Asian elephants (Elephas maximus) are large, aseasonally
breeding mammals and are endangered across their distri-
bution (IUCN, 2019). The Asian elephant is also a first
category protected species in China (State Administration
of Forestry and Grassland, 2009). The wild population was
estimated at between 41 410 and 52 345 individuals (Suku-
mar, 2003), with China maintaining 216–243 wild elephants
(Zhang, 2018). The current distribution of Asian elephants
in China is confined to Xishuangbanna Dai Autonomous
Prefecture (Xishuangbanna), Lincang City and Pu’Er City
(Zhang et al., 2015). More than half of the wild Chinese pop-
ulation inhabits Xishuangbanna, and the ratio of age classes
of elephants in Xishuangbanna was 9.25:16.29:29.96:44.49
(calf: juvenile: sub-adult: adult). (Wang et al., 2018; Zhang,
2018). Xishuangbanna is currently one of the most productive
regions for rubber and tea in China, leading to severe habitat
loss and fragmentation and other damage such as pollution
(Liu et al., 2017). Accordingly, human–elephant conflict in
Xishuangbanna has been increasing in both severity and
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frequency. Managing human disturbance requires an accurate
evaluation of that disturbance and a better understanding
of endocrine indicators of disturbance and how disturbance
affects reproduction and survival. Our objective was to test
the hypothesis that human disturbance could act as envi-
ronmental stressors to wild Asian elephant populations. We
investigated the links between the degree of human distur-
bance, cortisol concentrations (which correspond to phys-
iological stress) and estradiol concentrations (which corre-
spond to reproductive function). In addition, we hypothe-
sized that prolonged exposure to human disturbance would
impair reproductive potential, which would be associated
with increased cortisol concentrations.

Materials and methods
Study area
The 19 100 km2 Xishuangbanna, Yunnan Province (99◦58′–
101◦50′E, 21◦09′–36′N) is in the southwest of China, border-
ing Myanmar to the South and Laos to the southeast, and is
close to Thailand (Fig. 1). Xishuangbanna is warm and moist
all year round, with an annual mean temperature of 15.1–
21.7◦C and an annual rainfall of 1193–2491 mm. The wet
season lasts from May to October, and the dry season lasts
from November to April of the next year. The Xishuangbanna
National Nature Reserve, with a total area of 2425 km2, is
in Xishuangbanna and consists of five sub-protected areas,
which are geographically discontinuous: Mengyang, Shangy-
ong, Mengla, Menglun and Mangao. Currently, the wild
Asian elephants living in Xishuangbanna are only distributed
in Menghai County, Mengyang, Shangyong and Mengla.

Animals and sample collection
The wild Asian elephants included in this study were from
populations distributed in multiple sites of Xishuangbanna,
including the protected areas of Mengyang, Shangyong and
Mengla, and some adjacent non-protected areas. The size
of the Asian elephant populations in Xishuangbanna was
estimated to be between 106 and 117 (Zhang, 2018). Besides,
elephants in Pu’Er sometimes migrate between Xishuang-
banna and Pu’Er (Zhang et al., 2015).

The study was conducted from 2014 to 2017, and 257
fresh fecal samples were collected from 15 sites (Table 1). The
15 sampling sites were: Mengwang (MW), Yegutang (YGT),
Xintianba (XTB), Mengpeng (MP), Nanping (NP), Yexianggu
(YXG), Shanghongshahe (SHSH), Shanghuibian (SHB),
Dalongha (DLH), Zhilong (ZL), Konggeliudui (KGLD),
Mangang (MG), Zhongshan (ZS), Jingne (JN) and Sunhuan
(SH). We collected fresh fecal samples in the wet season of
each year, the sampling periods were April to May in 2014,
May in 2015, July to August in 2016, and May to June in
2017. We initiated sampling once defecation was observed
by patrols. Given that sun exposure changes hormone
concentrations (Wong et al., 2016), we collected most samples

primarily during the morning and early afternoon (09.00–
13.00 h) when sunlight was not too strong.

We measured the diameter of each sample for age estima-
tion (Reilly, 2002; Morrison et al., 2005). The shape of a dung
bolus is similar to that of a cylinder with slightly elliptical
ends. We measured the long and short axes of the elliptical
ends, and took the mean of these two measures as the diameter
for a bolus. We used the rearranged Von Bertalanffy growth
equation (Von Bertalanffy, 1938) to predict mean age (t) as a
function of bolus diameter (L):

t = (
t0 − (

1/k
)) × (In (1 − L/L∞)) ,

where t0 is the theoretical age at which dung diameter is 0, k
is the Brody growth coefficient and L∞ is the is the theoretical
maximum size of bolus diameter. According to the parameter
values (L∞, k and t0) estimated for Asian elephants by Reilly
(2002), we regarded individuals with dung diameter greater
than 12.67 cm as adults.

After measurement, the entire fecal dropping was thor-
oughly mixed to ensure an even distribution of hormones
(Wasser et al., 1996), sub-samples were then collected from
several locations of the dropping and stored at −20◦C until
hormone analysis. For DNA analysis, 5 g of dung was col-
lected for each sample peeled from the outer layer containing
exfoliated intestinal epithelial cells and preserved in 95%
ethanol. New gloves and collection tubes were used for each
sampling to avoid cross contamination. Those samples were
stored at ambient temperature and transported to the labora-
tory for cryopreservation as soon as possible. The positions
of all fecal samples were recorded using GPS (Fig. 2).

Hormone extraction
We used a vortexing extraction method described in Wasser
et al. (2000), with some modification based on Wasser et al.
(2010). The vortexing extraction was proved to produce
consistent and high (∼85–100%) recoveries of endogenous
fecal steroids in species such as grizzly bear, elk and elephant
(Wasser et al., 2000). In brief, feces were freeze-dried, pul-
verized and sifted to remove plant materials. Dry feces were
extracted (0.8 g) in 5 ml of 95% ethanol by vortexing for
30 min and centrifuging at 2250 g for 20 min. Supernatants
were recovered and centrifuged again. Supernatants were
nitrogen-dried, and extracts were diluted with 1 ml of saline
and stored at −20◦C until analysis.

