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Long-term trends in
elephant mortality and
their causes in Kenya
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Hans-Peter Piepho3 and Eivin Røskaft1*

1Department of Biology, NTNU Gløshaugen, Trondheim, Norway, 2Wildlife Resource Centre and
Information Management, Wildlife Research and Training Institute, Naivasha, Kenya, 3University of
Hohenheim, Institute of Crop Science, Biostatistics Unit, Stuttgart, Germany, 4State Department for
Wildlife, Ministry of Tourism and Wildlife, Nairobi, Kenya
High mortality poses a serious threat to sustainable conservation of the African

elephant (Loxodonta africana). Using detected carcass data collected by the Kenya

Wildlife Service (KWS) during 1992-2017, we analyze temporal and spatial variation

in elephant mortality in Kenya. We investigate the major mortality causes and

means used to kill elephants, carcass category, tusk recovery status, variation in

mortality with elephant age and sex classes, differences between inside and

outside protected areas (PAs), the Proportion of Illegally Killed Elephants (PIKE)

and the overall mortality rate (MR— the number of dead/number of live elephants

in a given year). In total 9,182 elephant deaths were recorded during the 26 years.

Elephant mortality increased over time and was attributed primarily to natural

(33.1%) and human-related causes, particularly ivory poaching (31.5%) and human-

elephant conflicts (19.9%). Elephant mortality varied across Kenya’s 47 counties in

correspondence with variation in elephant population size and was the highest in

the leading elephant range counties of Taita Taveta, Laikipia, Samburu and Meru.

Mortality was higher for males and adults and outside the protected areas. Most

elephant carcasses had tusks (75.1%) but a few did not (12.5%). Yearly PIKE values

peaked in 2012, the year with the highest poaching levels in Kenya during 1992-

2017. MR increased throughout 1992-2017. Temporal variation in elephant

mortality probability was significantly influenced by human and livestock

population densities, average annual maximum temperature and total annual

rainfall and the strength of these influences varied across the seven leading

elephant range counties of Kenya. Natural processes are increasingly

contributing to elephant mortality likely due to climate change and the

associated food and water stress, exacerbated by contracting range. Enhancing

anti-poaching and strategies for mitigating climate change impacts and human-

elephant conflict and reducing range contraction while sustaining habitat

connectivity can help reduce mortality and promote elephant conservation.

Strengthening enforcement of international wildlife laws can further reduce

illegal trade in tusks and killing of elephants.

KEYWORDS

elephant ivory poaching, human-elephant conflict, mortality probability, mortality
rate, Proportion of Illegally Killed Elephants (PIKE), climate change, human and
livestock population growth, elephant range contraction
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Introduction

The African elephant (Loxodonta africana) occurs in 37

African countries (Thouless et al., 2016). It is the largest living

terrestrial mammal, social, intelligent, an ecosystem engineer, a

species of great conservation concern, and has thus been studied

extensively. Even so, continental African elephant populations

are declining rapidly due to poaching, habitat fragmentation and

loss, conflict with humans, food and water scarcity linked to

frequent severe droughts (Douglas-Hamilton, 1987; Chase et al.,

2016) or civil war. Africa hosted about 1 million elephants in the

1970s but their number had reduced to about 400,000 - 630,000

individuals by 2010 (Douglas-Hamilton, 1987; Chase et al.,

2016). The dramatic population decline is attributed primarily

to poaching, habitat degradation, fragmentation and loss caused

by human and livestock population growth and associated land

use developments (Ihwagi et al., 2015; Chase et al., 2016;

Thouless et al., 2016; Schlossberg et al., 2020).

As a result, elephants are highly unevenly distributed across

Africa and are concentrated in Southern (70%) and Eastern

(20%) Africa, with small populations remaining in Central (6%)

and Western (~3%) Africa (Thouless et al., 2016). But within

each region, elephant populations are concentrated in a few

countries within each of which they are experiencing mounting

poaching, habitat loss and other anthropogenic pressures. Thus,

in Southern Africa, Botswana hosts a third of the entire African

elephant population (130,451 ± 6,378; Chase et al., 2016)

whereas Zimbabwe has the second largest African elephant

population (ca 80,00) (https://conservationaction.co.za/

resources/reports/zimbabwe-national-elephant-management-

plan-2015-2020/; Dunham, 2008). Angola ’s elephant

population, severely reduced during the Country’s 27-year civil

war, has been on the rebound. However, it continues to face

serious threats from poaching and increasing human

population, resulting in a population decline from 1,827± 598

animals in 2005 to 1437 ± 600 individuals in 2015 (Chase &

Griffin, 2011; Schlossberg et al., 2018). Though numerically

small, the Angolan population is important because its range

links with the other elephant ranges in Botswana, Zimbabwe and

Namibia. In East Africa, Tanzania hosts the largest elephant

population (42,871 ± 3,102) but poaching has reduced it,

resulting in a 60% regional decline in elephant numbers

(Thouless et al., 2016).

Similar to other African elephant range states, Kenya’s

elephant population, declined precipitously by 90.4% from

167,000 animals in the 1970s to 16,000 by 1989, mainly

because of poaching, excessive control shooting, habitat

destruction and the interaction between recurrent droughts

and range contraction (Douglas-Hamilton, 1987; Parker,
02
2004). However, Kenya’s elephant population has been

increasing since the 1990s and numbered about 30,000 in 2017

(KWS, 2015-17, unpublished report) and 36,169 by 2021

(Waweru et al . , 2021) because poaching has been

significantly reduced.

Elephants are treasured for their tusks that have a high global

demand and market price, especially in Asian markets

(Nellemann et al., 2013). As a result, elephants are often

persecuted to sustain this global demand for ivory. Male

elephants carry relatively larger and heavier tusks than females

(Perry, 1954; Poole, 1994). Older elephants also tend to have

relatively larger tusks than younger ones (Laws, 1966; Pilgram &

Western, 1986). Thus, poachers often kill or injure more males

than females and older than younger elephants (Mijele et al.,

2013). Furthermore, whether the tusks of a dead elephant are

recovered is a potentially important indicator of its cause of

death. The Monitoring of Illegal Killing of Elephants (MIKE)

under the United Nations – Convention on International Trade

in Endangered Species of Wild Fauna and Flora (CITES) was

established to provide information on elephant mortality for

informed decision making in elephant range states in Africa in

2001 and later in Asia in 2017. In Kenya, the MIKE programme

focuses on four sites that host most of the savanna elephant

population, namely Samburu, Laikipia, Mara and Tsavo (https://

citesmike.org/). The impact of mortality on elephant population

dynamics is monitored by mortality rate (MR)— the number of

elephants dying each year divided by the number of all elephants

alive in that year. A widely monitored component of elephant

mortality is that attributed to illegal killing, called the Proportion

of Illegally Killed Elephants (PIKE), and calculated as 100 × the

number of elephants killed by poachers/the number of all dead

elephants (Douglas-Hamilton & Burrill, 1991; Jachmann, 2012;

Ihwagi et al., 2018). A high value of, or an increase in PIKE,

therefore suggests the need for greater protection. For instance,

PIKE increased between 2002 and 2012 and was higher for the

less protected communal lands outside than inside protected

areas in Kenya’s Laikipia region (Ihwagi et al., 2015).

The tools or means used to kill elephants have evolved over

time from traditional (spears or poisoned arrows) to include

more powerful modern automatic weapons and poisons

(Thouless, 1994; Muboko et al., 2014; Ogada, 2014). Most

poachers use rifles to maximize the number of elephants killed

in the shortest possible time (Kassam & Bashuna, 2004) and

avoid detection by wildlife security personnel. Moreover,

poaching intensity can vary seasonally, and tends to be higher

in the dry than the wet season, for example in the Tsavo

Ecosystem of Kenya, when elephants congregate around fewer

watering holes in the dry season and therefore become more

vulnerable to poachers (Maingi et al., 2012). However, poaching

can also be higher during the wet than the dry season because

there is more vegetation cover for poachers to hide and enough

water to sustain themselves for longer periods inside PAs. But,

elephants often tend to be sparsely distributed in the wet season,
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reducing the likelihood of mass killings (Kyale et al., 2011;

Maingi et al., 2012).

Despite considerable inter-annual and spatial variation in

their severity, the relative contributions of various mortality

sources to elephant population dynamics in Kenya have

attracted relatively little attention. However, it is crucial to

quantify the impact on elephant population dynamics of

various mortality sources and how their impacts vary in space

and time. For Kenya, most studies have analyzed variation in

elephant numbers and their putative causes only for particular

regions. For example, in the Tsavo Ecosystem, elephant numbers

dropped from 40,000 in the 1960s to about 6,000 in 1988 mainly

due to poaching, droughts and range contraction (Olindo et al.,

1988). However, despite the pressures from poaching, conflicts,

droughts, and habitat destruction, the Tsavo elephant

population has since recovered to about 13,000 in 2007

(Ngene et al., 2017) and 14,879 in 2021 (Waweru et al., 2021).

Other regional studies in Kenya have focused on Laikipia –

Samburu (Ihwagi et al., 2015), Amboseli (Moss, 2001) and

Maasai Mara (Mijele et al., 2013; Ogutu et al., 2016)

ecosystems. Analysis of long-term mortality monitoring data is

thus critical to comprehensively evaluating the relative

contributions of various mortality sources to elephant

population dynamics but is seldom undertaken because of

paucity of such data.

The understanding gained from analyzing long-term data

can inform elephant conservation and management strategies.

