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Abstract

Within savanna environments, movements of elephant are influenced by
changes in climate especially seasonal rainfall. In this study, we investigated
the possible changes in elephant population based on projected rainfall
changes using regional climate models (RCM) and Representative Concen-
tration Pathways (RCPs). The relationship between elephant and rainfall was
modelled against annual, wet season, dry season rainfall based on various
time lags. Future relation between elephant and rainfall was projected based
on three RCPs; 2.6, 4.5 and 8.5. There was a strong linear relationship be-
tween elephant and October-November-December (OND) rains with time lag
of 13 years (Y = —4016.43 + 19.11x, r* = 0.459, P = 0.006). The rainfall trends
for RCP 2.6 and 4.5 showed a slight increase in annual rainfall for the period
2006-2100 but driven by OND increases. Rainfall increase for RCP 8.5 was
significant and was driven by increase in both March-April-May (MAM) and
OND. These rainfall dynamics had influence on the projected elephant popu-
lation in the Amboseli ecosystem. For RCP 2.6 and 4.5 the elephant popula-
tion increase was 2455 and 2814 respectively. RCP 8.5 elephant population
doubled to an average of 3348 elephants. In all the RCPs there are seasonal
and yearly variations and absolute number varies from the average. The range
of variation is small in RCPs 2.6 and 4.5 compared to RCP 8.5. Evidently,
elephant population will increase based on projected rainfall projections sur-
passing park capacity. It therefore, requires that the Park authority put in
place measures that could contain these numbers including opening of
blocked wildlife corridors, maintain the cross border movement of Amboseli
elephant with Tanzania in that case ensure there is no poaching. Lastly, work
with local communities so that they can benefit from tourism through setting
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up conservancies through which they could minimize the human elephant
conflicts based on the projected elephant population.
Keywords

Representative Concentration Pathways 2.6, 4.5 and 8.5, Rainfall Variability,
Population Dynamics

1. Introduction

Global land surface warming and increasing temperature events are expected to
occur more frequently and more extremely causing changes in biodiversity and
altering movement and survival of large herbivores [1]. There are increasing ob-
servations of escalating wildlife range losses worldwide. Climate change is pre-
dicted to have a major impact on plants and animals geographical distribution
[2] [3] [4] [5]. Large wild terrestrial herbivore species are facing dramatic popu-
lation declines and range contractions, and nearly 60% are already threatened
with extinction [6]. The Intergovernmental Panel on Climate Change (IPCC)
report of 2007 indicates that, for every 1°C rise in international mean tempera-
ture roughly 10% of species are likely to be exposed to disappearance risks [7].

The various ecosystems in the world are expected to experience varying stress
from climate change impacts. Species responses include toleration, habitat shift
or extinction, which are outcomes of exceeding species tolerance level of water
and temperature stresses [8] [9]. Countless species are now being driven to
change their geographic distributions and behavior as they respond to life-
threatening weather patterns that are associated with human induced climate
change [3]. As they respond to change in climatic conditions, species tend to in-
crease, decrease, or shift their range subject to their tolerance thresholds [3] [10].
Changes in seasonal natural life related events (phenology) such as plants flo-
wering are also linked to climate change effects [8] [11]. These phenological
changes affect migrant species which move around from one place to another in
search for food, water and avoidance of poachers and predators. These species
depend on environmental initiates like temperature, rainfall, and flowering to
migrate [8] [11].

Africa is extremely susceptible to the impacts of climate change [12]. It is pro-
jected that temperatures in the region are likely to increase more rapidly than
the other parts of the world, which might surpass 2°C by midway of the 21"
century and 4°C by the close of the 21" century [12]. IPCC AR5 has indicated
that future rainfall predictions are more indeterminate but expected to intensify
in the eastern Africa and decrease in the southern part [12]. Warmer tempera-
tures are expected to occur in the East African region with a 5% - 20% increase
in rainfall from December-February and a 5% - 10% decrease in rainfall from
June to August by 2050 [13]. The stated variations are likely not to be uniform
throughout the year and are expected to occur erratically. It is anticipated that
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East African region will experience a reduction in the amount of precipitation re-
ceived as a result of declines in long rains received during the March-April-May
(MAM) season that has been linked to increased frequency of droughts in recent
years [14] [15]. Past research has indicated that the amounts of rainfall in Kenya
have been decreasing as from 1960 [16] [17] and future projections indicate that
some portions of the country will suffer more than 100 mm of rainfall decline
[18] while others might experience an increase in rainfall especially the Octo-
ber-November-December period [19].

While there is fairly inadequate evidence of current extinctions being caused
by climate change, investigations insinuate that climate change could surpass
habitat destruction as the greatest global threat to biodiversity over the next few
decades [19]. Envisaging the reaction of biodiversity to climate change has be-
come exceptionally important for the conservation of many species [9] [19] [20].
Predictive modelling plays a significant role in informing researchers and deci-
sion makers about impending upcoming threats, provide ways to augment at-
tribution of biological changes to climate change and can sustain the develop-
ment of practical approaches to lessen the impacts of climate change on biodi-
versity [2] [21]. Consequently, there is need to reexamine our current compre-
hension of the effects of climate change on biodiversity and our capacity to
project future impacts using models. In this study we have focused on analyzing
the impacts of projected climate change on the African elephant (Loxodonta af-
ricana).

Globally, the African elephant stands out as the largest mammal which was
once widely distributed throughout Sub-Saharan Africa [22]. The species is cur-
rently sparsely distributed but still widespread in Africa [23]. Even though cen-
tral and Western African populations have registered a drop, substantial popula-
tions still exist in Southern and eastern Africa. These latter populations continue
to increase at a rate of approximately 4% per year [23]. The African elephant is
categorized as “vulnerable” by the International Union for Conservation of Na-
ture (IUCN). It is a water-dependent species with requirements of 150 to 300 li-
tres of water per animal per day for drinking [24]. Acquisition of water forms a
significant part of the daily activity for the species, although in wet seasons, ele-
phants may go for three days without drinking [25]. Herds of elephants can walk
considerable distances (30 to 50 km or more) in search of water [25]. They also
respond quickly to changes in forage and water availability, making migrations
in response to both large and small rainfall events [26]. Elephants are also well
known for seasonal changes in their behaviour and are believed to change loca-
tion in response to rain which they are hypothesized to sense through
rain-system generated infrasound [27]. Elephants are also heat sensitive and in-
dividuals are susceptible to heat stress as well as sunburn. An increase in body
temperature of 1 to 2°C is considered significant in its physiological undertaking
[24].