RIA procedure and validation
Fecal cortisol and estradiol were measured by 125I-labelled
radioimmunoassay kits (Beijing North Biotechnology Insti-
tute, Beijing, China) using the manufacturer’s instructions.
The antibodies in these two assays were raised in rabbits.
For both assays, intra- and inter-assay coefficients of variation
were <10% and <15%, respectively. All hormone measures
were expressed per gram of dry weight to control the effects
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Figure 1: Study area: Xishuangbanna Dai Autonomous Prefecture.

Table 1: Respective sample size and individual identification result at 15 sampling sites.

Sampling site 2014 2015 2016 2017

MW YGT XTB MP NP YXG SHSH SHB DLH ZL KGLD MG ZS JN SH

Sample size (257) 9 6 18 10 13 8 15 4 9 43 16 17 26 20 43

Effective individual (161) 6 3 10 6 8 3 9 3 5 27 5 16 20 12 28

of dietary changes on hormone excretion rates (Wasser et al.,
1993).

For cortisol RIA, standards (50 μl, range 10–500 ng/ml) or
fecal extracts (50 μl) were pipetted in duplicate into tubes,
and combined with 100 μl 125I-cortisol tracer and 100 μl
antibody. In addition, we set up tubes containing 100 μl
distilled water, 100 μl 125I-cortisol tracer and 50 μl ‘0’ stan-
dard but no antibody to estimate non-specific binding and
total radioactivity. All the tubes were incubated at 37◦C for
45 min. 500 μl charcoal–dextran (0.125% Norit-A Charcoal,
0.0125% dextran in 0.1 mol PBS, PH 7.0) was then added
to separate antibody-bound and free cortisol, and the tubes
were incubated at room temperature for an additional 15 min,
followed by centrifugation at 4◦C for 15 min at 2013 g.
The precipitate was measured for 2 min in a XH-6080
radioimmunoassay γ counter (Shanghai Heyi Instruments
and Meters Co., Ltd, Shanghai, China). The sensitivity of the
assay was 2 ng/ml. The assay was validated by demonstrating

parallelism between standard curves and serial dilution of
fecal extracts (R > 0.99).

For estradiol RIA, standards (100 μl, range 10–1000 pg/ml)
or fecal extracts (100 μl) were pipetted in duplicate into
tubes, and combined with 100 μl 125I-estradiol tracer and
100 μl antibody. We set up tubes containing 100 μl distilled
water, 100 μl 125I-estradiol tracer and 100 μl ‘0’ standard
but no antibody to estimate non-specific binding and total
radioactivity. All the tubes were incubated at 37◦C for 1.5 h,
separation of antibody-bound and free estradiol was achieved
with the addition of 500 μl charcoal–dextran (0.125% Norit-
A Charcoal, 0.0125% dextran in 0.1 mol PBS and PH 7.0)
and an incubation period of 15 min at room temperature,
followed by centrifugation at 4◦C for 20 min at 2130 g.
The precipitate was measured for 2 min in a XH-6080
radioimmunoassay γ counter (Shanghai Heyi Instruments
and Meters Co., Ltd, Shanghai, China). The assay sensitivity
was 5 pg/ml. The estradiol radioimmunoassay was validated
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Figure 2: Map showing the sampling sites (filled triangles) and spatial distribution of human disturbance in Xishuangbanna.

by demonstrating parallelism between serial dilutions of fecal
samples and standards (R > 0.99).

Genetic identification of individuals
Owing to the low DNA quantities in feces (Taberlet et al.,
1996), DNA extraction was performed twice for each fecal
sample following the protocols described by Du (2017). Six
microsatellite markers for Asian elephants and four markers
for African elephants (Loxodonta africana) published by Fer-
nando et al. (2001), Cai et al. (2008), Comstock et al. (2010),
Nyakaana and Arctander (2010), Nyakaana et al. (2010),
and Kongrit et al. (2010) were tested to identify the best
markers for achieving consistently successful amplification.
We selected ten markers (EMU04, EMU07, EMU11, EMU12,
EMU14, EMU15, EMX2, FH60, FH94 and LafMS09) in
our study (see Supplementary Table S1 for details). Based
on a preliminary analysis of amplification products, we opti-
mized the PCR procedures. Cycling conditions were 95◦C
for 15 min, 40 × (95◦C for 1 min, 58◦C for 1 min and
72◦C for 1 min), and 72◦C for 15 min. The 10 μl reaction
volume consisted of 5 μl HotStar Taq mix (2.5 units HotStar
Taq DNA polymerase, 1× PCR Buffer, 1.5 mM MgCl2,
200 μM of each dNTP) (QIAGEN), 2.4 μl ddH2O, 2 μl
DNA, 0.2 μl forward primer, 0.2 μl reverse primer and 0.2 μl
bovine serum albumin (10 μg/μl). According to the multiple

tubes approach (Taberlet et al., 1996), each DNA sample was
amplified twice, and a total of four repeated amplifications
of each fecal sample were used for cross-validation of geno-
typing. The allele sizes were determined using GeneScanTM

1200 LIZ Size Standard (Applied Biosystems, USA). The
fragment sizes were analysed using Applied Biosystems 3730-
XL (Applied Biosystems, USA) and scored using GeneMapper
v.4.0. Individual identification was carried out in CERVUS
v.3.0.

