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Adiposity, reproductive and metabolic health, and activity levels in
zoo Asian elephant (Elephas maximus)
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ABSTRACT
Many captive Asian elephant populations are not self-sustaining,
possibly due in part to obesity-related health and reproductive issues.
This study investigated relationships between estimated body
composition and metabolic function, inflammatory markers, ovarian
activity (females only) and physical activity levels in 44 Asian
elephants (n=35 females, n=9males). Deuterium dilution was used to
measure total body water from which fat mass (FM) and fat-free mass
(FFM) could be derived to estimate body composition. Serum was
analyzed for progestagens and estradiol (females only), deuterium,
glucose, insulin and amyloid A. Physical activity was assessed by an
accelerometer placed on the elephant’s front leg for at least 2 days.
Relative fat mass (RFM) – the amount of fat relative to body mass –

was calculated to take differences in body size between elephants
into consideration. Body fat percentage ranged from 2.01% to
24.59%. Male elephants were heavier (P=0.043), with more FFM
(P=0.049), but not FM (P>0.999), than females. For all elephants,
estimated RFM (r=0.45, P=0.004) was positively correlated with
insulin. Distancewalked was negatively correlated with age (r=−0.46,
P=0.007). When adjusted for FFM and age (P<0.001), non-cycling
females had less fat compared with cycling females, such that for
every 100 kg increase in FM, the odds of cycling were 3 times higher
(P<0.001). More work is needed to determine what an unhealthy
amount of fat is for elephants; however, our results suggest higher
adiposity may contribute to metabolic perturbations.
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INTRODUCTION
The Asian elephant (Elephas maximus Linnaeus 1758) is an
endangered species, so captive breeding is one means of protecting
it from extinction (Hoffmann et al., 2010; Conde et al., 2011).
Worldwide, there are up to 16,000 Asian elephants under
human care (e.g. zoos, circuses, logging and tourist camps)
(Brown, 2019). However, many captive elephant populations are

not self-sustaining, in part because of health and reproductive issues
(Brown, 2000; Clubb andMason, 2002; Lewis et al., 2010; Thitaram,
2012). Therefore, emphasis has been placed on understanding the
underpinnings of morbidity and poor reproduction in this species
(Keele and Ediger, 2011).

Previous studies suggest that some health and reproductive
problems in zoo elephants may be related to excess adiposity. A
body condition score (BCS) is a standard measure of obesity in
elephants, and is based on visual assessment (Wemmer et al., 2006;
Fernando et al., 2009; Treiber et al., 2012; Wijeyamohan et al.,
2015; Morfeld et al., 2016). Elephants under human care appear to
have higher BCSs (Schiffmann et al., 2018) and greater body mass
compared with free-ranging elephants (Ange et al., 2001;
Schiffmann et al., 2019a,b). In addition, possibly as a result of
greater energy stores, zoo-born females begin cycling earlier
compared with their wild counterparts (Sukumar, 2003; Glaeser
et al., 2012; Holt et al., 2014), similar to girls with obesity reaching
menarche at earlier ages (Biro et al., 2012). It has long been a
concern that elephants in zoos are ‘obese’ (Clubb andMason, 2002;
Hatt and Clauss, 2006; Clubb et al., 2008; Mason et al., 2009).
Recently, comprehensive surveys of North American and European
zoos confirmed that over 65% and 56%, respectively, of adult Asian
elephants are overweight or obese based on BCSmeasures (Morfeld
et al., 2016; Schiffmann et al., 2018).

The link between obesity and co-morbidities, including
metabolic perturbations, has been well established in mammals.
For example, dogs with obesity have increased fasting
concentrations of insulin, insulin peak response and overall total
insulin secretion (Mattheeuws et al., 1984). Obesity is associated
with insulin resistance in the horse (Vick et al., 2006) and type 2
diabetes in non-human primates (Wang et al., 2019; Chavez et al.,
2009). Further, obesity and related metabolic perturbations may
contribute to reproductive impairments (Vick et al., 2006; Clark
et al., 1995). In elephants under human care, higher body condition
metrics have often been associated with metabolic derangements in
both African (Morfeld and Brown, 2016, 2017) and Asian elephants
(Norkaew et al., 2018, 2019). The ratio of glucose to insulin
(glucose:insulin) is an important metabolic measure, with a lower
value indicating more insulin is required to clear similar
concentrations of glucose from the blood. The glucose:insulin
ratio has been shown to be negatively associated with BCS in US
zoo elephants (Morfeld and Brown, 2017), and male (Norkaew
et al., 2019) and female (Norkaew et al., 2018) Asian elephants in
Thailand. In addition, US zoo African elephants, but not Asian
elephants, with higher BCS and body mass index (BMI) are more
likely to experience ovarian acyclicity (Morfeld and Brown, 2016;
Freeman et al., 2009). Thus, higher body condition in elephants may
be associated with health concerns.

The majority of elephant studies examining the relationship
between obesity and metabolic health have been based on BCS,Received 1 December 2019; Accepted 24 November 2020
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which is a subjective measure (Schiffmann et al., 2017) and may not
reflect total adiposity (Chusyd et al., 2019). We recently showed that
most Asian elephant BCS systems capture the elephant’s body size
rather than relative fat mass (RFM) (Chusyd et al., 2019). RFM is
biologically more relevant than absolute fat mass (FM) as it
accounts for differences in body size between elephants (i.e. two
individuals both have 500 kg of FM, but the first individual weighs
2000 kg while the second weighs 4000 kg – they have the same
absolute FM but different amounts of RFM and overall body
composition). Also, fat is not only distributed under the skin
(subcutaneous fat), which is what is being scored (plus
musculature) when using BCS, but also distributed around the
internal organs (visceral fat). Visceral fat, compared with
subcutaneous fat, is associated with greater metabolic dysfunction
(Chusyd et al., 2016). Thus, quantifying body composition, rather
than relying on a visual assessment of external fat cover, will likely
provide a clearer understanding of the relationship between
adiposity and metabolic health. Using deuterium dilution, we
previously estimated body composition in African elephants, and
showed that RFM was correlated with metabolic measures (Chusyd
et al., 2018). Further work is needed to understand how actual
fatness relates to physiological function in Asian elephants.
There is a strong interest in the relationship between body

composition and various health parameters in elephants. In this
study, we evaluated relationships between adiposity and serum
glucose, serum insulin, inflammatory markers, ovarian cyclicity
status (females only) and activity levels in male and female zoo
Asian elephants and compared results with those in African
elephants. We hypothesized that greater amounts of relative
adiposity would be positively associated with metabolic and
inflammatory markers, and negatively associated with physical
activity. In females, we hypothesized non-cycling elephants would
have greater relative adiposity compared with cycling elephants.

MATERIALS AND METHODS
Animals
This study was approved by the Institutional Animal Care and Use
Committees of the National Zoo, the University of Alabama at
Birmingham (UAB) and participating zoos. A total of 35 female and
nine male Asian elephants (≥8 years of age; Table 1) at nine zoos
were studied. Female elephants were not pregnant, although three
had calves aged 3 years or younger and were still lactating. Ovarian
cyclicity status (cycling, non-cycling; follicular, luteal) was based
on progestagen analyses of longitudinal serum samples using a
validated assay (Brown et al., 2004), with data provided by
participating zoos via personal communication. Males were not in
musth according to keeper records, indicating a lack of physical
signs (no temporal gland drainage, urine dribbling) and low
testosterone concentrations.