In this study we investigated the possible changes in elephant population

based on projected rainfall changes based on regional climate models (RCM).
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The simulations used for the projections are the Representative Concentration
Pathways (RCPs), which are based on radiative forcings (globally radiative
energy imbalance) measured in Wm™ by the year 2100 [28]. The three RCPs
used in this study are: RCPs 2.6, 4.5 and 8.5, which represent the low, mid and

high-level emission and concentration scenarios, respectively.

Study Area

The Amboseli ecosystem is situated in the southwest of Kenya, bordering Tan-
zania. Geologically, the ecosystem covers part of a dry Pleistocene lake basin,
which has a temporary lake that floods during years of heavy rainfall. Rainfall is
bi-modal with short rains normally occurring in November and long rain period
starts in March to May [29]. The area falls in the rain-shadow of Mt Kilimanjaro
and receives between 300 - 500 mm of rain per year, placing it amongst the
driest places in Kenya. However, water flowing underground from Mt Kiliman-
jaro wells up here a series of lush swamps that provide dry season water and fo-
rage for wildlife. This attracts high concentrations of migratory animals during
the dry season.

The ecosystem covers an area of approximately 5700 km” stretching between
Chyulu Hills and Tsavo West National Parks South to Mt Kilimanjaro in Tanza-
nia (Figure 1). Administratively, the Amboseli ecosystem consists of Amboseli
National Park (ANP; 392 km®) and the six surrounding communally-owned
Maasai group ranches and private lands that are important dispersal areas for
wildlife. These group ranches and private lands cover an area of about 5063 km”
in Kajiado County (Figure 1). The tenure of the community owned land is
changing rapidly to the detriment of the park and wildlife conservation in gen-
eral. Olgulului-Ololorashi Group Ranches envelopes the park and they contain
critical habitats and wildlife dispersal areas. It borders Eselenkei Group Ranch to
the north which provides a wet season foraging area for the elephants while Ku-
ku and Mbirikani group ranches provide critical linkages to Chyulu and Tsavo
West ecosystem respectively. Kimana group Ranch is to the southeast and Tan-
zania international border in the south. Olgulului-Ololorashi surrounds 90% of
the Amboseli National Park and it covers an area of 1232 km”.

Rainfall in Amboseli ecosystem is bi-modal with long rain period being ob-
served in March-April-May (MAM) and short rains in October-November-
December (OND). The short dry seasons are January-February (JF) and
long-dry season occurs in June-July-August-September (JJAS). The average an-
nual rainfall for Amboseli ecosystem is 582 mm (SE = 25) with MAM contribut-
ing about average 228 mm (SE = 14), OND contributing 262 mm (SE = 18), JJAS
contributing 20 mm (SE = 3) and JF 67 mm (SE = 9). The Amboseli ecosystem is
one of the few areas in Kenya where the short rains are heavier than the long rains
that take place between March and May in many parts of Kenya. The Amboseli
ecosystem falls in the rain-shadow of Mt Kilimanjaro placing it amongst the driest

places in Kenya. However, water flowing underground from Mt Kilimanjaro
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Figure 1. (a) Map showing location of study area the Amboseli Ecosystem; (b) Mean
monthly rainfall with the standard errors for Amboseli ecosystem based on historical data
from 1960 to 2014.

wells up here in a series of lush swamps that provide dry season water and forage
for wildlife. This attracts high concentrations of migratory animals during the

dry season.

2. Data

2.1. Aerial Surveys Count for the Elephant in the Amboseli
Ecosystem

In the present study we used elephant counts from 16 censuses conducted in the
ecosystem between 1977 and 2014. Eight censuses were conducted in March-

April-May (long rains), six in October-November-December (short rains) and
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two conducted in January-February (short dry season). The data was collected
by the Directorate of Resource Surveys and Remote sensing (DRSRS) using a
Systematic Reconnaissance Flight (SRF) [30]. High winged aircraft equipped
with GPS, intercom, and radar altimeters are used for aerial census. A crew of a
pilot, two rear seat observers (RSO) and one front seat observer (FSO) conduct
the censuses. The RSO are responsible for animal counts, while the FSO assists
in navigation, crew coordination and records general environmental parameters.
The ecosystem was surveyed along transects in east-west direction and spaced at
5 km intervals. Topographic sheets of scale 1:250,000 are used for flight planning
and all transects conformed to the Universal Transverse Mercator (UTM) pro-
jection system. Each transect was divided into equal sample sub units. During
surveys a standard flying height and flying speed was maintained (see further
details in [17]). A calibrated survey strip width was defined by rods mounted on
the aircraft and by window markings. Only animals observed within the survey
strip were recorded during the survey. During the survey all visual observations
by RSO of animals within the survey strip were recorded using tape recorders.
For herds greater than 10 animals, a photo was also taken. After every survey the
tape-recorded observations were transcribed to data sheets. Photos were

processed and interpreted for animal species. The census data were conducted.

2.2. Historical Rainfall Data

The rainfall and temperature data were extracted from the Geospatial Climate
(GeoCLIM) software. GeoCLIM is a regional gridded climate data set tool that
interpolates time-series grids of precipitation and temperature values from sta-
tion observations and associated satellite imagery, elevation data, and other spa-
tially continuous fields [31]. [32] has complied and validated the climate data for
East Africa that was also used in the analysis of historical rainfall and tempera-

ture in the study site.