Samples were typed as heterozygous at one locus when
both alleles appeared at least twice amongst the four replicates
and as homozygous when identical alleles were observed in
all replicates (Bellemain et al., 2005). If neither of those two
cases applied, then the samples were amplified another four
times for reanalysis. If more than two alleles appeared, we
treated those samples as cross contaminated and discarded
them. We considered genotypes from different samples as
representing an identical individual when all alleles at all
loci were identical. However, if there was only one mismatch
for one allele at one locus, then we assumed that those
samples belonged to the same individual (Bellemain et al.,
2005; Solberg et al., 2006). In statistical analysis, the number
of effective individuals was regarded as the true sample size
(Table 1), and we averaged the hormone data from the same
individual.
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Assessment of human disturbance
We divided Xishuangbanna into a 0.004 km2 (200 × 200 m)
grid network to assess human disturbance variables such as
frequency of tea gardens and farms, land-use types, distance to
main roads and countryside trails from the centre of the 0.004
km2 grids, and ecogeographical variables such as elevation,
slope, aspect, distance to mainstreams, tributaries, reserves
and elephant distributions from the grids. These 12 variables
were selected after being tested for spatial autocorrelation, in
which, one of the two variables with a correlation coefficient
higher than 0.60 was excluded from the final model. Eleva-
tion, slope and aspect were extracted from the ASTER GDEM
(30 × 30 m spatial resolution, downloaded from Chinese
Geospatial Data Cloud, http://www.gscloud.cn). The vegetation
map and the digitized data on rivers, villages and roads
were provided by the Yunnan Institute of Forestry Inven-
tory and Planning and the Administration of Xishuangbanna
National Nature Reserve. Elephant distributions referred to
the feces locations recorded using GPS. All variables were
processed using ArcGIS v.10.1 (ESRI, CA, USA) to develop
the spatial grid data of the same range, resolution and geo-
graphical coordinates, and all individual layers were then
imported into the Biomapper v.4.0 software (URL: http://
www2.unil.ch/biomapper), in which we used the ENFA model
to calculate the human disturbance index (HDI). We took
the locations of 245 villages where human–elephant conflict
occurred between 2011 and 2015 as ‘presence points’, the
information of which was provided by China Pacific Insur-
ance Company. The HDI calculated using the ENFA model
ranged from 0 to 100; then, we labeled the study area with
different human disturbance levels, viz. none (0–19), low (20–
39), medium (40–59), obvious (60–79) and high disturbance
(80–100). The HDI of each sampling site was calculated
as the average within a radius of 1.5 km centred on the
feces.

Statistical analysis
The Kruskal-Wallis H test was used to conduct pairwise
comparisons of fecal cortisol concentrations (FCC) amongst
sampling sites and amongst disturbance levels (data were
not normally distributed). We also compared FCC amongst
sampling sites using general linear model (GLM). The model
was developed by setting FCC as the dependent variable
and including the following independent variables as factors:
sampling year, sampling site and age group (factor with two
levels: adult and non-adult). The initial model included two-
way interaction between sampling site and age group. Non-
significant factors and interaction were removed from the
models, removing the one with largest P value in each step. We
used Tukey’s Honestly Significant Difference post-hoc tests
for pairwise comparisons between sampling sites. To remove
confounding effects of other variables, tests were conducted
on residuals calculated from the final model. Pearson Cor-
relation was performed between mean cortisol values and
HDI scores, residual cortisol values and HDI scores, as well

as mean cortisol values and disturbance factors (distance
to main roads and countryside trails) (data had a normal
distribution). The relationships between average cortisol and
estradiol concentrations, average cortisol concentrations and
disturbance factors, such as frequency of farms and tea gar-
dens, were assessed using Spearman Correlation (data were
not normally distributed). The exponential regression model
was used to determine the variation of cortisol concentrations
with reference to frequencies of tea gardens. All the statistical
analyses were carried out using SPSS v.20.0 (IBM, USA). In
all analyses, P < 0.05 was considered to be significant.

Results
HDI
About 22.77% (4349.08 km2) of the prefecture area was
deemed to be disturbed (Fig. 2): low, 1495.11 km2 (34.38%);
medium, 1280.87 km2 (29.45%); obvious, 1069.45 km2

(24.59%); high, 503.65 km2 (11.58%) of the total disturbed
area. Most of the disturbed areas were composed of
agricultural land (67.51%) including garden plots and
farms, in sharp contrast to forests (27.97%). The HDI
and different disturbance factors at 15 sampling sites are
listed in Table 2. NP, MW, YGT and XTB were considered
undisturbed for elephants. Low disturbance was found at
YXG, SHSH, SHB, DLH, MP and ZL. SH, KGLD, MG,
ZS and JN were recorded as medium-disturbance areas
(Table 2).

Stress response to human disturbance
FCC was not significantly affected by age in this study but dif-
fered significantly between sampling years and there was no
significant interaction between sampling site and age group
(Table 3). FCC differed significantly amongst sampling sites
(df = 14, χ 2 = 96.091, P = 0.000) with the feces collected at
JN showing the highest mean FCC values (35.42 ± 4.39 ng/g)
and the feces collected at XTB showing the lowest mean FCC
values (5.08 ± 0.63 ng/g). Specifically, the average FCC in
feces collected at more-disturbed sites was generally higher
than those at less-disturbed sites (in all cases of the 18
significant pairwise differences) (Fig. 3). The average FCC of
elephant populations were significantly lower when elephant
populations were in the undisturbed areas than when they
were in the disturbed areas (df = 2, χ 2 = 27.496, P = 0.000)
(Fig. 4).

The average FCC of elephant populations showed an
upward trend with proximity to countryside trails and
increase in farm frequency, although the differences were not
significant. A strong positive correlation was found between
average FCC and frequency of tea gardens (rho = 0.779,
n = 15, P = 0.001). The average FCC showed a significant
exponential pattern as a function of tea garden frequency
(y = 15.58x + 8.67, adjusted R2 = 0.481, df = 13, P = 0.002)
(Fig. 5).
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Table 2: Human disturbance factors and HDI of sampling sites in Xishuangbanna.

Sampling site Frequency of tea garden Frequency of farm Distance to main road (m) Distance to countryside trail (m) HDI

NP 0 0.045 10 573 1486 11

MW 0 0.13 5606 1462 14

YGT 0 0.0197 12 662 994 15

XTB 0 0.0365 10 360 1010 17

YXG 0.019 0.03 730 789 23

SHSH 0.0156 0.0067 1726 1209 25

SHB 0 0.069 5133 686 30

DLH 0 0.14 2089 656 36

MP 0 0.011 898 749 36

ZL 0.0753 0.033 13 722 1502 37

SH 0.032 0.37 974 370 43

KGLD 0.062 0.0246 1729 516 46

MG 0 0.071 690 428 47

ZS 0.0273 0.015 4429 833 47

JN 0.0314 0.24 5774 290 52

Figure 3: Differences in FCC of elephants between differently disturbed sampling sites. The figure shows mean ± SE values. Horizontal lines
connecting different sites indicate significant pairwise differences between sampling sites. Asterisk ∗ indicates the site from which the others
differ.
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Table 3: Results of the final GLM analysing variation in fecal cortiol
concentration.