Thus far, poaching has been the major focus of elephant

mortality studies and has been highlighted as the major threat

to elephant conservation (Douglas-Hamilton, 1987; Wittemyer

et al., 2014). Other causes of elephant mortality, such as human-

elephant conflicts (e.g., poisoning), and accidents (Muboko et al.,

2014; Thouless, 1994; Ogada, 2014) and natural processes (Moss,

2001) have received comparatively less attention. Few studies

have endeavored to evaluate the relative contributions of these

other causes of mortality, how their impacts compare with those

of poaching and the level of threat they pose to elephants in

Kenya and other African range states. Even so, long-term

monitoring data have been used to study elephant mortality

and population changes in Addo National Park, South Africa

(Whitehouse & Hall-Martin, 2000; Whitehouse & Kerley, 2002).

Here, we analyze elephant mortality monitoring data

collected by the Kenya Wildlife Service (KWS) over a 26-year

period spanning 1992 - 2017 to answer the following 10

questions and test predictions of 13 hypotheses (Table 1). 1)

What are the major causes of elephant mortality and how have

they varied through time in Kenya? 2) How does elephant

mortality vary with maximum temperature, annual rainfall,

human and livestock population densities across Kenya’s 47

administrative counties? 3) How does the carcass category (i.e.

fresh, recent, old or unknown) vary with the cause of mortality?

4) How does the recovery status of the ivory vary with the cause

of death of an elephant? 5) What is the distribution of elephant
Frontiers in Conservation Science 03
carcasses by carcass age class and cause of death? 6) What is the

weapon of choice for killing elephants and how has it varied over

time? 7) How does the cause of mortality vary with the age class

and sex class of an elephant? 8) How does elephant mortality

differ between inside and outside protected areas? 9) How does

the PIKE and elephant mortality rate vary over time and space

(across the 47 counties)? 10) How do the various factors interact

in influencing elephant mortality inside and outside

protected areas?
Materials and methods

Study area

Kenya lies between latitudes 5°2’ N - 4°45’ S and longitudes

33°50’ E - 41°58’ E and covers an area of 582,646 km2 (Figure 1).

Kenya’s population increased 8.8-fold from 5.4 million people in

1948 (Wasao et al., 2012) to 47.6 million people in 2019 (https://

www.knbs.or.ke/2019) distributed across 47 administrative

counties. The Kenya human population doubles approximately

every 20 years and is projected to reach 85 million by 2050 and

125 million by 2100 (Fengler, 2010). Most parts of Kenya

experience bimodal rainfall with the short rains falling during

November-December and the long rains during March-May

(Ogutu et al., 2008b). Also, Kenya is mostly (88%) arid and semi-

arid rangeland with low agricultural potential, harbours a wide

variety of wildlife species and is inhabited predominantly by

pastoral communities (Pratt and Gwynne, 1977). Kenya has 63

PAs, covering 8.2% of its total surface area (Kanga et al., 2013).

However, only about 35% of Kenya’s wildlife are found inside

the PAs. The remaining 65%, including elephants, occur on

private or communal lands outside the PAs (Western et al.,

2009) (Figure 1). The PAs are typically too small to support their

wildlife species all year so that many animals disperse seasonally

from the PAs to their unprotected surroundings in search of

food, water, breeding or calving grounds (Bhola et al., 2012;

Ogutu et al., 2013; Ogutu et al., 2017).
Methods

Processing elephant mortality data
The KWS maintains a database on all wildlife security-

related incidents at the Security Division at its headquarters in

Nairobi. This started after the formation of the KWS as a

parastatal in 1989 (Wildlife (Conservation and Management)

Act, 1989) to deal with heightened poaching in the 1980s that

threatened to decimate Kenya’s wildlife populations. These data

include human-wildlife conflicts and wildlife mortality

incidents, specifically mortalities of the critically endangered

black rhinoceros (Diceros bicornis) and the African elephant

populations in Kenya. The data are collected by the KWS
frontiersin.org
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TABLE 1 Hypotheses on long-term elephant mortality in Kenya (1992-2017), their predictions and rationale.

Hypotheses and their predictions Rationale

Question 1. What are the major causes of elephant mortality and how have they varied through time in Kenya?

H1.1. If poaching is the major cause of elephant
mortality, then adult male elephants with large
tusks should constitute the majority of dead
elephants and their carcasses should be
predominantly tuskless.
H1.2. Moreover, elephant mortality should decline
with increasing anti-poaching efforts.
H1.3. If poaching is the leading cause of elephant
deaths then the Proportion of Illegally Killed
Elephants (PIKE) should decrease with increase in
anti-poaching effort and exceed the proportion of
elephants dying from natural causes or from
conflicts.
H1.4: If human-elephant conflict is the major
cause of elephant mortality, then adult elephants
should constitute most of the dead elephants and
their carcasses should have tusks. Moreover,
elephant mortality rate should increase over time
even if anti-poaching efforts are increased.
H1.5. If elephant mortality is primarily due to
natural causes, then young elephants and adult
females should constitute the majority of dead
elephants and their carcasses should have tusks.

The main causes of elephant mortality include poaching (Douglas-Hamilton, 1987; Wittemyer et al., 2014), natural
causes (Moss, 2001) and conflicts (Nellemann et al., 2013). Fewer ivory should be recovered from fresh carcasses of
elephants killed by poachers than from an equivalent number of carcasses of elephants dying from natural causes or
conflicts (Maingi et al., 2012; Nellemann et al., 2013). More adults than younger and more male than female
elephants should be killed by poachers due to their large tusks (Pilgram and Western, 1986; Poole and Thomsen,
1989). Yearly elephant mortality increases with reduced anti-poaching effort, increased ivory market demand (Gao &
Clark, 2014; Wittemyer et al., 2014) and reduced availability of food (Boutton et al., 1988) and drinking water.

Question 2. How does elephant mortality vary with temperature, rainfall, human and livestock population densities across Kenya’s 47 counties?

H2.1. Elephant mortality should increase with
increasing maximum temperature because of
increasing habitat desiccation.
H2.2. Elephant mortality should increase with
decreasing rainfall because of reduced availability
and quality of food and drinking water. Moreover,
mortality should be higher in the dry season and
during droughts with greater food and water
stress.
H2.3. Elephant mortality should increase with
increasing human population density because of
increasing probability of conflicts and range loss.
H2.4. Elephant mortality should increase with
increasing livestock population density because of
increasing conflicts and competition for limiting
space, food and water.
H2.5. Elephant mortality should increase with
increase in prior elephant population size because
of heightened intra-specific competition for space,
food and water.

Higher temperatures should increase elephant mortality by increasing habitat desiccation (Deshmukh, 1984; Boutton
et al., 1988) whereas low rainfall should increase elephant mortality through reduced availability and quality of food
and surface water (Laws, 1970; Bartzke et al., 2018). High human and livestock population densities should increase
elephant mortality through elevated conflicts and competition between elephants and livestock for limited space,
food and water (Kissui, 2008; Sarker and Røskaft, 2014). Higher prior elephant population density should result in
higher elephant mortality due to increased competition for limiting space, food and water (van Aarde et al., 1999).

Question 3. What is the weapon of choice for killing elephants?

H3.1. Poachers are more likely to use modern
weapons to kill elephants to minimize detection
risk or arrest.
H3.2. Elephants are more likely to be killed by
traditional weapons during human-wildlife
conflicts.

Ivory poachers should use modern automatic weapons to kill elephants and escape detection (Douglas-Hamilton,
1987; Maingi et al., 2012), but traditional weapons (spears and arrows) are commonly used during conflicts
(Thouless, 1994).

Question 4. How does elephant mortality differ between inside and outside protected areas?

H4.1. Elephants should enjoy greater security and
thus suffer less mortality inside than outside
protected areas. In particular, elephant mortality
caused by ivory poaching and human-elephant
conflicts should be higher outside than inside
protected areas. However, natural mortality should
be comparable between inside and outside
protected areas.

Elephant mortality should vary with the protection status of the region in which elephants occur. Elephants should
enjoy greater security and therefore suffer lower mortality from poachers and human-elephant conflicts inside
protected areas (Ihwagi et al., 2015). However, natural elephant mortality should be higher inside PAs if food and
water are limited due to small size and livestock incursions into PAs (Douglas-Hamilton, 1987). However, if
elephants injured outside retreat to seek refuge and die inside PAs, elephant mortality may appear to be higher
inside than outside or similar between inside and outside PAs.
Frontiers in Conservation Science
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stations (Figure 1) on a daily basis and transmitted to the

Security Division through an elaborate radio network (Mukeka

et al., 2018). Overall, the KWS operates over 265 security patrol

bases in 38 of the 47 counties, outposts and park gates (not

shown in Figure 1), for an average of seven bases per county, that

feed wildlife-related data and information to the KWS

headquarters. Thus, the highest number (n= 28) of KWS

patrol bases is found in Taita Taveta County with the largest

protected area and elephant population, while the lowest

number (n= 1) is found in seven counties, with some of the

lowest elephant populations, namely Bungoma, Kericho,

Kirinyaga, Migori, Murang’a, Nandi and Wajir Counties. The

monitoring data guide the KWS in making management,

conservation and other decisions, ranging from timely

deployment of security personnel for immediate security

responses to supporting international decisions, e.g., at the

CITES meetings. We sourced elephant mortality data from the

KWS for 1992 - 2017. These data include daily records of all

elephant deaths encountered throughout Kenya. The attributes
Frontiers in Conservation Science 05
of elephant carcasses recorded are the date of death (day, month

and year), county (region), whether the elephant died inside or

outside a PA, cause of death (ivory poaching, conflict, natural,

euthanasia, accident, or unknown), means used to kill the

elephant (rifle, spear, arrow, accident - vehicle, poison, natural,

or unknown), estimated carcass age category (days, weeks,

months or years), estimated age class of the elephant at the

time of death (days, weeks, months or years), sex class of the

elephant (male, female or unknown), tusk recovery status

(recovered, tuskless, missing, or unknown), number of

elephants that died in one incident, institution of the person

writing the report (KWS officer, MIKE Site Officer, police officer

or local community member), and, sometimes, the geographical

coordinates of the carcass location. Even so, likewise to all long-

term monitoring data with extensive geographic coverage, we

expect the data a priori to have some potential biases because of

a) variability in patrol intensity and its potential influence on

carcass encounter rates and hence on the total number of

reported dead elephants. Moreover, patrols can, in turn, be
FIGURE 1

Map of Kenya showing protected areas and the elephant range superimposed on the 47 administrative counties. A national network of the KWS
stations collects and transmits elephant mortality data to the KWS Command Center at the Nairobi Headquarters (HQ in the map).
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impacted by the availability of resources, target area to be

covered, infrastructure and prevailing weather conditions. b)