2.3. Projected Climate Trends Based on Three RCPs 2.6, 4.5 and
8.5

The IPCC (2013) [33] recommended a different series of scenarios known as
Representative Concentration Pathways (RCPs) representing the full bandwidth
of possible future emission trajectories. In this study, three Representative Con-
centration Pathways; (2.6, 4.5, and 8.5) were used. The first scenario (RCP 2.6)
represents an optimistic projection characterized by a very low concentration
and emissions levels of greenhouse gases, medium rate of population growth, the
radiative forcing peaks at 3 Wm™ in 2050s before decreases in 2100. The second
scenario (RCP 4.5) is a scenario that stabilizes radiative forcing at 4.5 Wm™ in
the year 2100 without ever exceeding that value. This scenario assumes that cli-
mate policies, in this instance the introduction of a set of global greenhouse gas
emission prices, are invoked to achieve the goal of limiting emissions, concen-
trations and radiative forcing. The third scenario represents a pessimistic projec-

tion (RCP 8.5) with high levels of concentrations and emissions of greenhouse
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gases, a high rate of population growth and radiative forcing reaches 8.5 Wm™
by the end of the century, this scenario does not implement climate change poli-
cies [34] [35].

In this study we used the simulated data from the Ross by Center Regional
Atmospheric Model (RCA4) driven by the Earth system version of the Max
Planck Institute for Meteorology (MPI-ESM-LR) coupled global climate model
from the on-going Coordinated Regional Downscaling Experiment (CORDEX)
project. The goal of the RCM program is to advance the predictive understand-
ing of Earth’s climate by focusing on scientific analysis of the dominant sets of
governing processes that describe climate change on regional scales. The model
was integrated into the CORDEX-Africa domain, with a horizontal grid spacing
of 0.44 degrees—translates to a 50 by 50 km grid (refer to [36] [37]). The histor-
ical simulations were forced by observed natural and anthropogenic atmospheric
composition covering the period from 1950 until 2005, whereas the projections

(2006-2100) were forced by Representative Concentration Pathways (RCPs).

2.4. Statistical Analysis

2.4.1. Estimation of Elephant Population Size and Distribution

The total animal population size, its variance and standard error are calculated
using jolly’s method 2 for aerial transects of unequal length [38]. The total
population size is estimated as Y =ZR with variance

~ N(N- A n
Var(Y ) = M(s}2 —2Rs_ + stf) and standard deviation
n )

SE ()7 ):\/ (Var(); )) Z is the area of the census zone (e.g. county) and

2

R= E is the sample population density calculated as the total number of all
animals counted in each sampling unit y divided by the area of each sampling
unit z summed over all the units included in the survey sample. N is the
population of all the sampling units in the census zone whereas » is the num-
ber of sampling units included in the survey sample. si is the sample variance
of the number of animals counted in all the sampled units while s is the vari-
ance of the area of all the sampling units included in the survey sample. s, is
the covariance between the number of animals counted and the area of each
sampling unit.

We mapped elephant distribution based on aerial counts. The maps were
based on grids cells of 5 by 5 km. For any of the observed elephant we calculated
its population in a grid and mapped those using ArcGIS.

2.4.2. Analysis of Projected Rainfall for the Three RCPs 2.6, 4.5 and 8.5

The monthly rainfall for all the three RCPs (2.6, 4.5 and 8.5) was analysed using
linear and quadratic models for the period 2006-2100. The corrected Akaike In-
formation Criterion (AICc) was used to choose between the supporting models.

The model with the least AIC was selected as the supporting model [39].
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2.4.3. Statistical Models for Forecasting the Influence of Climate Change
on Elephant Population

We related annual elephant population elephant to rainfall components. The
rainfall components defined as annual (October-September), short rains (Octo-
ber-December), long rains (March-May), long dry season (June-September), and
short dry season (January-February) (see examples used in Lake Nakuru—[40].
The analysis was based moving averages ranging from one to 15 years. The cor-
rected Akaike Information Criterion (AICc) was used to choose between the
supporting models [39]. We also tested if temperature had an effect on the ele-

phant population.

2.4.4. Testing the Elephant Population Differences between the RCPs

We tested the differences between projected elephant population between RCPs:
2.5, 4.5 and 8.5 based on two-sample t-test. The null hypothesis tends that there
is no difference between the two RCPs elephant population or more formally,
that the difference is zero. Formally expressed as HO: p1 — p2 = 0, where p1 is the

first population and p2 is the second population.

3. Results

3.1. Elephant Population Trend in Amboseli Ecosystem

Figure 2 shows the trends of the elephant population in the Amboseli for the
period 1977-2014. There was significant increase in the elephant population be-
tween 1977 and 2014 (1> = 0.44, F = 10.02 and P = 0.007; refer to Figure 2). The
elephant population in Amboseli ecosystem has increased from about 480 ele-
phants in 1977-78 to 1400 elephants in 2011-2013. The elephant population in
Amboseli ecosystem has increased by about 300% or at a growth rate of 2.4% per

year.

2000 T T T

—
n
o
o

1000

Population estimates

500

| | |

0
1975 1985 1995 2005 2015
Year of observation

Figure 2. Elephant population trend in the Amboseli
Ecosystem between 1977 and 2014 showing an in-
creasing population.
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3.2. Distribution of Elephant in the Amboseli Ecosystem
1977-2014

In this study we mapped the distribution of elephants between 1977 and 2014.
The elephant in Amboseli ecosystem disperse with the onset of rains, but there
was little indication of evidence of large scale elephant migration in Amboseli. It
is reported that in Amboseli the elephant seasonal range is influenced to some
extent by the intensity of poaching, rainfall and the development of artificial wa-
ter resources within the park and surrounding areas. In the last 2 decades the
elephant population has increased and also they are moving out of the park
more often.

Our analysis indicates two patterns of elephant distribution in the Amboseli
ecosystem. These two patterns indicate that the elephant can be confined to the
park or at times move out. Most of the elephants were confined to the park in
the 1970s and to late 1980s. The confinement of elephants was mainly because of
the heavy poaching in the 1970s and early 1980s. However after 1991 we have
observed large dispersal of elephant beyond the park and especially between the
periods 2000 to 2014. The total elephant range increased significantly and with
many elephants sighted in the park and in adjacent group ranches of Lengesim,

Imbirikani, Kuku Olgulului and Kimana (refer to Figure 3 and Figure 1(a)).

