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Abstract

Large herbivores, particularly in water limited systems, are vulnerable to the impacts of poaching
(illegal hunting) and human induced climate changes. However, we have little understanding of how these
processes camgeshape their populations. With some rapidly declining populations there is a need to
understand the éffects of these stressors on populations of vulnerable large herbivores like the white rhino
(Ceratotherium simum simum). We developed age-structured models for the rhino population in Kruger
National Park, home to 49% of South Africa’s rhinos. We wanted to determine the relative influence of
poaching and climate on the current and future population size and demographics, examine the potential
of a dependency effect (the loss of calves from poached females) and quantify the compound effect (loss
of future young):Our results indicated that population declines were largely driven by poaching and
included a dependency effect. Rainfall had a measurable but smaller influence on rhino populations and
had an additivereffect; reduced rainfall exacerbated poaching losses. Current poaching levels have
resulted in a reduetion to the lifetime reproductive output per cow from approximately 6 to 0.7 calves: a
compound effect'of 5.3 future offspring. Under current levels of poaching, we project a 35% decline in
the Kruger rhino population in the next 10 years. However, if poaching intensity is cut in half, we project
a doubling of thecurrent population over the same time frame. Overall, our models showed little
sensitivity to' demographic and environmental parameters, except for adult survival. Our results suggest
that maintaining“and improving the lifetime reproductive output of rhino cows should thus be the highest
management priority and that new management targets should consider both the dependency and

compound effects associated with poaching on rhino cows.

Keywords: compound effect, dependency effect, poaching, rainfall, age-structured model, white rhino,

population decline, herbivores

Introduction
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Poaching (illegal hunting) coupled with habitat changes have left many traditionally hunted
species at risk of extinction (Koch and Barnosky, 2006; Rizzolo, Ratsimbazafy and Rajaonson, 2017).
Poaching threatens biodiversity, deprives protected areas of revenue, and undermines their viability
(Gavin, Solomon and Blank, 2010; Rizzolo et al., 2017). Globally, more than 300 mammals are in danger
of extinction from poaching and other forms of exploitation (Rosser and Mainka, 2002; IUCN, 2019). A
disproportionate number of these endangered mammals are large terrestrial herbivores (e.g. African
elephant [Loxodonta Africana] and hippopotamus [Hippopotamus amphibious]), which face threats from
habitat loss and degradation as well as poaching (Milner, Nilsen and Andreassen, 2007; Ripple et al.,
2015).

These overexploited large herbivore populations are also increasingly stressed by human induced
climate changes (Parmesan, 2006). Large herbivore populations, particularly in water limited systems like
savannas, are,often,shaped by rainfall (Forchhammer et al., 1998; Ogutu and Owen-Smith, 2003; Owen-
Smith , Mason, Ogutu, 2005). Specifically, rainfall during the dry season appears to have the greatest
influence ongpopulation dynamics because it maintains vegetation quality when resources are limited
(Illius and O€ennor, 2000). Still, the influence of rainfall on large herbivores varies with age. For
example, drought appears to reduce birth rates (Ferreira et al., 2019), and juveniles may be more sensitive
to harsh climatic'conditions (e.g. drought, heat) because of the influence of food availability on lactation

(Foley, Pettorelli and Foley, 2008; Ogutu and Owen-Smith, 2003; Ryan, Knechtel and Getz, 2007).

While we understand how both poaching and rainfall can alter large herbivore populations, we
have less understanding of how their combined effects may alter demography (Milner ef al., 2007). There
is some evidence, at least for elephants, that competition with humans for limited resources (i.c. water,
suitable habitat), which will become increasingly limited due to climate change, may lead to increased
poaching losses,(Ngcobo et al., 2018). Our understanding of the combined effects of poaching and
rainfall, however, is minimal, likely due to large herbivores’ longevity, and the time lags in demographic
responses (Milnerer al., 2007). In the face of elevated levels of poaching (Burn, Underwood and Blacc,
2011; Challender and MacMillan, 2014; Duffy et al., 2014) and predictions of an increasingly variable
climate (Van Wilgen ef al., 2016) there is a need to understand the effects of these processes on
vulnerable species like the white rhino (Ceratotherium simum simum). While white rhino (hereafter rhino)
populations'respond to stochastic environmental variation and increased densities of conspecifics (Braude
and Templeton, 2009; Rachlow and Berger, 1998; Shrader and Ogutu, 2006), we know less about how
their populations respond to poaching and climate stress. It is unclear if rhino poaching causes the indirect
loss of dependent calves when an adult female is poached (the dependency effect; Wittemyer, Daballen

and Douglas-Hamilton, 2013). Research suggests that long-lived species with longer periods of juvenile
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development might be particularly vulnerable to the loss of their mother (Stanton et al., 2020). For
example, Asian elephants (Elephas maximus maximus) calves are 10 times likely to die if their mother is
killed before they turn 4 (Lahdenpera et al., 2016; Perera et al., 2018). As such we have reason to believe
the loss of a long-lived rhino female may reduce future population sizes, as the potential for future young
are lost (the compound effect). Since most large mammals can only produce one offspring a year,
longevity has a strong influence on overall reproductive success (Zedrosser et al., 2013). However, we
have little understanding of the magnitude of the compound effect on a poached population and the
potential forclimate influences to exacerbate losses. Broadly, we do not understand how variation in
climate and different poaching intensities will shape the size of future rhino populations. Variation in
population sizes will in turn be driven by variation and elasticity in demographic processes (e.g.
recruitment, javénile and adult survival), which respond differently to climate conditions (Gaillard et al.,
2000). Thus, it1s important to identify the most important and sensitive demographic processes that are
likely to influence future rhino population sizes. Filling these important gaps will allow us to effectively

identify and propose effective management actions.

Accordingly, our goal for this study was to understand the current and the future response of the
rhino population to poaching and climate variation. We predicted that modeling the loss of calves
associated with the loss of a poached mother (i.e. dependency effect) would help explain rhino population
declines. We.expected that projections of constantly high poaching and dry conditions would lead to
population deelines, as dry conditions often lead to delayed reproductive activity (Ferreira, Le Roex and
Greaver, 2019), exacerbating any poaching related losses. Finally, we predicted adult (especially female)
survival willthave the most influence on population size (Eberhardt, 2002), because low adult female
survival results in a reduction in reproductive output. As such, our objectives were to 1) determine the
relative influence of poaching and climate on rhino population size, 2) estimate the current rhino
population size if there had been no poaching in the past, 3) determine if a dependency effect explains
reductions in the rhino population size, 4) predict future rhino population sizes and quantify the
compound.effectunder different climatic conditions and poaching pressures and 5) identify how variation

in different demographic processes will alter future rhino population sizes.
Study Site

Oursstudy was conducted in Kruger National Park (19 485 km?, hereafter Kruger), located in the
Mpumalanga and Limpopo provinces of South Africa (Fig. 1). In 2015 Kruger was home to
approximately 49% of South Africa’s rhino population (Ferreira et al., 2018). Rhinos generally occur in
the central and southern parts of the park (Fig. 1), although nothing impedes their movement to the
northern parts (Pienaar, Bothma and Theron, 1993).
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Fi 1. Map of Kruger National Park in South Africa with sections south of the Olifants River
where whiteLr nos surveys were conducted from 1998-2019. The light blue line indicates the Olifants

River and th @ ons represent the sections where rhinos from this study were located.