Deuterium dilution
As previously described (Chusyd et al., 2018), elephants were
weighed to the nearest 1 or 5 pounds (0.45 or 2.27 kg), depending
on the precision of the institution’s scale. To determine background
isotope enrichment, venous blood (∼9 ml) was collected from an
ear or a leg vein before the deuterated water was administered. The
site of blood collection depended on the institution’s preference;
however, for an individual elephant, blood samples were collected
from only one anatomical location (i.e. always from the ear or
always from the leg). Thereafter, a dose (99.9% atom percent
excess) of deuterium oxide (0.05 ml D2O kg−1 of mass;
DLM-4-1000, Cambridge Isotopes, Tewksbury, MA, USA) was

administered orally using bread as the vehicle (White Mountain,
Publix, Birmingham, AL, USA). Bread was weighed (to the nearest
0.01 g; Pioneer scale, Ohaus, Pine Brook, NJ, USA), deuterated
water was added, and the bread was reweighed to determine the dose
of deuterated water. Each elephant received four to six pieces of
bread with approximately 40–50 g of deuterated water per piece. All
zoos were asked not to provide elephants with their regular diet after
the late afternoon of the day before deuterated water administration.
All zoos complied with this request, except one zoo, as described
below. It was not known at what time each individual elephant
finished the food they were provided, and this likely varied among
individuals both within and among zoos. The following morning,
food was withheld until after the elephant received their bread with
deuterated water. This was not possible to do at one zoo, which had
seven elephants with body composition data, as elephants had
access to food 24 h a day. Blood sampling continued at ∼24, 120,
240, 360 and 480 h after deuterium administration. Blood was
centrifuged within 30 min of collection and the serumwas aliquoted
and frozen at a minimum of −20°C until shipped on dry ice
overnight to UAB. Samples were kept in a frost-free −80°C freezer
until analysis.

Isotope ratio mass spectroscopy (Finnigan Delta V Advantage,
Thermo Fisher Scientific, Waltham, MA, USA) analysis was
conducted by the UAB Nutrition Obesity Research Center’s
Metabolism Core with guidance and support from the Energetics
Research Group at the University of Aberdeen. As previously
described (Chusyd et al., 2018), the blood sample collected prior to
deuterated water administration was used to determine the
elephant’s background 2H enrichment (i.e. naturally occurring 2H
levels in the elephant reflective of their food and water sources), Ebg,
while the serial blood draws, collected at ∼24, 120, 240, 360 and
480 h after deuterium administration, were used to calculate the
elephant’s initial 2H enrichment, Ei, i.e. the elephant’s deuterium
enrichment, above background levels, after the elephant received
their deuterated water. This value cannot simply be determined by
taking a blood sample immediately after dosing the elephant
because it takes time for the deuterium to exchange with the
hydrogens in the water molecules throughout the body. Therefore,
this value was calculated based on the back-extrapolation method as
described by Coward (1990). In brief, the enrichment of each
sample, minus Ebg, was plotted, with time on the x-axis, and
log(deuterium enrichment) on the y-axis. Then, based on these
sample points, a best-fit line was constructed and back-extrapolated
to time 0 (i.e. the y-intercept, when the elephant ingested its bolus of
deuterated water). This value was reverted from log form and
background enrichment was added back in to estimate the 2H
enrichment at time 0, Ei. Ultimately, Ebg and Ei were used, in
conjunction with the moles of deuterated water administered orally to
the elephant, Molinj,, and the 2H enrichment of the deuterated water
administered Einj, to calculate deuterium dilution space (Nd) (Eqns 1
and 2) (Speakman, 1997). Nd is considered to reflect total body water
(TBW) content after accounting for deuterium exchanging with non-
aqueous molecules (4% exchange rate) (Eqn 3), which is then
converted to FFM by using the mammalian hydration constant (0.73)
(Eqn 4). FM is then inferred by subtracting FFM from body
mass (Eqn 5).

Body composition calculations
The following equations were used. First, Nd in moles was
calculated:

NdðmolesÞ ¼ Molinj � ðEi–EinjÞ=ðEbg–EiÞ; ð1Þ
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where Molinj was calculated by dividing the amount of deuterated
water administered by the molecular mass of deuterated water. To
convert this to Nd in g:

NdðgÞ ¼ Nd � 18:020: ð2Þ
Nd in g was then used to calculate TBW:

TBW ¼ Nd=1:04: ð3Þ
TBW was subsequently used to estimate body composition on the
basis of the general allometric equation for mammals (Pace and
Rathbun, 1945; Wang et al., 1999):

FFM ¼ TBW=0:73; ð4Þ
and FM was calculated as:

FM ¼ body mass – FFM: ð5Þ
RFM was determined by the residual for each elephant when FM

was regressed on body mass. As noted above, RFM refers to the
amount of fat an elephant has after body mass is accounted for, as

total FM and FFM normally increasewith body size. For this reason,
the magnitude of RFM, rather than overall FM, may be more
biologically relevant when investigating potential health concerns
associated with adiposity.

Morphometric information
Height of the elephant was determined by having the elephant stand
next to a bollard inside the barn, and then a keeper would draw a line
on the bollard that was approximately equivalent to the shoulder
height of the elephant. After the elephant was no longer in the area,
using a measuring tape, the distance between the ground and the
mark on the bollard was recorded. This value represented the
elephant’s height. Body length of the elephant was determined by
stretching a measuring tape along the side of the elephant from the
base of the elephant’s tail to the front of the trunk.

Serum analyses
Serum insulin was analyzed using a solid-phase, two-site bovine
insulin enzyme immunoassay (EIA; 10-1201-01, Mercodia, Uppsala,
Sweden) validated for elephants (Morfeld and Brown, 2016).

Table 1. Body composition of female and male Asian elephants

ID Age Sex
Cycling
(Y/N) BCS BM (kg) Nd (kg) TBW (kg)

TBW
(%TBM) FFM (kg) FM (kg) % BF RFM (kg)