1977 1978 1980 1981
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Figure 3. Distribution of elephant in the Amboseli ecosystem 1977-2014.
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3.3. Historical Rainfall Trends

The historical trends of monthly rainfall in the Amboseli ecosystem shows slight
increases rainfall in March, August and December, slight decline in rainfall in
January, February, April, May, September, October and November (Figure 4
and Table S1). However, there was significant decline of rainfall in the long dry
season for the months of June (Y = 244.544 — 0.212x; F = 3.979, P = 0.051) and
July (Y = 254.688 - 0.127x; F = 5.672, P = 0.021).

3.4. Relationship between Elephant Population with Temperature
and Rainfall

The relationship between elephant population and temperature were not signif-
icant as tested with moving average from one to twelve months (refer to Table
S3). We therefore opted out further analysis of elephant with rainfall the rela-
tionship between elephant and rainfall was modelled with annual, MAM, OND,
ONDJF and JJAS rainfall and based on various time lags. The MAM, OND]JF
and JJAS all indicate weak and insignificant relationship between elephant pop-
ulation and rainfall. However, the OND and annual rainfall season showed a
strong relationship with elephant population (refer to Table 1). The OND rain-
fall moving average of 13 years lag showed a strong positive relationship between
elephant population and rainfall (see Table 1; r* = 0.459, F = 11.01, P = 0.006;
Figure 5). The annual rainfall moving average of 15 years showed a strong nega-
tive relationship between elephant population and rainfall (see Table 1; r* =
0.616, F = 20.56, P = 0.001).

3.5. Projected Rainfall for Amboseli Ecosystem for the Three
Scenarios RCP 2.6, RCP 4.5 and RCP 8.5

The projected seasonal rainfall in Amboseli ecosystem varies across RCPs 2.6,
4.5 and 8.5. Table 2(a)-(c) summarizes annual, MAM, JJAS and OND seasonal
rainfall for the three RCPs. The RCPs 2.6 indicate a decline in rainfall for the all
the four seasons though not significant (refer to Table 2(a)). The mean annual
rainfall is 632 mm with most rainfall occurring in OND with a mean rainfall of
313 mm compared to MAM mean rainfall of 211 mm. The driest season is JJAS
with an average of 34 mm and having the highest coefficient of variation of 64%.
OND has the least coefficient of variation of 31%.

RCP 4.5 annual rainfall is projected to increase marginally and is mainly dri-
ven by increases in rainfall for the OND season (Table 2(b) and Figure 6(e) and
Figure 6(h)). It is projected that MAM and JJAS will decline slightly (Figure
6(f) and Figure 6(g)). The mean annual rainfall for RCP 4.5 is 692 mm, for
OND is 340 mm, for MAM is 261 mm and for JJAS is 33 mm. It is projected for
OND the maximum rainfall will reach 757 mm and minimum will be 158 mm.
MAM maximum rainfall is projected to 561 mm and minimum of 6 1 mm.
There is a large variation between OND and MAM with OND having more
rainfall and less coefficient of variation of rainfall of 29% compared to MAM

where the coefficient of variation is projected at 39%.
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Table 1. Statistics describing relationships between the population of elephant and pre-
ceding rainfall over 8 - 15 year in Amboseli Ecosystem.

coIr{r?}i)I:)f:lﬂelnt Constant Slope SE F-ratio P value r-squared
ONDy —1428.83 9.4658 4.7722 3.93 0.069 0.232
OND,, —1874.40 10.977 5.172 4.50 0.054 0.257
OND,, —2757.43 14.744 5.107 8.33 0.012 0.390
OND,; —4016.43 19.911 6.001 11.01 0.006 0.459
OND,, —4476.79 21.325 6.881 9.61 0.008 0.425
OND,; -3509.13 17.558 8.934 3.86 0.071 0.229
Annual,, 6082.95 =7.774 3.569 4.74 0.048 0.267
Annual; 6588.23 -8.519 3.824 4.96 0.044 0.276
Annual, 7528.14 -9.875 3.009 10.77 0.006 0.453
Annual; 8425.17 -11.233 2.460 20.56 0.001 0.616

Table 2. (a) Seasonal rainfall trend for Amboseli Ecosystem for RCP 2.6; (b) Seasonal
rainfall trend for Amboseli Ecosystem for RCP 4.5; (c) Seasonal rainfall trend for Am-
boseli Ecosystem for RCP 8.5.

(a)

Month Equation F-Ratio P-Value
Annual Y =763.587 — 0.0640x 0.0154 0.9014
MAM Y =346.714 - 0.0615x 0.0434 0.8354
JJAS Y =94.4536 — 0.0295x 0.1308 0.7183
OND Y =485.237 - 0.0799x 0.0445 0.8333
(®)
Month Equation F-Ratio P-Value
Annual Y =287.983 + 0.1968x 0.0990 0.7536
MAM Y =465.295 — 0.0996x 0.0681 0.7946
JJAS Y =81.2521 - 0.0236x 0.1082 0.7428
OND Y =-25.1041 + 0.2879x 0.6140 0.4352
()
Month Equation F-Ratio P-Value
Annual Y = -400.653 + 2.3022x 15.2661 0.0002
MAM Y = -344.632 + 0.2937x 0.7950 0.3748
JJAS Y =390.734 - 0.1767x 6.4588 0.0126
OND Y =-3017.99 + 1.6509x 17.251 0.0001

Amongst the three RCPs the RCP 8.5 is projected will have an increase in
rainfall significantly for the period 2006-2100 (P = 0.0002; refer Table 2(c)). The
increase in annual is contributed by both the MAM and OND. The increase in
OND is highly significant (P = 0.0001, refer to Table 2(c)). The mean annual
rainfall for RCP 8.5 is projected at 720 mm. The variation between the maxi-

mum (1267 mm) and minimum (388 mm) is the highest amongst the three
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Figure 6. Projected seasonal rainfall for Amboseli ecosystem for RCP 2.6, 4.5 and 8.5 for the period 2006-2100.

