
Modelling harvest of Asian elephants Elephas
maximus on the basis of faulty assumptions
promotes inappropriate management solutions
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Abstract A ratio-based logistic model developed to assess
elephant harvest rates, based on a study at Nagarhole
Tiger Reserve in India, was recommended as a management
tool to control human–elephant conflict through culling.
Considering this reserve among others violates an assump-
tion of the logistic model: isolation. Nevertheless, assuming
this violation was irrelevant, we re-evaluated the
model, with minor modifications, for the neighbouring
Mudumalai Tiger Reserve, where we used data from  ele-
phant Elephas maximus population surveys to derive boot-
strapped sets of population ratios, and mortality records.
We generated arrays of harvest regimes and examined
which ratio outputs were closest to the bootstrapped ratios.
Our results indicated that () model outputs corresponded
best with the Mudumalai population structure when harvest
regimes were extreme and unlikely, () there were signifi-
cant differences in population structure and harvest regimes
between Nagarhole and Mudumalai, and () only % of
adult male deaths predicted bymodel outputs were recorded
in official governmental records. The model provides sig-
nificantly different results among reserves, which invali-
dates it as a tool to predict change across the entire
elephant population. Variability in survey data and inaccur-
acies in transition probabilities are sufficiently large to war-
rant caution when using them as a basis for deterministic
modelling. Official mortality databases provide a weak
means of validation because poaching incidents are poorly
recorded. We conclude that the model should be based on
validated transition probabilities and encompass the entire
regional population.
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Introduction

Large terrestrial mammals are threatened worldwide
(Yackulic et al., ; Ripple et al., ) as a result of

habitat fragmentation, lack of dispersal opportunities,
small population sizes, poaching and hunting (Leimgruber
et al., ; Ricketts et al., ; Henschel et al., ;
Milliken, ). Under these challenging conditions, model-
ling population variations and estimating harvest rates
(Ginsberg & Milner-Gulland, ; Allendorf et al., ),
when applicable, can inform the development of conserva-
tion strategies.

In  CITES established the Monitoring the Illegal
Killing of Elephants (MIKE) programme, based upon a
multitude of assessments from individual countries. To con-
tribute to this effort, conservationists undertake projects to
better assess illegal harvest; for example, to validate records
of illegal killing of elephants Chelliah et al. () applied a
deterministic Leslie matrix model to populations of Asian
Elephas maximus and African Loxodonta africana ele-
phants. They simulated population ratios (such as adult sex-
ratio) and compared them to those elicited from survey data.
Population ratios have the advantage of using broad age cat-
egories instead of narrow age intervals, which are more error
prone. The model adequately replicated the population
structure in the two study areas, and detected a higher
poaching intensity than recorded in official databases. On
the basis of these coherent results it was concluded that
the model could be applied to a number of vertebrate species
and could inform the resolution of human–elephant conflict
through male-biased culling.

The basic assumptions of the logisticmodel are determin-
ism, constant carrying capacity, constant birth and death
rates, and no immigration or emigration. However, the
Nagarhole Tiger Reserve in India, for which the model was
developed (Chelliah et al., ), is connected to the
Bandipur Tiger Reserve, the Wayanad Wildlife Sanctuary,
and the Anechaukur and Maukal State Forests, which vio-
lates the assumption of isolation. Arguably models built
with the objective of predicting population fluctuations
can produce acceptable results without always strictly obey-
ing assumptions. To investigate whether non-isolation of
populations mattered in this particular case we applied the
same model, with minor modifications, to the Mudumalai
Tiger Reserve (Fig. ).
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We used population data from  surveys carried out by
various authors (Table ) in Mudumalai (Fig. ), nine of
which yielded sufficient details to calculate population ratios.
Multiple surveys have the advantage of providing statistical
variability compared with arbitrary intervals defined around
a single observation, betweenwhich the ratio sets are accepted
as valid. Firstly, we used arrays of harvest scenarios as entry
data in themodel.We then evaluated calculated ratios against
bootstrapped ratio sets. From this comparison we extracted
the number of elephants poached, according to the model.
We compared these outputs with two databases, one belong-
ing to the Tamil Nadu Forest Department and the other to
the Wildlife Protection Society of India. Lastly, we assessed
whether the model was valid for any non-isolated reserve.

Study area

Mudumalai ( km; Fig. ) is part of theWestern Ghats–Sri
Lanka biodiversity hotspot (Myers et al., ). Established
in , it obtained the status of Tiger Reserve in , and
together with Nagarhole, it belongs to the Nilgiris Biosphere
Reserve, a set of protected areas surrounding the Nilgiri
Mountains (Puyravaud & Davidar, ).