201 50 F N 6 3343 2369.10 2277.98 68.14 3120.53 222.47 6.65 −105.47
202 19 F Y 9 3699 2117.59 2036.14 55.05 2789.23 909.77 24.59 524.09
203 21 F Y 6 3483 2257.94 2171.09 62.32 2974.10 508.90 14.64 159.25
204 45 F N 8 4345 2872.12 2761.65 63.56 3783.08 561.92 12.93 71.48
205 45 F N 6 3611 2563.00 2464.42 68.25 3375.92 235.08 6.51 −136.33
206 41 F Y 8 4819 3039.75 2922.84 60.65 4003.89 815.11 16.91 247.81
207 56 F N 5 2854 1944.17 1869.39 65.50 2560.81 293.19 10.27 44.54
208 22 F Y 7 3313 2368.40 2277.31 68.74 3119.61 193.39 5.84 −129.69
209 34 F N 8 3733 2519.95 2423.03 64.91 3319.22 413.78 11.08 22.59
210 24 F N 7 2089 1492.91 1435.49 68.72 1966.43 122.57 5.87 −2.02
211 8 M – 8 3198 2314.28 2225.27 69.58 3048.32 149.68 4.68 −154.75
212 15 F Y 10 3520 2338.17 2248.24 63.87 3079.78 440.22 12.51 83.57
213 8 F Y 9 2538 1636.88 1573.93 62.01 2156.06 381.94 15.05 184.53
214 42 F Y 8 4216 2753.52 2647.61 62.80 3626.87 589.13 13.97 119.62
215 8 M – 8 3128 2274.39 2186.91 69.91 2995.77 132.23 4.23 −160.85
216 29 M – 9 7382 4850.40 4663.85 63.18 6388.83 993.17 13.45 10.24
217 29 F Y 6 3484 2551.41 2453.28 70.42 3360.66 123.34 3.54 −277.47
218 18 F Y 6 2762 1971.29 1895.47 68.63 2596.54 165.46 5.99 −68.27
219 28 F Y 8 3526 2234.32 2148.38 60.93 2942.99 583.01 16.53 225.39
220 24 M – 7 4740 3315.16 3187.65 67.25 4366.65 373.35 7.88 −181.14
221 11 F Y 5 2064 1441.06 1385.64 67.13 1898.13 165.87 8.04 45.33
222 10 F Y 7 1823 1314.90 1264.33 69.35 1731.96 91.04 4.99 9.59
223 46 F N 6 3062 2178.23 2094.45 68.40 2869.11 192.89 6.30 −89.49
224 46 F N 7 3329 2223.51 2137.99 64.22 2928.76 400.24 12.02 74.57
225 21 F Y 6 3300 2314.23 2225.22 67.43 3048.25 251.75 7.63 −69.22
226 36 F Y 7 3146 2065.05 1985.62 63.12 2720.03 425.97 13.54 129.97
227 46 F N 3 3214 2268.40 2181.15 67.86 2987.88 226.12 7.04 −80.90
228 34 M – 6 4454 3219.28 3095.46 69.50 4240.36 213.64 4.80 −294.47
229 48 F N 7 3987 2820.01 2711.55 68.01 3714.45 272.63 6.84 −159.75
230 42 F N 7 4423 2907.73 2795.89 63.23 3829.99 593.01 13.39 88.93
231 21 F Y 8 2519 1812.08 1742.39 69.16 2386.83 132.17 5.26 −61.91
232 16 M – 6 3278 2136.30 2054.14 62.67 2813.88 464.12 14.15 146.37
233 44 F Y 8 3828 2459.96 2365.34 61.79 3240.20 587.80 15.36 181.20
234 10 F Y 8 2554 1790.05 1721.20 67.40 2357.81 196.19 7.67 −4.07
235 35 F N 8 3915 2860.63 2750.61 70.27 3767.96 147.04 3.74 −274.16
236 22 F Y 8 3515 2615.18 2514.60 71.53 3444.66 70.34 2.01 −285.16
237 31 F Y 9 3538 2291.55 2203.41 62.28 3018.37 519.63 14.69 160.06
238 15 M – 7 4055 2775.40 2668.66 65.81 3655.69 399.31 9.85 −43.98

Animals 201–228 are the same individuals, with the same IDs, as in Chusyd et al. (2019).
BCS, body condition score; BM, body mass; Nd, dilution space; TBW, total body water in kg and as a percentage of total body mass (TBM); FFM, fat-free mass;
FM, fat mass;% BF, percentage of body fat; RFM, estimated relative fatmass derived by regressing fat mass on bodymass by sex. Bold ID numbers represent an
Asian elephant with a calf aged 3 years or younger. Bold BCS numbers represent an elephant that was scored only by D.E.C.
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Estradiol was measured in samples collected during the follicular
phase of the cycle using an ultra-sensitive estradiol radioimmunoassay
(DSL4800, Immunotech, Prague, Czech Republic). Samples with
duplicate coefficients of variation (CVs) exceeding 10% were
re-analyzed, so intra-assay EIA CVs were <10%.
Serum glucosewas measured in singlicate by use of an automated

glucose analyzer (Stanbio Sirrus, Stanbio Laboratories, Boerne,
TX, USA). Serum amyloid A (SAA) was measured using an RX
Daytona automated clinical chemistry analyzer (Randox Industries-
US Ltd, Kearneysville, WV, USA) with commercially available
reagents, calibrators (0.1–500 mg l−1) and two-level controls (Eiken
Chemical Co. Ltd, Tokyo, Japan).

Monitoring physical activity
An accelerometer (Actigraph wGT3X, Actigraph, Pensacola, FL,
USA) was placed in two industrial-strength plastic bags and then
inside awaterproof protective case. The case was then inserted into a
pouch on a customized bracelet (Delta Rigging, Hurst, TX, USA)
placed on the front leg of each elephant (Fig. S1). The accelerometer
was oriented such that the y positive axis was oriented up, and the z
positive axis was oriented in the direction the elephant walked
forward. The bracelet was worn for at least 2 days from the time the
elephants left the barn in the morning until they were brought in at
the end of the day (∼6–9 h day−1). Each elephant was also observed
for a minimum of 20 min per observation period and the animal’s
activities documented.
Step counts were determined by graphing the raw z-axis data and

counting each peak, which corresponded to a step. This technique
was validated on a subset of the study population (n=22). Direct
observations of steps were compared with the graphed peaks and
found to be in agreement on the basis of a Bland Altman plot. The
intraclass correlation coefficient (ICC) was in good agreement
between directly observed steps and steps counted by the
accelerometer [ICC (2,1)=0.987, P<0.0001].
A standardized walk test was implemented to determine average

stride length per elephant.While each elephant walked a premeasured
distance [58–200 feet (17.68–60.96 m) depending on institution] 3
times, starting and ending times and steps were recorded. A step
equated to when the leg with the bracelet was lifted up, was moved
forward along the z-axis, and then was placed down at a point
different from the starting position. The distance of the standardized
walk test divided by the number of steps taken to traverse the
premeasured distance represented the average stride length and was
averaged across the three tests per elephant. Average stride length was
multiplied by the step count to determine total distance traveled.
Because accelerometers were worn for different lengths of time,
average distance traveled per hour was used in all analyses.

BCS
A single BCS was assigned to each elephant using the index created
by Fernando et al. (2009). Scores for animals 201–228 were from an
earlier study (Chusyd et al., 2019); additional elephants in this study
were scored by D.E.C.

Dominance status
For females only, dominance status was determined based on keeper
information, including whether an elephant was the matriarch of
the herd.

Statistical analyses
Statistical analyses were performed using R statistical software
(R version 3.5.2 and RStudio version 1.1.423) and were specified

before examining data unless otherwise stated. Although 44
elephants were included in this study, six elephants (4 females, 2
males) were excluded from body composition statistical analyses
because the amount of deuterated water ingested could not be
determined and it was not possible to accurately calculate body
composition. Calves derive most of their nutrients from the
mother’s milk until 3 years of age (Sukumar, 2003); therefore,
body composition analyses were conducted with and without the
three elephants with calves because the impact of lactation on
hydration state is not known.