Tmand southern parts of the park are within the lowveld bushveld climate zone and
receive 5 annual rainfall between October and March (Venter, Scholes and Echardt, 2003). The
rainfall in ccurs in 5 year cycles of wet (high rainfall) and dry (low rainfall), which match La

Nifia and El-Nifo years (MacFadyen et al., 2018). The El-Nifio in 2015 brought hot and dry conditions to
South Africa which resulted in a major drought taking place during the 2015/2016 wet season (Malherbe

etal., 20

The underlying geology consists of granite and gneiss soils in the western parts, nutrient rich
basalts in the eastern parts and Karoo sediments in the parts where the granite and basalts soils join

(Venter et al., 2003). Vegetation in the south consists of 1) savanna woodlands on granite soils where
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Combretum spp.trees dominate and ii) open grassy woodlands on the basalts dominated by Sclerocarya

caffra and Senegalia nigrescens (Venter et al., 2003).
Methods

Torestimate the relative influence of demographic parameters, rainfall, direct poaching,
dependence-based poaching losses, and compound effects of poaching on rhino population size, we
developed an age-structured model using a generalized difference equation (Hilborn and Mangel, 1997).
Age-structured models are often used to analyze incomplete data in dynamic systems by combining
multiple sources of observed data (Hilborn and Mangel, 1997). These models allowed us to focus on
uncertainty in one parameter estimate while accounting for uncertainty in the estimate of another
parameter; thus improving use of the data and improving the models. Due to the lack of data we assumed
no uncertainlty insthe birthing interval, proportion giving birth at each class and sex ratio. As such, we

could not obtain uncertainty around reproductive rates.
Model paramaters
Population size

We used population estimates from the South African National Parks (SANParks) data repository
generated fromitwo different methodologies: distance sampling and block surveys, described in detail
below. Distance sampling data was available from 1998 to 2017 (except 2009, 2011, 2013 and 2015 when
surveys werenot'done). In 2016 and 2017 estimates of population size were obtained through distance
and block surveys and population estimates from both methods were used in these years. After 2017 only

block survey'methods were available.
Distance sampling

We psed data from 1998 to 2017 collected via fixed wing aircrafts flown = 76 m above ground
level at speeds of 167 — 185 km/hour (Kruger, Reilly and Whyte, 2008). Two observers on each side of
the aircraft recorded the number of animals seen and the distance at which they were first seen using a
frame attached to the outside of each window that had strip wires denoting four distance categories (0—50
m, 50-100 m, 100200 m, 200—400 m). This provided a transect width of 800 m (400 m on each side of
the aircraft) (Kruger et al., 2008). For the 1998 to 2000 surveys we sampled 15% of the park, flying 64
transect lines placed 5.6 km apart in an east-west orientation (Appendix 1a; Kruger et al., 2008). We
increased the survey effort to cover 22% of the park from 2001 to 2017 by flying 96 transect lines placed
3.7 km apart (Appendix 1b). We generated estimates using a distance sampling approach and DISTANCE
ver. 4.0 software (Thomas ef al/ 2010). Following Buckland ef al. (1993), we first examined initial
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histograms of count frequencies at different distances to determine truncation of observations. Next, we
combined 0-50 m and 50-100 m distance categories to improve model fit. Finally, we fit different
detection functions (uniform, half-normal and hazard rate and simple polynomial adjustments) with up to
3 cosine adjustment terms and selected the most parsimonious function using Akaike Information
Criterion (AIC; Burnham and Anderson 2002) (Appendix 2). We evaluated each year separately and
generated abundange estimates by multiplying density estimates by the total area of the central and

southern region of the Kruger.
Blockisurvey

We usedblock-based survey methods (Ferreira et al., 2015) for the final 4 years of our models.
Observers counted,all rhinos within 878 3x3 km blocks from a helicopter flown at 45 m above ground at
speeds of 120:38 km/hour (Ferreira et al., 2015). The blocks were randomly distributed throughout the
park and covered the 35 landscape types found in Kruger (Appendix 3; (Gertenbach, 1983) with more
blocks occuring in the south region where rhinos were more prevelant (Appendix 4; (Ferreira et al.,
2015). We estimated rhino abundances separately for each landscape type in the sampled blocks and
extrapolated to unsampled blocks focusing on the central and southern region of the Kruger. We
estimated and corrected for observer bias (the probability of an observer not seeing a rhino when present),
using a double observer methodology on 33 randomly selected blocks and increased our raw counts by
the estimated probability of missed rhinos (Ferreira et al., 2015). Additionally, we estimated and
corrected for.availability (obstructed by vegetation or other feature) by monitoring the visibility of 15
focal rhinos (i.e. rhino slected for extentended observations) for 10 minutes (Ferreira, Greaver and

Knight, 2011). Both the observer and availabililty bias estimates were obtained during the 2013 census.
Demographic estimates

We useddata from the SANParks data repository and internal unpublished reports to determine the
demographic makeup of the rhino population. The standing age distribution for each year was determined
using helicopter-based flights (100 m above ground, =100 km/hr) to assign ages and sexes to at least 100
individuals in eachyof the 9 management zones (Appendix 5; Ferreira, Botha and Emmett, 2012). These
are management zones that were designated by SANParks management from where rhinos for live sales
were historically removed. We used the body size and height (Appendix 6a) as well as the size and shape
of the horns (Appendix 6b) of an individual to estimate its age (Hillman et al. 1986; Emslie, Adcock and
Hansen, 1995). We estimated the standing age class distribution using surveys in 2010 — 2017 and
defined 3 age classes: juveniles (A, B & C age classes 0-24 months old), sub-adults (C & D classes, 2.5 —
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7 years) and adults (F class — older than 7 years). We assumed between 20 — 50% of sub-adults and adults
could reproduce (Rachlow and Berger, 1998).

Rainfall, poaching and management data

Werobtained rainfall data for 20 years (1998-2019) by averaging the monthly rainfall from the 12
weather stations injour study area (Appendix 7). We used both wet (October — March) and dry season
(April — September) rainfall for our models. To quantify poaching, we used records of the annual number
of poached thino carcass found by rangers from 2007 — 2019 (Ferreira et al., 2015). While vultures and
scavenging activity facilitates the detection of rhino carcass, we accounted for undetected carcasses to
reduce the probability of undercounting poached rhinos. Specifically, we had two observers conduct
intensive aerial surveys of 10 (3x3 km) blocks via helicopter and record the GPS location of carcasses.
Then we compared the number of carcasses seen by the two observers to those found by rangers on the
same 10 blocks. Using a double observer methodology (Cochran, 1977) we estimate that rangers missed
11.5% of the carcasses (SANParks, internal report) and used this estimate to correct the annual number of
carcasses counted by rangers. In addition to estimates of poaching, we used data on management
removals - the numbers of rhinos removed for management purposes from 1998 —2019. Removals were
conducted to provide revenue for conservation objectives or used to establish new populations elsewhere
(Ferreira et al., 2012). Historically, management removals targeted sub-adult individuals, particularly
females (Ferreiraret al., 2012), however, recent increases in poaching have reduced management removals

by as much at 80%.(Ferreira ef al., 2012).
Demographic analysis

We usedrage-structured models using a generalized difference equation (Hilborn and Mangel,
1997) to predict numbers of individuals in different age classes over time (1998 - 2019). We used the
models to aceountfor variation in juvenile production, survival potential as a function of rain dependent
food availabilityzmanagement removals, poaching losses, and the potential impact of poaching losses of
mature females‘on associated juveniles (Pascual, Kareiva and Hilborn, 1997). We predicted the numbers
(N) of individuals-at different ages (a) over time (¢) using a balance model (Equation 1) that accounted for
age specific natural survival (§,), the proportion of individuals in an age susceptible to management
removals (@), the proportion of individuals in an age susceptible to poaching (v:%), the removal rate (U7
of fully susceptible'individuals, and the poaching rate (U:JI ) of individuals fully susceptible to poaching

removed.