RCPs. The OND maximum rainfall is projected at 782 mm and minimum 167

mm while the maximum in MAM is 523 mm and minimum is 51 mm (Figure
6(i) and Figure 6(j)). The RCP 8.5 JJAS season has the highest coefficient of

variation of 69% the maximum projected rainfall is set at 107 mm and minimum

at 3 mm (Figure 6(k)). The projected rainfall trend for JJAS is it will significant-
ly decline (P = 0.0126; Table 2(c)) and become drier. In RCP 8.5 indicates oc-

currence of extremes of both wet and dry weather in the Amboseli ecosystem.

3.6. Projected Elephant Population in Amboseli Ecosystem for the
Three RCPs 2.6, 4.5 and 8.5

The three RCPs project an increase in elephant population in the Amboseli Eco-

system (Figure 7(a)). There is a high correlation of elephant projections be-

tween RCP 2.6 and RCP 4.5. The projected average elephant population in Am-
boseli for RCP 2.6 for the period 2019-2040 is 2200 elephant. Between 2040 and

2070 the elephant population will increase to a maximum of 3510 animals by
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Figure 7. Projected elephant population of the three RCPs 2.5, 4.5 and 8.5based on OND
rainfall.

2056 after this decline to about 2160 elephants by 2070. There will be another
phase of increase of elephants and by 2080 it is projected there will be 2980 ele-
phant but after this period it will decline to about 1870 animals by 2100 (Figure
7(a)).

The trend for RCP 4.5 shows three phases—the first phase is between 2019
and 2050 where the projected population of elephants is likely to increase from
2300 to 3020 elephants by 2050 (Figure 7(b)). The second phase the elephant
population will stabilize at 2930 animals between year 2051 and 2069. Thereaf-
ter, the population will increase to a maximum of 3725 elephants in 2075. In the

third phase it is projected the population will decline to 1870 elephant by year
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2100 (refer Figure 7(b)).

As indicated in the analysis of rainfall that RCP 8.5 both the annual and OND
is projected will increase significantly. The population of elephant is mirrored to
the rainfall pattern. The population of elephant under RCP 4.5 has seven differ-
ent trends or broken stick (Figure 7(c)). The projected elephant under RCP 8.5
for the period 2019 to 2036 indicate elephants will decline from a population of
2715 in 2019 to 1270 animals in 2036. In the second phase it is projected the
elephants will increase to maximum of 2950 animals in 2043. Between 2043 and
2060 the elephant numbers will be on average about 2870 animals and these will
increase to 4000 elephants by 2064. Between 2064 and 2078 the average elephant
population will be 3890 and this will increase to the maximum of 5820 elephants
in 2088. After this period it is projected the elephants will decline to a population
of about 4130 by 2100 (Figure 7(c)).

Table 3 summarizes the projected elephant population in the Amboseli eco-
system for RCPs 2.5, 4.5 and 8.5. The RCP 2.6 has the lowest mean population of
2457 (SD 340) elephants and RCP 8.5 has the highest mean of 3349 (SD 1226).
The sample t-test between projected elephant population for RCP 2.6 and 4.5
shows significant difference in mean population (Pooled Variance t =
—6.910040, df = 162, Prob = 0.000000; Figure 8) with highest population for
RCP 2.6 projected to be realized in year 2056 and for RCP 4.5 in 2075. There was
significant and higher variations in projected mean elephant population between
RCP 2.6 and RCP 8.5 (Pooled Variance t = —6.339137, df = 162, Prob =
0.000000; Figure 8) and RCP 4.5 and RCP 8.5 (Pooled Variance t = —3.812024,
df = 162, Prob = 0.000196; Figure 8). RCP 8.5 has the largest projected elephant
population amongst the three RCPs. Its maximum number is projected at 5820

elephants and minimum is at 1272 elephants.

4. Discussion

It is broadly recognized that, within savanna environments, movements of ele-
phant are influenced by changes in seasonal rainfall [4] [41] [42]. Communities
that have lived for centuries in close contact with elephants have myths and le-
gends that explain the relationship between elephants and rainfall. Samburu
people of Central Kenya believe that the sighting of an elephant after months of
no rain signals the coming of the rains [43]. Elephants alter their movement ac-
tivities both in response to a seasonal changes in rainfall (dry to wet) and to wet
episodes occurring in the dry season. The responses are triggered by rainfall oc-
curring at some distant location, perhaps as much as 300 km from the location
of the elephants [44] [45] examining elephant movement patterns in conjunc-
tion with rainfall patterns indicated that all herds under observation changed
their behavior at two distinct thresholds: at the end of the dry season before the
first rains commenced, and at the end of the wet season, during the period of the
highest average daily rainfall. Such a conditioning may well play a significant

role in changing the general movement behavior of the current elephant population
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Table 3. Summary of projected elephant population in the Amboseli ecosystem for three
RCPs between the years 2019 to 2100.

Maximum elephant population =~ Minimum elephant population

RCP Mean N Year Number Year Number
2.6 2457 (SD 340) 82 2056 3510 2100 1870
4.5 2815 (SD 322) 82 2075 3725 2039 2216
8.5 3349 (SD1226) 82 2088 5820 2036 1272
4000 6000y
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Figure 8. Frequency and boxplot showing the differences in the mean, minimum and
maximum elephant population projected for RCPs; 2.5, 4.5 and 8.5 between the year 2019
and 2100.

in Amboseli ecosystem as indicated in the distribution elephants between 1977
and 2014. The distribution was mainly governed by rainfall season and security.
In the 1970s, 1980s and early 1990s the elephant were mostly found in the park
and later years the elephant moved more often outside the park because of better
protection [92] [99].

Therefore, in this paper we focused on analysing the relationships between
elephant population and rainfall and temperature in the Amboseli ecosystem.
Analysis of historical rainfall data of the study area from 1960-2014 showed a
bimodal pattern of rainfall with two rainy seasons and two dry seasons [1]. The
year in Amboseli ecosystem begins in October and ends the following September
and is linked closely to the annual cycle of growth of vegetation in the study site
[46]. It is also evident in Amboseli ecosystem that the shorter rainfall season of
October-November-December (OND) receives more rainfall compared to the
long-rains of March-May season (MAM). This is one of the few ecosystems in
Kenya where the OND receives more rainfall than MAM.