To test the hypothesis that adiposity predicts cycling status, we
used generalized estimating equations (GEEs) to perform regression
analysis of cyclicity status (cycling or not cycling) on FM with
adjustment for FFM and age, with a random effect for zoo (n=35).
GEE models were used because the dependent variable was binary,
and to account for the random effect of residing in the same zoo.
Thus, zoo ID was treated as a random effect in all models to adjust
for correlation of factors related to residing in the same zoo. The
assumption that the relationship between age and cycling status was
linear was tested using a Box–Tidwell transformation test. This
relationship was not significant (P>0.05); therefore, we can assume
linearity between age and cycling status in this population. FM,
FFM and age were included as continuous variables. The primary
model was then conducted adjusted for FFM only. To further
investigate the role of age, we determined a common age range in
both cycling and non-cycling elephants (30–49 years of age), and
then ran the primary GEE model adjusted for FFM (cycling: n=5;
non-cycling: n=9). After we examined the data, we conducted
secondary sensitivity analyses on the primary logistic model and
included dominance status and whether the elephants were housed
with male elephants. Dominance status was included as a
dichotomized variable (female elephant was dominant or non-
dominant), and then female elephants were characterized as not
housed with male elephants (n=5), housed with males with direct
contact (n=15), or housed with males without direct contact (n=15).
Lastly, we examined the relationship between cycling status and
RFM, unadjusted and adjusted for age. Although it is likely that
males and females differ in terms of RFM, because of the small
sample size for males, RFM was derived by regressing FM on body
mass independent of sex.

To test the hypothesis that body composition is correlated with
metabolic health and activity levels, Pearson correlations between
estimated RFM, FM, FFM, age, body mass, glucose, insulin and
distance walked were conducted. BCS was also included in
correlation analyses. In other species, excess adipose tissue is
known to be associated with an inflammatory state; thus, Spearman
correlations were run between estimated RFM and FM and SAA.
Spearman correlations were conducted because of the non-normal
distribution of SAA. Partial correlations were conducted between
FM and glucose and insulin, adjusted for FFM, between distance
walked and glucose and insulin, adjusted for FFM, and between
distance walked and estimated RFM and FM, adjusted for age.
When correlations included only the variables age, body mass,
glucose or insulin, the entire sample population was used (females:
n=35; males: n=9); however, when correlations included body
composition variables (FM, FFM, estimated RFM), sample size was
n=31 for females, and n=7 for males. When correlations included
distance walked, the sample size was n=32 for females, and n=7 for
males. Although relative FM is generally the more biologically
relevant measure, absolute FM was included in correlation analyses
because of the general relationships between FM and glucose,
insulin and certain inflammatory biomarkers.
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To test the hypothesis that body composition and metabolic
health differ between cycling and non-cycling elephants, t-tests
were used to compare the means of age, body mass, FM, FFM,
RFM, BCS, height, body length, glucose, insulin, estradiol and
distance walked by cyclicity status. Wilcoxon tests were used to
compare the means of SAA by cyclicity status because of its non-
normal distribution. Fisher’s exact test was used to compare the
proportion of nulliparous elephants by cyclicity status.
To test the hypothesis that body composition and metabolic

health differ between males and females, t-tests were used to
compare the means of age, height, BCS and body length. Wilcoxon
tests were used to compare the means of body mass, FM, FFM,
RFM, glucose, insulin, distance walked and SAA because of their
non-normal distributions.
To test species differences, the female Asian elephant data were

then combined with female African elephant data from our previous
study (Chusyd et al., 2018). This was done to provide a more
comprehensive overview of the relationship between body
composition and health in the Elephantidae family, as African
and Asian elephants differ in susceptibility to various health
concerns. With the data from both species combined, GEE models
regressed cycling status on FM, adjusted for FFM, and adjusted for
FFM and age, with zoo as a random effect. t-tests were conducted to
determine whether therewere species differences in the mean values
of FM, glucose, insulin and SAA, while a linear regression model
was used to investigate species differences in estimated RFM.
Significance level was determined at P<0.05 (2-tailed).
Models with FM adjusted for FFM, and those with estimated

RFM address the same necessity of accounting for the elephant’s
body size when examining relationships between FM and other
variables of interest. In GEE models, we show analyses both ways,
whereas estimated RFM is preferred for scatter plots where
covariates are not possible.

RESULTS
Body mass and composition
For all elephants, body fat percentage averaged 9.75±4.85% (mean±
s.d., range: 2.01–24.59%; n=38). Body fat percentage averaged
10.05±5.00% (2.01–24.59%; n=31) for females and 8.43±3.88%
(4.23–14.15%; n=7) for males. Body composition was estimated
based on the elephant’s deuterium washout curve (Fig. S2A), which
indicated that the deuterium equilibrated completely and rapidly with
the rest of the body water, leading to single pool kinetics (Fig. S2B).
Descriptive statistics and tests for differences by sex are presented

in Table 2 and Table S1. Males were younger (P=0.019), taller
(P<0.001) and longer (P=0.015) than females. Males weighed more
(P=0.043) and had more FFM than females (P=0.049), but there
were no significant differences in FM by sex (P>0.999), indicating
that females were relatively fatter than males. Indeed, females
trended to have greater RFM compared with males (P=0.094). We
did not find a significant difference in BCS between females and
males (P=0.607).

Body composition and ovarian cycling status
Descriptive statistics and tests for differences by cycling status are
presented in Table 3 and Table S2. Non-cycling elephants were
older than cycling elephants (P<0.001), had a lower BCS
(P=0.017), and were more likely to be nulliparous (P=0.030).
There was no significant difference between non-cycling and
cycling elephants in terms of absolute FM (P=0.393) or FFM
(P=0.146), but non-cycling elephants showed a trend towards
having less RFM compared with cycling elephants (P=0.078).

Predictors of cycling status analyzed by GEE in females (n=31)
are shown in Table 4 and Table S3. For the primary model, which
was adjusted for FFM and age, for every 100 kg increase in FM per
100 kg of FFM, the elephant’s odds of cycling were 3.00 times
higher (P<0.001) (Fig. 1A). Similar odds were observed when
examining the relationship between RFM and cycling status,
adjusted for age (adjusted odds ratio, AOR: 2.36, P=0.020). The
relationship between cycling status and FM remained significant
when the model was adjusted for FFM only (AOR: 1.44, P=0.016),
with similar results between cycling status and RFM (AOR: 1.60,
P<0.001). Secondary sensitivity analyses were then conducted.
After inclusion of male housing, dominance status and estradiol to
the primary model (adjusted for FFM and age), FM remained
significant (AOR: 2.83, P<0.001; AOR: 3.09, P<0.001; and AOR:
4.08, P=0.026, respectively). Body mass, unadjusted or adjusted for

Table 3. Characteristics of the female Asian elephant study sample

Cycling (n=22) Non-cycling (n=13)

Age (years) 24.3±11.7 43.4±8.2**
BM (kg) 3170±714 3499±631
FM (kg) 376±250b 307±154a

FFM (kg) 2868±582b 3185±567a

RFM (kg) 62±192b −46±113a

BCS (0–10) 7.50±1.22 6.31±1.55*
Height (inches) 94±6 (2.39±0.15 m) 95±7 (2.41±0.18 m)
Length (inches) 83±10 (2.11±0.25 m) 87±8 (2.21±0.20 m)
Nulliparous [n (%)] 10/22 (45.5) 11/13 (84.6)*
Glucose (mg dl−1) 75.59±11.96 75.15±9.97
Insulin (µg l−1) 0.846±0.800 0.690±0.615
Estradiol (pg ml−1) 13.40±7.25d 14.99±13.63
SAA (mg l−1) 8.28±25.05 10.95±36.33
Distance (km) 0.67±0.34d 0.56±0.45c

Data, except for nulliparous, are presented asmeans±s.d. Nulliparous data are
presented as the number of elephants that were nulliparous out of the total
number of elephants. Data presented are all available data on the sample
population, regardless of whether therewas body composition on the elephant.
Distance walked is depicted in 60 min intervals for a minimum of 6 h. t-tests
were used to compare the means of age, BM, FM, FFM, height, body length,
glucose, insulin, estradiol and distance walked. Wilcoxon tests were used to
compare the means of SAA because of its non-normal distribution.
Asterisks indicate a significant difference between cycling and non-cycling
Asian elephants: *P<0.05, **P<0.001. an=12; bn=19; cn=11; dn=21.