Dependent
variable

Predictor
variable

df F P

Fecal cortisol
concentration

sampling
site

11 11.67 <0.0001

sampling
year

3 21.33 <0.0001

The initial model included age group as explanatory variable (df = 1, F = 2.66,
P = 0.105), which is excluded from the final model and not shown. Final model:
adjusted R2 = 0.527, df = 160.

Figure 4: Average FCC and different levels of human disturbance.
Horizontal lines indicate significant differences, asterisk ∗ indicates
the level from which the others differ. Results are mean ± SE.

For local populations in SY, ML and JN, the proportion
of highly stressed individuals in populations increased with
decreasing percentage of non-disturbed area in their home
ranges. In contrast, non-stressed condition benefited from the
expansion of undisturbed area (Fig. 6). Particularly, almost all
individuals in the JN population (11 of 12), which roamed
within a region with the largest percentage of disturbed
area, were at a high level of stress compared with elephant
populations living in regions with larger undisturbed areas.
Nevertheless, similar patterns were not observed in MY and
MH.

The linear relationship between the HDI of sampling
sites and the average FCC of elephant populations verified
the above results. There was a strong positive correlation
between average FCC and HDI (r = 0.620, n = 15, P = 0.014).
For the linear regression model predicting FCC, adjusted
R2 = 0.319 (P = 0.017) (Fig. 7). It is necessary to point out
that we calculated residuals for FCC from the final GLM,
correlated residual FCC with HDI and obtained the similar
result, although the relationship was not significant (r = 0.463,
n = 15, P = 0.082) (Supplementary Fig. S1). We believe that the

Figure 5: Relationship between mean FCC of elephant populations
and tea garden frequencies at different sampling sites. The points on
the Y axis from top to bottom are: MG, MW, NP, DLH, SHB, MP, YGT
and XTB (see Table 2 for sampling site abbreviations).

correlation test between FCC and HDI is more appropriate
in analysing whether the variation in FCC is related to
human disturbance. Although the results of the final GLM
showed that FCC differed significantly between sampling
years (FCC in samples collected in 2016 were significantly
higher), but this did not mean that FCC had undergone
interannual changes. During the study, each site was sampled
only once and samples came from different populations. Of
the nine sampling sites in 2016, only one was located in
the undisturbed area, four in the low-disturbance area and
four in the medium-disturbance area. The variation in FCC
between years was actually caused by varying degrees of
human disturbance at the sampling sites we visited in 2014–
2017. Therefore, the effect of sampling year was actually
unnecessary to be controlled, otherwise the effects of human
disturbance will be underestimated.

Reproductive endocrines
Fecal estradiol concentrations differed significantly amongst
sampling sites (df = 14, χ 2 = 114.05, P = 0.000). There was
a significant negative correlation between FCC and fecal
estradiol concentrations with elephant populations under
more stressful physiological conditions showing reduced
estradiol concentrations (rho = −0.159, n = 158, P = 0.046)
(Fig. 8). Samples collected at SHB were excluded from the
estradiol analysis because these samples were from a bull-
only group.

Discussion
In the present study, we tested whether the degree of human
disturbance affects physiological stress and reproductive
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Figure 6: Percentage of differently disturbed areas and proportion of individuals under different stressful conditions in five regions used by
different local populations. Green: no disturbance, blue: low disturbance, yellow: medium disturbance, orange: obvious disturbance, red: high
disturbance. The cortisol concentrations were divided into three levels of stressful physiological conditions: (1) no stress (0, 10), (2) low stress [10,
20) and (3) high stress (≥20). The sample size for MY, SY, ML, JN and MH was 54, 13, 45, 12 and 37, respectively.
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Figure 7: Relationship between mean FCC of elephant populations
from different sampling sites and sampling site HDI (see Table 2 for
sampling site abbreviations).

potential in wild Asian elephant populations living in
Xishuangbanna, China. We conducted the entire study
during the wet seasons to avoid seasonal rhythms in cortisol
secretions caused by changes in food abundance between
the dry and wet seasons (Marcilla et al., 2012). We found
that populations differed significantly in FCC, with cortisol
concentrations being generally higher in feces collected at
disturbed sites than that collected at undisturbed sites. The
average FCC of the population at the most disturbed site (JN)
was 3.4 times that of the population at the least disturbed site
(NP). The strong positive correlation between HDI and FCC
supports the hypothesis that human disturbance can pose
environmental challenges to wild elephant populations and
cause an enhanced population-level stress response.

Two results provided further evidence that human distur-
bance provokes an increase in cortisol concentrations. At the
fine spatiotemporal scale, the FCC of elephant populations
increased significantly with increased frequency of tea gar-
dens within a 1.5 km radius. Land-use change is a well-known
disturbance factor threatening wildlife population viability,
and may act as a stressor by reducing resource availability,
increasing competition, and altering disease stressors associ-
ated with changes in population density (McCallum and Dob-
son, 2002; Acevedo-Whitehouse and Duffus, 2009; Mbora
and McPeek, 2009; Brearley et al., 2013). Over the last 40
years, the natural forests in Yunnan Province have severely
decreased and fragmented in response to increasing tea and
rubber plantations encroaching on previously forested land,
with the greatest loss of forests occurring in Xishuangbanna.
However, two major conservation policies in the late 1990s
(the Natural Forest Conservation Program and the Sloping
Land Conservation Program) and the decreasing price of

rubber led to tea plantations becoming the fastest growing
industry. It has been reported that the area of tea gardens
increased by 1956 km2 from 2005 to 2014, 85% of which
was converted from forests, while a small portion of rubber
plantations (210 km2) was converted to forests (Liu et al.,
2017). Given that the area covered by farms, rivers and
cities from 2005 to 2014 remained relatively stable, we have
good reason to believe that the continuous development of
tea plantations was the main driver of land-use change in
Xishuangbanna in recent years. It seems probable that the
strong effect of human disturbance on FCC is mediated, at
least in part, by land-use change.

At the broad spatiotemporal scale, the proportion of non-
stressed individuals in populations increased with the extent
of undisturbed area in their home ranges, indicating that
the level of stress condition at the population level reflects
the overall human disturbance within the home ranges. Our
samples were not evenly distributed through the home ranges
of elephants because the use of tracking collars on elephants
has not been approved in China, which makes the real-
time telemetry of elephant locations impossible. However,
elephant herds are able to trek long distances, and their daily
movements usually range from a few kilometers to 20 km,
even distances of 90–180 km have been observed (Sukumar,
2003). Therefore, the samples from several sites may not fully
reflect how elephants were disturbed on a larger scale.