Nasreer =Ny So+ (1 —vIU)(A —viU7)  (Equation 1: individuals at different age classes)
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The management removal (U] ) and poaching (UE) rates (Equation 2) were conditioned on estimates of

the total population size vulnerable to each removal type. This approach ensures that the actual observed
removals (R) or individuals poached (P) are removed each time step but allows the removal rate to be

constrained te=<Iato prevent numerical instability. These rates are then used in Equation 1.
U'=R,/¥qviN,, or U:’ =P,/% v N, (Equation 2: removal and poaching rates)

We estimated age'specific survival as a constant maximum rate (S) for each age or as a hyperbolic
function of per capita available resources (F.) where y, determines the per capita food level at which
survival drops toshalf the maximum value (Equation 3). Note that when y,is set to 0 the maximum age

survival rate'is‘used each year. Per capita food availability was modeled as a scaled function of rainfall (

RE,).

1.25RE

F,

o B
S5,=S5 S an
Na.r

a
Yat+i

where F, = (Equation 3: age-specific survival rates)

Since grass growth depends on the amount and distribution of rainfall, we calculated a food effect by
using an established relationship between dry seasoning rainfall and fresh grass growth (Mduma, Sinclair
and Hilborn, 1999). Studies have shown that food supply is usually inadequate during the dry season
which can leadsto'mortalities (Dudley et al., 2001; Knight, 1995). Following (Hilborn and Mangel, 1997),
we used a regression equation for grass growth on monthly dry season rainfall with the slope of 1.25
(Mduma, Sinclair and Hilborn 1999). A similar equation was used to mediate birthrate (Equation 4)

where br, is'the age specific birth rate and y,,, is the per capita food availability where the age specific

birth rate drops to half the maximum value bry.

F 1.25RF;
br, = br} where F, =

a o r T (Equation 4: food effect on birth rates)
® t aivgt

We used the'best available estimates to determine rhino’s demographic parameters: birth frequency in
rhino, population sex ratio, and senescence age (Table 1) and assumed these were constant over time.
When available, we used published and unpublished demographic estimates from the Kruger rhino
populationIf these estimates were not available, we used estimates form other populations (Table 1). We
assumed the population size at time 0 (NO = 1998) to be known. We used the model to estimate the
influence of rainfall on food availability as well as the effect of combined removals through poaching and
management removals (Appendix 8) on rhino birthrates, age specific survival and population growth rate.

We estimated these dynamic parameters by maximum likelihood (Pascual ef al., 1997) assuming
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Gaussian error structure and the estimated uncertainty for each population estimate (Hilborn and Mangel,
1997; Pascual et al., 1997). Note that in 2016 and 2017 population estimates from distance and block
surveys were used since there was no reason to assume one method was superior to the other. To
understand the relative influence of climate and poaching on rhino population growth and examine the

potential for.a dependency effect, we evaluated three scenarios.
Scenario 1

In the first scenario, we assumed changes in population were influenced by changes in rainfall
and the resulting changes in survival due to food effects. We used this scenario to determine the relative

influence of'rainfall in the absence of poaching.
Scenario 2

In the"second scenario, we assumed changes were a result of rainfall plus poaching, where
poaching remowvals were assumed to come from the sub-adult and adult populations. This scenario
allowed us to determine if patterns of rhino population demography could be explained by the poaching

of sub-adult‘and adult individuals.
Scenario 3

Finally, for scenario 3, we made the same assumptions as scenario 2 plus an additional
assumption.that there were indirect mortalities of calves from the loss of their mothers. For scenario 3, the
calves (i.e. up to 2 years) of all poached adults and a portion of sub-adults died. Not knowing the
proportion of sub-adults in the poached population, we trialled different biologically reasonable values (5

—50%). Based.on model performance, 20% was a good fit for scenarios 2 and 3.

To compare our three scenarios, we assessed model fit based on a visual inspection of model fit to
observed estimates and likelihood ratio tests. Likelihood ratio test are based on Wilks’s theorem (Wilks
1938) where 2 times the difference between loglikelihoods can be approximated with a y¥2-distribution
with degrees of freedom equal to the dimensionality difference between the models. For models with
similar dimensionality, a likelihood difference of 2 would result in a p-value of slightly less than 0.05.
Next, we generated!likelihood profiles to produce confidence intervals for calf, sub-adult and adult
survival, foed effect on juveniles, adults and birthrates following the theoretical statistics described by
Kendall and Stewart (1979). This allowed us to investigate how the variation in each parameter
influenced demographic responses and population growth using Markov chain Monte Carlo (MCMC)
simulations where parameter values were drawn randomly assuming a normal distribution defined by the

95% confidence intervals (Gaillard et al., 1998; Gaillard and Yoccoz, 2003). To quantify the potential for
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future direct and indirect impacts of poaching we assumed constant rainfall, survival and poaching and
projected the models into the future, from 2020 to 2030. We also projected future population estimates
using the best fitting model, modified to evaluate different poaching and climate scenarios and the

sensitivity of model parameters.
Variable rainfall.and poaching models

We developed two modified models to understand the sensitivity and influence of food effects
and survivaljparameters on future populations. First, we set juvenile, sub-adult, adult survival to their
upper limits and food parameters to their lower limits (based on the likelihood profiles from the best
fitting model). Second, we set survival parameters to their lower limits and food effects to their upper
limits. We developed two additional modifications to understand the influence and sensitivity of our
model to weather#We set rainfall to 1) high and 2) variable (high and low) rainfall conditions. Under the
variable model rainfall fluctuated every 5 years, to correspond with the cyclical regional weather patterns

(MacFadyen'et al., 2018).