Table 2. Characteristics of the Asian elephant study sample

Females (n=35) Males (n=9)

Age (years) 31.4±14.0 19.3±9.3*
BM (kg) 3292±694 4192±1323*
FM (kg) 349±217a 389±296b

FFM (kg) 2991±588a 3930±1245*,b

RFM (kg) 20±172a −97±146b

BCS (0–10) 7.06±1.45 6.78±1.39
Height (inches) 94±6 (2.39±0.15 m) 105±7** (2.67±0.18 m)
Length (inches) 85±10 (2.16±0.25 m) 94±9* (2.39±0.23 m)
Glucose (mg dl−1) 75.43±11.11 72.11±16.81
Insulin (µg l−1) 0.788±0.731 0.569±0.471
SAA (mg l−1) 9.3±29.2 16.1±31.8
Distance (km) 0.63±0.38c 1.09±0.86b

Data are presented as means±s.d. Distance walked is depicted in 60 min
intervals for a minimum of 6 h. t-tests were used to compare the means of age,
height and body length. Wilcoxon tests were used to compare the means of
BM, FM, FFM, glucose, insulin, serum amyloid A (SAA) and distance walked
because of their non-normal distributions.
Asterisks indicate a significant difference between male and female Asian
elephants: *P<0.05, **P<0.001. an=31; bn=7; cn=32.
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age, was not associated with cycling status (P=0.260; 0.340,
respectively). Although non-cycling elephants tended to have less
fat than cycling elephants, when adjusted for FFM and age, the
estimate means did not reach significance (P=0.112) (Fig. 2).
Patterns were similar after excluding elephants with calves under
3 years of age (P=0.060).
The relationship between the probability of cycling and FM was

then further examined by age in two ways. First, a common age
range for cycling and non-cycling elephants (30–49 years of age)
was identified, and then the relationship between cycling status and
FM adjusted for FFM in this age range was examined. The model
did not converge because it had a perfect separation. The top five
elephants with the most estimated RFM were all cycling elephants,
while the rest of the elephants analyzed in this age group were not
cycling. Within this age group, those elephants that were cycling
had significantly higher adjusted FM (P=0.003), with an estimated
RFM mean of 167.7 kg compared with −53.7 kg for non-cycling
elephants. Second, we split the elephants into two categories, old
(defined as above the mean age of 31.2 years) and young (defined as
below the mean age) to graphically examine the relationship
between the probability of cycling and FM adjusted for FFM by age
(Fig. 1B). Older elephants needed more FM relative to FFM to have
a higher likelihood of cycling (above 50%), whereas for younger
elephants, their likelihood of cycling was already high regardless of
their FM.
When Asian elephant data from the present study were combined

with previous African elephant data (Chusyd et al., 2018), FM did
not predict cycling status, adjusted for FFM and age (P=0.105), or
FFM only (P=0.169), but RFM nearly reached significance
(P=0.064). Nor did FM predict cycling status adjusted for FFM
(P=0.210), when using the common age range of 30–49 years for
the combined species data. Body composition distribution
is graphically depicted by species in terms of age and cycling
status in Fig. 3.

Body composition and estradiol concentration
Unadjusted estradiol was not a significant predictor of estimated
RFM (P=0.081), nor was estradiol when adjusted for age (P=0.096).
Because adipose tissue can contribute to circulating levels of
estrogens, the relationship between FM and estradiol was examined.
Estradiol, unadjusted and adjusted for age as a covariate in the
model, did not predict FM (P=0.430, P=0.459, respectively)
(Table S4). However, when excluding elephants with calves aged
3 years and younger, estradiol, unadjusted and adjusted for age as a
covariate in the model, did predict FM (P=0.035, P=0.025,
respectively) (Table S4).

Body composition, glucose, insulin, SAA and activity levels
Adipose tissue is known to contribute to glucose, insulin and some
inflammatory biomarker concentrations; thus, correlations with
RFM and absolute FM were conducted. While the correlations
between estimated RFM (Fig. 4A) and FM with glucose were not
significant (r=−0.08, P=0.654; r=−0.11, P=0.517, respectively),
estimated RFM (Fig. 4B) and FM were positively correlated with
insulin (r=0.45, P=0.004; r=0.36, P=0.025, respectively). There
was no correlation between estimated RFM (Fig. 4C) or FM with
SAA (ρ=−0.12, P=0.468; ρ=0.00, P=0.982, respectively).
Estimated RFM (Fig. 4D) was not correlated with distance walked
(r=−0.27, P=0.124), but estimated RFM had a marginally
significant, negative relationship with distance walked when
corrected for age (r=−0.33, P=0.064). Distance walked was not
correlated with glucose (r=−0.06, P=0.722) or insulin (r=−0.25,
P=0.125) (Fig. 4E), but was negatively associated with age

Table 4. Odds ratios for FM and estimated RFM in generalized estimating
equation (GEE) models to predict cycling status in Asian elephants

Model OR (95% CI) P

Cycling=FM FFM age 3.00 (1.79–5.03) <0.001
Cycling=RFM age 2.36 (1.14–4.89) 0.020
Cycling=FM FFM 1.44 (1.07–1.93) 0.016
Cycling=RFM 1.60 (1.22–2.10) <0.001
Cycling=FM FFM age male 2.83 (1.54–5.16) <0.001
Cycling=FM FFM age dominant 3.09 (1.74–5.49) <0.001
Cycling=FM FFM age estradiol 4.08 (1.18–14.12) 0.026

Cycling, cycling status (cycling or not cycling); FFM, fat-free mass (100 kg);
FM, fat mass (100 kg); dominant, dominance status (dominant or non-
dominant); male, housed with males with direct contact, housed with males
with indirect contact, or not housed with males; RFM, relative fat mass; OR,
odds ratio; CI, confidence interval. Bold indicates significance.
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(r=−0.35, P=0.028) (Fig. 4F). Glucose was positively correlated
with insulin (r=0.32, P=0.035).
There were no differences in the means of estimated RFM

(P=0.090), FM (P=0.900), glucose (P=0.100) or SAA (P=0.600)
between female Asian and African elephants. However, female
Asian elephants had higher insulin concentrations compared with
African elephants (P=0.008).