To compensate for the uneven distribution of samples and
provide a comprehensive picture of the effects of human
disturbance on FCC, we analysed the correlation between
the composition of different degrees of disturbance and the
percentage of stressful individuals in five local populations.
In addition, the fecal glucocorticoids levels reflect the stress
levels experienced by animals ∼6–12 h before defecation
instead of the pulsatile secretion pattern of HPA axis (Windle
et al., 1998; Harper and Austad, 2000). This explains why
the FCC was relatively low in some samples collected from
sites where the HDI was high. However, we did not observe
this similar pattern in MY and MH. There are three possible
explanations for this discrepancy. The first is that the Sixiao
Expressway, which segregates the MY reserve into east and
west parts, acts as an environmental stressor on the local
population, inducing stress, and thereby obscuring any dif-
ferences in FCC that may have existed between populations
from MY and the other four regions. Some of our sampling
sites in MY reserve (YXG, KGLD and SHSH) were located
near the expressway, and these samples exhibited relatively
high cortisol levels. The results of some previous studies on the
stress responses of animals to roads are consistent with our
results (Andrews, 1990; Reijnen et al., 1995; Wasser et al.,
1997; Forman and Alexander, 1998; Bhattacharjee et al.,
2015). Second, we found from this research that elephants in
MY preferred to live near human settlements rather than in
the vast undisturbed core areas, which increased the frequency
of interactions with people, and thereby made elephants more
exposed to human disturbance. Our field survey showed that
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Figure 8: Fecal estradiol and cortisol concentrations at 14 sampling sites, summarized in box and whisker plots, associated with stressful
physiological conditions (stress level division as in Fig. 6). Outliers are shown as points. The sample size for non-stress, low-stress, and high-stress
conditions was 52, 75 and 31, respectively.

many trees in the core areas of MY reserve grew so high that
they limited the growth of the shrub layer, which provided
food for elephants (Lin et al., 2016). We speculate that the
limited food accessibility in the core areas drove elephants
to search for food near human settlements. The third is that
the low intragroup competition may contribute to the less
stressful conditions in the MH population. According to our
field survey, there is only one group of elephants in MH,
consisting of 18 individuals, suggesting that the population
density and intragroup competition are relatively low. Some
authors regard competition as a precipitating role in enhanc-
ing stress responses (Foley et al., 2001; Hing et al., 2014).

The results of our study showed that estradiol and cortisol
concentrations were negatively correlated with each other.
Although we cannot exclude the potential sex-related differ-
ences in fecal estradiol output, they are unlikely to interfere
with our results because of the particular social structures
of Asian elephants (Sukumar, 1989; Dublin, 1996). Adult
females and their offspring form the family group, which is
the basis of the family unit. Females remain with the family
group throughout their lives, whereas males leave their natal
groups after sexual maturity. Males that disperse from their
families either live independently or form bull-only groups
with other males. We excluded the feces from the bull-only
group and independent males from the statistical analysis. The

influence of male calves is slight at the population level and
can be ignored.

Numerous studies have shown that chronic stress has the
potential to suppress reproduction by acting on the hypotha-
lamus, pituitary or the gonads (Saketos et al., 1993; Tilbrook
et al., 2000; Consten et al., 2001; Dufourny and Skinner,
2002b; Gaytán et al., 2002; Maya-Núñez and Conn, 2003).
Moreover, reproduction is influenced strongly by external
stressors. For instance, a recent study on timber elephants in
Myanmar demonstrated that elephants born in the high stress
season, which corresponds to intense workload, experienced
faster reproductive ageing (Mumby et al., 2015). Similarly,
African elephants manifested declining progesterone concen-
trations during the harshest portion of the dry season, when
water and food availability were at their lowest (Foley et al.,
2001). These observations, combined with our results, sug-
gest that human disturbance caused suppressed reproductive
potential in elephant populations, which was mediated by
elevated stress hormones.

Several conservation and management recommendations
can be drawn from our study. First, noninvasive measures
of fecal hormone concentrations can be used to monitor
stress and reproductive function across a large number of
wild elephant populations. These methods are particularly
valuable for monitoring forest populations, where difficult
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terrain and dense vegetation restrict observations. Such
combined measures can help to determine whether popu-
lations are threatened by current human disturbance, and
which populations are in greater need of protection. Second,
noninvasive endocrine monitoring is a reliable tool to evaluate
the efficacy of present management decisions. For instance,
the contradiction between the vast undisturbed area in
MY and the large percentage of stressed individuals in the
population, combined with the fact that the MY population
abandoned the undisturbed area and chose to live near human
settlements, could reflect the irrationality of functional area
planning in the reserve. Finally, the fact that elephants
mounted a strong stress response to factors related to land-use
change reminds managers to balance economic development
with habitat protection.

Acknowledgements
We appreciated all the staff in Xishuangbanna National
Nature Reserve with the collection of samples and data,
in particular Xianming Guo, Lanxin Wang, Shirong Wen,
Bin wang, Hailong Xu and Lifan Wang for assisting with
project administration. Additionally, we would like to thank
Changhuan He, Yang Yu, Peng Liu, Wenwen Li, Jiaojiao Du,
Di Zhu, Xiaotong Shang and Xun Shu for their assistance in
the field and laboratory.

Funding
This work was supported by the National Nature Science
Foundation of China [31570408].

Supplementary material
Supplementary material is available at Conservation Physiol-
ogy online.

References
Acevedo-Whitehouse K, Duffus ALJ (2009) Effects of environmental

change on wildlife health. Philos Trans R Soc B-Biol Sci 364: 3429–3438.

Andrews A (1990) Fragmentation of habitat by roads and utility corri-
dors: a review. Aust J Zool 26: 130–141.

Baldwin DM, Srivastava PS, Krummen LA (1991) Differential actions of
corticosterone on luteinizing hormone and follicle-stimulating hor-
mone biosynthesis and release in cultured rat anterior pituitary cells:
interactions with estradiol. Biol Reprod 44: 1040–1050.

Bellemain E, Swenson JE, Tallmon D, Brunberg S, Taberlet P (2005) Esti-
mating population size of elusive animals with DNA from hunter-
collected feces: four methods for brown bears. Conserv Biol 19:
150–161.