Landscape heterogeneity, e.g., woody vegetation cover through

its influence on sightability, can affect carcass encounter rate

(Burn et al., 2011). c) The carcasses of larger animals may persist

longer than those of calves if carnivores, scavengers or other

processes remove carcasses of calves at a faster rate. However,

provided any potential bias remains relatively constant through

time and the monitoring network is sufficiently comprehensive

so that most of the carcasses can be detected, the monitoring

data should reliably represent long-term trends in elephant

mortality. Thus, even though the national elephant mortality

estimates derived from the KWS’ extensive national monitoring

network may not be as representative or indicative as those

obtainable from detailed site-specific studies, such as MIKE sites,

the mortal i ty trends should be adequate for most

practical purposes.

The time elapsed from the day an elephant died was used to

group carcasses into four broad carcass age categories, namely

fresh (1 to 3 weeks), recent (more than 3 weeks but less than 1

year), old (1 year or older) or unknown, when age class was not

recorded (Douglas-Hamilton & Hillman, 1981). These

categories can reveal the frequency and intensity of threats

facing elephants and provide useful information (fresh and

recent carcasses) on within-year elephant mortality. The

carcasses are assigned to broad age classes and not actual ages.

The latter is much more challenging and requires knowledge of

tooth age techniques. Thus, we further grouped elephant

carcasses as either juveniles, adults or unknown, when age

class was not indicated (Western et al., 1983; Moss, 2001;

Jones et al., 2018; Bender, 2019). Elephant carcasses were

identified to sex class by observing the anatomy for fresh

carcasses or the size of the skull, tusks and bones for recent

and old carcasses, or to an “unknown” class, when they could not

be sexed (Corfield, 1973; Pilgram & Western, 1986). Further,

carcasses were classified using the weapons (means) used to kill

elephants, including poison, rifles, snares, spears and arrows, or

using other sources of elephant deaths not involving the use of

weapons, including accidents, injuries, natural deaths or death

from unknown causes. The use of rifles is determined by

examining elephant carcasses for bullets using metal detectors

to search for rifle cartridges at the scene of the incident. Arrows

and spears typically remain in the carcass, while snares are

typically entangled on the feet, trunk or around the carcass.

Poisoning is determined through lack of physical injuries on the

carcass plus through clinical examination by the KWS

Veterinary Department. The most common poisons used to

kill elephants include pesticides (e.g., aldicard and carbofurans)

and poisons such as cyanide that poachers use to contaminate

water holes and salt pans (Muboko et al., 2014; Ogada, 2014).

This often also leads to the death of other non-target species that

drink the contaminated water or that feed on poisoned carcasses.

Accidents often occur while elephants are crossing roads or
Frontiers in Conservation Science 06
railway lines. For instance, Tsavo Ecosystem, Kenya’s largest

elephant range is traversed by a national highway and a standard

gauge railway with high traffic volumes, resulting in high

accident mortality (Lala et al., 2021). Physical injuries are

visually noticeable but are often hard to attribute to a specific

cause, whereas natural deaths arise from old age, conspecific

fights, or sickness.

We obtained data on human population size for Kenya for

1989, 1999, 2009 and 2019 from the Kenya National Bureau of

Statistics (KNBS) and interpolated the counts to cover years

without censuses using a semiparametric generalized linear

mixed regression model with a negative binomial error

distribution and a log link function as detailed in Mukeka

et al. (2019a). The average annual maximum temperature and

total annual rainfall were obtained from the Climate Hazards

Group InfraRed Precipitation with Station data (CHIRPS) for

1992 – 2017 (CHIRPS: Rainfall Estimates from Rain Gauge and

Satellite Observations, n.d). The CHIRPS rainfall data blends

satellite with station data and is available at https://www.chc.

ucsb.edu/data/chirps. We obtained absolute population size

estimates for elephant, shoats (sheep (Ovis aries) plus goats

(Capra hircus)), and cattle for Kenya’s 21 rangeland counties for

the period 1977-2017 from 278 aerial monitoring surveys

conducted by the Directorate of Resource Surveys and Remote

Sensing (DRSRS) of Kenya (Ogutu et al., 2016). We interpolated

the population size estimates for each country to cover all the

years using a semiparametric generalized linear mixed regression

model with a negative binomial error distribution and a log link

function as explained in detail in Ogutu et al. (2016). Even

though it provides the best available estimates of the elephant

population size for each of the 21 rangeland counties during

1977-2017, the DRSRS data cover only 88% of the terrestrial land

surface and excludes elephant populations found in small

pockets within the 12% of the high potential, forested and

densely settled parts of Kenya.

Statistical analyses
We used a multinomial logistic regression model with a

multinomial error distribution and a generalized logit link

function to relate the probability of elephant mortality to 12

putative predictors and their interactions. We separately

analyzed the data for each of seven counties with the largest

sample sizes (Taita Taveta, Laikipia, Narok, Samburu, Isiolo,

Kajiado, and Marsabit) as well as the full data set for Kenya. We

used automatic variable (forward) selection in the SAS

HPGENSELECT procedure (SAS Institute Inc., 2021) to

automatically select the factors and their interactions that best

explain variation in the probability of elephant mortality (ESM

Tables 1 & 2). We considered 12 main effects comprising cause

of death, means used to kill elephants, carcass category, age class

and sex class of elephant carcasses, month in which mortality

occurred, mortality date representing time trend, human, shoats,

and cattle population densities (number/km2), total annual
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rainfall and annual average maximum temperature and all their

possible interactions, allowing for up to 3-way interactions.

Rainfall and temperature were each divided by their long-term

means over 1960-2017. The main effect of the running time of

observations was also included in the model to capture temporal

trends. We imposed the strong hierarchy (marginality)

constraint such that an interaction term was retained in the

model only if all its constituent main effects were already

retained in the model (Nelder, 1994). We used the total

population size of elephants for each year derived from the

DRSRS data to represent the total live elephant population size

(Ogutu et al., 2016). The logarithm of the sum of live and dead

elephants in each year was used as an offset in the multinomial

model to account for varying elephant population size among

counties. We used ivory poaching as the base category and

calculated the odds of each of the other five mortality causes

relative to it. The model then predicts the mortality probability

for each mortality source relative to the base category. Model

selection was based on the corrected Akaike Information

Criterion (AICc), Schwarz Bayesian Information Criterion

(BIC) and Likelihood Ratio Chi-squared test. We next refitted

the selected full model with the SAS GLIMMIX procedure (SAS

Institute Inc., 2021) using a multinomial error distribution and a

generalized logit link function. The same multinomial error

distribution and a generalized logit link function were also

used in the HPGENSELECT procedure. We simplified the

model by sequentially dropping insignificant effects, starting

with insignificant higher-order interactions. Satterthwaite-type

denominator degrees of freedom for all F tests were computed

based on the Kenward-Roger adjustment of the estimated

variance-covariance matrix of the fixed effects for the mixed

model accounting for serial autocorrelation (Kenward &

Roger, 2009).

Serial autocorrelation in mortality probability was accounted

for using the spatial generalization of the first-order

autoregressive model. However, the model allowing for serial

autocorrelation was too large to fit in reasonable time (for the

full data set: 12 covariance parameters, 460 fixed effects and

1,872 random effects), so SAS PROC GLIMMIX stopped fitting

the model because of insufficient memory. The error structure is

especially complex because a separate correlated-error

covariance structure must be specified for each response

category represented in the multinomial response variable.

Solving the mixed model equations consisting of the very large

matrices associated with the complex spatial covariance

structure for serial autocorrelation required too heavy

computational resources, including a great deal of memory,

and too long execution time, to fit. Because it was otherwise

not feasible to fit the model, we dropped the specification for the

serial autocorrelation before fitting the final model. Because our

models did not include nor allow testing for the need to include

it, serial autocorrelation may affect the patterns revealed by the

estimated mortality probabilities. As well, we used descriptive
Frontiers in Conservation Science 07
statistics to summarize elephant mortality during 1992-2017.

We also compared mortality inside versus outside protected

areas using chi-squared tests.