To understand how variation in poaching might influence future rhino populations, we projected
the baseline model’and the modified models based on different poaching pressures. We examined future
populations undercurrent (i.e. 2019) poaching levels and levels that were a 50% and 80% reduction of the
current level. This allowed us to understand how reductions in poaching could alter future rhino
population sizes#Then we used the baseline model and modifications to understand the magnitude of a
compound effect under different conditions. We calculated the compound effect as lifetime reproductive
success by determining the number of potential calves a female would produce if there was 1) no
poaching, 2) poaching but no calf losses and 3) poaching plus calf losses. We then linked different
poaching levels to the potential calf numbers under poaching with no calf loss and poaching with calf loss

to determine the number of calves that a female would produce under different poaching pressures.
Results
Climate, poaching and dependency effects scenarios

In general; the pattern observed from census data was that of a steadily declining rhino population
following thesincrease in poaching rates around 2007/2008. Evaluating our models, we found scenario 1

(rainfall only)Wwith a log likelihood of 229.52 (AL = 39.04; p < 0.0001; AL is the delta loglikelihood

change between model 1 and model 2) did not fit the observed data well (Fig. 2A). Scenario 2 (rainfall
and direct poaching) had a log likelihood of 190.48 (AL = 3.65; p = 0.0069) and was a better fit than

scenario 1 (Fig. 2B). However, scenario 3 (rainfall, direct and indirect poaching) with a log likelihood of
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186.83, was the best fitting modeling, and supported the prediction that poaching can have direct and

indirect effects on the population because of the loss of calves that have not been weaned (Fig. 2C).
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Figure 2. Fit of the age structured population model (black line) to white rhino population
estimates (black dots = distance sampling surveys, open dots = block census surveys, with standard error
bars) for the'Kruger National Park from 1998-2019 under three modeling scenarios A) no poaching model
(rainfall affects food availability), B) the direct poaching model (rainfall plus poaching of adults and sub-
adults affecting demographic parameters), and C) the combined direct and indirect poaching model
(rainfall plus poaching of adults and sub-adults and the indirect mortalities of calves from the loss of their
mothers). Light grey polygon depicts the 95% quantile of population trajectory from Markov chain Monte

Carlo simulations.
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In the absence of poaching (scenario 1) we estimated a population of 7100 (6410-8994) rhinos in
the year 2030 (Fig. 3A). When we projected the model with rainfall and direct poaching (scenario 2) to
the year 2030 we estimated 3078 (2528-3334) individuals, a 13.3% decrease from the 2019 estimate (Fig.
3B). Projecting the best fitting model (scenario 3), we estimated a population of 2312 (1724-2364)
individuals by 2030. This would be a 35 % decline from the 2019 population estimate (Fig. 3C).
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Figure 3. Predicted population trajectory (black line) to the year 2030 for the Kruger National
Park white rhino population (black dots = distance sampling population estimates; open dots = block
census population estimates, with standard error bars) using age-structured population models under three
scenarios A) no poaching model (rainfall affects food availability), B) the direct poaching model (rainfall

plus poaching of adults and sub-adults affecting demographic parameters), and C) the combined direct

This article is protected by copyright. All rights reserved



342
343
344
345

346

347
348
349
350
351
352
353

354

355
356
357
358
359

360

361
362
363
364
365
366
367
368
369
370
371
372

and indirect poaching model (rainfall plus poaching of adults and sub-adults and the indirect mortalities
of calves from the loss of their mothers). Light grey polygon depicts the 95% quantile of the population
trajectory from Markov chain Monte Carlo simulations. The dashed vertical line indicates the year when

forward projections start; projections were done under current (2019) poaching rates and average rainfall.
Variablerainfall and poaching models

Evaluating the model with increase rainfall, we estimated 2345 (1711-2400) rhinos in the year
2030, an increase of about 2% from baseline predictions with average rainfall (Table 2). Alternatively, the
model with variable rainfall resulted in a 0.6% increase from baseline predictions with 2326 (1707-2377)
rhinos predicted for the year 2030. Using the best fitting model (scenario 3), we found that a 50%
reduction in poaching would result in a doubling of the population by the year 2030, with a total of 5383
(4031-5491) thines. Furthermore, an 80% reduction in poaching would result in 8685 (6522-8843) rhinos
in the year 2030.

The compound-effect

If no further poaching occurred after 2019 and average rainfall conditions prevailed, we would
expect a rhino female to produce 5.7 calves. However, the compound effect of poaching on rhino resulted
in a substantial reduction of this prediction to 0.73 calves per female if direct poaching continues.
Accounting foma,continuation of both direct and indirect poaching we would expect a female’s lifetime

reproductive’output to be 0.52 calves (Table 2).
Variation in demographic processes

Investigating how the variation of dynamic parameters influenced demographic responses and population
growth, we found that besides survival, the initial three models (rainfall, rainfall and direct poaching, and
rainfall, direct:andsindirect poaching) had minimal sensitivity to variation in parameters (age specific
survival, food.effects on juveniles, adults, and birthrates; Table 3). For scenario 1 we found limited
variation insbothssub-adult and adult survival (0.97 - 0.99) suggesting that sub-adults and adults were
buffered fromimpacts caused by changes in rainfall. Calf survival varied between 0.91 — 0.99, which
suggests that'calves were vulnerable to impacts caused by changes in rainfall. We found a weak but
measurable (0= 0.053) food effect on birthrates suggesting changes in rainfall influence reproduction
(Table 2). For'scenario 2, we again found limited variation in both sub-adult and adult survival (0.97 -
0.99) and variable calf survival 0.91 — 0.99. We found a weaker food effect for juvenile survival (0 -
0.014), adult survival (0 - 0.003) and on birthrates (0 — 0.025) suggesting that poaching accounted for

more variation in population growth than rainfall (Table 3). Finally, for scenario 3 we again found limited
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variation in both sub-adult and adult survival (0.97 - 0.99). Calf survival was unsurprisingly most variable
(0.89 —0.99), indicating that the combined effects of rainfall and indirect poaching had a sizeable
influence on calf survival. We found a weak food effect for juvenile (0 - 0.006) and adult (0 - 0.001)
survival and birthrates (0 — 0.012). Survival parameters had the most measurable influence on population
size (Table 2). There was a 10% decrease in the population estimate from the best fitting model when we

set the surviyal parameters to their lower limits and the food parameters to their upper limits.
Discussion

We present evidence that the dramatic decline in Kruger’s rhino population size was
predominantly a function of increased poaching, starting in 2008 (Thomas, 2010). Additionally, we show
that the subsequent change in the rhino population size was a function of direct loss of individuals plus
the indirect loss of calves from the dependency effect. Furthermore, we found support for rainfall having
an additive effect on poaching losses, with poached populations further depressed by cyclic rainfall

patterns.

Our best model for the rhino population in Kruger predicted a further 35 % decline by 2030 (2019
=3549; 2030=2296) if current poaching rates continue. Field observations (Maggs, K. SANParks pers.
comm.) also'suppert the idea that dependent calves and juveniles die when their mothers are poached.
Calves run away from poachers and may die from overheating, dehydration, hunger, and predation
(Maggs, K. SANParks pers. comm.). Having found evidence for the indirect effects of poaching on
calves, it is likely that calf mortalities have been underreported. This is likely due to their reduced

persistence on the landscape relative to adult rhinos (Sanparks, internal. report).

One of'the reasons that the rhino population in Kruger is likely to continue to decline without an
intervention‘or change in poaching rates is because of the loss of lifetime reproductive potential. Without
poaching a female'can produce approximately 6 calves, but with current poaching levels, the lifetime
reproductive-output is reduced to 0.7 calves — a compound effect of approximately 5.3 offspring. When
we also aceountfor the dependency effect, the lifetime reproductive success of a rhino cow is reduced to a
dismal 0.5 offspring, not enough to sustain a population (Sodhi, Brook, & Bradswah, 2009). This impact
is further compounded because, on average, half of the lost offspring would have been females whose

lifetime reproductive output was also lost.