Bhattacharjee S, Kumar V, Chandrasekhar M, Malviya M, Ganswindt
A, Ramesh K, Sankar K, Umapathy G (2015) Glucocorticoid stress

responses of reintroduced tigers in relation to anthropogenic distur-
bance in Sariska Tiger Reserve in India. PLoS One 10: e0127626. doi:
10.1371/journal.pone.0127626.

Brearley G, Rhodes J, Bradley A, Baxter G, Seabrook L, Lunney D, Liu Y,
McAlpine C (2013) Wildlife disease prevalence in human-modified
landscapes. Biol Rev 88: 427–442.

Cai X, Lin L, Pan W, Luo S, Zhang L (2008) Screening microsatellite
DNA markers and genetic variation analysis of wild Asian elephant
population in Mengyang Nature Reserve. Acta Theriologica Sinica 28:
126–134 (in Chinese).

Comstock KE, Wasser SK, Ostrander EA (2010) Polymorphic microsatel-
lite DNA loci identified in the African elephant (Loxodonta africana).
Mol Ecol 9: 1004–1006.

Consten D, Bogerd J, Komen J, Lambert JGD, Goos HT (2001) Long-term
cortisol treatment inhibits pubertal development in male common
carp, Cyprinus carpio L. Biol Reprod 64: 1063–1071.

Corner RA, Kenyon PR, Stafford KJ, West DM, Oliver MH (2010)
The effect of different types of stressors during mid- and late
pregnancy on lamb weight and body size at birth. Animal 4:
2065–2070.

Creel S, Christianson D, Schuette P (2013) Glucocorticoid stress
responses of lions in relationship to group composition, human
land use, and proximity to people. Conserv Physiol 1: cot021. doi:
10.1093/conphys/cot021.

Creel S, Fox JE, Hardy A, Sands J, Garrott B, Peterson RO (2002) Snowmo-
bile activity and glucocorticoid stress responses in wolves and elk.
Conserv Biol 16: 809–814.

D’ Agostino J, Valadka RJ, Schwartz NB (1990) Differential effects
of in vitro glucocorticoids on luteinizing hormone and follicle-
stimulating hormone secretion: dependence on sex of pituitary
donor. Endocrinology 127(2): 891–899.

Daley CA, Sakurai H, Adams BM, Adams TE (1999) Effect of stress-like con-
centrations of cortisol on gonadotroph function in orchidectomized
sheep. Biol Reprod 60(1): 158–163.

Du J (2017) Using microsatellite to analyze the kinship of Asian elephant
(Elephas maximus) in Pu’Er. Master thesis. Beijing Normal University,
Beijing. (in Chinese)

Dublin HT (1996) Elephants of the Masai Mara, Kenya: seasonal habitat
selection and group size patterns. Pachyderm 22: 25–35.

Dufourny L, Skinner DC (2002a) Progesterone receptor, estrogen recep-
tor α, and the type II glucocorticoid receptor are coexpressed in the
same neurons of the ovine preoptic area and arcuate nucleus: a triple
immunolabeling study. Biol Reprod 67(5): 1605–1612.

Dufourny L, Skinner DC (2002b) Type II glucocorticoid receptors in the
ovine hypothalamus: distribution, influence of estrogen and absence
of co-localization with GnRH. Brain Res 946: 79–86.

Enari H, Suzuki T (2010) Risk of agricultural and property damage asso-
ciated with the recovery of Japanese monkey populations. Landsc
Urban Plan 97: 83–91.

..........................................................................................................................................................

12

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/8/1/coz106/5678846 by guest on 09 August 2020

https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coz106#supplementary-data
https://doi.org/10.1371/journal.pone.0127626
https://doi.org/10.1093/conphys/cot021


..........................................................................................................................................................
Conservation Physiology • Volume 8 2020 Research article

Fernando P, Evans BJ, Morales JC, Melnick DJ (2001) Electrophoresis
artefacts-a previously unrecognized cause of error in microsatellite
analysis. Mol Ecol Resour 1: 325–328.

Foley CAH, Papageorge S, Wasser SK (2001) Noninvasive stress and
reproductive measures of social and ecological pressures in free-
ranging African elephants. Conserv Biol 15: 1134–1142.

Foley JA, DeFries R, Asner GP, Barford C, Bonan G, Carpenter SR, Chapin
FS, Coe MT, Daily GC, Gibbs HK et al. (2005) Global consequences of
land use. Science 309: 570–574.

Forman RT, Alexander LE (1998) Roads and their major ecological effects.
Annu Rev Ecol Syst 29: 207–231.

French SS, DeNardo DF, Greives TJ, Strand CR, Demas GE (2010) Human
disturbance alters endocrine and immune responses in the Gala-
pagos marine iguana (Amblyrhynchus cristatus). Horm Behav 58:
792–799.

French SS, González-Suárez M, Young JK, Durham S, Gerber LR (2011)
Human disturbance influences reproductive success and growth rate
in California Sea lions (Zalophus californianus). PLoS One 6: e17686.
doi: 10.1371/journal.pone.0017686.

Gaynor KM, Hojnowski CE, Carter NH, Brashares JS (2018) The influ-
ence of human disturbance on wildlife nocturnality. Science 360:
1232–1235.

Gaytán F, Morales C, Bellido C, Sánchez-Criado JE (2002) Selective apop-
tosis of luteal endothelial cells in dexamethasone-treated rats leads
to ischemic necrosis of luteal tissue. Biol Reprod 66: 232–240.

Gill JA (2007) Approaches to measuring the effects of human distur-
bance on birds. Ibis 149: 9–14.

Gill JA, Sutherland WJ, Watkinson AR (1996) A method to quantify the
effects of human disturbance on animal populations. J Appl Ecol 33:
786–792.

Harper JM, Austad SN (2000) Fecal glucocorticoids: a noninvasive
method of measuring adrenal activity in wild and captive rodents.
Physiol Biochem Zool 73: 12–22.

Hing S, Narayan E, Thompson RC, Godfrey S (2014) A review of factors
influencing the stress response in Australian marsupials. Conserv
Physiol 2: cou027. doi: 10.1093/conphys/cou027.