Significance was assessed at the 5% level unless stated

otherwise. Statistical analyses were carried out using SPSS

Version 25.0 (51) and SAS Version 9.4, SAS/STAT version

15.1 (SAS Institute Inc., 2021). The SAS codes used for the

statistical analyses and to produce the statistical graphics are

provided in S1 Text in the Supplementary Materials.
Results

Temporal variation in elephant mortality
and its causes in Kenya during 1992 -
2017

Overall, 9,182 elephant carcasses and therefore 353 ± 245

elephant deaths per year were reported in 8,571 elephant

mortality incidents across Kenya during the 26 years spanning

1992 - 2017. The number of dead elephants per incident

averaged 1.07 ± 0.62 (range 1 - 30). Elephant mortality rate in

Kenya increased persistently during 1992 - 2017 primarily due to

a surge in ivory poaching from 2008 to 2014, elevated natural

mortality in 2009 and 2013 - 2017 and conflict mortality in 2009

and 2017. Elephant mortality was the lowest in 1998 (n = 117),

and the highest in 2009 (n = 1,239). Further, the total annual

elephant mortality increased exponentially during 1992 - 2017

(r2 = 0.42, P< 0.001; Figure 2; Figure ESM 1 Online Resources).

Elephant mortality in Kenya was attributed primarily to

three causes (84.5%, n = 9,182), namely natural mortality, ivory

poaching and conflicts with humans. Accidents, euthanasia and

unknown causes made a relatively minor combined contribution

(15.5%) to overall mortality. During the 26-year period, most

elephants died from either natural causes (33.1%, mean ± 1sd =

117 ± 148, range 5 - 679), ivory poaching (31.5%, 111 ± 96, range

35-390), conflicts (19.9%, 70 ± 29, range 23 – 130) or unknown

causes (11.1%, 39 ± 23, range 12 – 113) and a few from accidents

(2.7%) or euthanasia (1.7%). The highest recorded mortality of

30 elephants in a single incident occurred from starvation during

the 2009 drought. Moreover, 12 elephants died per incident from

ivory poaching in 1994 and human-elephant conflict in 1995.

The total annual mortality was the highest for 2009, 2011-2013

and 2017 and the lowest for 1998. Natural mortality peaked in

2009 and declined thereafter. Samburu region experienced high

natural elephant mortalities in 2010, the year preceded by the

2009 drought in Kenya (Wittemyer et al., 2013). In contrast,

mortality from ivory poaching peaked in 2012 and declined

persistently thereafter (Figure 3). Because poaching and natural

mortality each contributed one third to the total elephant

mortality, these results only partially support the prediction

(H1.1, Table 1) that poaching was the major cause of elephant

mortality in Kenya during 1992-2017. The results also support
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the prediction (H2.2, Table 1) that mortality should be minimal

during wet years but peak during droughts because of

heightened food scarcity and water stress.

Elephant mortality in Kenya was also seasonal and had a

secondary peak in March following the short dry season
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(January-February) and primary peak in October, the end of

the long dry season (July-October). This pattern conforms to the

prediction (H2.2, Table 1) that mortality should peak during the

dry season or droughts when food and water stress is high.

Furthermore, natural elephant mortality was 1.75 times higher
FIGURE 2

The total annual elephant mortality and population size of live elephants in Kenya during 1992-2017.
FIGURE 3

Elephant mortality and its causes in Kenya during 1992 - 2017.
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inside than outside PAs during October, the driest month in the

year (Figure ESM 2, ESM 3 and ESM 4 Online Resources). This

seasonal pattern is consistent with the prediction (H2.2, Table 1)

but contradicts the prediction (H4.1, Table 1) that natural

mortality should be comparable between outside and inside

PAs. This implies that food scarcity and water stress and

confinement in small areas can markedly elevate elephant

mortality despite greater security inside protected areas.
Elephant mortality by county in Kenya

Elephant mortality incidents were widely distributed and

were reported for 34 of the 47 Kenyan elephant range counties

(Table 2). Even so, total mortality increased with elephant

population size in each county such that 87.7% (n = 9,182) of

all the mortality cases occurred in only seven leading elephant

range counties of Kenya. Specifically, elephant mortality was the

highest in Taita Taveta followed by Laikipia, Samburu, Narok,

Meru, Isiolo and Nyeri counties (Figure 4A, Figure ESM 5 & 6

Online Resources). This accords with the expectation (H2.5,

Table 1) that elephant mortality should increase with increasing

population size. Moreover, the principal causes of elephant

mortality varied regionally but were most influential in the

same seven leading range counties. In particular, most

elephants died from natural causes (80.2%, n = 3,037) in five

counties, comprising Taita Taveta, Laikipia, Samburu, Isiolo,

and Kajiado (Figure 4B, Figure ESM 7 Online Resources).

Similarly, elephant mortality from ivory poaching was

most severe in six of the seven leading elephant range

counties, i.e., Taita Taveta, Laikipia, Samburu, Meru, Narok,

and Isiolo (Figure 4C). Elephant mortality due to conflicts

(80.0%, n = 1,830) also occurred in the seven leading range

counties of Laikipia, Narok, Taita Taveta, Samburu, Narok,

Meru and Nyeri (Figure 4D). Four counties had 70.2%

(n=1,014) of all the mortalities from unknown causes,

namely Laikipia (22.6%), Taita Taveta (18.8%), Samburu

(18.6%), and Narok (10.2%). Of all the elephants that died

from accidents, 51.6% (n=248) were in Taita Taveta whereas of

all the elephants that died from euthanasia, 31.9% (n=160)

were in Laikipia and 20.6% in Taita Taveta (Figure ESM 8

Online Resources).
Variation in elephant mortality with age
class, sex class, causes of mortality and
protection status

Far more adult than juvenile and adult male than adult

female elephants died in Kenya during 1992-2017. Most adult

and juvenile elephant carcasses were found while still fresh

(Table 3). More adults and juveniles died outside than inside

protected areas, implying that protection reduced elephant
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mortality (Table 3) as predicted (H4.1, Table 1). Where the

weapon used to kill elephants was ascertained, the rifle was the

most frequently used both inside and outside protected areas,

consistent with expectation (H3.1, Table 1). Although far less

commonly used than rifles, traditional weapons, including

spears and arrows, were the second most commonly used

weapons for killing elephants (Table 3). This reflects the fewer

mortalities attributed to traditional weapons than to ivory

poaching, and indirectly supports the prediction (H3.2,

Table 1) that traditional weapons are more commonly used to

kill elephants during human-elephant conflicts. Ivory poaching

and human-elephant conflicts caused deaths of far more adult

and juvenile elephants outside than inside protected areas as

expected by greater security enjoyed by elephants inside than

outside protected areas (H4.1, Table 1). Natural deaths were

comparable between inside and outside protected areas but

deaths from unknown causes were more prevalent outside

than inside protected areas (Table 3).
Temporal and spatial variation in
elephant mortality and its correlates

The probability of elephant mortality evidently varied across

counties, between years and seasonally. The variation in

elephant mortality was correlated with multiple covariates but

the significant covariates also varied across counties. As a result,

the full model using the data for all the 47 counties identified

many significant covariates with complex interactions (ESM

Table 1, 2). For simplicity of interpretation, we therefore focus

only on interpreting the effects of the covariates correlated with

mortality probability for the seven leading elephant range

counties (Table 4).

Temporal variation in elephant mortality was influenced by

human population density, average annual maximum

temperature and total annual rainfall and the strength of the

effects of these factors varied significantly across the seven

counties of Kenya (Table 4). Elephant mortality probability

was significantly influenced by human population density in

Taita Taveta and Narok Counties, maximum temperature in all

the seven range counties except Kajiado and by annual rainfall in

Laikipia and Narok counties. The effect of human population

density varied with month in Taita Taveta and with annual

rainfall in Narok (Table 4).

In Taita Taveta, the probability of mortality due to conflicts

increased whereas that due to unknown causes decreased over time.

Mortality probability was seasonal and tended to be higher during

the dry than the wet season especially that due to natural causes and

conflict, as contemplated (H2.2, Table 1). The probability of

mortality due to conflict and euthanasia increased with increasing

maximum temperature (H2.1, Table 1) and density of shoats

(interaction, H2.4, Table 1). But the probability of mortality due

to conflict, euthanasia and unknown causes increased with both
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increasing densities of cattle and shoats (interaction, H2.4, Table 1).

The probability of mortality due to conflict or natural causes also

increased with increasing human population density (H2.3, Table 1)

but the effect of human population density was interactive with that

of season and tended to be stronger during the dry season (H2.2,

Table 1). Juveniles were more likely than adults to die from

accident, conflict, euthanasia, natural or unknown causes.

Carcasses were more likely to be discovered while still fresh if the

elephant had died from conflict but much later if death was due to

natural causes.

In Laikipia, the probability of mortality due to accident,

conflict, euthanasia and natural causes all decreased over time.
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The probability of mortality due to accidents, natural and

unknown causes all declined with increasing interactive effects

of maximum temperature (H2.1, Table 1) and density of shoats

(H2.4, Table 1). The probability of adults dying from natural

causes and juveniles from conflict and natural causes increased

with increasing density of shoats (H2.4, Table 1). Adults are

more likely than juveniles to die from conflicts (H1.4, Table 1).

In Samburu, mortality probability due to accident, conflict,

euthanasia and natural causes all declined over time. Mortality

probability due to accident, conflict, euthanasia and natural

causes all decreased with increasing average annual maximum

temperature. This is surprising and contradicts the prediction
TABLE 2 Total elephant mortality by county and cause in Kenya during 1992 – 2017.