DISCUSSION
This study examined relationships between adiposity, glucose,
insulin, SAA, ovarian cycle status and physical activity levels in zoo
Asian elephants. Body fat percentage ranged from approximately
2% to 25% in our Asian elephant sample population, which was a
greater range than previously observed in African elephants (5–16%
body fat). There were no differences in fat measures between males
and females or between species. In European zoos, BCSs in Asian
and African elephants also were similar (Schiffmann et al., 2018),
whereas in North American zoos, Asian elephants had
comparatively higher BCSs than those of African elephants, and
females had higher BCSs compared with males (Morfeld et al.,
2016; Schiffmann et al., 2018), raising questions about how
differences in zoo management affect body condition, adiposity and
subsequent health consequences.
Our hypothesis that adiposity in Asian elephants would be

positively correlated with metabolic status was supported by the
finding of a positive correlation between estimated RFM and insulin
concentration. In African elephants, estimated RFM correlated with
glucose, and trended in the expected positive direction with insulin
(P=0.128) (Chusyd et al., 2018). Adipose tissue is known to be
associated with glucose–insulin regulation and expression. Higher

adiposity can disrupt glucose homeostasis (Lindström, 2007; Yan
et al., 2011a). Glucose is the preferred metabolic fuel for
mammalian tissues and in part regulates the metabolism of other
metabolic substrates (Grossman, 1986). In a healthy state, glucose
concentration is tightly regulated by insulin, balancing the output of
hepatic glucose with the uptake of glucose by the skeletal muscle,
adipose tissue and liver (de Luca and Olefsky, 2006). In the
elephant, glucose values typically range between 60 and
116 mg dl−1 (Fowler and Mikota, 2008). However, in a state of
insulin resistance, glucose storage and metabolism are
compromised. Concomitantly, there is an increase in blood
glucose and a decrease in glucose storage, which can result in
hyperglycemia. To prevent hyperglycemia and maintain normal
glucose tolerance, compensatory hyperinsulinemia ensues. In the
present study, insulin values ranged from 0.05 to 3.00 ng ml−1,
while non-fasted insulin concentrations as high as 6.24 ng ml−1

(corrected units) have been reported in Asian elephants (Morfeld
and Brown, 2017). The link between higher adiposity and insulin
resistance has been well documented in other animals, such as the
horse (Vick et al., 2007), pig (Sébert et al., 2005) and dog (German
et al., 2009); therefore, it is reasonable to posit that this relationship
may be present in elephants. Indeed, the majority of these elephants
had greater than expected FM for their body mass (i.e. positive
estimated RFM values). Thus, there should be concern that with
continued adipose accrual, an elephant could develop a diabetic-like
state and experience metabolic dysfunction.

Chronic inflammation is associated with obesity and obesity-
related infertility in various species (Robker et al., 2011; Yan et al.,
2011b; Jimenez-Gomez et al., 2013). However, our results do not
support a relationship between inflammation and high adiposity or
acyclicity. There were no significant differences in SAA values
between cycling and non-cycling elephants, nor was SAA
correlated with estimated RFM. The SAA reference interval for
clinically healthy Asian elephants is 0–47.5 mg l−1 (Isaza et al.,
2014). Based on that, five elephants between 8 and 47 years of age
had elevated SAA levels: three females and two males. At the time
of blood sampling, one elephant had a non-life-threatening abscess
and the second highest SAA concentration. This injury may have
contributed to her SAA levels (Rael et al., 2009), but the cause of
higher SAA in the other animals is unknown. Regardless, SAAmay
not capture a low-grade inflammatory state associated with high
adiposity, or the elephants in the present study may not have had
sufficiently high levels of adiposity to induce a state of low-grade
inflammation.

It has been suggested that elephants in zoos, because of spatial
constraints, do not walk enough (Doyle and Roy, 2006; Poole and
Granli, 2009). In the wild, elephants move for a variety of reasons,
including resource acquisition and mate searching, with total
distances traversed dependent on the habitat and season (i.e. wet
versus dry season). Free-ranging African and Asian elephants have
been observed to walk between 0.01 and 1.15 km on an hourly basis
(McKay, 1973; Wyatt and Eltringham, 1974; Whitehouse and
Schoeman, 2003; Slotow and Van Dyk, 2004), and, for Asian
elephants, between 0.09 to 9.52 km on a daily basis (Bahar et al.,
2018; Alfred et al., 2012). We found that elephants walked between
0.03 and 2.79 km on an hourly basis, which is similar to findings of
previous studies (Leighty et al., 2009; Holdgate et al., 2016).
Irrespective of why elephants walk, the simple act of walking may
be beneficial, as physical activity is known to improve health,
independent of weight loss (Di Blasio et al., 2014). Distance walked
was nearly significant with RFM, such that increased walking may
contribute to decreases in RFM. Therefore, it may be possible that
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Fig. 2. Estimatedmeans for FM versus cycling status. Data are shown with
FM unadjusted, adjusted by FFM, and adjusted by FFM and age for all
female Asian elephants with body composition data. Cycling elephants: n=22;
non-cycling elephants: n=13.
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voluntary walking is sufficient, it itself, to reduce RFM; however,
previous studies have demonstrated that voluntary walking was not
associated with lower BCS in elephants (Holdgate et al., 2016).
Regardless, there are certainly other benefits for increased walking,
and zoos should continue to maximize this activity. Increased
activity is known to protect against a loss of physical function
(Simonsick et al., 2005), and can reduce pain associated with
arthritis (Roddy et al., 2005). Our results demonstrated that older
elephants walk less, and it is likely that there is a high prevalence of
foot and joint issues in this population (Csuti et al., 2008; Lewis
et al., 2010). Therefore, an emphasis should be placed on getting
older elephants moving.
Previous work has suggested that a high level of adiposity is a

contributing factor to reproductive problems in elephants, as high
BCS (Morfeld and Brown, 2016; Schiffmann et al., 2018), high
BMI (Freeman et al., 2009) and greater body mass (Schiffmann
et al., 2019c) have been associated with ovarian acyclicity. This
relationship is typically observed in African elephants, which have
rates of abnormal ovarian cycles exceeding 50% across all age
categories, compared with Asian elephants where 27% exhibit no or
irregular cycles, but most are older and post-reproductive (Brown
et al., 2016). Thus, it was not surprising that there was a significant
relationship between age and acyclicity in the Asian elephants of
this study. However, the finding that non-cycling elephants, after
adjustment for FFM and age, had less FM than did cycling
elephants was not expected. Interestingly, despite high rates of
ovarian cycle problems, there were no relationships between higher
levels of adiposity (FM, RFM) and cyclicity status in African

elephants (Chusyd et al., 2018). None of the elephants in our Asian
or African elephant studies appeared to be excessively thin, and
only two elephants appeared to be underweight based on visual
observations (i.e. BCS=3–4 using Fernando BCS system), so
ovarian cycle status speculatively may be related to where FM is
deposited. Compared with subcutaneous fat, visceral fat is more
closely associated with metabolic perturbations, which is thought to
contribute to infertility (Diamanti-Kandarakis and Bergiele, 2001).
Thus, the discord between findings in the present and previous
studies relying on BCS may be due to differences in the
methodologies used to assess body condition or the sample
population.

