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Decisions based on trends in population abundance and distribution may fail to protect
populations of slow-breeding, long-lived megafauna from irrevocable decline if they
ignore demographic constraints. For such taxa, we urge thateffort be directed at
understanding the interactions among vital rates governing population growth rates,
rather than on predicting probabilities of extinction. Theproximity of a population to
demographic tipping points, i.e., where growth rate switches from positive to negative,
can signal vulnerability to perturbation long before numbers drop below a point of
no return. We de�ne the “demographic safe space” as the combination of key vital
rates that support a non-negative growth rate and illustrate this approach for Asian
elephants. Through simulations, we �nd that even with optimal reproduction, Asian
elephant populations cannot tolerate annual female mortality rates exceeding 7.5%.
If adult mortality is very low (3%/year), populations can tolerate high annual mortality
in calves below age 3 (up to 31.5%/year), or slow female reproduction (primiparity
at 30 years or average inter-birth interval of up to 7.68 years). We then evaluate the
potential impact of current threats, showing that near-optimal reproduction and high
calf survival is necessary to offset even modestly increased mortality among adult
female age classes. We suggest that rather than rely on simple counts or “viability”
assessments, conservation planners for slow-breeding megafauna should consider
demographic tipping points and strive to keep populations within their safe spaces.

Keywords: mega-herbivores, elephant, population viabilit y analysis, population dynamics, Elephas maximus ,
demographic safe space, extinction risk, alternative stable states

INTRODUCTION

Large body sizes make megafauna exceedingly in�uential and vulnerable members of their
ecosystems (Campos-Arceiz and Blake, 2011; Haynes, 2012; Ripple et al., 2015, 2016; Doughty et al.,
2016; Malhi et al., 2016). Vulnerabilities include extrinsic threats, such as overharvest or habitat
loss, as well as intrinsic attributes, such as slower generation times and large area requirements
(Purvis et al., 2000; Cardillo et al., 2005). Conservation action is frequently motivated by one
of two contrasting yet complementary paradigms: that of declining populations vs. that of small
populations (Caughley, 1994). The former focuses on diagnosing and treating the causes ofdecline,
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as exempli�ed by criteria A-D under Section V of the IUCN
Red List; v.3.1, 2001, while the latter emphasizes action when
populations become small enough to risk near-term extinction,
as exempli�ed by criteria D-E, IUCN Red List v.3.1 2001(Mace
et al., 2008). Practitioners and policy makers frequently make
such assessments on the basis of trends in abundance and
distribution, but these can be misleading for slow-breeding, long-
lived taxa because short-term �uctuations may mask long-term
trends. Thus, decisions made in the absence of demographic
understanding may be ill-informed.

Where empirical data on age- or stage-structure, survival,
and reproduction are available, demographic modeling may be
used to project population trends. Although the two paradigms
highlighted byCaughley (1994)are ideally applied in tandem,
population viability analyses (PVA) frequently emphasize the
small population paradigm. This is perhaps owing to its
well-developed theoretical underpinnings and readily available
toolkits (Boyce, 1992; Beissinger and Westphal, 1998; Coulson
et al., 2001; Reed et al., 2002). One of the most common
approaches is to estimate extinction (or quasi-extinction)
probabilities over some timescale, which may be accompanied
by an estimate of the minimum viable population size (MVP),
corresponding to an “acceptable” level of risk in the face of
demographic, environmental or genetic stochasticity, and natural
catastrophes (Sha�er, 1981; Boyce, 1992; Traill et al., 2010; Pe'er
et al., 2013). At the site-level, MVPs may inform management
targets and policy decisions due to their perceived simplicity.
MVPs then become “rules of thumb,” guided by general species
attributes such as body size (Traill et al., 2010; Brook et al., 2011;
Flather et al., 2011; Hilbers et al., 2017). Such practices are highly
questionable (Coulson et al., 2001), particularly if parameterized
with data borrowed from other sites or even species.

First, there can be no single target for population size that
is appropriate across biological contexts (Flather et al., 2011),
and depending on the speci�cs, the estimate may be higher
than practitioners are prepared to acknowledge (Reed et al.,
2003; Traill et al., 2010). Second, PVA outcomes can vary
widely depending on data quality and timescales, which can be
inadequate or arbitrary for endangered species (Beissinger and
Westphal, 1998; Coulson et al., 2001; Reed et al., 2002; Traillet al.,
2010; Flather et al., 2011; Pe'er et al., 2013). Third, incomplete
parameter speci�cations and implicit assumptions make PVA
results di�cult or impossible to reproduce (Burdett et al., 2010;
Pe'er et al., 2013). Fourth, if one focuses on “the moment at which
a decliningpopulation becomes asmallpopulation” (Traill et al.
2010, authors' own emphasis), i.e., when risk of extinction is no
longer negligible, one risks setting targets that are inadequate for
long-term persistence (Traill et al., 2010). In fact, the concept of
an MVP was originally proposed only as a means of evaluating
risks for small populations under conditions thatotherwise favor
population growth, not as minimal �oors for populations already
in decline (Sha�er, 1981; Flather et al., 2011). Finally, and
perhaps most importantly, MVP estimates should not substitute
the diagnosis and treatment of systematic threats to persistence
(Murray et al., 2014). Over-reliance on MVPs impedes timely
action to identify and tackle the underlying problems (Reed et al.,
2002; Flather et al., 2011).