County Accident Conflict Euthanasia Natural Ivory poaching Unknown Total

n % n % n % n % n % n % n %

Taita Taveta 128 51.6 271 14.8 33 20.6 1166 38.4 780 27.0 191 18.8 2569 28.0

Laikipia 21 8.5 404 22.1 51 31.9 559 18.4 404 14.0 229 22.6 1668 18.2

Samburu 19 7.7 237 13.0 16 10.0 407 13.4 269 9.3 189 18.6 1137 12.4

Narok 8 3.2 321 17.5 11 6.9 139 4.6 242 8.4 103 10.2 824 9.0

Meru 12 4.8 111 6.1 7 4.4 114 3.8 256 8.8 47 4.6 547 6.0

Isiolo 10 4.0 68 3.7 3 1.9 156 5.1 189 6.5 29 2.9 455 5.0

Nyeri 9 3.6 112 6.1 4 2.5 120 4.0 142 4.9 49 4.8 436 4.7

Kajiado 3 1.2 104 5.7 17 10.6 153 5.0 90 3.1 48 4.7 415 4.5

Marsabit 12 4.8 29 1.6 6 3.8 86 2.8 108 3.7 36 3.6 277 3.0

Kwale 15 6.0 60 3.3 4 2.5 28 0.9 51 1.8 16 1.6 174 1.9

Trans Nzoia 1 0.4 3 0.2 1 0.6 22 0.7 67 2.3 19 1.9 113 1.2

West Pokot 0 0.0 4 0.2 1 0.6 12 0.4 67 2.3 24 2.4 108 1.2

Tana River 0 0.0 0 0.0 1 0.6 6 0.2 60 2.1 5 0.5 72 0.8

Elgeyo Marakwet 0 0.0 16 0.9 2 1.3 11 0.4 28 1.0 6 0.6 63 0.7

Lamu 2 0.8 6 0.3 0 0.0 7 0.2 43 1.5 2 0.2 60 0.7

Baringo 4 1.6 7 0.4 1 0.6 7 0.2 13 0.4 1 0.1 33 0.4

Kiambu 2 0.8 16 0.9 0 0.0 2 0.1 9 0.3 2 0.2 31 0.3

Embu 1 0.4 19 1.0 0 0.0 2 0.1 3 0.1 1 0.1 26 0.3

Makueni 0 0.0 3 0.2 1 0.6 18 0.6 1 0.0 2 0.2 25 0.3

Turkana 0 0.0 1 0.1 0 0.0 5 0.2 15 0.5 4 0.4 25 0.3

Kilifi 0 0.0 8 0.4 1 0.6 2 0.1 9 0.3 1 0.1 21 0.2

Garissa 1 0.4 0.0 0 0.0 2 0.1 14 0.5 3 0.3 20 0.2

Kericho 0 0.0 7 0.4 0 0.0 1 0.0 9 0.3 3 0.3 20 0.2

Nakuru 0 0.0 9 0.5 0 0.0 2 0.1 7 0.2 1 0.1 19 0.2

Bungoma 0 0.0 1 0.1 0 0.0 3 0.1 4 0.1 1 0.1 9 0.1

Kitui 0 0.0 2 0.1 0 0.0 1 0.0 4 0.1 0 0.0 7 0.1

Murang’a 0 0.0 4 0.2 0 0.0 0 0.0 1 0.0 1 0.1 6 0.1

Tharaka-Nithi 0 0.0 2 0.1 0 0.0 2 0.1 2 0.1 0 0.0 6 0.1

Kirinyaga 0 0.0 3 0.2 0 0.0 1 0.0 0 0.0 0 0.0 4 0.0

Mombasa 0 0.0 1 0.1 0 0.0 0 0.0 3 0.1 0 0.0 4 0.0

Nairobi 0 0.0 0 0.0 0 0.0 2 0.1 0 0.0 1 0.1 3 0.0

Nyandarua 0 0.0 0 0.0 0 0.0 0 0.0 3 0.1 0 0.0 3 0.0

Machakos 0 0.0 1 0.1 0 0.0 0 0.0 0 0.0 0 0.0 1 0.0

Uasin Gishu 0 0.0 0 0.0 0 0.0 1 0.0 0 0.0 0 0.0 1 0.0

Grand Total 248 1830 160 3037 2893 1014 9182
fr
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(H2.1, Table 1) that mortality should increase with increasing

maximum temperature. This pattern suggests that improved

protection in Samburu was associated with a declining temporal

trend in mortality and that this pattern was contemporaneous

with an increasing trend in maximum temperature. This

temporal coincidence does not therefore necessarily imply or

demonstrate a causal relationship between mortality and

maximum temperature and probably reflects temporal

covariation. More juveniles than adults died of conflict and

unknown causes, contrary to expectation (H1.4, Table 1).

In Narok, the probability of mortality due to conflict,

natural and unknown causes all declined with increasing

maximum temperature and increasing rainfall . This

contradicts the contemplated patterns (H2.1 and H2.2,

Table 1) and, likewise to Samburu, suggests temporal

covariation. Mortality due to conflict increased with

increasing human population density as predicted (H2.3,

Table 1). The probability of mortality due to conflict and

euthanasia increased whereas that due to natural causes

decreased with increasing cattle density as anticipated (H2.4,

Table 1). However, the probability of mortality due to conflict

decreased with increasing density of shoats, contrary to

prediction (H2.4, Table 1). The effects of human population
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density and rainfall apparently interacted such that elephant

mortality probability due to conflicts decreased with increasing

human population density at high levels of rainfall. This

interaction implies that greater food and water availability

and quality associated with high rainfall reduce human-

elephant conflicts and conflict-related elephant mortality

even at high human population density. Similarly, rainfall

and temperature effects evidently interacted such that

elephant mortality probability increased even at high rainfall

levels if maximum temperature was also high. More juveniles

than adults were likely to die from accidents, conflict or natural

causes. The carcass of elephants that died from conflicts were

more likely to be found when still fresh.

In Isiolo, mortality probability due to conflicts and unknown

causes increased with increasing annual maximum temperature

as contemplated (H2.1, Table 1). Females were more likely than

males to die of natural and unknown causes in accord with

prediction (H1.5, Table 1). Of the elephants that died of

conflicts, more were killed using rifles than spears and arrows.

This is at variance with the prediction that traditional weapons

would more likely be used to kill elephants during conflicts

(H3.2, Table 1). Moreover, more elephants died of natural causes

than were killed with rifles.
A

B D

C

FIGURE 4

Distribution of elephant mortality, expressed as percentages, across Kenya’s 47 counties (A), mortality due to ivory poaching (B), natural
processes (C) and conflicts (D) during 1992-2017.
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For Kajiado, the probability of mortality due to natural

causes decreased whereas that due to euthanasia increased

over time. But the probability of mortality due to euthanasia

decreased with increasing density of shoats. In Marsabit, the

probability of mortality due to accidents and natural causes

decreased over time. But the probability of natural mortality

increased with increasing annual maximum temperature,

suggesting the influence of aggravated food and water stress

linked to progressive habitat desiccation (H2.1, Table 1).
Carcass age classes

Most elephant carcasses (62.7%, n = 5,760) were discovered

while still fresh. Only 10.2% (n = 935) of the carcasses were

classified as recent and 1.2% (n = 109) as old. However, the age

classes for 25% of the elephant carcasses could not be reliably

established and were therefore designated as unknown. The

highest percentage of fresh carcasses (85%) were from

mortality caused by accidents and euthanasia, followed by

natural causes (65.4%), conflict (64.2%), and ivory poaching

(63.8%). Un-aged elephant carcasses were the highest for

unknown causes (37.6%) and conflict-caused mortality (33.8%)

but the lowest for accident-caused mortality (9.3%).
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Tusk recovery status and differences
between causes of mortality

Of the total of 8,571mortality incidents, tusks were recovered in

75.1% (n = 6,434), missing in 12.5% (n = 1,081) and not reported

(unknown) in 9.2% (n = 789) whereas 3.2% (n = 277) had tuskless

carcasses. Ivory poaching resulted in most of the missing tusks

(83.6%, n = 895) in contrast to either natural causes or conflict

(Table 5) in agreement with prediction (H1.1, Table 1). Over half of

tuskless carcasses were for elephants that died from natural causes,

implying that having no tusks increases the risk of death from

natural causes. Moreover, most of the carcasses for which the tusk

recovery status was unknown (58.9%,n = 465) were from ivory

poached elephants. Overall, the recovery status of elephant tusks

differed across conflict causes (c2
15 = 2314.9, P< 0.001).
Elephant mortality by age class, sex
class, and cause of mortality

Elephant carcasses consisted of 4.5 times more adults than

juveniles. Few elephant carcasses were not aged (4.8%) and

were therefore assigned to the unknown class (Figure 5). Even

though most juveniles died from natural causes (57.5%, n =
TABLE 3 F tests of significance of effects retained in the final model relating elephant mortality probability (cause of death=ivory hunting set as
the baseline category) to predictor variables and their interactions.

Effect† NDF DDF F Value Pr > F

Means of death 35 8777 43.39 <0.0001

Date 5 8777 57.91 <0.0001

Tmax_annual 5 8777 29.38 <0.0001

Age class 11 8777 12.25 <0.0001

Carcass category 15 8777 9.89 <0.0001

Sex 10 8777 5.77 <0.0001

Cattle-den 5 8777 9.91 <0.0001

Human_pop_den 5 8777 9.4 <0.0001

Human_pop_den×Means 35 8777 3.39 <0.0001

Rain_annual 5 8777 6.62 <0.0001

Cattle_den×Rain_annual 5 8777 6.36 <0.0001

Tmax_annual×Human_pop_den 5 8777 5.43 <0.0001

Human_pop_den×Sex 10 8777 4.03 <0.0001

Cattle_den×Human_pop_den 5 8777 5.14 0.0001

Month 55 8777 1.61 0.0029

Human_pop_den×Month 55 8777 1.57 0.0047

Cattle_den×Sex 10 8777 2.86 0.0014

Human_pop-den×Age_class 10 8777 3.35 0.0002

Cattle×Month 55 8777 1.53 0.0074

Cattle_den×Human_pop_den×Month 55 8777 1.78 0.0004
frontie
The model was fit to the combined data for all the 47 counties of Kenya.
†Means of death (means) = rifle, snare, spears and arrows, poison, injury, accident, natural or unknown. Date carcass was found, average annual maximum temperature (Tmax_annual), age
class of carcass (age class) = adult, juvenile or unknown. Carcass category = fresh, recent, old or unknown. Sex class of carcass (Sex) = male, female, or unknown. Cattle density (cattle_den),
human population density (Human_Pop_den), total annual rainfall (Rain_annual), month (Jan, Feb, …, Dec) and their interactions. Cause of death (reason) = ivory poaching, conflict,
accident, natural, euthanasia or unknown. NDF and DDF are the numerator and denominator predictor degrees of freedom, respectively.
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TABLE 4 F tests of the significance of the effects retained in the final model relating elephant mortality probability (cause of death=ivory poaching set as the baseline category) to predictor variables
and their interactions.