Hirzel AH, Hausser J, Chessel D, Perrin N (2002) Ecological-niche factor
analysis: how to compute habitat-suitability maps without absence
data? Ecology 83: 2027–2036.

Hirzel AH, Le Lay G, Helfer V, Randin C, Guisan A (2006) Evaluating the
ability of habitat suitability models to predict species presences. Ecol
Model 199: 142–152.

IUCN (2019) The IUCN Red List of Threatened Species. Version 2019-1,
https://www.iucnredlist.org.

Kol S, Ben-Shlomo I, Payne DW, Ando M, Rohan RM, Adashi EY (1998)
Glucocorticoids suppress basal (but not interleukin-1-supported)
ovarian phospholipase A2 activity: evidence for glucocorticoid
receptor-mediated regulation. Mol Cell Endocrinol 137: 117–125.

Kongrit C, Siripunkaw C, Brockelman WY, Akkarapatumwong V, Wright
TF, Eggert TS (2010) Isolation and characterization of dinucleotide
microsatellite loci in the Asian elephant (Elephas maximus). Mol Ecol
Resour 8: 175–177.

Le Lay G, Clergeau P, Hubert-Moy L (2001) Computerized map of risk to
manage wildlife species in urban areas. Environ Manag 27: 451–461.

Liker A, Papp Z, Bókony V, Lendvai AZ (2008) Lean birds in the city:
body size and condition of house sparrows along the urbanization
gradient. J Anim Ecol 77: 789–795.

Lin L, Guo X, Luo A, Zhang L (2016) The impact of Asian elephant brows-
ing on five plant species at wild Elephant Valley, Xishuangbanna,
Yunnan of China. Acta Theriologica Sinica 36: 129–137 (in Chinese).

Li W, Liu P, Guo X, Wang L, Wang Q, Yu Y, Dai Y, Li L, Zhang L (2018)
Human-elephant conflict in Xishuangbanna Prefecture, China: distri-
bution, diffusion, and mitigation. Glob Ecol Conserv 16: e00462. doi:
10.1016/j.gecco.2018.e00462.

Liu J, Chen Y, Guo L, Gu B, Liu H, Hou A, Liu X, Sun L, Liu D (2006)
Stereotypic behavior and fecal cortisol level in captive giant pandas
in relation to environmental enrichment. Zoo Biol 25: 445–459.

Liu P, Wen H, Harich FK, He C, Wang L, Guo X, Zhao J, Luo A, Yang H,
Sun X, et al. (2017) Conflict between conservation and development:
cash forest encroachment in Asian elephant distributions. Sci Rep 7:
6404. doi: 10.1038/s41598-017-06751-6.

Madden F (2004) Creating coexistence between humans and wildlife:
global perspectives on local efforts to address human-wildlife con-
flict. Hum Dimens Wildl 9: 247–257.

Marcilla AM, Urios V, Limiñana R (2012) Seasonal rhythms of salivary
cortisol secretion in captive Asian elephants (Elephas maximus). Gen
Comp Endocrinol 176: 259–264.

Martin JGA, Réale D (2008) Animal temperament and human distur-
bance: implications for the response of wildlife to tourism. Behav
Process 77: 66–72.

Mateo-Tomás P, Olea PP, Sánchez-Barbudo IS, Mateo R (2012) Alleviating
human–wildlife conflicts: identifying the causes and mapping the
risk of illegal poisoning of wild fauna. J Appl Ecol 49: 376–385.

Maya-Núñez G, Conn PM (2003) Transcriptional regulation of the GnRH
receptor gene by glucocorticoids. Mol Cell Endocrinol 200: 89–98.

Mazor M, Chaim W, Hershkowitz R, Levy J, Leiberman JR, Glezerman M
(1994) Association between preterm birth and increased maternal
plasma cortisol concentrations. Obstet Gynecol 84: 521–524.

Mbora DNM, McPeek MA (2009) Host density and human activities medi-
ate increased parasite prevalence and richness in primates threat-
ened by habitat loss and fragmentation. J Anim Ecol 78: 210–218.

McCallum H, Dobson A (2002) Disease, habitat fragmentation and con-
servation. Proc R Soc B-Biol Sci 269: 2041–2049.

Morrison TA, Chiyo PI, Moss CJ, Alberts SC (2005) Measures of dung
bolus size for known-age African elephants (Loxodonta africana):
implications for age estimation. J Zool (Lond) 266: 89–94.

..........................................................................................................................................................

13

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/8/1/coz106/5678846 by guest on 09 August 2020

https://doi.org/10.1371/journal.pone.0017686
https://doi.org/10.1093/conphys/cou027
https://www.iucnredlist.org
https://doi.org/10.1016/j.gecco.2018.e00462
https://doi.org/10.1038/s41598-017-06751-6


..........................................................................................................................................................
Research article Conservation Physiology • Volume 8 2020

Mumby HS, Mar KU, Hayward AD, Htut W, Htut-Aung Y, Lummaa V (2015)
Elephants born in the high stress season have faster reproductive
ageing. Sci Rep 5: 13946. doi: 10.1038/srep13946.

Murphy GE, Romanuk TN (2014) A meta-analysis of declines in local
species richness from human disturbances. Ecol Evol 4: 91–103.

Naguib M, Nemitz A, Gil D (2006) Maternal developmental stress reduces
reproductive success of female offspring in zebra finches. Proc R Soc
B-Biol Sci 273: 1901–1905.

Nyakaana S, Arctander P (2010) Population genetic structure of the
African elephant in Uganda based on variation at mitochondrial
and nuclear loci: evidence for male-biased gene flow. Mol Ecol 8:
1105–1115.

Nyakaana S, Okello JBA, Muwanika V, Siegismund HR (2010) Six new
polymorphic microsatellite loci isolated and characterized from the
African savannah elephant genome. Mol Ecol Notes 5: 223–225.

Owen MA, Swaisgood RR, Czekala NM, Steinman K, Lindburg DG (2004)
Monitoring stress in captive giant pandas (Ailuropoda melanoleuca):
behavioral and hormonal responses to ambient noise. Zoo Biol 23:
147–164.

Piñeiro A, Barja I, Silván G, Illera JC (2012) Effects of tourist pressure and
reproduction on physiological stress response in wildcats: manage-
ment implications for species conservation. Wildl Res 39: 532–539.