These issues are especially salient for mega-herbivores,
as simulations have shown extinction probabilities for long-
lived, slow-breeding species could appear negligible on the
shorter timescales that are considered to be conservation-
relevant (Beissinger and Westphal, 1998; Armbruster et al.,
1999; Coulson et al., 2001). History bears this out. Genomic
studies of the last mammoths isolated on Wrangel Island have
shown that, although they were able to persist for thousands
of years beyond the extinction of mainland populations with
an e�ective population size of just� 300 individuals, they
had accumulated numerous genetic mutations that may have
eventually contributed to their extinction (Palkopoulou et al.,
2015; Rogers and Slatkin, 2017). Thus, populations of megafauna
can persist on timescales far exceeding those typically considered
relevant, yet still be biologically inviable. Meanwhile, extant
species may not receive su�cient attention until populations
collapse (Linklater, 2003). For example, PVA results were used
to argue in favor of captive breeding overin situ protection and
reintroductions of the critically endangered Sumatran rhinoceros
once crisis was acknowledged (Maguire et al., 1987), but the
gamble has not yet paid o� owing to unexpectedly high mortality
and low reproductive success in captivity (Rabinowitz, 1995;
Hance, 2018). Populations of slow-breeding taxa need proactive
management well before numbers become critically low, when
returns on investment are potentially greater and populations less
likely committed to extinction (Figure 1).

PVA are also applied in this context, for instance to help
practitioners decide which vital rates or age-/stage-classes require
management. Sensitivity and elasticity analyses are typically
used to establish which variables are most in�uential on the
growth rater, and by extension, extinction risk. Unfortunately,
data limitations hinder rigorous sensitivity tests for many
threatened taxa (McCarthy et al., 1995; Mills et al., 1999; Heppell
et al., 2000; Coulson et al., 2001; Cross and Beissinger, 2001;
Holmes, 2001; Brook et al., 2011; Pe'er et al., 2013; Hilbers
et al., 2017). As an ad hoc workaround, one may use life-
history characteristics as a guide for which vital rates or life
stages are most critical (Heppell et al., 2000). For instance, for
species with “slow” life histories (characterized by longevity,
late maturity and low fecundity), adult survival is likely to
in�uence growth rate more strongly than fecundity, whereas
the opposite is assumed for species with “fast” life histories
(Heppell et al., 2000). The issue with such generalizations,
however, is that they o�er little insight on what actually
constitutes healthy vital rates in any given situation because
rates interact with one another. For instance, although there
is no doubt that adult survival is critical for slow-breeding
species, reproductive rates mediate a population's resilienceto
disturbance and are especially crucial for recovering taxa that
are in decline (Manlik et al., 2016). Alternatives to extinction
probability as the primary indicator of population vulnerability
are therefore required.

We propose another means of evaluating a population's
demographic health based on the species' physiological
constraints and the population's time-averaged growth rate.
We refer to this as “tipping point analysis” to distinguish it
from classical PVA, and de�ne the “demographic safe space”
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FIGURE 1 | A schematic of possible population growth trajectories. Attime t1 the population exhibits vital rates yielding a growth rate close to zero. Equilibrium e1
may be unstable; if conditions improve slightly, it could move toward the stable equilibrium e2 at K. It could also decline and stabilize at e3 below carrying capacity.
However, perturbations at t2 could push the population intoan extinction vortex. Management actions may only be effective prior to crossing e3 but it may be dif�cult
to determine whether a declining population is past a point of no return because all equilibria (except extinction) lookalike with respect tor. Thus, managers must
assess whether the factors driving decline are likely to be chronic or temporary and intervene as early as possible in theformer instance (for visual clarity curves are
here depicted as smooth lines, without the short-term �uctuations characteristic of real populations).

as the set of values of vital rates, for a given population, that
support a non-negative growth rate on average, irrespective of
short-term stochastic �uctuations. Its boundaries are set by
natural limits on reproduction and mortality, together with
those at which the average growth rate,r, is zero. The latter
represent demographic “tipping points” (c.f.Drake and Gri�en,
2010; Dai et al., 2012). The tipping point concept has varied
uses in ecology and may be applied at the scale of populations,
communities, ecosystems, or even the planet, but fundamentally
signi�es a bifurcation point (or unstable equilibrium) between
alternative states (or stable equilibria) (Sche�er et al., 2009;
Lenton, 2011; Hughes et al., 2013; Lynch et al., 2014; Selkoe
et al., 2015). Demographic tipping points are the combinations
of vital rates at which a population switches from growth to
decline (Figure 1). All demographic variables can have tipping
points, not just population size. Near such thresholds, small
changes in demographic rates alter population trajectories
many generations before extinction (Sche�er et al., 2009; Traill
et al., 2010). Unlike sensitivity/elasticity analyses of traditional
PVAs, tipping point analyses highlight risk of decline rather
than extinction (see alsoAkçakaya and Sjogren-Gulve, 2000;
Holmes, 2001; Gerber, 2006). We encourage conservation
practitioners to assess whether populations of mega-herbivores
are within their demographic safe spaces, then act accordingly
(Figure 2).