According to the Köppen–Geiger climate classification
system the regional climate is at the confluence of four cli-
matic types: tropical monsoon, tropical savannah, temper-
ate dry winter warm summer and temperate dry winter
hot summer (Kottek et al., ; Peel et al., ). Rainfall
occurs mostly during the south-west (May–August) and
north-east (September–December) monsoons. Mudumalai
receives –, mm of rainfall annually and the forest
types vary, from moist-deciduous and semi-evergreen to-
wards the west to deciduous and dry deciduous in the east
(Prabhakar & Pascal, ).

Methods

Mortality records We obtained records of elephant deaths
from the offices of the Tamil Nadu Forest Department in the
Nilgiris District, and theWildlife Protection Society of India
in New Delhi. The records included the date of discovery of
the carcass, the sex of the elephant, estimated age, location,
possible cause of death, and wildlife offence, if any. If age
and sex were not recorded, an elephant was assumed to be
an adult male if the reported cause of death was poaching, as
males with tusks are the main target of ivory poachers
(Daniel et al., ; Baskaran et al., ). The same
deaths were sometimes recorded in both databases. If n
and n are the number of carcasses recorded by the Tamil
Nadu Forest Department and the Wildlife Protection
Society of India, respectively, and n is the number of
carcasses recorded in both databases, assuming
independence three probabilities can be defined: P = n/
N, the probability a carcass will be tallied by the Tamil
Nadu Forest Department; P = n/N, the probability a
carcass will be tallied by the Wildlife Protection Society
of India; and P = n/N = P * P, the probability a carcass
will be tallied by both. The unknown total number of
carcasses can be calculated as N = (n * n)/n. Both
databases contained records for the period –,
and therefore, for the purposes of comparison, we ran
the model for this time span.

Elephant population data We compiled data from 

population surveys conducted during – (Table )
by various researchers using a variety of methods: line
transects, synchronized block count, known/unknown (i.e.
the ratio of individually identified elephants to those that
could not be identified), visual and photographic methods.
In some cases the total number of elephants sighted and the
age structure of the populationwere reported (Arivazhagan&
Sukumar, ; Ramesh et al., ), whereas in others only
the densitywas reported (Varman&Sukumar, ; Baskaran
et al., ; Kumara et al., ). For the latter cases we
extrapolated the population estimate to the area of the
sampled reserve. Nine studies reported the population age
structure following Sukumar & Santiapillai (), with
calves (,  year), juveniles (– years), subadults (–
years) and adults (.  years). We merged the calves and
juveniles categories into a single category: juveniles.
Normality of distributions was appraised using the Shapiro–
Wilk test. We calculated three ratios (Table ) from the
population surveys: the adult sex ratio (asr), the male adult
to subadult ratio (mas) and the proportion of adult males in
the population (pam). The mas ratio was a minor
modification of the male adult to young adult ratio of
Chelliah et al. (), as no survey data were available on

FIG. 1 Location of the Mudumalai Tiger Reserve in Tamil Nadu,
India.
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young adults versus older adult males. The ratios are
correlated, and therefore for a given year the three ratios
were bootstrapped together to identify confidence intervals

from their distributions. Each set of three ratios was taken
at random to form samples with  measurements,
representing the  years of surveying. A total of ,
samples were produced. The mas distribution was normal
and the asr and pam were close to normal. We used
non-parametric statistics (.% quantile, median and .%
quantile) of the bootstrapped distributions to identify ratio
sets for use as a reference against which the calculated ratios
were compared.

The population dynamics model The population model
was a discrete time-step, logistic growth model based on a
Leslie matrix age-structured model (Jensen, ),
combined with Williamson’s two-sex model (Williamson,
). Details on the model and the rationale for using
ratios are provided in Chelliah et al. (). We obtained
survivorship data from Chelliah et al. (; Table A.),
Sukumar () and Sukumar et al. (). We used a
mean of . calves per adult female per year for the entire
reproductive span (Arivazhagan & Sukumar, ), with

TABLE 1 Data from elephant Elephas maximus population surveys in Mudumalai Tiger Reserve, India (Fig. ), with source, year of survey,
method, population and sex ratio.