‡ F Value Pr > F

4.67 <0.0001

10.61 <0.0001

2.02 0.0234

2.04 0.0104

4.1 0.001

1.1 0.2864

3.17 0.0005

4.67 0.0003

2.77 0.0166

2.13 0.0594

3.53 0.0035

4.92 0.0002

1.43 0.0208

8.7 <0.0001

26.93 <0.0001

5.63 <0.0001

5.99 <0.0001

2.72 0.0018

3.73 0.0023

2.29 0.0033

3.49 0.0039

2.04 0.0103

2 0.0303

5.33 <0.0001

9.93 <0.0001

8.82 <0.0001

3.05 0.0005

2.34 0.0098

3.27 <0.0001

10.37 <0.0001

7.54 <0.0001

4.4 0.0006

1.76 0.0365
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County Effect NDF DDF

TAITA TAVETA Means of death 35 2349

Date 5 2349

Age_class 11 2349

Carcass_category 15 2349

Shoats_den 5 2349

Month 55 2349

Sex 10 2349

Tmax_annual 5 2349

Cattle_den 5 2349

Shoats_den×Tmax_annual 5 2349

Shoats_den×Cattle_den 5 2349

Human_pop_den 5 2349

Human_pop_den×Month 55 2349

LAIKIPIA Means of death 31 1558

Date 5 1558

Tmax_annual 5 1558

Shoats_den 5 1558

Age_class 11 1558

Tmax_annual×Shoats_den 5 1558

Carcass_category 15 1558

Rain_annual 5 1558

Rain_annu×Carcass_category 15 1558

Shoats_den×Age_class 10 1558

SAMBURU Means of death 36 1067

Tmax_annual 5 1067

Date 5 1067

Age_class 11 1067

Sex 10 1067

NAROK Means of death 35 724

Tmax_annual 5 724

Human_pop_den 5 724

Rain_annual 5 724

Carcass_category 15 724
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TABLE 4 Continued

County Effect‡ NDF DDF F Value Pr > F

5 724 2.73 0.0187

5 724 2.38 0.0375

l 5 724 2.93 0.0124

10 724 1.9 0.0423

5 724 3.27 0.0063

5 405 7.44 <0.0001

26 405 2.44 0.0001

5 405 2.9 0.0138

10 405 1.92 0.0412

30 370 1.91 0.0033

5 370 3.98 0.0016

5 370 4.39 0.0007

25 237 2.03 0.0035

5 237 2.46 0.0341

5 237 2.07 0.0704

ge counties of Kenya.
tural or unknown. Date carcass was found, average annual maximum temperature (Tmax_annual), Age class of carcass (age class) = adult, juvenile or unknown. Carcass
nknown, cattle density (cattle_den), human population density (Human_ Pop_den), total annual rainfall (Rain_annual), month (Jan, Feb,…, Dec) and their interactions.
nknown. NDF and DDF are the numerator and denominator degrees of freedom, respectively. Models were fit separately to the data for each of the seven counties.
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Cattle_den

Shoats_den

Human_pop_den×Rain_annua

Age_class

Tmax_annual*Rain_annual

ISIOLO Date

Means of death

Tmax_annual

Sex

KAJIADO Means of death

Shoats_den

Date

MARSABIT Means of death

Date

Tmax_annual

The models were fit separately to the data for each of the seven leading elephant ran
‡Means of death (means) = rifle, snare, spears and arrows, poison, injury, accident, na
category = fresh, recent, old or unknown. Sex class of carcass (Sex) = male, female, or u
Cause of death (reason) = ivory poaching, conflict, accident, natural, euthanasia or u
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832), many died from accidents (35.5%) and a few from ivory

poaching (7.1%). This is consonant with the prediction that

most juveniles should die from natural causes or of accidents

(H1.4 and H1.5, Table 1). Mortality causes differed

significantly between the three age classes (c2
10 = 825.2, P =

0.001). Substantially more male (44.3%, n = 3,801) than female

(25.1%, n = 2,149) carcasses were recorded (Figure 5).

However, many carcasses could not be reliably sexed (30.6%,

n = 2,621). Ivory hunters killed more than twice as many males

(n = 1,264) as females (n = 591), agreeing with the prediction

that poachers should mainly target males with larger tusks

(H1.1, Table 1). Moreover, more male than female carcasses

were also recorded for all the other mortality causes, including

natural causes, conflict, euthanasia, and accidents. Thus,

overall, 1.8 times more males than females died over the

course of the 26-year period (c2
10 = 364.2, P = 0.001). This

suggests that mortality is biased towards males.
Elephant mortality inside and outside
protected areas

Elephants range beyond protected area boundaries into

unprotected private or community lands. This typically

happens because most protected areas are too small to meet

the requirements of elephants all year-round. As a result,

mortality occurred both inside and outside protected areas

(Figure 6). But mortality was 2.7 times more likely to occur

outside than inside protected areas (Figure 6) in agreement

with the prediction that greater security should lead to lower

mortality inside protected areas (H4.1, Table 1). Even though

overall mortality rate was higher outside than inside

protected areas (c2
5 = 722.4, P = 0.001), natural death was

almost equally distributed between inside (n = 1222) and

outside (n = 1665) the protected areas as predicted

(H4.1, Table 1).
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Weapons used to kill elephants

Elephants were killed by using a variety of weapons, ranging

from modern rifles to traditional weapons (spears and arrows).

The number of elephants killed by rifles (31.2%, n = 2,672) was

substantial but comparable with the number dying from natural

causes (32.0%, n = 2,740). Spears and arrows were used to kill

13.6% (n = 1,167) of the elephants. Other means, including

poison (1.4%), accidents (1.3%), snares (0.9%) and injuries

(0.5%) also killed elephants. However, a sizeable number of

elephant mortalities (19.2%, n = 1,647) could not be attributed to

specific weapons or means. Most of the ivory poaching

mortalities involved the use of rifles (52.7%, n = 1401), spears

and arrows (22.9%, n = 609), poison (2.8%, n = 74) or snares

(2.1%, n = 56). Similarly, most of the conflict-related mortality

incidents were attributed to rifles (61.0%, n = 1,028), spears and

arrows (32.4%, n = 547). Elephant mortality caused by accidents

were mostly due to vehicles (50.5%,n = 108) or natural accidents

(49.5%, n = 106). All the euthanasia mortalities involved the use

of a rifle. In consequence, there were stark differences in the

number of elephants killed using different weapons (c2
35 =

15898.9, P = 0.001). These results support the prediction that

most ivory poachers should kill elephants using modern

weapons (H3.1, Table 1) but contradict the prediction that

traditional weapons are used to kill most elephants during

conflicts (H3.2, Table 1).
PIKE and MR trends during 1992 - 2017

PIKE averaged 31.3 ± 12.7% during the 26-year period and

was the lowest (11%) in 2017 and the highest (62.0%) in 2012

(Figure 7). PIKE did not, however, vary significantly during

1992-2017. Notably, however, PIKE decreased consistently

during 2012-2017, coincident with intensification of anti-

poaching efforts and therefore consistent with expectation
TABLE 5 Elephant tusk recovery status by cause of mortality in Kenya during 1992-2017.

Tusk recovery status

Cause of mortality Missing Recovered Tuskless Unknown

n % n % n % n %

Accident 4 1.9 181 84.6 22 10.3 7 3.3

Conflict 18 1.1 1439 85.3 61 3.6 168 10

Euthanasia 0 0 151 95.6 3 1.9 4 2.5

Natural 47 1.6 2630 91.1 142 4.9 68 2.4

Ivory poaching 895 33.7 1280 48.2 17 0.6 465 17.5

Unknown 107 11 753 77.7 32 3.3 77 7.9

Total 1071 6434 277 789

c2
5 1064.6 1567.8 119.1 401.3

P 0.001 0.001 0.001 0.001
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(H1.3, Table 1). We expected PIKE to be high for counties with

high elephant populations, however, six leading elephant range

counties, including Taita Taveta (30.4%), Narok (29.4%),

Laikipia (24.2%), Samburu (23.7%) and Kajiado (21.7) had
Frontiers in Conservation Science 16
low average PIKE levels (Figure 8). Even though mortality rates

were relatively low, they increased over time. MR was the

highest for 2017 (2.1%) and 2012 (1.7%) which were either

severe drought years or were preceded by severe drought years
FIGURE 5

Distribution of elephant mortality by age class and sex class in Kenya during 1992-2017.
FIGURE 6

Elephant mortality inside and outside PAs by County in Kenya during 1992-2017.
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but the lowest for 1998 (0.4%) (Figure 7), with exceptional

ENSO-floods.
Discussion

We analysed indicative temporal and spatial trends in

elephant mortality in Kenya using data on carcasses detected

and recorded by the Kenya Wildlife Service. While these data

may substantially underestimate the true underlying

mortality rates because of carcass detection biases, they

allowed us to calculate mortality probabilities, distinguish

between various mortality sources and test predictions of

several hypotheses.
Temporal and spatial trends in elephant
mortality in Kenya during 1992-2017

Elephant mortality in Kenya had three major causes, namely

natural causes, ivory poaching, and human-elephant conflicts.