We demonstrate how characterizing tipping points is
informative for managing a slow-breeding, endangered
ecosystem engineer, the Asian elephant (Elephas maximus).
Extrinsic threats to Asian elephants include overharvest, human-
elephant con�ict, and range loss. Ivory trade presents a limited

threat to Asian elephants as all females and a fraction of males are
tuskless (Figure 3a), but tra�cking of live animals, skin and parts
(Figure 3b) is prevalent (Nijman, 2014; Nijman and Shepherd,
2014; Sampson et al., 2018). Elephants can also be killed through
human-elephant con�ict, non-targeted hunting devices, and
su�er indirect harm through rapid habitat loss (Figure 3c). Less
than half of elephant range consists of un-fragmented wildlands
(Leimgruber et al., 2003), with nearly all of the remaining
range falling within ecoregions at a very high risk of conversion
(Watson et al., 2016). Many populations in southeast Asia su�er
from both small size and fragmentation, with most surveyed
populations numbering fewer than 500 individuals and several
in double digits (Hedges et al., 2005; Moßbrucker et al., 2015;
AsERM, 2017).

We �rst systematically de�ne demographic tipping points
under known physiological limits assuming idealized conditions.
We then perform simulations of more realistic population
dynamics modeled on available literature, including for the
�rst time data from the only individual-based longitudinal
study of a wild population (de Silva et al., 2011, 2013).
We explore interactions of vital rates when perturbed to
illustrate the concept of safe space, then evaluate extinctionrisk
under realistic conditions, including situations in which
mortality exceeds reproductive capacity. We show that
Asian elephants are highly vulnerable to the simultaneous
disruption of more than one key demographic variable and
are fairly constrained in the space of vital rates required to
maintain stable populations. We discuss the implications
of these outcomes for conserving elephants speci�cally and
mega-herbivores at large.
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FIGURE 2 | Traditional Population Viability Analysis vs. Tipping Point Analysis. Two possible decision cycles highlighting distinctions between traditional PVA and the
proposed approach. Both use models predicting population dynamics, but emphasize different outcomes. Traditional PVA emphasizes extinction probability and
corresponding population sizes, with action taken when these become unacceptable over some near term. Tipping point analyses emphasize the population growth
rate, with action encouraged when the growth rate is negative and the underlying causes are deemed to be chronic. The timescale of analyses doesn't matter except
to provide an accurate sense of the long-term trajectory. Sensitivity/elasticity analyses are avoided by focusing on interactions among variables of concern and their
putative limits.

METHODS

Modeling Environment and Basic
Life History
We performed all analyses in VORTEX, an individual-based,
stochastic demographic modeling environment widely used for
population viability studies (Brook et al., 2000; Lacy, 2016;
Morrison et al., 2016), and follow recommendations for reporting
as outlined by Pe'er et al., (2013), insofar as they apply to the
approach presented. We ran all simulations over 1,000 years and
performed 500 iterations per scenario type. For simplicity, we
considered only a single population (or super-population). We
set the initial population size at 1,000 individuals and de�ned
the initial age structure as given inTable S1(based onde Silva
et al., 2013). We �xed carrying capacity K at 5,000 individuals,
a number large enough to avoid adverse impacts on populations
(Brook et al., 2006; Traill et al., 2010; Flather et al., 2011). We did
not assume a stable age distribution, as this is highly unlikely in
wild elephants (de Silva, 2010). The birth sex ratio was set at 1:1
(de Silva et al., 2013). We assumed females were dependent on
their mothers until the age of three, at which calves that lost their
mothers before weaning did not survive (Mar et al., 2012; de Silva
et al., 2013; Lahdenperä et al., 2015).

Because there is no one-to-one mapping between threat
types and their impact on demographic variables, we divided
simulations into two broad classes of scenarios: idealized, and

naturalistic. In the idealized scenarios we initially �xed the
critical reproductive and mortality parameters at their minimal
values and varied each one independently to determine the
maximum range of each, all else being optimal. In the naturalistic
scenarios, we adjusted multiple variables simultaneously, as
would be expected under various disturbance regimes. The
following simulations, therefore, do not represent any particular
population, but are parameterized from known populations. A
summary of the variables of interest are provided inTable 1.
Variables that were systematically varied are given inTable 2and
described further below. Complete speci�cations of all variables
and how they are implemented in VORTEX are provided in the
Supplementary Text.