We initially hypothesized that ovarian acyclicity in Asian
elephants might be related to a disruption in the hormonal milieu.
Brown and colleagues (2004) demonstrated that estradiol levels are
approximately 3 times higher in non-cycling than in cycling Asian
elephants. Decreases in estradiol alter body mass and distribution of
fat (Geary and Lovejoy, 2008), while estradiol increases oxygen
consumption (Wade et al., 1985), and decreases food intake (Wade,
1976). Further, ovariectomized rats, mice and cats have greater
overall FM compared with amounts in age-matched controls
(McElroy and Wade, 1987; Nguyen et al., 2004; Hong et al.,
2009). However, we did not find higher estradiol concentrations in
non-cycling elephants, nor did we observe a relationship between
estradiol and estimated RFM.

The majority of acyclic Asian elephants are older (Brown et al.,
2016; Brown, 2019; present study). Therefore, to further explore
that relationship, we re-analyzed data by dividing elephants into
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‘old’ or ‘young’ categories, i.e. above or below the mean age of this
study population. Indeed, we found substantially different
relationships with cycling status and FM adjusted for FFM
between age groups. For any given amount of FM adjusted for
FFM, young elephants’ probability of cycling was higher than that
of the older elephants. In addition, it appears that older elephants
may require higher levels of FM relative to their body size to have a
higher probability of cycling, while young elephants can cycle
regardless of FM. Speculatively, this may reflect species-specific
differences in the obligatory level of fat required for reproductive
cycling to continue, with Asian elephants needing more RFM to
cycle normally later in life, while it does not seem to matter in
African elephants. Ultimately, it is unlikely that only one factor

contributes to a non-cycling status, but rather a multitude of
contributors, such as reproductive pathologies, nulliparous status
and social factors, are important (Aupperle et al., 2008; Hermes
et al., 2008; Dow et al., 2011).

Although deuterium has been used as a tracer of water to assess
body composition for nearly 75 years (Schloerb et al., 1950), the
deuterium dilution technique is relatively new for elephants. Like all
measurement systems, there are inherent measurement errors. Body
composition by deuterium dilution hinges on the proportion of
water in FFM. Because the exact relationship is not known for the
Asian elephant, we used the average mammalian hydration
constant, for females and males. Thus, it may be possible that our
body fat percentages are not the true values. Extreme body fat
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percentages may be attributed to the elephant having an extreme
value, in addition to measurement error. But, because any
disagreement in hydration constant would result in a linear
transformation, we believe the ranking of the data, and the relative
relationships and trends observed hold true. Some have postulated
that water and bone mineral content may vary more in women than
in men (Bunt et al., 1989; Vogel and Friedl, 1992), but the literature
reviews do not support this notion (Fogelholm and van Marken
Lichtenbelt, 1997; Chumlea et al., 2007). In addition, concerns have
been raised about how gut contents may impact TBW in herbivores
(Torbit et al., 1985). TBW is composed not only of the water in
bodily tissues but also of the water found in the gut. Whether gut fill
is assumed to be constant or variable, not accounting for gut fill will
lead to an underestimate of body fat. If gut contents are assumed to
be constant among individuals, this is similar to differences
observed based on the hydration constant used (Wang et al.,
1999), as we previously outlined (Chusyd et al., 2018), and this
would not affect the ranking of the individuals. While non-
parametric analyses would not be affected, inferences from
parametric analyses might be. The variation in gut fill, in addition
to gut moisture content, can be variable among individuals and can
affect the results in magnitudes that are relevant. This is particularly
true for lean animals. For example, the body fat percentage of
animal ID 236 is estimated at 2%. If one assumes that animal’s gut
contents are 12% of body mass, with an assumed water in the gut
contents of 82%, the animal’s estimated body fat percentage
increases to 3.5%, which is a relative percentage change of 55%.
Such effects depend on variable differences (e.g. assumed water in
gut contents ranging from 78% to 86%), and may change the
ranking of individuals. Nevertheless, in our view, even with the
deuterated water administered orally, based on the kinetic data, we
believe the impact of variable gut fill overall was not a major factor
in the body composition of elephants in this study. Specifically, if
the gut fill was behaving as a separate dilution space, the deuterium
washout curve characteristics would be different from those
observed. A two-compartment model (gut fill being one
compartment and the body being the second compartment) would
lead to the washout curve having a kink due to separate kinetics of
elimination of deuterium from the two compartments. Instead, what
we observed was that each washout curve was linear, indicating the
gut did not represent a separate pool. In addition, we used the back
extrapolation method, rather than the plateau method, which
minimizes dependence on a single post-dose measurement that
would be susceptible to two-pool kinetics. Of course, reducing
variation from any source is necessary, and thus deuterated water
was administered in the morning prior to the elephants receiving
their normal morning feeding regimen. However, elephants (n=7) at
one zoo had ad libitum access to food. There were no clear patterns
of FM values amongst these elephants compared with the average,
suggesting whether food was withheld or not may not have had a
significant effect on fat calculations in this study.
The use of the average mammalian hydration constant may not be

appropriate in lactating elephants. Lactating mice, for example, have
an approximately 10% greater TBW content than that of non-
lactating mice (Król and Speakman, 2003), whereas no significant
differences were observed in TBW between lactating and non-
lactating cows (Martin and Ehle, 1986). The observed species
differences are likely attributed to differences in body size. As the
animal gets bigger, the effects of lactation get smaller owing to the
scaling of milk production, metabolic rate and water turnover.
Although the three females in our study with a calf aged 3 years or
younger had comparatively higher rates of water turnover for body

mass, they were all still within 2 s.d. of the mean (data not shown).
Ultimately, the impact of lactation is not known, but the inclusion or
exclusion of these females in the analyses did not alter the primary
outcome results.

Obesity is a social creation to describe people with high levels of
adiposity, and was originally developed based on mortality data
(Dublin and Lotka, 1937). There are no data on the relationship
between adiposity levels and mortality in elephants; thus, whether it
is equally valuable to categorize elephants as being too fat (i.e.
obese) still remains to be determined. Preliminarily, we attempted to
identify an adiposity threshold in Asian elephants, whereby
exceeding this value may increase an individual’s risk for
developing co-morbidities. Based on identifying individuals with
an insulin value 1 s.d. above the mean (i.e. 1.43 ng ml−1), the
adiposity threshold is 14% body fat and equated to elephants within
the top 20% in body fat percentage. It should be noted that male
elephants likely have a lower body fat percentage threshold, as seen
in other species (Webb and Weaver, 1979; Kearns et al., 2002;
Wells, 2007), particularly as male elephants had less relative FM
and significantly more FFM compared with females. But because of
the small male sample size, sexes were ultimately pooled for the
adiposity threshold. An adiposity threshold may differ by species.
Asian elephants had significantly higher insulin concentrations
compared with African elephants, which is in agreement with
previous publications (Morfeld and Brown, 2017; Chave et al.,
2019). This suggests that Asian elephants may have a lower
adiposity threshold, and be more susceptible to developing co-
morbidities at similar adiposity levels compared with African
elephants. More research is needed to determine whether our
adiposity threshold is correct, or whether it should be used with
future populations.