A reduction in poaching would allow the population to recover, our models predicted that a 50%
reduction in poaching would result in the doubling of the population size by 2030. This result concurs

with previous research showing that when rhinos are afforded better protection populations can recover
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(Amin et al., 2006). Similarly, in another megaherbivore, a poached elephant population in Tanzania

rebounded when poaching was stopped (Foley and Faust, 2010).

Our models suggest that climate impacts were minimal compared with those of poaching;
however, we,did see clear linkages between rhino reproduction, population growth and rainfall. Our
climate only medel predicted the 2020 population size (5097) to be 44% greater than the current 2019
population (3549)4f the current climate conditions persisted. This is a lower estimate than targeted by the
BiodiversitysManagement Plan (Knight, ez al., 2015). However, with the climate predictions for southern
Africa, and Krugesspecifically, suggesting longer dry seasons and higher temperatures, these targeted
population sizes may not be realistic (Van Wilgen et al., 2016). While rhinos do not appear to respond to
normal climatic variability (Shrader and Ogutu, 2006), substantial drought can cause reductions in
recruitment and in¢rease mortality (Ferreira et al., 2019). Our models highlight the potential for climate
induced declines,to,exacerbate poaching losses by an additional 10% decrease in rhino population over

the next decade.

Like other studies (Foley et al., 2008; Gaillard et al., 1993, 1998; Ogutu and Owen-Smith, 2003),
we found both climate and poaching accounted for the variation in juvenile survival. However, the
variability of juvenile survival did not have consequences for population growth. Instead, adult survival
had the greatest measurable changes to projected population size estimates. A reduction in adult survival
resulted in lowerweproductive rates and population growth. Research has shown that for long-lived
species proportional changes in juvenile survival have less effect on population growth than proportional

change in adult survival (Gaillard et al., 2000; Eberhardt, 2002; Gaillard and Yoccoz, 2003).
Model considerations

We made several assumptions for our models that were likely to influence our results. We
assumed all dependent calves and juveniles died when their mothers were poached because dependent
calves cannot'fendsfor themselves. We also assumed some demographic parameters to be constant when
realistically*they"would vary over time and this variability would increase the uncertainty in the
population trajectories. Additionally, based on model fit we assumed 20% of the poached population was
sub-adults. We also assumed that the loss of younger females would have the same effects on the
population.as‘the loss of older females. An older female may have already contributed most of her calves
per lifetime intothe population, whereas a younger female may have not. Modeling this individual level
of variation requires high quality data on age-specific survival and other fitness components (Gaillard et
al., 2000; Richard et al., 2014) not available for our study. Finally, we acknowledge that there would be

greater uncertainty in our reproductive estimates if we understood the uncertainties around birthing
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intervals. It is also important to note that our future predictions do not include the effects of management
removals. Kruger removes rhinos as part of range expansion initiatives and to generate revenue (Clements
et al., 2020; Ferreira et al., 2012). Our predictions, however, are likely realistic because the complexities
of bovine tuberculosis quarantine requirements limit the movement of rhinos (Miller et al., 2018), and
current poaching rates do not allow for the removal of rhinos without the potential for further population

declines (Fetreira et al., 2012).
Managementimplications

Large mammal populations are limited by the number of reproductive females (Gaillard et al.,
2000; Gosselin et al., 2014). Ensuring and improving the lifetime reproductive output of rhino cows
should thus be theshighest priority for rthino management as it will result in high population growth rates.
Antipoachinguinitiatives for apprehending poachers must be coupled with an effective legal system that
distinguishes and places emphasis on population impacts associated with the poaching of cows over bulls.
As deterrents, we recommend those convicted of poaching a rhino cow get harsher sentences. This would
likely involve amendments to existing sentencing laws, but it could be achieved by demonstrating the
negative impacts associated with poaching cows. Live rhino cows are worth more than bulls, even when
you ignore the costof future calves. In 2016, bulls sold for R270 000 at auction, while a cow plus a heifer
calf sold for R500 000 (SANParks intern. Report). This is revenue that was used to fund conservation
initiatives, whichshas been lost since the halting of live rhino auctions due to poaching. We also
recommend dehorning female rhinos that reside in high poaching areas to deter poachers. Any short-term
stresses detected in rhino’s fecal glucocorticoid metabolites from the procedure (Badenhorst ef al., 2016)
do not appeat to impact rhinos physiologically (Penny et al., 2020), nor their reproductive success (Penny
et al., 2019).Finally, managers should also consider translocating female rhinos or deterring them away
from high poaching areas, potentially by manipulating their perception of predation risk through the
introduction/of predator cues (e.g. humans and lions; Cromsigt et al., 2013; Clinchy et al, 2016).
Harnessirig'animal’s fear has been suggested as a management strategy for deterring animals away from

areas with high mortality risk (Cromsigt ef al., 2013; Kuijper et al., 2019).

With the increasing likelihood of droughts (Cherwin and Knapp, 2012; Craine et al., 2013) and
little indication<that wildlife poaching will abate (Burn et al., 2011; Challender and MacMillan, 2014;
Dufty et al$2014), large herbivores may be particularly vulnerable to population declines. South Africa
has failed to achieve its white rhino targets for 2020 (Knight, et al., 2015). If authorities seek to achieve
the population targets in the next 2 decades, poaching levels must be reduced. Additionally, we

recommend a revision of population targets (Emslie and Brooks, 1999; Knight, et al., 2015) to account
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for the effects that a changing climate will have on rhino populations, as well as both the dependency and

compound effects associated with the poaching of rhino cows.
Acknowledgements

Werarergrateful for the financial and logistical support provided by SANParks. Thank you also to
Judith Bothaffor assistance with the analyses and to the observers during rhino surveys, Pauli Viljoen,

Adolf Manganyi; Cathy Greaver, all the section rangers and pilots.

References

Amin, R., Thomas, K., Emslie, R. H., Foose, T. J., & Strien, N. Van. (2006). An overview of the

conservation status of and threats to rhinoceros species in the wild. Int. Zoo Yearb. 40, 96-117.

Badenhorst, M 5,0tte, M., Goot, A. C. V. Der and Ganswindt, A. (2016) Stress Steroid Levels and the Short-
Term Impact'of Routine Dehorning in Female Southern White Rhinoceroses (Ceratotherium simum

simum). Af#ican Zoology, 51, 211-215.

Braude, S., & Templeton, A. R. (2009). Understanding the multiple meanings of “inbreeding” and “effective

size?-for,genetic management of African rhinoceros populations. Af. J. Ecol. 47, 546-555.

Buckland, S. T.,;,Anderson, D. R., Burnham, K.P. & Laake, J. L. (1993). Introduction to distance sampling:

Estimating abundance of biological populations. Oxford: Oxford University Press.

Burn, R. W., Underwood, F. M. & Blanc, J. (2011). Global trends and factors associated with the illegal

killing ef'elephants: A hierarchical bayesian analysis of carcass encounter data. PLoS One 6, 1-10.

Burnham, K. P., & Anderson, D. R. (2002). A practical information-theoretic approach, Model selection and

multimodel inference, 2nd ed. Springer, New York.