Limits to Growth Under Idealized
Conditions (Scenario Set 1)
We initially assumed a 3% mortality rate among adult females
and calves below age 3. All age-speci�c mortality rates are given
in Table S2. We initially set male mortality after the age of 13 to
be twice as high as that of females because they are documented to
incur a three times greater risk of injury and death upon dispersal
(de Silva and de Silva, 2007; de Silva et al., 2013). The mortality
rate for individuals over 60 was set to be twice as high as that of
other adults of the same sex and the maximum lifespan for both
sexes was set at 65 (de Silva et al., 2013).
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FIGURE 3 | Asian elephants and their threats.(a) Top row: Adult male with tusks, adult male without tusks and female nursing a healthy calf (Photos: Uda Walawe
Elephant Research Project).(b) Middle row: Poaching for skins and parts is emerging as a phenomenon that can potentially devastate wild populations. Left to right:
Critically endangered Sumatran elephant poached for undeveloped tusks, or “tushes” (Photo: Frankfurt Zoological Society); Elephant carcass with toenails removed
(Photo: Wildlife Conservation Society); Elephant skin alongside other animal products for sale in Mong-La, Myanmar (Photo: Alex Hofford).(c) Bottom row:
Anthropogenic hazards such as open wells and snares can cause visible mortality, but reproductive depression and deaths among all age classes from wholesale
habitat destruction can be less obvious (Photos: Uda WalaweElephant Research Project).

Primiparity in females can occur at 10 years, but this is
probably unrealistic in the wild and is more healthy for mother
and calf at 11 years or more, therefore this was taken to be the
minimal age (Sukumar, 2003; de Silva et al., 2013). The age at
�rst reproduction for males was set at 20, re�ecting the earliest
age at which they are likely to have competitive rather than
physical ability (Flower, 1943; Poole, 1987). The maximum age
of reproduction for females was set at 60 and that of males was
set at 65 (de Silva et al., 2013). Because elephants can come
into oestrus only about a year after giving birth if the calf
survives, and then have a gestation period of 20–22 months,
the IBI cannot be< 3 years and is optimal at 4 years (Flower,
1943; de Silva et al., 2013). The IBI was approximated via the
“% females breeding” variable and females allowed to reproduce
only when they had no dependent o�spring (see variable settings
in Supplementary File 1 and sample numerical calculations
converting IBI to % breeding provided inSupplementary File 2).

The growth rate,r, is calculated as the average of growth rates
over all 500 iterations (“stochastic growth rate” in VORTEX). The
magnitude ofr is the distance between the population's current
position and its tipping points, whereas the sign ofr indicates
whether it is inside or outside these thresholds. We visualized
a portion of the safe space withr as a function of three critical
underlying variables: primiparityp, IBI b, and adult female
mortality m. The boundaries of this space are either physiological

limits, or wherer(p, b, m) D 0 when all other variables are
�xed as de�ned. Because the safe space in fact depends on more
than just these three variables, this simpli�cation is used for
illustrative purposes only. One may use such a visualization to
explore relationships among any of the variables of interest.

Naturalistic Scenarios (Scenarios 2–5)
We next consider scenarios more closely resembling a real
population subject to multiple stressors. The baseline adult
female mortality rate was set to 5%, age at primiparity was set to
13 years, and median IBI was raised to� 6 years, re�ecting values
measured in the wild through a longitudinal study at Udawalawe
National Park, Sri Lanka (de Silva et al., 2011, 2013). Mortality
rates in other age/sex classes were initially set as inLeimgruber
et al. (2008). We �rst varied only adult female mortality from 3 to
11%, representing the 95% con�dence intervals of the estimateat
Udawalawe based on capture-recapture sampling (de Silva et al.
2011). As it is not practical to model all possible interactions
among demographic variables over their entire range of possible
values, we explored a subset of combinations illustrating certain
realistic scenarios (Table 2).

We then quanti�ed extinction risk for populations beyond
their safe space, operationalized in terms of the probability
of extinction and time to taken to do so. The probability
of extinction for a population is the proportion of times it
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TABLE 1 | Baseline values for key variables in idealized vs. other scenarios.

Idealized Naturalistic Small
populations

Variable (Scenario 1) (Scenarios 2–5) (Scenarios
A–C)

N 1,000 1,000* 5 or 50

K 5,000 5,000 5,000

Sex ratio 1:1 1:1 1:1

Age structure SeeTable S1 See Table S1 See Tables S1 ,
S3

Max. lifespan males and
females

65 65 65

Max. reproductive age males 65 65 65

Max. reproductive age females 60 60 60

Age at �rst reproduction for
males

20 20 20

Primiparity for females 11* 13* 11

Interbirth interval (% breeding
females)

4.01 years
(50%)*

5.93 years
(25%)*

4.01 (50%) or
8.7 years (15%)

Adult female mortality rate 3%* 5%* 3%

Adult male mortality rate 6%* 10%* 6%

Mortality of individuals over 60 6% F, 12% M* 10% F, 20% M* 6% F,12% M

Calf mortality ages 0–1, 1–2,
2–3

3%* 6.5%, 2.5%,
2.5%*

3%

Age/sex speci�c mortality in
other classes

See Table S2 See Table S2 See Table S2

*Indicates values that were systematically varied (Tables 2 , 3).

went extinct (de�ned as only one sex remaining) within 1,000
years, out of 500 iterations. The mean time to extinction is the
average length of time elapsed for those that did. Those with a
higher probability of extinction and shorter time to extinction
are understood to be at higher risk than those with a lower
probability and longer time to extinction. We �rst examined
the e�ect of increased mortality only among adult females, and
then the e�ect of a 1 or 5% increase across all age classes, as
might occur with either indiscriminate hunting or severe loss of
habitat. We explicitly examined the e�ect of initial population
size on extinction risk by reducing this to 500, 250, 100, 50,or
15 individuals, respectively.