In this study our analysis has established a strong positive relationship between
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elephant population and OND season with a lag of 13 years. Previous studies in
the savannah ecosystem such as in the Tsavo [47] Mara [48] [49] Lake Nakuru
[50], Amboseli [51] in Kenya, Serengeti in Tanzania [52], and Addo National
Park in South Africa [53] have established the population of ungulates varied
with rainfall and were driven by annuals, season (wet or dry) or a combination
of seasons and that there could be also be lags [50]. However, the time lags were
shorter than 10 years. In the savannah the elephant is one of the key wildlife spe-
cies that has a long-life span. Elephants have a life span of about 60 years and are
not reproductive before they are 10 years old [54]. The median age at first re-
production in elephants is approximately 13 years [55]. Research has shown that
animals with longer life spans respond more slowly to changes in the environ-
ment [56]. The variability of rainfall and the time lag of response are such that
populations never reach a stationary age distribution [56].

Other drivers of changes to elephant population are extreme events such as
droughts and high rainfall as experienced during the El Nifio and increasing
temperatures. A number of studies have also shown a positive or negative corre-
lation between extreme events such as El Nifio or droughts and elephant popula-
tion. In Addo National Park the highest elephant population growth rate coin-
cided with El Nifo rains [53]. Similarly the high rate of increase elephant popu-
lation witnessed in Samburu National Reserve occurred during the “El Nino”
rains of 1997 that produced the highest rainfall in the region since 1961 [57]. On
the contrary the highest mortality witnessed in the same Samburu National Re-
serve occurred during severe drought of 2008-2009 droughts [58]. In this study
the relationship between elephant and maximum temperature show a positive
linear relationship for a period of one to twelve months but none was significant.

A study on potential impacts of projected temperature based on RCP 2.5, 4.5
and 8.5 changes on the elephant range showed minimal impacts on elephant
whilst for other large herbivore the impacts on their range will significant [1] It
is estimated that there were once more than 350 species of elephants in the world
[59] Today we only have two living species of elephant, namely; The African
elephant (Loxodonta africana) and the Asiatic elephant (Elephas maximus). Five
subspecies are recognized, two belonging to the African elephant and three be-
longing to the Asiatic elephant. The African bush elephant differs from other
elephants mainly due to its adaptations geared towards living in hot, arid envi-
ronments. They have the largest ears of all elephants, helping to keep the animal
cool under the hot sun. It is the only elephant that is primarily a grazer, and as
such possesses molars with large cusps that assist in chewing tough grasses, bark
and twigs that are found throughout its habitat [59] Sweat glands help lower the
animal’s body temperature on a hot day and they appear to be highly specialized
in African bush elephants.

Therefore, in the study we focused on analysing the potential projected im-
pacts of rainfall on the elephant population in the Amboseli ecosystem. It is im-
portant to project the potential changes of climate on both animals and plants.

There have been efforts to project rainfall and temperatures based on Global
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Circulation Models (GCMs) in the last six decades [60] [61]. Although GCMs
can satisfactorily simulate the atmospheric general circulation at the global or
continental scales, they are not necessarily capable of capturing the detailed
processes associated with regional-local climate variability and changes [62]
[63]. One broadly used method for achieving high resolution climate informa-
tion that takes into account regional patterns and valuable local knowledge is to
use regional climate models (RCMs) [64]. In this study we used Regional Cli-
mate Model (RCM) simulated data from the Rossby Center regional Atmos-
pheric model (RCA4) driven by the Earth system version of the Max Planck In-
stitute for Meteorology (MPI-ESM-LR) coupled global climate model from the
on-going Coordinated Regional Downscaling Experiment (CORDEX) project. A
recent assessment study by [37] showed that the RCA model run driven by
MPI-ESM-LR better reproduces the large-scale signals such as the El Nifio
Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) in the histori-
cal period over the Eastern Africa region than RCA model run driven by the
other GCMs. A deep-rooted agreement by the climate change science society is
that the downscaling of the raw output of climate change experiments from the
Global Climate Model (GCM) is necessary for impact applications at regional to
local scale [65] [66] [67] [68] [69]. These RCMs are improved framework for
generating regional-scale climate projections for impact assessment and adapta-
tion studies worldwide within the IPCC AR5 timeline and beyond.

The three climate models selected for this study had variations in projections
for rainfall between 2006 and 2100 for Amboseli ecosystem. Projections for RCP
2.6 indicate an overall decline in rainfall driven by projected declines of rainfall
in MAM, JJAS and OND. RCP 4.5 predicts that there will be overall marginal
increase in annual rainfall which is driven by increase in OND. The mean annual
rainfall for RCP 4.5 is 692 mm, for OND is 340 mm, for MAM is 261 mm and
for JJAS is 33 mm. Projections for RCP 8.5 indicate a statistically significant in-
crease in annual rainfall which is mainly driven by significant projected increase
in OND rainfall. The OND maximum rainfall is projected at 782 mm and min-
imum 167 mm while the maximum in MAM is 523 mm and minimum is 51
mm. [70] indicated too that the high emission scenario which is RCP 8.5 projects
an increase in the total amount of annual precipitation with at least 1 mm of
precipitation in tropical eastern Africa. In contrast to global models, regional
climate model projects no change, or even a drying for East Africa, especially
during long rains [71] It is evident from our study that there will be mostly likely
be decreases in the MAM long rains for RCP 2.6 and 4.5. On the contrary it pro-
jected there will be increases in OND for RCP 4.5 and 8.5. The increases in rain-
fall with extremes for both RCP 4.5 and 8.5 might be driven by temperatures
changes which are projected to increase between 3°C to 5°C in African savannas
[72].

Increase in intensity of extreme precipitation events has been found to be re-
lated to increases in temperatures [73]. Climate models project that most regions

in the world will experience continuous increase in precipitation extremes in the
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21st century [74] [75] [76]. Both global and regional models driven with future
scenarios of increasing CO, concentrations produce an increase of precipitation
intensity and extremes as warming continues in the future [74] [75] [76]. Cli-
mate models project both the peak of extreme precipitation and the temperature
at which it peaks will increase with warming; the two increases generally con-
form to the Clausius-Clapeyron (C-C) relationship scaling rate in mid- and
high-latitudes, and to a super C-C scaling in most of the tropics [77]. The
changes in rainfall for the three RCPs will have different effects on the elephant
population.