Challender, D¥ WS & MacMillan, D. C. (2014). Poaching is more than an enforcement problem. Conserv.
Lett. 7,484-494.

Cherwin, K., & Knapp, A. (2012). Unexpected patterns of sensitivity to drought in three semi-arid
grasslands. Oecologia 169, 845-852.

Clements, H. S., Knight, M., Jones, P., & Balfour, D. (2020). Private rhino conservation: Diverse strategies

adopted in response to the poaching crisis. Conserv. Lett. 1-8.

Clinchy, M., Zanette, L. Y., Roberts, D., Suraci, J. P., Buesching, C. D., Newman, C. and Macdonald, D. W.

This article is protected by copyright. All rights reserved



496
497

498

499
500
501

502
503
504

505
506

507
508

509

510
511

512
513

514
515

516
517

518
519

520
521
522

523
524

(2016) Fear of the human “super predator” far exceeds the fear of large carnivores in a model

mesocarnivore, Behavioral Ecology, 27, pp. arwl117.
Cochran, W. G. (1977). Sampling techniques. John Wiley and Sons, NewYork, USA

Craine, J. My Ocheltree, T. W., Nippert, J. B., Towne, E. G., Skibbe, A. M., Kembel, S. W., & Fargione, J.
E. (2013). Global diversity of drought tolerance and grassland climate-change resilience. Nat. Clim.
Chang”3,763-67.

Cromsigt, J. P.'.G. M., Kuijper, D. P. J., Adam, M., Beschta, R. L., Churski, M., Eycott, A., et al. (2013)
Hunting for fear: Innovating management of human-wildlife conflicts, Journal of Applied Ecology,

50, 544-549.

Dudley, J. P., Criag, G. C., Gibson, D. S. C., Haynes, G., & Klimowicz, J. (2001). Drought mortality of bush
elephantsfin'Hwange National Park, Zimbabwe. Afr. J. Ecol. 39, 187-194.

Duffy, R., St John, F. A. V., Biischer, B., & Brockington, D. (2014). The militarization of anti-poaching:

Undermining long term goals? Environ. Conserv. 42, 345-348.
Eberhardt, L. (2002)..A paradigm for population analysis of long-lived vertebrates. Ecology 83, 2841-2854.

Emslie, R., & Breoks; M. (1999). African Rhino, Status Survery and Conservation Action Plan. IUCN,
Gland, Switzerland and Cambridge, UK.

Emslie, R. H., Adcock, K., & Hansen, H. B. (1995). Fine tuning the Rhino Management Group age class

systeme

Ferreira, S. M., Botha, J. M., & Emmett, M. C. (2012). Anthropogenic Influences on Conservation Values of
White Rhineceros. PLoS One 7, 1-14.

Ferreira, S. M., Greaver, C. C., & Knight, M. H. (2011). Assessing the Population Performance of the Black
Rhinoceros im Kruger National Park. South African J. Wildl. Res. 41, 192-204.

Ferreira, S. M., Greaver, C. C., Nhleko, Z. N., & Simms, C. (2018). Realization of poaching effects on
rhinoceroses in Kruger National Park, South Africa. African J. Wildl. Ecol. 48, 1-7.

Ferreira, S. Ms, Greaver, C., Knight, G. A., Knight, M. H., Smit, L. P. J., & Pienaar, D. (2015). Disruption of
rhino demography by poachers may lead to population declines in Kruger National Park, South
Africa. PLoS One 10, 1-18.

Ferreira, S. M., Le Roex, N., & Greaver, C. (2019). Species-specific drought impacts on black and white
rhinoceroses. PLoS One 14, 1-11.

This article is protected by copyright. All rights reserved



525
526

527
528

529
530

531
532
533

534
535
536
537

538
539

540
541

542
543

544

545
546
547

548
549

550
551

552
553

Foley, C. A. H., & Faust, L. J. (2010). Rapid population growth in an elephant Loxodonta africana

population recovering from poaching in Tarangire National Park, Tanzania. Oryx 44, 205-212.

Foley, C., Pettorelli, N., & Foley, L. (2008). Severe drought and calf survival in elephants. Biol. Lett. 4,
541-544.

Forchhammer, M. C.;Stenseth, N. C., Post, E., & Langvatn, R. (1998). Population dynamics of Norwegian
red deer: Density-dependence and climatic variation. Proc. R. Soc. B Biol. Sci. 265, 341-350.

Gaillard, J.M., Eesta-Bianchet, M., Yoccoz, N. G., Loison, A., & To"1go, C. T. (2000). Temporal variation in
fitness components and population dynamics of large herbivores introduction: Widespread Large

Herbivoressin Variable Environments. Annu. Rev. Ecol. Syst. 31, 367-393.

Gaillard, J., Delormet, D., Boutint, J., & Laere, G. Van. (1993). Roe Deer Survival Patterns : A Comparative
Analysis‘of'Contrasting Populations Author ( s ): Gaillard Jean-Michel , Daniel Delorme , Boutin
Jean-Mariey’Guy Van Laere , Bernard Boisaubert and Roger Pradel Source : Journal of Animal

Ecology, Vol. 62, No. J. Anim. Ecol. 62, 778-791.

Gaillard, J.M., & Yeecoz, N. G. (2003). Temporal Variation in Survival of Mammals : A Case of
Environmental Canalization ? Ecol. Soc. Am. 84, 3294-3306.

Gaillard, Jean Michel, Festa-Bianchet, M., & Yoccoz, N. G. (1998). Population dynamics of large

herbiveres: Variable recruitment with constant adult survival. Trends Ecol. Evol. 13, 58—63.

Gavin, M. C., Solomon, J. N., & Blank, S. G. (2010). Measuring and monitoring illegal use of natural

resourcessConserv. Biol. 24, 89-100.
Gertenbach, W. P. D./(1983). Landscapes of the Kruger National Park. Koedoe, 24, 9—121.

Gosselin, J., Zedrosser, A., Swenson, J. E., & Pelletier, F. (2014). The relative importance of direct and
indifect effects of hunting mortality on the population dynamics of brown bears. Proc. R. Soc. B

Biol."Sei. 282.

Hilborn, R., & Mangel, M. (1997). Conservation Biology of Wildebeest in the Serengeti. In R. Hilborn & M.
Mangel (Eds.), Ecol. Detect. Confronting Model. with Data. Princeton University.

Hillman-Smith, A7Ks K., Owen-Smith, N., Anderson, J. L., Hall-Martin, A. J., & Seleladi, J. P. (1986). Age
estimation of the White Rhinoceros (Ceratotherium simum). J. Zool. 210, 355-379.

lius, A. W., & O’Connor, T. G. (2000). Resource heterogeneity and ungulate population dynamics. Oikos
89, 283-294.

This article is protected by copyright. All rights reserved



554
555

556
557

558
559

560
561

562
563

564
565

566
567
568

569
570

571
572

573
574
575

576
577

578
579

580
581
582

TUCN (2019). The IUCN Red List of Threatened Species. Version 2019-1. http://www.iucnredlist.org.
Downloaded on 21 March 2019.

Kendall, M. and Stuart, A. (1979). The Advanced Theory of Statistics: Inference and Relationship. Hodder
Arnold; Londen.