Small Populations (Scenarios a–c)
We �nally present contrasting scenarios that distinguish among
small populations that are (a) otherwise healthy (b) male-biased,
or (c) biased toward older females. Scenario (a) represents
what might happen if a small population of healthy juveniles
and breeding adults are introduced to a new environment,
modeled by setting vital rates at their optimal values but limiting
the initial population size to 5 or 50 individuals, respectively.
Scenario (b) represents a landscape in which females are initially
outnumbered by males (Table S3). Scenario (c) represents a relict
population consisting of aging females but a typical distribution
of males (Table S3). We initially set the proportion of breeding
females in this scenario to 50% (IBI� 4.01 years), however,
because such a population in reality will be likely to experience

TABLE 2 | Threats to Asian elephants and their expected demographic impacts.

Threat Expected impact on vital rates Tested
range

Scenarios

No threats
(idealized)

– SeeTable 1 1

Live capture
of calves

Increased calf mortality below age 3 2–6.5% 1, 2

Increased female mortality rate As below. 1, 2

Human-
elephant
con�ict

Increased calf mortality below age 3 2–6.5% 1, 2

Increased female mortality rate 3–11% 1, 2

Increased adult male mortality rate 6–22% 2

Habitat loss/
fragmentation

Increased calf mortality below age 3 2–6.5% 1, 3

Longer inter-birth-interval (fewer %
breeding females)

4.01 years
(50%) to 7.68
years (15%)

1, 3

Increased time to primiparity 11–30 years 1, 3

Reduced maximum age/reproductive
agea

� �

Ivory
poaching

Increased adult male mortality ratesb 6–30% 4

Poaching for
skin and body
parts

Increase in all mortality rates Increased by
1% or 5% in
all age-sex
classes

5

Additional speci�c variable settings are provided inTables 1 , 3.
aWe do not manipulate these maxima directly, as they should vary naturally with
adult mortality.
bAdult female mortality rate was �xed at 3% to isolate the effect of increased male mortality
on an otherwise healthy population (Figure 5 ).

much lower birth rates, we then assume a reduction to 15% (IBI
� 8.7 years).

RESULTS

Idealized Outcomes
Even under idealized conditions with optimal reproduction and
high calf survivorship, an elephant population can absorb an
annual mortality rate of no more than 7.5% among breeding
females (Table 3). Though higher mortality could be tolerated
with IBI < 4 years, we note that shorter periods are only
observed in the wild when females lose their calves within the
�rst year (de Silva et al., 2013). If adult female mortality is
low, a population can sustain the loss of nearly one third of
un-weaned calves. If both cow and calf mortality remain at
3%, a population can a�ord to have either long birth intervals
(� 7.5 years on average) or late time to maturity (� 30 years).
However, if stressors a�ect multiple variables simultaneously,
the potential response space becomes far more constrained
(Figure 4; Table 3).

Naturalistic Outcomes
A population with an average birth interval of 5.93 years
(25 % of females breeding), slightly delayed primiparity (13
years) and 5% annual mortality among adult females is outside
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TABLE 3 | Some demographic tipping points for elephant populations.

Scenario type Scenario number (Table 2) Female mortality (%) Ca lf mortality (%, year 1, 2, 3) Avg IBI, years (% females breeding) Age at primiparity

Idealized 1 < 8 3 4.01 (50%) 11

1 3 < 31.5 4.01 (50%) 11

1 3 3 < 7.68 (15%) 11

1 3 3 4.01 (50%) < 30

Naturalistic 2 < 5 6.5, 2.5, 2.5 5.93 (25%) 13

2 5 � 2 5.93 (25%) 13

3 5 6.5, 2.5, 2.5 < 5.54 (28%) 13

3 5 6.5, 2.5, 2.5 5.93 (25%) < 12

The listed calf mortality rates do not include those resulting from maternal deaths. Bold italicized values indicate the limit for the varied quantity, when others are �xed as speci�ed, that
maintains r� 0.

FIGURE 4 | The demographic safe space with respect to age primiparity (p)
and IBI (b) and adult female mortality rate (m) for a naturalistic population
(Table 1 ). Curves represent the threshold at whichr(p,b,m)� 0 (actual data
points not shown for visual clarity) for populations under naturalistic conditions
(Table 1 ), as found through simulation. As the age of primiparity forfemales
increases, the IBI and mortality rate must decrease to compensate, thus safe
space is the area between each respective curve and the minimal IBI of 3.5
years (dashed line). The data point shown represents a population with p D 13
years,b D 6 years andm D 5% (scenario 2), which puts it outside its safe
space. It can be rescued by reducing any of the three variables(arrows).

its safe space (Figure 4), and therefore declines (r � SD D
� 0.002� 0.021,Figure 5). This can be compensated for either
by reducing calf mortality to� 2%, reducing the average
birth interval to 5.54 years (28% of females breeding) or
decreasing the age of primiparity to below 12 years (Table 3).
As expected under a polygynous mating system, heavily male-
biased mortality (30% among adults) has little impact on
population trajectories when adult female mortality is held
at 3% (Figure 5).