Since the rainfall pattern for RCP 2.6 and RCP 4.5 were almost similar the
elephant population projection and pattern are much similar. RCP 2.6 projects
an average elephant population at 2457 with a peak population being realized in
2056 at a population density of 3510 elephants while RCP 4.5 projects an average
population density of 2815 elephants in the long term with the highest popula-
tion being realized in 2075 at 3725 elephants) and lowest population is projected
by 2100 at a population density of 1870 elephants. The population of elephant
under RCP 8.5 reveals a different trend; initially the population is expected to
drop from a population of 2715 elephants to 1270 elephants by 2036 then an in-
crease to a maximum of 5820 elephants by 2088. After this period it is projected
the elephants will decline to a population of about 4130 by 2100. In between
2045 and 2060 the average population is projected around 2966 elephants and
another stable state of population will be between 2065 and 2080 where is pro-
jected the elephant average population will be 4039 elephants. Recent study by
[78] using mathematical models demonstrate that the elephant population of
Amboseli National Park (ANP) between 2008 and 2032 will experience a signifi-
cant exponential growth. Based on ARIMA model the population would increase
from 1451 elephants in 2008 to 2514 elephants by 2032 which is close to what we
have predicted under RCP 2.6 and RCP 4.5.

In terms of breeding and genetics a change in the intensity or duration of the
rainy versus drought seasons could change relative breeding rates and, hence,
genetic structures in these populations [79] [80] have documented that breeding
in African elephants (Loxodonta africana) occurs all year-round, however the
dominant males mate during the wet season while subordinate males breed in
the dry season. It has been documented that during dry periods elephants expe-
rience high juvenile elephant mortality [46] [81] [82] [83]. The male calves born
in dry years have reduced life expectancy and reduced body sizes [84]. Adult
elephants are also affected by severe drought which leads to increased mortality
[83] [85] [86]. On the contrary studies have shown that elephants have highest
survival rates during the wettest months. A study by [87] on Asian elephant in-
dicated more survival of the elephants for all ages sexes when the year is domi-
nated by wet season. The same has been observed with the African elephants
where mortality decreases significantly in the wet season [46] [84]. Therefore

increased rains in the OND season will have a positive impact on the elephant
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population of Amboseli ecosystem but work on elephant population dynamics is
needed (refer to [49] [88]

As indicated in this study that it is projected there is likely possibilities of in-
crease in elephant population based on all the three RCPs 2.6, 4.5 and 8.5 in the
Amboseli ecosystem which could boost tourism activities in the area. However,
sustainability of the population in the limited park space will be a big challenge
because the Amboseli Park alone will not be able to sustain the numbers and
therefore most elephants will have to move into the dispersal areas outside the
park. It is therefore likely that there will be an increase in human elephant con-
flicts as the human population in rangelands is expected to continue increasing
in the coming years [89]. The population of Kajiado has increased from 149,005
in 1979 to 687,312 people in 2009 [90] [91]. And this is projected to increase to
1.4 million people by 2030 at a growth rate of 3.4% and 2.8 million people by
2050. Although elephants may be resilient to climate change because they are
long ranging [1] [92] other drivers like habitat loss and fragmentation are known
to cause a decline in their population [93] [94].

In addition encroachment on elephant habitats that is blocking migration
routes [95] [96] will continue to be exacerbated by the impacts of climate change
that is making the area hotter and drier affecting availability of key natural re-
sources to both elephants and people [92]. These threats to elephants are likely
to continue in the future and will threaten the gains made in Amboseli to reduce
elephant mortality and increase viable populations since national parks and re-
serves are currently facing challenges to sustain populations of large mammals
and opportunities for expanding existing parks and reserves are diminishing
[97]. Sustainability of large elephant populations in a fragmented and patchy
ecosystem will require extraordinary conservation measures. It will be extremely
important to invest in effectively conserving wildlife and their habitats in the
privately or communally owned pastoral rangelands [98]. Further, success in
dealing with the projected increase in elephant population lies in policies that
integrate national, private and community conservation initiatives. Such policies
are likely to succeed in maintaining wildlife populations at ecosystem, landscape
and regional scales.

In most savanna ecosystems land fragmentation is recognized to be a major
threat to wildlife distribution [94] [99]. The Amboseli ecosystem is becoming
patchy as a result of unregulated expansion of settlements and agriculture which
encroach into the rangelands [94] coupled with urban centers and infrastructur-
al development. The land use in Amboseli ecosystem is changing rapidly from
predominantly pastoralism to agro-pastoralism and agriculture thereby increas-
ing the farming community [92]. In Amboseli ecosystem 61% of the land has
been privatised, 28% is still under group ranch tenure and 11% is protected
(Amboseli National Park and Chuylu; Said et al, 2018).

Further, lack of direct benefits from wildlife based-tourism has prompted the
local people to shift to horticultural farming and leasing of farms to commercial
farmers [100]. The group ranches are experiencing a growing human population
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with increasing subsistence demands that have led to an 543 increase in land
subdivision [101]. These demands have resulted in changes in land tenure from
group to individual ownership, consequently resulting in land resources in the
ecosystem being divided between pastoralism, conservation and agriculture. If
RCP 8.5 elephant population takes place (doubling the current population) in-
creased conflicts will be witnessed with the surrounding community, hence oth-
er measures might need to take place such as trans-locating elephants to differ-
ent locations.

The projected elephant population based on the three RCPs indicates mod-
erate increases in elephant for RCP 2.6 and RCP 4.5 and high increase for RCP
8.5. On average the elephant population for RCP 2.6 is projected at 2457 while
for RCP 4.5 is about 2815 elephant and RCP 8.5 are at 3349 elephants. The pro-
jected increase can be managed through engaging the local communities, since
elephants disperse to the community and private lands and their survival de-
pends on the goodwill of the local community. This implies that any conserva-
tion action should have a human socio-economic dimension and not only focus
on elephant welfare, but that of the local community who bear the cost of ele-
phant conservation.