Reijnen R, Foppen R, Braak CT, Thissen J (1995) The effects of car traffic
on breeding bird populations in woodland. III. Reduction of density
in relation to the proximity of main roads. J Appl Ecol 32: 187–202.

Reilly J (2002) Growth in the Sumatran elephant (Elephas maximus suma-
tranus) and age estimation based on dung diameter. J Zool (Lond)
258: 205–213.

Saketos M, Sharma N, Santoro NF (1993) Suppression of the
hypothalamic-pituitary-ovarian axis in normal women by
glucocorticoids. Biol Reprod 49: 1270–1276.

Shively CA, Laberlaird K, Anton RF (1997) Behavior and physiology of
social stress and depression in female cynomolgus monkeys. Biol
Psychiatry 41(8): 871–882.

Solberg KH, Bellemain E, Drageset OM, Taberlet P, Swenson JE (2006)
An evaluation of field and non-invasive genetic methods to estimate
brown bear (ursus arctos) population size. Biol Conserv 128: 158–168.

State Administration of Forestry and Grassland (2009) List of Wildlife
under Special State Protection, http://www.forestry.gov.cn/
main/1078/content-115089.html.

Strasser EH, Heath JA (2013) Reproductive failure of a human-tolerant
species, the American kestrel, is associated with stress and human
disturbance. J Appl Ecol 50: 912–919.

Sukumar R (1989) Ecology of the Asian elephant in southern India. I.
Movement and habitat utilization patterns. J Trop Ecol 5: 1–18.

Sukumar R (2003) The Living Elephants: Evolutionary Ecology, Behaviour,
and Conservation. Oxford University Press, New York, pp. 158–159.

Taberlet P, Griffin S, Goossens B, Questiau S, Manceau V, Escaravage N,
Waits LP, Bouvet J (1996) Reliable genotyping of samples with very
low DNA quantities using PCR. Nucleic Acids Res 24: 3189–3194.

Tilbrook AJ, Turner AI, Clarke IJ (2000) Effects of stress on reproduction
in non-rodent mammals: the role of glucocorticoids and sex differ-
ences. Rev Reprod 5: 105–113.

Venter O, Sanderson EW, Magrach A, Allan JR, Beher J, Jones KR,
Possingham HP, Laurance WF, Wood P, Fekete BM, et al. (2016) Six-
teen years of change in the global terrestrial human footprint and
implications for biodiversity conservation. Nat Commun 7: 12558.
doi: 10.1038/ncomms12558.

Von Bertalanffy L (1938) A quantitative theory of organic growth. Hum
Biol 10: 181–213.

Wang Q, Xiao Y, Yang Z, Zhong C, Gan Z, Yang H (2018) Age structure
and intrinsic increase rate of Elephas maximus wild population in
xishuangbanna. For Invent Plan 43: 46–50.

Wasser SK, Azkarate JC, Booth RK, Hayward L, Hunt K, Ayres K,
Vynne C, Gobush K, Canales-Espinosa D, Rodríguez-Luna E (2010)
Non-invasive measurement of thyroid hormone in feces of a
diverse array of avian and mammalian species. Gen Comp Endocrinol
168: 1–7.

Wasser SK, Bevis K, King G, Hanson E (1997) Noninvasive physiological
measures of disturbance in the northern spotted owl. Conserv Biol
11: 1019–1022.

Wasser SK, Hunt KE, Brown JL, Cooper K, Crockett CM, Bechert
U, Millspaugh JJ, Larson S, Monfort SL (2000) A generalized
fecal glucocorticoid assay for use in a diverse array of nondo-
mestic mammalian and avian species. Gen Comp Endocrinol 120:
260–275.

Wasser SK, Papageorge S, Foley C, Brown JL (1996) Excretory fate of estra-
diol and progesterone in the African elephant (Loxodonta africana)
and patterns of fecal steroid concentrations throughout the estrous
cycle. Gen Comp Endocrinol 102: 255–262.

Wasser SK, Thomas R, Nair PP, Guidry C, Southers J, Lucas J, Wildt DE,
Monfort SL (1993) Effects of dietary fibre on faecal steroid measure-
ments in baboons (Papio cynocephalus cynocephalus). J Reprod Fertil
97: 569–574.

Windle RJ, Wood SA, Lightman SL, Ingram CD (1998) The pulsatile
characteristics of hypothalamo-pituitary-adrenal activity in female
Lewis and Fischer 344 rats and its relationship to differential stress
responses. Endocrinology 139: 4044–4052.

Wong EP, Yon L, Purcell R, Walker SL, Othman N, Saaban S,
Campos-Arceiz A (2016) Concentrations of faecal glucocorticoid
metabolites in Asian elephant’s dung are stable for up to 8 h in a
tropical environment. Conserv Physiol 4: cow070. doi: 10.1093/con-
phys/cow070.

Wrege PH, Rowland ED, Thompson BG, Batruch N (2010) Use of acoustic
tools to reveal otherwise cryptic responses of forest elephants to oil
exploration. Conserv Biol 24: 1578–1585.

Zhang L (2018) Research on Asian Elephant Conservation in China. Science
Press, Beijing, pp. 10–14

Zhang L, Dong L, Lin L, Feng L, Yan F, Wang L, Guo X, Luo A (2015)
Asian elephants in China: estimating population size and evaluat-
ing habitat suitability. PLoS One 10(5): e0124834. doi:10.1371/jour-
nal.pone.0124834.

..........................................................................................................................................................

14

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article/8/1/coz106/5678846 by guest on 09 August 2020

https://doi.org/10.1038/srep13946
http://www.forestry.gov.cn/main/1078/content-115089.html
http://www.forestry.gov.cn/main/1078/content-115089.html
https://doi.org/10.1038/ncomms12558
https://doi.org/10.1093/conphys/cow070
https://doi.org/10.1371/journal.pone.0124834

	Raging elephants: effects of human disturbance on physiological stress and reproductive potential in wild Asian elephants
	Introduction
	Materials and methods
	Study area
	Animals and sample collection
	Hormone extraction
	RIA procedure and validation
	Genetic identification of individuals
	Assessment of human disturbance
	Statistical analysis

	Results
	HDI
	Stress response to human disturbance
	Reproductive endocrines

	Discussion
	Funding
	Supplementary material