With 5% mortality rate in adult females, there is only
a 1.4% chance of extinction within 1,000 years, despite

FIGURE 5 | Interaction of adult female mortality rate, inter-birth intervals, and
adult male mortality rate under naturalistic conditions. Shaded regions indicate
standard deviations. (I) Scenario 2 baseline (Tables 1 , 3), with 5% mortality in
adult females and IBI of 5.93 years (25% females breeding). (II)Scenario 3, IBI
shortened to 5.54 years (28% females breeding,Tables 1 , 3). (III) Scenario 4,
mortality reduced to 3% in adult females but increased to 30%in males over
the age of 13, while maintaining IBI at 5.93 years (Tables 1 , 2).

decline (Figures 5, 6A, Table 4). Even with an unsustainable
mortality rate of 11% among adult females, the time to
extinction can be over a century. Smaller populations with
these attributes fare worse, unsurprisingly (Figure 6A; Table 4).
A mere 1% increase in mortality across all age classes
results in certain extinction, though this can still take
over a century for larger populations if conditions remain
unchanged over that time (Table 5). A 5% increase can lead
to collapse within less than a century. By contrast, if age
structure and vital rates are healthy, small populations can
be expected to grow if there are no catastrophic events
(Figure 6B). Nevertheless, very small populations still have
much higher extinction risk due to initial �uctuations, as
would be expected, illustrating the original concerns behind
the small population paradigm. They also plateau before
reaching carrying capacity. On the other hand, populations
consisting of older individuals with longer birth intervals rapidly
become extinct (Figure 6C).
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FIGURE 6 | Dependence of extinction risk on initial population size and other
attributes. (A) A population that has a negative growth rate (Scenario 2,
Figure 5 curve I).(B) Scenario A represents population that has a healthy sex
ratio, age structure, and optimal reproductive rates, withan initial population
size of 5 or 50 individuals. The larger of these never went extinct whereas the
smaller had a 44.2% chance of extinction within 32.6 years onaverage.
Scenario B represents a population of 50 individuals with aninitially highly
male-biased sex ratio. It had a 16.8% chance of extinction within 62 years on
average. Scenario C1 is also male-biased and females are older, but fast
breeding (50% breeding or IBI 4.01). It had a 3.4% chance of extinction within
75.4 years on average.(C) Scenario C2 on lower panel shows the same
population with lengthened birth intervals (15% breeding or IBI 8.7 years). It
had a 99.4% chance of extinction within 120.2 years on average.

DISCUSSION

Slow reproduction increases extinction risk across taxa andis
especially a concern for large vertebrates (Purvis et al., 2000;
Cardillo et al., 2005), but their longevity may make extinction risk
appear negligible on shorter timescales (Armbruster et al., 1999;
Traill et al., 2010). For these reasons, the notion of “viability,”
de�ned on the basis of extinction probability on some arbitrary
timescale, is at best a distraction and at worst misleading. Even
large populations, if in decline, will eventually pass a point of no
return that is di�cult to predict in advance. Rather than waitfor
this eventuality, we suggest that demographic tipping points, and
the corresponding safe spaces they de�ne, can o�er impetus to
act early even when data are scarce. Such assessments can also
serve as reality checks on management policies, illustratedhere
for Asian elephants.

Asian elephants are both �agships and keystones of
disappearing habitats in Asia, yet range-wide assessments
of abundance and distributions remain speculative at best,
with trends often unknown until extirpations occur (Blake
and Hedges, 2004; Choudhury et al., 2008; Hedges et al.,
2008; Fernando and Pastorini, 2011). It has previously been
suggested that elephant populations numbering as few as
100–300 individuals could be viable on 100-year timescales,but
1,000–3,000 may be necessary on longer timescales (Sukumar,
2003). Such prescriptions are too simplistic, because they
ignore the vital rates themselves. Life history attributesalready
predict that Asian elephants should be extremely sensitive
to increases in adult female mortality (Heppell et al., 2000).
Our results further show that although elephants may be
able to tolerate substantial sub-optimality in any single key
variable, they cannot absorb the simultaneous perturbationof
multiple variables.

The attention of the international community has been
extensively focused on the ivory trade, given its visible
devastation of African elephant populations (Wasser et al., 2010;
Bennett, 2014). But for the Asian species, the disproportionate
hunting of males for ivory is unlikely to present a problem
for larger populations with tuskless bulls that can compensate
as breeders (Figures 3, 5). In fact, even substantially elevated
male removal rates may be tolerable so long as other vital rates
are favorable. The trade in skins, parts and calves represent
far greater threats as they a�ect all age/sex classes (Figure 3,
Sampson et al., 2018). Populations cannot withstand even modest
increases in mortality across age classes, especially of females and
calves, which typically have not been a focus of conservation
attention (Tables 3, 5). Elephants in Southeast Asia are the most
vulnerable due to their remoteness, fragmentation, and small
sizes (Leimgruber et al., 2003; Gopala et al., 2011; Moßbrucker
et al., 2015; Moßbrucker, 2016). Several subpopulations within
China, Laos and Vietnam were estimated to number fewer
than 20 individuals over a decade ago (Hedges et al., 2008).
Obtaining demographic data, perhaps through the use of tools
such as camera traps, will be as important as improving security,
given that the chances for recovery depend crucially not just
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TABLE 4 | Extinction risk based on population size and adult female mortality rate under naturalistic conditions (scenario 2,Figure 6 ).