Source
Year of
survey Method

Population data

No. of adults
(male, female)

No. of subadults
(male, female)

No. of juveniles
(male, female)

No. of calves
(male, female) Total

Daniel et al., 1987 1987 Known/
unknown

138 (23, 114)* 74 (35, 39)* 90 (50, 40)* 48 (24, 24)* 350

Varman &
Sukumar, 1995

1988–1992 Line transects
(interior)

1,149

Line transects
(roads)

597

Tamil Nadu Forest
Department

1999 Line transects 789

Forest Department
Census 2002 (in
Arivazhagan &
Sukumar, 2008)

2002 Block count 182 (22, 160) 81 (22, 59) 17 (9, 8) 47 (24, 23) 327
Waterhole
count

143 (17, 126) 61 (19, 42) 25 (7, 18) 35 (18, 17) 264

Arivazhagan &
Sukumar, 2008

2002 Photographic 288 (16, 272) 167 (46, 121) 149 (67, 82) 49 (24, 25) 653
Visual 321 (13, 308) 175 (43, 132) 193 (86, 107) 88 (44, 44) 777

Ramesh et al., 2012 2009 Vehicle trans-
ects, dry season
(Jan.–Apr.)

320 (36, 284) 75 (22, 53) 93 (18, 75) 64 (32, 32) 552

Vehicle trans-
ects, wet season
(May–Aug.)

401 (31, 370) 99 (35, 64) 107 (22, 85) 107 (53, 54) 714

Vehicle trans-
ects, wet season
(Oct.–Dec.)

246 (25, 221) 66 (18, 48) 72 (15, 57) 60 (30, 30) 444

Ashokkumar et al.,
2010

2004 Transects 412 (19, 394)* 146 (42, 104)* 120* 180* 859

Baskaran et al., 2010 1999–2000 Line transects 319 (10, 308)* 185 (47, 138)* 191 (76, 115)* 73 (36, 36)* 768

*These data were derived from original survey data on herd composition and sex ratio, and therefore the numbers in parentheses do not always sum exactly
to the totals, following rounding.

TABLE 2 Adult sex ratio (asr), male adult to subadult ratio (mas)
and proportion of adult males ratio (pam) recorded during surveys
of the elephant population in Mudumalai Tiger Reserve (Fig. ).

Source asr mas pam

Daniel et al., 1987 4.9 0.66 0.067
Forest Department Census 2002
(in Arivazhagan & Sukumar, 2008)

7.3 1.00 0.067

Forest Department Census 2002
(in Arivazhagan & Sukumar, 2008)

7.4 0.89 0.064

Arivazhagan & Sukumar, 2008 17.0 0.35 0.025
Arivazhagan & Sukumar, 2008 23.7 0.30 0.017
Ramesh et al., 2012 7.9 1.64 0.065
Ramesh et al., 2012 11.9 0.89 0.043
Ramesh et al., 2012 8.8 1.39 0.056
Baskaran et al., 2010 29.4 0.22 0.014
Mean 13.1 0.82 0.046
Median 8.8 0.89 0.056
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an equal number of male and female births. The carrying
capacity K was fixed at , the mean population at
Mudumalai over the time span of the field study. We used
popbio v. . in R (Stubben &Milligan, ) to compute the
stable age distribution of the Leslie projection matrix. The
model was simulated in R v. .. (R Development Core
Team, ).

Harvest rates We constructed an array of male (hm) and
female (hf) harvest rates. High harvest rates result in
population oscillations (Higgins et al., ). Values of hm
were .–. in increments of .. Values of hf were
.–. in increments of .. In total, , harvest
regimes combined  hm and  hf. We began the
simulation with the population in its stable state and then
applied the various harvest regimes. Starting from natural
conditions, the application of a particular harvest regime
(a single combination of hm and hf) leads to a change in
ratios. Significant levels of poaching of male elephants in
southern India began during the late s and early s
(Sukumar, , ), and therefore we modelled a harvest
regime for –, in six time steps.We used three sets of
ratios provided by bootstrapping (Table ) to compare the
outputs to moderate (.% quantile), intermediate
(median) and severe (.% quantile) scenarios of
harvesting. The calculated ratios were compared to
bootstrapped ratios by means of the composite index, D:

D=
∑ asro−asrc

asro

∣∣∣∣
∣∣∣∣+ maso−masc

maso

∣∣∣∣
∣∣∣∣+ pamo−pamc

pamo

∣∣∣∣
∣∣∣∣

[ ]
,

where o indicates observations, and c calculations. The
metric D assigned the same relative importance to each
ratio. The smallest distance (Dmin) between the sets of
observed and calculated ratios provided the harvest regime.

Results

There were  elephant deaths recorded in Mudumalai by
the Forest Department (–) and  by the Wildlife
Protection Society of India (–), with  records
overlapping. A total of  adult deaths were recorded (
males,  females and  individuals whose sex was not re-
corded). Poaching was the major cause of death and peaked
during –, with the killing of  male elephants.