Knight, M. H. (1995): Drought-related mortality of wildlife in the southern Kalahari and the role of man,
Afr. J. Eeol;33;377-394.

Knight, M. H., Emslie, R. H., Smart, R., & Balfour, D. (2015). Biodiversity Management Plan for the White
Rhinoceros (€eratotherium simum) in South Africa 2015 - 2020. Vol. 2004. Pretoria, South Africa.

Koch, P. L., & Barnosky, A. D. (2006). Late Quaternary Extinctions: State of the Debate. Annu. Rev. Ecol.
Evol. Syst. 37, 215-250.

Kruger, J. M., Reilly, B. K., & Whyte, . J. (2008). Application of distance sampling to estimate population
densities of large herbivores in Kruger National Park. Wildl. Res. 35, 371-376.

Kuijper, D. P. J.,;)Churski, M., Trouwborst, A., Heurich, M., Smit, C., Kerley, G. I. H. and Cromsigt, J. P. G.
M. (2019) Keep the wolf from the door: How to conserve wolves in Europe’s human-dominated

landscapes?, Biological Conservation, 235, 102—111.

Lahdenpera, M., Mary K. U. and Lumma, V. (2016) Short-term and delayed effects of mother death on calf
mortalitysinsAsian elephants, Behavioral Ecology, 27, 166—174.

List, R., Ceballes, G., Curtin, C., P Gogan, P. J., Pacheco, U., & Truett, J. (2007). Historic Distribution and
Challenges to Bison Recovery in the Northern Chihuahuan Desert. Conserv. Biol. 21, 1487-1494.

MacFadyen, S.; Zambatis, N., Van Teeffelen, A. J. A., & Hui, C. (2018). Long-term rainfall regression
surfaces for the Kruger National Park, South Africa: a spatio-temporal review of patterns from 1981

to 2005, Inted. Climatol. 38, 2506-2519.

Malherbe, J., Smit, I.P. J., Wessels, K. J., & Beukes, P. J. (2020). Recent droughts in the Kruger National

Park as reflected in the extreme climate index. African J. Range Forage Sci. 37, 1-17.

Mduma, S. ALR7 Sinclair, A. R. E., & Hilborn, R. (1999). Food regulates the Serengeti wildebeest: A 40-
year recordwd. Anim. Ecol. 68, 1101-1122.

Miller, M. A., Buss, P., Parsons, S. D. C., Roos, E., Chileshe, J., Goosen, W. J., van Schalkwyk, L., de
Klerk-Lorist, L. M., Hofmeyr, M., Hausler, G., Rossouw, L., Manamela, T., Mitchell, E. P., Warren,

R., & van Helden, P. (2018). Conservation of white rhinoceroses threatened by bovine tuberculosis,

This article is protected by copyright. All rights reserved



583

584
585

586
587

588
589

590
591

592
593

594
595

596
597

598
599

600
601

602
603
604

605
606
607

608
609

610
611

South Africa, 2016-2017. Emerg. Infect. Dis. 24, 2373-2375.

Milner, J. M., Nilsen, E. B., & Andreassen, H. P. (2007). Demographic side effects of selective hunting in

ungulates and carnivores: Review. Conserv. Biol. 21, 36-47.

Ngcobo, J. NepNedambale, T. L., Nephawe, K. A., Sawosz, E. and Chwalibog, A. (2018) The future survival
of Afri¢an elephants : implications for conservation. Int! Journal of Wildlife Biology, 3, 379-384.

Ogutu, J. O.,.& Owen-Smith, R. N. (2003). ENSO, rainfall and temperature influences on extreme

population declines among African savanna ungulates. Ecol. Lett. 6, 412—419.

Ogutu, J. O., Piepho, H., Dublin, H., Bhola, N., & Reid, R. (2008). Rainfall influences on ungulate
population.abundance in the Mara-Serengeti ecosystem. J. Anim. Ecol. 77, 814-829.

Owen-Smith, N. (1974). The Social System of White Rhinoceros. In Pap. an Int. Symp. Canada, 1971. 1,
339-351.

Owen-Smith, Ni,; Mason, D. R., & Ogutu, J. O. (2005). Correlates of survival rates for 10 African ungulate
populations:density, rainfall and predation. J. Anim. Ecol. 774-788.

Parmesan, C. (2006). Ecological and Evolutionary Responses to Recent Climate Change. Annu. Rev. Ecol.
EvolSyst37; 637-669.

Pascual, M. A., Kareiva, P., & Hilborn, R. (1997). The Influence of Model Structure on Conclusions about
the Viability and Harvesting of Serengeti Wildebeest. Soc. Conserv. Biol. 11, 966-976.

Penny, S. G., R.L., W., MacTavish, L., Scott, D. M. and Pernetta, A. P. (2019) Does dehorning lead to a

change an‘inter-calf intervals in free-ranging white rhinoceros ?. Pachyderm. 61, 191-193.

Penny, S. G., White, R. L., Mactavish, L., Scott, D. M. and Pernetta, A. P. (2020) Negligible hormonal
response following dehorning in free-ranging white rhinoceros ( Ceratotherium simum ), Conserv

Biol. 853112,

Perera, B. V., Silva-Flecher, A., Jayawardena, S., Kumudini, N. and Prasad, T. (2018) Rehabilitation of
orphaned Asian elephant (Elephas maximus maximus) calves in Sri Lanka. Journal of Wildlife

Rehabilitation, 38, 13-24.

Pienaar, D. J., Bothma, J. D. P., & Theron, G. K. (1993). Landscape preference of the white rhinoceros in
northern Kruger National Park. Koedoe 36, 79-85.

Rachlow, J. L., & Berger, J. (1998). Reproduction and population density: trade-offs for the conservation of

rhinos in situ. Anim. Conserv. 1, 101-106.

This article is protected by copyright. All rights reserved



612
613

614
615
616
617

618
619

620

621
622

623
624

625
626
627

628
629

630
631
632

633
634
635

636

637
638
639

640

Richard, E., Simpson, S. E., Medill, S. A., & Mcloughlin, P. D. (2014). Interacting effects of age, density,

and weather on survival and current reproduction for a large mammal. Ecol. Evol. 4, 3851-3860.

Ripple, W. J., Newsome, T. M., Wolf, C., Dirzo, R., Everatt, K. T., Galetti, M., Hayward, M. W., Kerley, G.
I. H,, Levi, Ty Lindsey, P. A., Macdonald, D. W., Malhi, Y., Painter, L. E., Sandom, C. J.,
Terborghsds, & Van Valkenburgh, B. (2015). Collapse of the world’s largest herbivores. Sci. Adv. 1,
1-12.

Rizzolo, J. B., Gore, M. L., Ratsimbazafy, J. H., & Rajaonson, A. (2017). Cultural influences on attitudes
about the causes and consequences of wildlife poaching. Crime, Law Soc. Chang. 67, 415-437.

Rosser, A., & Mainka, S. (2002). Overexploitation and Species Extinctions. Conserv. Biol. 16, 584—586.

Ryan, S. J., Knechtel; C. U., & Getz, W. M. (2006). Range and habitat selection of African buffalo in South
Africa"T*Wildl. Manage. 70, 764—776.