Population size Mortality rate

5% 11%

P100 P1000 Mean time to extinction (SD) Mean growth rate (SD) P 100 P1000 Mean time to extinction (SD) Mean growth rate (SD)

1,000 0 0 875.7 (75.66) � 0.0014 (0.0207) 0 1 145.9 (25.62) � 0.0384 (0.0755)

500 0 0.12 819.6 (99.16) � 0.0019 (0.0304) 0.19 1 123 (23.82) � 0.0390 (0.0770)

250 0 0.38 745.6 (155.96) � 0.0027 (0.0418) 0.69 1 92.9 (15.76) � 0.0477 (0.0906)

100 0 0.83 563.4 (224.42) � 0.0045 (0.0564) 0.69 1 87.6 (21.52) � 0.0378 (0.0966)

50 0 0.94 376.6 (208.49) � 0.0058 (0.0680) 0.9 1 71.9 (21.09) � 0.0343 (0.0973)

15 0.65 0.99 105.4 (103.57) � 0.0117 (0.10) 1 1 28.5 (11.38) � 0.0577 (0.1399)

P100 and P1000 refer to the probability of extinction within 100 or 1,000 years respectively.

on numbers but on age structure and associated vital rates
(Figures 5, 6; Tables 4, 5).

At least a quarter of the Asian elephant population is thought
to be in captivity (Kurt et al., 2008). In Myanmar semi-captive
elephants now likely outnumber those remaining in the wild
(Leimgruber et al., 2008). Adults continue to be killed for parts
while calves are smuggled into captivity (Nijman, 2014; Sampson
et al., 2018). In Thailand, the decline of the timber industry has
spurred use of captive elephants in tourism. The appeal and
trainability of juvenile elephants, together with socio-cultural
concerns surrounding mahout livelihoods and traditions, create
perverse incentives to continue capturing. Live calves have been
valued at upwards of $33,000 USD (Nijman, 2014). Our results
show that calf survivorship is likely to be more crucial for
population persistence than one might expect based on ideal
conditions or life history (Table 3), thus the live trade could in
itself easily drive populations to extinction, especially if breeding
females are also killed.

On the �ip side, captive-bred populations are unlikely to
rescue the species, as there are currently none that are sustainable
eitherin situor ex situ(Wiese, 2000; Faust et al., 2006; Leimgruber
et al., 2008). Nor have plans been developed for integrating
or restoring captive-bred or ex-working elephants to the wild,
although there are programs for restoration of orphaned wild
juveniles to the wild in India and Sri Lanka. Ultimately, the
disappearance of these mega-herbivores from the wild implies
their disappearance from captivity as well, therefore, resources
directed toward wild populations must at least match those
invested in captivity from a conservation (rather than welfare)
standpoint. The fact that small populations can potentially
grow (Figure 6B) o�ers some hope that re-wilding may be
demographically feasible, but only if the chronic threats are
brought under control.

Meanwhile, elephant “drives,” capture, and translocation
continue to be accepted management practices in range states
where elephants seem more plentiful. At Yala National Park
in Sri Lanka, as much as 25–50% of females were reportedly
dying before adulthood due to range constriction (Kurt,
1974) while herds surviving today continue to experience calf
mortality rates as high as 50% (Fernando, 2015). Drives in
2004-2005 are also contributing factors, with e�ects persisting

for more than a decade following the initial disturbance
(P. Fernando, personal communication). Among semi-captive
elephants, individuals born under high stress conditions
themselves have reduced lifetime reproductive success (Mumby
et al., 2015), suggesting multi-generational negative feedback.
Unfortunately, the collapse at Yala has gone unremarked
despite its former status as a MIKE (Monitoring the Illegal
Killing of Elephants) site because it was driven by land use
rather than “illegal killing.” Moreover, the original MIKE
sites were protected areas, whereas much of elephant range
and deaths occur outside them (Leimgruber et al., 2003).
Conservation initiatives need to emphasize understanding
how stressors actually a�ect demographic processes of a
population, without presuming to know the primary mechanism
of decline.

Despite the species' longevity, and the well-known trade-o�
between early reproduction and late-life survival, there seems
to be selection for early reproductive investment because older
females have higher calf mortality and lower fecundity (de
Silva et al., 2013; Hayward et al., 2014). This likely creates
hidden extinction debt as populations age (Figure 6C), yet the
relationship between age structure and vital rates is not well-
known or appreciated. Ironically, the perception that populations
are “increasing” in parts of India and Sri Lanka has prompted
discussion as to whether to consider immunocontraception or
culling in order to reduce con�ict (Desai and Riddle, 2015).
But there has been no re�ection on whether the observed
trends are accurate (see alsoPuyravaud et al., 2017), and
if so, what is driving them. Perceived “increases” in local
populations, faster than allowed by the reproductive rate,
could signal the in�ux of individuals that have been displaced
from elsewhere, the exposure of resident elephants due to
habitat loss, or faulty assumptions and estimation methods.
Our results show that elephants must reproduce at near-
optimal rates, merely to keep up with even slight increases in
mortality (Table 3). Such long-lasting interventions targeting
individuals of prime breeding age on landscapes with high
rates of con�ict-related mortality could dangerously undermine
long-term resilience (Goswami et al., 2014). We urge that
management actions be based on data rather than expert opinion
or speculation.