Nine surveys carried out in Mudumalai during the study
period provided sufficient data to calculate population ratios
(Table ). The population (Shapiro–Wilk test, W = .,
P = .) and number of individuals in various age categor-
ies (calves, juveniles, subadults and adults; data not pro-
vided) were normally distributed. The mean bootstrapped
asr was as high as ., and the median ., indicating a
bias towards females (Table ).

The simulated stable age distribution ratios were asr = .,
mas = . and pam = .. The median harvest regime of
adults with signature ratios closest to the observed median
ratios was hm = . and hf = ., with a minimum of
hm = . and hf = . and a maximum of hm = . and
hf = . with % confidence (Table ). These harvest re-
gimes corresponded to the removal of  male elephants
in  years, with a minimum of  and a maximum of 
in a % confidence interval. The calculated ratios were
relatively far from the median bootstrapped ratios
(Dmin = .), with a low sex ratio (calculated asr = .
versus bootstrapped asr = .) and a low median propor-
tion of male adults to subadults (calculatedmas = . ver-
sus bootstrappedmas = .). As the model did not capture
the bias in sex ratio sufficiently well, and underestimated the
proportion of adult males to subadults, we ran the model
with a harvest of subadults and then a harvest of all males
with the same intensities as previously (Table ). The
model that best predicted the ratios (Dmin = .) assumed
all males were harvested, with a harvest regime of hm = .
and hf = .. In this scenario  male elephants were re-
moved, with a minimum of  and a maximum of  in a
% confidence interval.

During – the Tamil Nadu Forest Department
and the Wildlife Protection Society of India recorded 

and  adult male deaths, respectively, with an overlap of
six records. Correcting with probabilities indicates that 
male deaths should have been recorded. By comparison,
the model adjusted for the reduced time period estimated
 male elephants poached for a median harvest regime.

Discussion

Population models have been used to estimate levels of har-
vest for plants, fishes and terrestrial animals (Roughgarden
& Smith, ; Jensen, ; Milner-Gulland & Akçakaya,
; Berry et al., ). However, deterministic models
are based on assumptions that are probably never entirely
met in reality. For this reason it is important to assess
whether assumption violations can be ignored, particularly
when the culling of a threatened species is recommended as

TABLE 3 Bootstrapped ratios for the adult sex ratio (asr), male adult
to subadult ratio (mas) and proportion of adult males ratio (pam)
recorded during surveys of the elephant population in Mudumalai
Tiger Reserve (Fig. ).

Statistic asr mas pam

Mean 13.147 0.815 0.046
Standard deviation 1.686 0.098 0.004
Median 13.098 0.815 0.047
2.5% quantile 10.023 0.624 0.038
97.5% quantile 16.591 1.006 0.055
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a management tool (Sukumar, ). We therefore at-
tempted to calculate the harvest regime of Asian elephants,
using nearly the same methods as Chelliah et al. (), in
Mudumalai Tiger Reserve, which is connected to
Nagarhole Tiger Reserve by the Bandipur Tiger Reserve.

We considered population data from  surveys carried
out in Mudumalai (Fig. ; Table ), of which nine yielded
sufficient detail to calculate population ratios. In  years
of surveys no clear trend could be detected for the
Mudumalai elephant population or for individual age cat-
egories. Poaching pressure varies, and the lack of a trend
may be related to sampling variation. We therefore consid-
ered that the population ( elephants) and the various age
categories were normally distributed and were appropriately
described by their arithmetic means. Against the simulated
reference of a stable age distribution (asr = ., mas = .
and pam = .), the population structure (Table ) was
biased towards females, with a deficit of subadult males.

Under the scenario of only adult males being poached we
found that the closest combination of simulated ratios to the
bootstrapped median of observations indicated a harvest re-
gime of hm = . and hf = . over  years (–),
where a total of  adult elephants (–) would have been
poached. By comparison, Chelliah et al. () calculated
harvest regimes of hm = . and hf = . over  years,
which was below our % confidence interval. The observed
mas ratio in Mudumalai was as high as . but the calcu-
latedmas ratio was low (.). We ran the model with har-
vest of subadults and then harvest of the entire male
population, including calves. The shortest distance between
model outputs and observations (Dmin = .) was ob-
tained for the median harvest regime of the entire male
population, without distinction of age. Under this scenario
a total of  male elephants would have been killed (–
) during a -year period, with a harvest regime of hm =
. and hf = ..