Shrader, A. M, & Ogutu, J. O. (2006). How a Mega-Grazer Copes with the Dry Season : Food and Nutrient
Intake Rates by White Rhinoceros in the Wild. Funct. Ecol. 20, 376-384.

Smit, I. P. J., Peel, M., J. S., Ferreira, S. M., Greaver, C., & Pienaar, D. J. (2020). Megaherbivore response to
droughts under different management regimes: lessons from a large African savanna. African

Journakef Range and Forage Science, 37, 65-80.

Sodhi, N. S.] Breeks:B. W., & Bradswah, C. A. J. (2009). Causesand consequences of species extinctions. In
S. . Levin (Ed.), Princet. Guid. to Ecol. pp. 514-520. NJ: Princeton University Press.

Stanton, M. A., Lonsdorf, E. V., Murray, C. M. and Pusey, A. (2020). Consequences of maternal loss before
and after weaning in male and female wild chimpanzees. Behavioral Ecology and Sociobiology, 74,

I-11.

Thomas, L.,/Buckland, S. T., Rexstad, E. A., Laake, J. L., Strindberg, S., Hedley, S. L., Bishop, R.B.,
Marques, T. A. & Burnham, K. P. (2010). Distance software: design and analysis of distance
sampling surveys for estimating population size. J. Appl. Ecol., 47, 5-14.

Thomas, R. (2010)«=Surge in rhinoceros poaching in South Africa. TRAFFIC Int. 23, 3.

Van Wilgen, N. J.\Geodall, V., Holness, S., Chown, S. L., & Mcgeoch, M. A. (2016). Rising temperatures
and changing rainfall patterns in South Africa’s national parks. Int. J. Climatol. Int. J. Clim. 36,
706-721.

Venter, F. J., Scholes, R. J., & Echardt, H. C. (2003). The Abiotic Template and Its Associated Vegetation

This article is protected by copyright. All rights reserved



641

642
643

644
645

646
647
648

649

650

651
652
653

654
655
656
657
658
659
660
661

662

663
664
665
666
667
668
669

Pattern. In J. . du Toit, K. . Rogers, & H. . Biggs (Eds.), Kruger Exp. Washington: Island Press.

Wilks, Samuel S. (1938). "The large-sample distribution of the likelihood ratio for testing composite

hypotheses". The Annals of Mathematical Statistics. 9, 60—62.

Wittemyer, G Daballen, D., & Douglas-Hamilton, 1. (2013). Comparative Demography of an At-Risk

African Elephant Population. PLoS One 8, 1-10.

Zedrosser, A., Pelletier, F., Bischof, R., Festa-Bianchet, M., & Swenson, J. E. (2013). Determinants of

lifetime reproduction in female brown bears: Early body mass, longevity, and hunting regulations.

Ecology94,231-240.

Figure Captions

Figure 1: Map,of Kruger National Park in South Africa with sections south of the Olifants River where
white rhinos@urveys were conducted from 1998-2019. The light blue line indicates the Olifants River and

the ploygons'represent the sections where rhinos from this study were located.

Figure 2: Fit of the age structured population model (black line) to white rhino population estimates
(black dots.=.distance sampling surveys, open dots = block census surveys, with standard error bars) for
the Kruger National Park from 1998-2019 under three modeling scenarios A) no poaching model (rainfall
affects food-availability), B) the direct poaching model (rainfall plus poaching of adults and sub-adults
affecting demographic parameters), and C) the combined direct and indirect poaching model (rainfall plus
poaching of adults.and sub-adults and the indirect mortalities of calves from the loss of their mothers).
Light grey polygon depicts the 95% quantile of population trajectory from Markov chain Monte Carlo

simulations.

Figure 3:Predicted population trajectory (black line) to the year 2030 for the Kruger National Park
white rhino population (black dots = distance sampling population estimates; open dots = block census
population estimates, with standard error bars) using age-structured population models under three
scenarios A) no poaching model (rainfall affects food availability), B) the direct poaching model (rainfall
plus poaching of‘adults and sub-adults affecting demographic parameters), and C) the combined direct
and indirect poaching model (rainfall plus poaching of adults and sub-adults and the indirect mortalities

of calves from the loss of their mothers). Light grey polygon depicts the 95% quantile of the population
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trajectory from Markov chain Monte Carlo simulations. The dashed vertical line indicates the year when

forward projections start; projections were done under current (2019) poaching rates and average rainfall.

Table 1: A priori known demographic parameters derived from published and unpublished literature on

the biology of white rhinos.

Description

Origin

Starting pepulation — 2280

Birth frequency — 2.5 years

Senescence age - 30

Sex ratio — 0.54

SANParks unpublished data

(Owen-Smith, 1982, 1988;

Bertschinger, 1994)

(Bertschinger, 1994)

SANParks unpublished data

Table 2: Population estimates and reproductive success for the Kruger National Park white rhino

population under different poaching levels and model scenarios 1) the combined direct and indirect
poaching moedel(rainfall plus poaching of adults and sub-adults and the indirect mortalities of calves from
the loss of their mothers), 2) high survival and low food effect, and 3) low survival and high food effect 4)

high rainfallyS)wvariable rainfall. Where food effect refers to food availability because of the amount of

dry seasoning rainfall.

Model 2030 50% of  20% of Lifetime Lifetime Lifetime
. current  current reproductive reproductive reproductive
estimate
poaching poaching —no — poaching — poaching +
under
poaching calf loss
current
poaching
Baseline
Model 2312 5383 8685 5.70 0.73 0.52
High
Survival,
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low food 2107 4894 7881 5.93 0.75 0.53
effect

Low

survival, w2072 4811 7745 5.93 0.75 0.53
high food

effect

High
rainfall 2345 5443 8825 5.86 0.74 0.53

Variable
rainfall 2326 4687 7915 5.93 0.75 0.53

682
683

684  Table 3: Maximum likelihood Estimations (MLE) for demographic parameters from the Kruger National
685  Park white rhino population model based on 3 1) no poaching model (rainfall affects food availability), B) the
686 direct poaching'model (rainfall plus poaching of adults and sub-adults affecting demographic parameters), and C)
687 the combined direct and indirect poaching model (rainfall plus poaching of adults and sub-adults and the indirect

688 mortalities ofjcalves from the loss of their mothers).

Model Parameter MLE (95%
C)
Scenario 1 Calf survival 0.99 (0.94-0.99)
Sub-adult survival 0.99 (0.98-0.99)
Adult survival 0.99 (0.99-0.99)

Food effect on juveniles 0 (0-0.034)
Food effect on adults 0.015 (0-0.017)

Food effect on birthrates 0 (0-0.053)
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Scenario 2 Calf survival 0.99 (0.91-0.99)
Sub-adult survival 0.99 (0.96-0.99)
Adult survival 0.99 (0.98-0.99)
Food effect on juveniles 0 (0-0.014)
Food effect on adults 0.002 (0-0.003)

Food effect on birthrates  0.005 (0-0.025)

Scenario 3 Calf survival 0.99 (0.94-0.99)
Sub-adult survival 0.99 (0.98-0.99)
Adult survival 0.99 (0.99-0.99)

Food effect on juveniles 0 (0-0.006)
Food effect on adults 0.0006 (0-0.001)

Food effect on birthrates 0 (0-0.012)
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691
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