Frontiers in Ecology and Evolution | www.frontiersin.org 9 May 2019 | Volume 7 | Article 171



de Silva and Leimgruber Demographic Tipping Points in Megafauna

Limitations of the Approach
We have ignored spatial structure and catastrophes here, but
these are obviously important for population persistence (Reed
et al., 2003; Pe'er et al., 2013; Young, 2018). One may of course
include these, if informed by su�cient data. Where there is
population turnover, estimates of vital rates may still be obtained
from a subset of longitudinally observed individuals (e.g.,de Silva
et al., 2011, 2013). Such samples can illustrate the demographic
responses of a population even if time series of abundance
are inaccurate or, as is more often the case, unavailable. We
advise caution, however, because the more complex the model,
the more data and decisions required for implementation
without necessarily yielding greater insight (Pe'er et al., 2013).
Simulations should not be mistaken for reality, especially when
data are scarce (Caughley, 1994; Coulson et al., 2001).

Models also cannot substitute basic familiarity with a system
(Figure 2). A population that is near a stable equilibrium (i.e.,
at K) may appear to exhibit the same demographic rates as
one that is poised near an unstable equilibrium; one that is
small or declining may or may not be capable of stabilizing
or recovering (Figures 1, 6). Key variables, including juvenile
survival, age at �rst reproduction, fecundity, and adult survival,
might be expected to respond to population density when
dispersal is constrained (Bonenfant et al., 2009). Distinguishing
natural variation in key vital rates from density e�ects and
sampling errors with slow-breeding taxa can present serious
practical challenges, not least because of the long observation
times that would be required to do so (Reed et al., 2003;
Freckleton et al., 2006). For elephants speci�cally, evidence of
density dependence in the wild is equivocal and has only been
studied at all in African systems (Gough and Kerley, 2006;
Chamaillé-jammes et al., 2008), which are typically more water-
limited than Asian habitats. While we expect that there must
be some form of density-dependent feedback when populations
are restricted (as highlighted in the case of Yala National
Park), there are currently insu�cient data to explore these
e�ects. Managers must carefully consider whether the pressures a
population face are temporary or lasting, and whether density-
dependent factors may be contributing, when interpreting
results. Although the approach we present is more forgiving of
incomplete data as it de-emphasizes distant outcomes, it does
not obviate the need for baselines. We reiterate the call for
more systematic longitudinal studies of these species in thewild
(Sha�er et al., 2002; Reed et al., 2003; de Silva, 2016).

Tipping points are coupled to one another, therefore, if
circumstances change one or more critical near-threshold
variables, the boundaries of safe-space may be altered, requiring
a fresh evaluation. This is easy to understand if one considers
that, for any given set of conditions, there may be some
reproductive rate that o�sets the overall mortality rate, but
there are di�erent combinations of vital rates through which
this balance could be achieved. However, the absolute ceiling
for the mortality rate a population can tolerate is set by the
fastest possible reproductive rate, which is �xed by the species'
reproductive physiology. If the predicted growth rate is negative,
while it is certainly possible that conditions could spontaneously

TABLE 5 | Scenario 5, effect of uniform increase in mortality across age/sex
classes.

N initial Mean time to extinction (Yrs)

C1% C5%

1,000 329.3 96.7

500 278.5 83.3

250 225 71.2

100 161.7 53.7

50 110.6 40.9

15 49 21.8

Probability of extinctionD 1 for all cases.

improve to reverse the trajectory, it is more likely that active
intervention is needed to improve long-term resilience. Early
steps taken to arrest further deterioration could be more practical
and cost-e�ective than those that would be required later
on (Selkoe et al., 2015).

CONCLUSIONS

Arresting the global decline of terrestrial mega-herbivores
requires an understanding of what is driving trends, not only
in terms of the external threats and their obvious e�ect on
numerical abundance, but also their hidden impacts on critical
vital rates. Animal populations can be resilient, but only within
physiological limits (Lynch et al., 2014). Data on vital rates
outside of captive or farmed conditions are scarce or nonexistent
for many slow-breeding species. This must be overcome in
order to manage populations appropriately. Attempting to
rescue populations that are in reproductive collapse, no matter
how valiant the e�ort, may be analogous to trying to change
the course of a demographic train that has not only left
the station but plunged o� a cli�. In contrast, the declining
population paradigm calls for diagnosing and acting on the
drivers of decline. While tipping point assessments may be
unnecessary for taxa with short generation times, explicitly
de�ning these limits provides a basis for evaluating the health
of populations even if data are imperfect, and encourages
timely action that may be crucial for conserving large, long-
lived species.
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