Another reasonable consideration is the elephant’s evolutionary
biology. In the wild, available food quality and quantity vary with
season. This likely leads to a cyclicity in levels of adiposity, which
may be accompanied by metabolic changes. Indeed, BCS have been
observed to be lower in the dry season compared with thewet season
in wild Asian elephants (Pokharel et al., 2017), whereas BCS in zoo
elephants appears to remain steady throughout the year (Schiffmann
et al., 2019a). Elephants in zoos are maintained on a constant
nutritional plane, but it may be metabolically beneficial to fluctuate
food quality throughout the year to mimic patterns in thewild. There
are few data on this topic, however, so further research is warranted.

In conclusion, this study, in conjunction with our previous work
in African elephants, suggests that higher adiposity can contribute to
metabolic perturbations, but may not be related to abnormal
reproductive cycles in zoo elephants. Although an attempt was
made to establish an adiposity threshold, it must be emphasized that
this is a new technique in elephants, the study involved a relatively
small sample size, and therewere no data on adiposity andmortality,
so future work with larger sample sizes and greater ranges in body
condition are needed. In addition, greater adiposity alone does not
necessarily mean an individual is less healthy. An elephant’s overall
health (i.e. age, joint issues, metabolic dysfunction) should also be
considered, in the context of their body fatness. Therefore, it may
prove more useful in terms of understanding elephant morbidity and
mortality to shift the focus from ‘ideal weight/adiposity’ to
‘dangerous weight/adiposity’ on a per elephant basis.
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Table S1. Characteristics of the female and male Asian elephants that have body composition data. 

Females (n=31) Males (n=7) 

Age (years) 31.2 ± 13.9 19.1 ± 10.14* 

Body Mass (kg) 3340 ± 702 4319 ± 1495 

Fat Mass (kg) 349  ± 217 389  ± 296 

Fat-Free Mass (kg) 2991  ± 588 3930  ± 1245* 

BCS (0-10) 7.13 ± 1.43 7.29 ± 1.11 

Height (in) 94 ± 7 105 ± 7** 

Length (in) 85 ± 10 96 ± 9* 

Glucose (mg/dL) 74.52 ± 10.46 77.71 ± 13.49 

Insulin (µg/L) 0.861 ± 0.747 0.675 ± 0.486 

SAA (mg/L) 6.19 ± 21.23 8.24 ± 19.55 

Distance (km) 0.62 ± 0.35a 0.81± 0.45b 

Abbreviation: SAA, serum amyloid A. Data are presented as mean ± SD. Distance walked is depicted on 

60-minute intervals for a minimum of 6 hours. T-tests were used to compare the means of age, height, and 

body length. Wilcoxon tests were used to compare the means of body mass, fat mass, fat-free mass, 

glucose, insulin, SAA, and distance walked because of their non-normal distributions.  
*,**Significant difference between male and female elephants: *P<0.05, **P<0.001.  
an =28, bn=6. 

RFM (kg) 20 ± 172 -97 ± 146 
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Table S2. Characteristics of the female Asian elephants that have body composition. 

Cycling (n=19) Noncycling (n=12) 

Age (years) 23.6 ± 11.2 43.1 ± 8.4** 

Body Mass (kg) 3245 ± 729 3492 ± 659 

Fat Mass (kg) 376  ± 250 307  ± 154 

Fat-Free Mass (kg) 2868  ± 582 3185  ± 567 

BCS (0-10) 7.53 ± 1.31 6.50 ± 1.45 

Height (in) 94 ± 6 95 ± 7 

Length (in) 84 ± 11 87 ± 8 

Nulliparous [No. (%)] 10/19 (52.6) 10/12 (83.3) 

Glucose (mg/dL) 74.84 ± 11.28 74.00± 9.47 

Insulin(µg/L) 0.944 ± 0.819 0.729 ± 0.626 

Estradiol (pg/mL) 12.76 ± 6.73a 16.06 ± 13.66 

SAA (mg/L) 9.54 ± 26.82 0.88 ± 1.29 

Distance (km) 0.62 ± 0.29a 0.60 ± 0.45b 

Abbreviation: SAA, serum amyloid A. Data, except for nulliparous, are presented as mean ± SD. 

Nulliparous data are presented as the number of elephants that were nulliparous out of the total number of 

elephants. Data presented are all available data on the sample population, regardless of whether there was 

body composition on the elephant. Distance walked is depicted on 60-minute intervals for a minimum of 

6 hours. T-tests were used to compare the means of age, body mass, fat mass, fat-free mass, height, body 

length, glucose, insulin, estradiol, and distance walked. Wilcoxon tests were used to compare the means 

of SAA because of its non-normal distribution.  
*,**Significant difference between cycling and noncycling elephants: *P<0.05, **P<0.001.  
an=18; bn=10. 

RFM (kg) 62 ± 192 -46 ± 113 
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Table S3. Odds ratios for FM in GEE models to predict cycling status in Asian elephants, excluding 

elephants with calves aged 3 years or younger 

Model OR (95% CI)     P 

Cycling = FFM FM 1.70 (1.19-2.45) 0.004 

Cycling = age FFM FM 3.06 (1.65-5.69) <0.001 

Cycling = age dominant FFM FM 3.12 (1.57-6.17) 0.001 

Cycling = age male FFM FM 2.88 (1.63-5.08) <0.001 

Cycling= age  estradiol FFM FM 4.35 (1.20-15.78) 0.025 

Cycling: cycling status (cycling or not cycling); FFM: fat-free mass (100 kg); FM: fat mass (100 kg); 

Dominant: dominance status (dominant or non-dominant; Male: housed with males with direct contact, 

housed with males with indirect contact, or not housed with males. 
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Table S4. Estimates for estradiol in linear mixed models to predict fat mass and relative fat mass of Asian 

elephants 

Model Estimate SE (95% CI)     P 

RFM = Estradiol -5.62 3.08 (-12.11 to 

-0.31) 

0.081 

RFM = Estradiol age  -5.40 3.13 (-12.42 to 0.97) 0.096 

FM = Estradiol -3.31 4.14 (-12.00 to 

4.86) 

0.430 

FM = Estradiol age -3.16 4.21 (-11.69 to 

5.00) 

0.459 

RFM = Estradiol* -6.57 2.95 (-12.34 to 

-0.80) 

0.035 

RFM = Estradiol age* -6.98 2.93 (-12.58 to -

1.37) 

0.025 

FM = Estradiol* -4.67 4.25 (-13.00 to 

3.61) 

0.280 

FM = Estradiol age* -4.44 4.32 (-12.69 to 

3.79) 

0.316 

Abbreviations: FM, fat mass; FFM, fat-free mass; RFM, relative fat mass. *Estimates for estradiol in 

linear mixed models to predict fat mass, excluding elephants with calves aged 3 years and younger 
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Figure S1. Photographic depiction of an Asian elephant wearing the activity tracking bracelet, 

highlighted by the red circle. In the inlay is a photograph of the accelerometer (red device) inside the 

waterproof box (black case) above the bracelet they will ultimately be placed inside of. 
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A 

B 

Figure S2. Deuterium washout curves for Asian elephants. A) Trendline for each respective elephant, 

which was used to back extrapolate the elephant’s initial deuterium enrichment. B) Each elephant’s curve 

demonstrating that deuterium equilibrated completely and rapidly with the rest of the body water, leading 

to single pool kinetics. Each point represents a blood sample analyzed for deuterium enrichment.  
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