The databases of the Forest Department and the Wildlife
Protection Society of India recorded  cases of poaching of
adult male elephants in  years (–). Adjusting the
model for this time period, the estimated harvest was 

males, under the assumption that only adult males were har-
vested. This suggests that only %of adult male deaths were
reported. A probabilistic correction of the collated databases
increased the observed number of deaths to  adult males,
amounting to % of the model output. Poaching incidents
were significantly underrecorded in the Forest Department
database, with only  records of adult male deaths.

We consider the model is not appropriate for a reserve
that is connected to other reserves, for several reasons.
Firstly, the model did not reproduce the Mudumalai popu-
lation structure well, unless it assumed a poaching scenario
with significant juvenile mortality. However, we have no
evidence of such a scenario. Secondly, despite attempts at
standardization (Karanth et al., ), the variability
among surveys (Jathanna et al., ) and a short time
span of observations since Daniel et al. () preclude
trend analysis. The corollary is that a single survey (as
used by Chelliah et al., ) is probably not sufficient as a
reference to validate model outputs. Lastly, the fact that
modelled harvest numbers were higher than those recorded
is hardly a validation of the model: records of elephant deaths
are poor not only because not all carcasses are detected but
also because poaching incidents, if detected, are often deliber-
ately unreported. More generally, other factors could also ex-
plain the lack of correspondence between the model and
observations: allocation of individuals to age categories on
the basis of imprecise height measurements, transition prob-
abilities calculated based on the false assumption of a stable
age distribution (Sukumar, ), the postulation that harvest-
ing of male elephants began only  years ago, when in fact
wild elephants have been captured in India, and males killed
for ivory, from time immemorial (Martin & Vigne, ).

TABLE 4 Comparison of bootstrapped ratios, quantile (%), with calculated ratios (adult sex ratio, asr; male adult to subadult ratio, mas;
proportion of adult males ratio, pam) for the elephant population in Mudumalai Tiger Reserve (Fig. ). Dmin is the shortest distance be-
tween calculated ratios and bootstrapped ratios. The harvest regime of males (hm) and females (hf) indicates the number of males and
females poached, under the given calculated set of ratios.

Categories of males harvested Quantile (%)

Calculated ratios

Dmin

Harvest
regime

No. of male elephants potentially
harvested

asr mas pam hm hf Adults Subadults Juveniles Total

Adults 2.5 6.190 0.358 0.054 1.052 0.20 0.01 56 0 0 56
50.0 6.867 0.309 0.047 1.096 0.23 0.02 61 0 0 61
97.5 8.589 0.250 0.038 1.085 0.27 0.02 66 0 0 66

Adults & subadults 2.5 6.633 0.787 0.055 0.561 0.20 0.01 55 56 0 111
50.0 7.998 0.720 0.046 0.533 0.23 0.01 60 62 0 122
97.5 10.370 0.625 0.036 0.441 0.27 0.01 66 68 0 134

All males 2.5 7.482 0.928 0.054 0.346 0.22 0.01 59 59 67 185
50.0 12.637 0.806 0.033 0.343 0.30 0.01 69 69 83 221
97.5 16.481 0.629 0.023 0.401 0.37 0.06 75 76 94 245
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The adult sex ratio was higher in Mudumalai (. fe-
males to one male) than in Nagarhole (. females to one
male; Chelliah et al., ), with less than % probability
that they belonged to the same population. These significant
differences are not unexpected, as Nagarhole and
Mudumalai have different habitats and different connectiv-
ity patterns to other reserves. However, many authors con-
sider these two reserves to be within the range of a single
Asian elephant population (e.g. Baskaran et al., ;
Daniels, ; Desai & Baskaran, ; Baskaran, ;
Lakshminarayanan et al., ). As the model outputs for
Nagarhole and Mudumalai were statistically different we
must avoid applying the logistic model in this form to single
connected reserves. When the model is utilized for a single
connected reserve it produces a ratio structure that may not
match that of the regional population. Proposed culling on
the basis of a balanced sex ratio in a single reserve could have
deleterious effects on the entire population.

The regional Asian elephant population surrounding the
Nilgiris Biosphere Reserve is the largest population of the
species. It may exceed the minimum viable population
size of c. , adult individuals (Traill et al., ) but fur-
ther pressure could lead to its collapse (Maisels et al., ).
Population data are scattered, error-ridden and incomplete.
To avoid biases in models of population dynamics, assump-
tions must be respected as closely as possible. We caution
that the proposal to cull the Endangered Asian elephant
(Sukumar, ; Chelliah et al., ) should be examined
more broadly than on the basis of a simple population
model, incorrectly applied.
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