Elephant mortality from natural causes can be attributed to two

key factors, recurrent severe droughts linked to widening rainfall

variability, progressive habitat desiccation associated with

surface temperature warming and habitat fragmentation and

loss due to intensifying land use developments, which amplify

the effects of droughts on elephants. Kenya is experiencing

drastic reductions in rainfall and elevated temperatures (Ogutu
Frontiers in Conservation Science 17
et al., 2016). Specifically, the three leading counties in natural

elephant mortalities (Taita Taveta, Laikipia and Samburu)

experienced a severe drought in 2009 when the highest

elephant mortality was recorded in Kenya (see also e.g.,

Wittemyer et al., 2014). Kenya also experienced notably low

rainfall in 2017 when a significant number (n = 438) of elephants

died of starvation and water stress. Such widespread drought-

related elephant mortality has also been reported elsewhere in

continental Africa in Hwange National Park and Sebungwe

region of Zimbabwe (Dudley et al., 2001; Dunham, 2008).

Poor rainfall reduces food and surface water availability for

wild herbivores. The impacts of droughts on elephants are

exacerbated by elephant population density and high

temperatures, which increase vegetation desiccation, food

scarcity and evaporative surface water loss. Because rainfall

governs vegetation biomass production and quality and

availability of surface water in African savannas (Deshmukh,

1984; Boutton et al., 1988), high rainfall is necessary to ensure

sufficient food and water supply and quality for megaherbivores,

such as elephants, that require huge amounts of food and water

(Laws, 1970). Accordingly, the lowest elephant mortality was

recorded in 1998 when Kenya experienced exceptionally high El

Niño rains (Ogutu et al., 2008a; Ogutu et al., 2016; Bartzke

et al., 2018).

The highest number of elephants found dead in a single

incident was 30 and resulted from starvation in October 2009 in

the Satao region inside the Tsavo East National Park. Similar

results have been reported for Tsavo for the same period based
FIGURE 7

The proportion of illegally killed elephants (PIKE) and elephant mortality rate in Kenya during 1992 -2017.
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on earlier analyses of the KWS monitoring dataset (Wato et al.,

2016). The large family groups of elephants (McComb et al.,

2001) predispose them to mass family deaths when food and

water become scarce. Studies in the major elephant ranges in

Kenya, including Tsavo (Ottichilo, 1987), Laikipia (Ihwagi et al.,

2015) and Amboseli (Moss, 2001; Owen-Smith & Ogutu, 2012;

Okello et al., 2015; Lee et al., 2022) have attributed elephant

mortality to starvation due to severe droughts. Our results show

that more elephants died from natural causes (due to food and

water scarcity) inside than outside PAs. This reflects the fact that

PAs in Kenya are often too small to accommodate the year-

round needs of their wildlife species; forcing animals to roam

beyond their confines to areas outside the PAs in search of food,

water and even calving grounds. It may also imply that elephants

feel safer inside PAs and more old, sick or injured individuals

retreat to die there. Climatic perturbations caused by warm El

Niño and cold La Niña episodes, Indian Ocean Dipole

oscillations and global warming are causing reduced and

erratic rainfall, decreasing resource availability and quality and

accentuating elephant deaths as food and water become more

variable and limiting (Agenbag, 1997; Rouault et al., 2010).

Ivory poaching contributed to elephant mortality almost

equally to natural causes but has been decreasing since 2014. In

consequence, elephant numbers have been increasing in Tsavo

but have remained relatively stable in Laikipia since 2012 (Ngene

et al., 2013; Ngene et al., 2017; Waweru et al., 2021). Ivory

poaching in Kenya peaked in 2009 and 2012 and was the highest

in four counties with high elephant populations (Taita Taveta,

Laikipia, Samburu and Meru) and relatively close to Somalia, the
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main origin of elephant poachers in Kenya (Parker, 2004).

Poachers target regions with large elephant numbers to

maximize kills without betraying their presence (Kyale et al.,

2011; Maingi et al., 2012). The National Elephant Action Plan

for Kenya 2022-2031 (Omondi et al., 2022) reaffirms that

poaching is still in decline in Kenya with 38 poached animals

recorded in 2018, 38 in 2019, 11 in 2020 and 25 in 2021.

High demand for illegal ivory, high prices for ivory in the

black market, relatively high elephant populations, and poverty

drive elephant poaching in Kenya (Wittemyer et al., 2014). The

decisions to allow one-off ivory sales by the CITES in 2008-2009

may have triggered the steady increase in elephant poaching in

Kenya (Wasser et al., 2007; Santiapillai, 2009). Furthermore,

increasing demand, price, and illegal market for ivory in such

countries as China have significantly contributed to illegal

poaching in African countries. Ivory prices peaked in 2012 -

2013 but have since been on the decline (Zhou et al., 2018),

engendering a decline in poaching rates (Hauenstein et al.,

2019). Kenya experienced the highest elephant mortality rate

from ivory poaching during 2012 but this trend has been on the

decline, demonstrating that ivory price and demand drive ivory

poaching. Thus, even though poaching was significant, once

ivory sales were controlled, it declined and elephants died mainly

due to climate change and range restriction. However, if not

controlled, ivory poaching can significantly contribute to

increased elephant mortality.

Conflict mortality is interactive with climate change and

spikes during severe droughts when food and water are scarcest

(Boutton et al., 1988; Ogutu et al., 2014) and competition
FIGURE 8

Proportion of Illegally Killed Elephants (PIKE) in 34 counties of Kenya during 1992-2017. The bar data labels are the total mortalities recorded for
each county during 1992-2017.
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between people, livestock and wildlife peaks. Human population

growth and land use developments also aggravate conflict

mortality such that it is the highest on human-dominated

landscapes outside PAs (Ihwagi et al., 2015; Ngene et al., 2017;

Mukeka et al., 2019a; Mukeka et al., 2020; Waweru et al., 2021).

Thus, conflict mortality will likely continue increasing as rapid

human population growth and the associated uncontrolled and

unplanned land use developments in Kenya increasingly

encroach onto and contract elephant range. The elephant will

likely remain the leading cause and victim (Mukeka et al., 2019a;

Mukeka et al., 2019b) of these conflicts as communities incur

greater losses (including loss of lives, crop damage, livestock

depredation and property destruction) and retaliate by killing

more elephants and other wildlife species (Kissui, 2008; Sarker &

Røskaft, 2014).
Carcass and tusk recovery status and
causes of elephant mortality

Monitoring elephant security in Kenya was fairly effective

because over 60% of carcasses were discovered and reported

within three weeks of death (i.e., as fresh carcasses). Kenya has

had a long history of closely monitoring elephant populations

and mortality (Maingi et al., 2012) and enhanced the monitoring

from 2002 after becoming a signatory to the CITES and

implementing the MIKE programme (Wittemyer et al., 2014;

Ihwagi et al., 2018). Since the elephant is a species of high

conservation concern, prompt reporting is essential to guide

timely response to threats. Even so, nearly one quarter of the

carcasses were not assigned to age classes. Assigning elephant

carcasses to age classes can be difficult and depends upon the

state of decomposition of a carcass and the experience of the

person doing the aging (Douglas-Hamilton & Burrill, 1991).

Early carcass discovery is crucial to recovery of highly prized

tusks of most (75%) of the dead elephants. Nevertheless, a third

of the elephants killed by poachers had no tusks. Similarly, in

Laikipia-Samburu, about 60% of all carcasses had intact tusks,

while 50% of poached elephants had missing tusks (Kahindi

et al., 2010). This indicates that poaching gangs are organized

and efficient in killing elephants and removing their tusks

(Maingi et al., 2012; Nellemann et al., 2013). Moreover,

opportunistic ivory collectors probably also removed tusks

from some carcasses of elephants that had died from other

causes than ivory poaching, such as conflicts and natural deaths.
Elephant mortality by demography and
protection status

The age class and sex class of an elephant influence mortality

risk, resulting in greater adult than juvenile and male than

female mortality. Ivory poachers target adult male elephants
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because they have larger tusks than adult females or juveniles

(Poole & Thomsen, 1989: Pilgram & Western, 1986). Indeed,

poachers’ preference for larger tusks carried by adult elephants

has been demonstrated for six protected areas in Tanzania (Jones

et al., 2018). As a result, adult sex ratio is skewed toward females

in Laikipia in Kenya because of persistent poaching, leading to

suppression of population recovery (Wittemyer, 2001). Male

elephant poaching can be expected to eventually result in female

elephant poaching as the male population becomes depleted.

Further, in Amboseli, Kenya, male mortality from natural causes

is higher than that of females (Moss, 2001). Also, adult elephants

get killed during conflicts because they are bolder and pose

greater threats to humans than juveniles. Also, carcasses of

juvenile elephants decay or are removed faster by carnivores,

scavengers or other processes than the large carcasses of adult

elephants, resulting in potentially lower encounter rates for

juveniles (Douglas-Hamilton & Burrill, 1991). Adult male

elephants can break fences and raid farms while adult females

lead families during conflicts (Thouless & Sakwa, 1995; Moss,

2001). Killing adult females can seriously threaten elephant

social organization and population growth, which are sensitive

to female mortality (Thouless, 1994). Overall, targeting adult

elephants has serious implications for elephant population social

and genetic structure and can reduce their survival prospects and

fitness (Gobush et al., 2008; Archie and Chiyo, 2012), thus

threatening their conservation. The high juvenile mortality due

to natural causes is mainly attributed to high calf mortality

during droughts (Moss, 2001). Furthermore, juveniles become

more susceptible when separated from family groups, for

example during and after conflict and poaching incidents.

More elephants died outside than inside PAs where they

receive greater protection. Effective elephant conservation

strategies should extend beyond PA boundaries and involve

communities living with elephants. Elephant mortality from

natural causes was almost equally distributed between inside

and outside PAs, reflecting the influence of a large-scale

mortality factor on food and water availability and quality,

such as climate change and range contraction. During

droughts herders illegally drive livestock into many PAs in

Kenya in search of food and water (Ogutu et al., 2011;

Waweru & Oleleboo, 2013). At high densities, livestock rapidly

diminish food and water and displace elephants both inside and

outside the PAs, leading to starvation of elephants and other

wild herbivores.
Weapons and means of killing elephants
in Kenya

The use of the sophisticated and automatic rifle to kill one

third of the elephants in Kenya during 1992-2017 threatens their

population and can be attributed to two factors. First,

proliferation of small arms in Kenya due to the collapse of the
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Government of Somalia in 1992 has contributed, in large part, to

the increase in poaching using firearms (Maingi et al., 2012).

Firearms afford fast kills such that poachers can get away before

security personnel arrive at the scene of the incident. Second,

most elephants outside PAs live amongst pastoral communities

that use light automatic rifles to protect their families and

livestock from rustlers from other neighboring communities.

These firearms sometimes find their way into the hands

of poachers.

Few elephants were killed by using traditional weapons,

especially arrows and spears. Arrows and spears, even though

less effective than the modern rifle, are sometimes preferred for

killing elephants because they do not make loud sounds.

Concealment is an important factor especially for poachers to

avoid detection by security forces and local communities.

Poachers use poisoned arrows to puncture the skin of

elephants and closely monitor them as they die slowly from

the poison or infected wounds, and eventually remove the tusks.

Killing of elephants by the use of spears has also been reported in

Laikipia in Central Kenya (Thouless, 1994).
Trends in the proportion of illegally killed
elephants (PIKE) and mortality rates (MR)
during 1992-2017

Even though PIKE increased steadily during 1992 - 2012

indicating that poaching posed a serious threat to the elephant

population in Kenya, this threat dropped significantly from 2012

to 2017. Thus, illegal killing of elephants has not been the only

crucial factor contributing to the decreased elephant population

numbers in Kenya contrary to findings of some previous site-

specific studies (e.g., Ihwagi et al., 2018). However, it is

noteworthy that in the counties that registered high PIKE

levels, elephant populations have either been completely wiped

out or their numbers have been greatly reduced. But, many

counties with high elephant numbers recorded low PIKE levels.

Three important factors contributed to this drop in PIKE levels

in Kenya. First, increasing mortality from natural causes through

starvation and human-elephant conflicts. If coupled with a more

intense search effort, this can lead to a significant drop in PIKE

and has indeed been pointed out as a potential source of bias in

PIKE (Burn et al., 2011). Second, notably high PIKE levels have

led to intensifying security operations and the Government of

Kenya, through the KWS, increasing the ranger force, enhancing

training skills, and adopting multi-agency security approaches.

Third, the adoption of the new Wildlife Conservation and

Management Act 2013 (The Wildlife Conservation and

Management Act 2013, 2013), is likely discouraging poachers

due to the greatly enhanced penalties. For instance, a fine of

Kenya shillings (KES) 20,000,000 (about 200,000 USD at the

current (2022) KES : USD exchange rate (Foreign Exchange

Rates CBK, 2019) or life imprisonment is the recommended
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penalty for ivory dealing in Kenya (The Wildlife Conservation

and Management Act 2013, 2013). This is an effective deterrent

for many potential poachers.

The national elephant population was little affected by the

low elephant mortality and increased, generally even when MR

was correlated with elephant population size. The observed

spikes in elephant mortality in Kenya were episodic, short-

lived, and unlikely to substantially impact the national

elephant population, unless sustained for long periods.
Conclusions and recommendations
for elephant conservation

Our key findings can be summarized as follows. (1) A total of

9,182 elephants died in 8,571 encounter incidents in Kenya

during 26 years spanning from 1992 to 2017. (2) Elephant

mortality increased during 1992 -2017 but the elephant

population in Kenya was little affected overall and increased

steadily in this period. (3) Natural causes, ivory poaching, and

conflicts are the leading causes of elephant mortality in Kenya.

(4) Elephant mortality from natural causes, notably due to

reduced food and water resources associated with more

frequent severe droughts, is increasingly surpassing mortality

due to ivory poaching, previously the leading cause of mortality.

But the threat posed by ivory poaching to elephants still persists

and strongly depends upon the control of ivory sales and anti-

poaching efforts. (5) Elephant mortality peaks during droughts

because of food scarcity and water stress and heightened human-

elephant conflicts. The effects of the latter mortality sources are

amplified by range contraction and fragmentation. (6) Elephant

mortality is seasonal and peaks at the end of the long and short

dry seasons, when food and water scarcity peak. (7) Temporal

variation in elephant mortality is driven by increasing human

population density and associated expansion of unplanned and

uncontrolled land use developments as well as by rising

maximum temperatures linked to global warming. (8) The

principal causes of elephant mortality and the strength of their

effects vary temporally and regionally, emphasizing the

importance of accounting for temporal and regional

heterogeneities and implying limited generalizability of

findings of short-term or site-specific studies. (9) Most

accident mortality was concentrated in only one County (Taita

Taveta) crossed by a major highway and railway line with high

traffic volumes and limited allowance for safe wildlife crossings.

(10) More adults than juveniles and males than females are killed

primarily because of their larger tusks. More precisely, more

than twice as many males as females die from the various

mortality causes, including being killed by poachers likely

because of their larger tusks, natural causes, conflict, accidents

and euthanasia. As well, more male than females die from all the

other mortality causes, including natural causes, conflict,
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accidents and euthanasia. (11) More elephants die outside than

inside protected areas, implying that protection reduces elephant

mortality. Most notably, more elephants are killed by poachers

outside protected areas. (12) The rifle is the most frequently used

by poachers to kill elephants regardless of the level of protection.

Traditional weapons, particularly spears and arrows, are the

second most commonly used to kill elephants, especially during

human-elephant conflicts.

Based on these findings, the following measures may

enhance sustainable elephant conservation. Encouraging

reforestation and reducing habitat fragmentation, uncontrolled

and unplanned land use developments to enhance land cover

and habitat connectivity and ameliorate food and water scarcity

for elephants. This would allow elephants to move through the

landscape, efficiently utilize various habitat patches, and be less

sensitive to weather fluctuations and associated food and water

shortages. Expanding elephant range, especially by encouraging

community-based conservation on private and communal

wildlife conservancies and providing safe road and rail

crossings, would help reduce elephant mortality. Limiting

domestic and international ivory demand can reduce poaching

of elephants and promote their population recovery (Lemieux &

Clarke, 2009). As well, boosting wildlife law enforcement and

vigorously implementing punitive laws, for example the Wildlife

Conservation and Management Act 2013 of Kenya (TheWildlife

Conservation and Management Act 2013, 2013), can deter

potential elephant poachers. Elephant range countries and the

international community should thus develop and robustly and

collaboratively implement more effective strategies to minimize

ivory poaching. Enhancing security patrols, intelligence

gathering and community engagement can promote safety and

reporting of dead elephants. Mitigating human-elephant

conflicts by enhancing habitat connectivity and functional

heterogeneity, augmenting water availability in PAs in dry

seasons based on sound ecological guidelines and principles

and maintaining buffers around PAs in human-dominated

landscapes can help reduce negative human-wildlife

interactions that fuel conflicts. This can help retain elephants

within PAs for longer periods, reduce their movements to areas

outside PAs, frequency of conflicts and retaliatory killings.

Although managing elephant populations that live in human-

dominated lands outside protected parks and reserves is

exceedingly challenging, increasing conservation benefits to,

and active involvement of, communities in conservation efforts

plus landscape zonation can enhance tolerance toward and

reduce retributive killings of elephants. Promoting harmonious

community co-existence, providing adequate security, and

continued community disarmament can help reduce the

number of weapons held illegally, especially in northern

Kenya. Inter-agency security coordination can also help reduce

the number of weapons being smuggled into Kenya, such as

across the Kenya-Somalia border. Encouraging more productive
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livestock breeds and providing incentives to reduce livestock

numbers can reduce the negative impacts of large numbers of

livestock grazed illegally in protected areas. Elephant mortality

monitoring should be continued and the data used to regularly

assess elephant population status and guide elephant

conservation strategies. Note, however, that the reported

number of dead elephants can vary with vegetation cover

through its influence on the detection probability. Intensifying

ranger patrols can help enhance carcass detection. Further,

stratifying elephant populations, such as by protection status

(inside versus outside PAs), and calculating PIKE and MR

statistics separately for each distinct population is desirable

because both indicators can vary substantially across different

elephant populations. Elephant mortality should be monitored

at a variety of spatial scales and the geo-locations of carcasses

recorded to inform spatially focused elephant conservation

interventions and strategies. Lastly, rangers and community

scouts should be regularly trained to sharpen their skills in

aging carcasses, including the use of the more accurate teeth

method (Sikes, 1966; Laws, 1966; Rasmussen et al., 2005) and

assigning elephant carcasses to sex classes.
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