Population predictions or projections based on time series models, linear
models, deterministic or stochastic structured models and simulations play an
important role in population management [102]. Projection of future popula-
tions, given a management strategy is fundamental to population management.
It is also mandatory to know the essential threshold of the population’s key fac-
tors that are affected by a management strategy, if we wish to conserve a popula-
tion successfully [103]. Application of management plans must be centered on
the specific population that we desire to conserve, or else the population may
become extinct due to arbitrary application of management policies. Scientifi-

cally verifiable methods of population conservation are thus encouraged.

5. Conclusion

As indicated in the rainfall analysis, for RCP 8.5, both the annual and OND are
projected to increase significantly. The population of elephant is mirrored to the
rainfall pattern. Research analysis established a strong positive relationship be-
tween elephant population and OND season with a lag of 13 years. Elephant is
one of the key wildlife species that has a long life span and this study projects an
increase in elephant population based on all the three RCPs 2.6, 4.5 and 8.5 in
the Amboseli ecosystem. The increase could boost tourism activities in the area.
However, sustainability of the population in the limited park space will be a big
challenge because the Amboseli Park alone will not be able to sustain the num-
bers and therefore most elephants will have to move into the dispersal areas out-
side the park. It is therefore likely that there will be an increase in human ele-
phant conflicts as the human population in rangelands is expected to continue
increasing in the coming years. Therefore, there is need to have national and

county policies that will allow translocation of animals to other locations to ease
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the pressure on the diminishing resources. The County of Kajiado should also
come up with a strategic plan that focuses on encouraging local community not
to shift to crop cultivation in entirety, instead support the community to come
together and form conservancies where the main land use is wildlife conserva-
tion so as to secure the wildlife corridors. This can be enhanced by Economic
incentives to communities that promote wildlife conservation as an important
resolution to encourage involvement of local communities in biodiversity con-
servation efforts. Finally, there is need to enhance the trans-boundary agreement
and control of poaching between Kenya and Tanzania for the population to
grow and benefit the tourism sectors of both counties.
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Supplementary Material

Table S1. Rainfall trend for Amboseli Ecosystem for period 1960-2014.

Month Equation F-Ratio P-Value
January Y =337.476 — 0.148x 0.120 0.729
February Y =329.801 - 0.151x 0.312 0.578
March Y =-200.929 + 0.145x 0.077 0.782
April Y =853.925 - 0.381x 0.481 0.491
May Y =787.946 — 0.374x 1.676 0.201
June Y =244.554 - 0.121x 3.979 0.051
July Y =254.688 - 0.127x 5.672 0.021
August Y =-6.734 + 0.006x 0.012 0.914
September Y =211.626 — 0.104x 1.573 0.215
October Y =538.203 - 0.254x 0.709 0.403
November Y =1399.651 — 0.646x 1.156 0.287
December Y =-123.509 + 0.119x 0.066 0.798

Table S2. (a) Rainfall trend for Amboseli Ecosystem for RCP 2.6 for period 2006 to 2100;
(b) Rainfall trend for Amboseli Ecosystem for RCP 4.5for period 2006 to 2100; (c) Rain-
fall trend for Amboseli Ecosystem for RCP 8.5for period 2006 to 2100.

(2)
Month Equation F-Ratio P-Value
January Y = -142.717 + 0.082x 0.602 0.440
February Y =-20.183 + 0.025x 0.046 0.831
March Y =54.053 + 0.001x 0.000 0.997
April Y =-211.375 + 0.157x 0.506 0.478
May Y =504.036 - 0.220x 2.546 0.114
June Y =11.645 - 0.001x 0.001 0.982
July Y =10.758 — 0.004x 0.049 0.826
August Y =5.334 + 0.000x 0.000 0.985
September Y =66.299 - 0.025x 0.273 0.602
October Y =-131.986 + 0.107x 0.422 0.517
November Y =1098.179 — 0.451x 3.382 0.069
December Y =-480.955 + 0.264x 2.851 0.095
(®)
Month Equation F-Ratio P-Value
January Y =-22.115 + 0.026x 0.053 0.819
February Y = -14.593 + 0.006x 0.004 0.952
March Y = -86.153 + 0.069x 0.210 0.648
April Y =133.989 + 0.004x 0.000 0.989
May Y =417.550 - 0.172x 1.430 0.235
June Y =46.587 - 0.019x 0.393 0.532
July Y =3.364 - 0.001x 0.000 0.983
August Y =5.594 - 0.001x 0.001 0.978
September Y = 25.706 — 0.005x 0.007 0.933
October Y =35.804 + 0.030x 0.028 0.867
November Y =-235.315 + 0.202x 0.577 0.450
December Y =-51.530 + 0.056x 0.187 0.667
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()

Month Equation F-Ratio P-Value
January Y =-560.252 + 0.288x 6.674 0.011
February Y = —-474.387 + 0.246x 4.650 0.034
March Y =-787.628 + 0.413x 5.883 0.017
April Y =141.288 — 0.003x 0.000 0.900
May Y =301.708 - 0.117x 0.570 0.452
June Y =14.681 — 0.003x 0.007 0.935
July Y =30.474 - 0.014x 0.746 0.390
August Y =74.154 - 0.034x 2.705 0.103
September Y =271-425 - 0.126x 8.538 0.004
October Y =-402.387 + 0.239x 1.653 0.202
November Y = -1461.509 + 0.810x 8.719 0.004
December Y =-1154.100 + 0.602x 10.94 0.001

Table S3. Relationship between elephant population and maximum temperature in the
Amboseli Ecosystem.

Temperature Equation F-Ratio P-Value
MonthT, Y =-2121.957 + 103.151x 1.018 0.333
MonthT, Y =-2110.941 + 102.035x 0.889 0.364
MonthT, Y =-2855.950 + 127.978x 1.855 0.198
MonthT, Y = -1946.839 + 98.369x 1.067 0.322
MonthT; Y =-1743.923 + 92.378x 0.831 0.374
MonthT, Y =-1232.805 + 74.864x 0.465 0.508
MonthT, Y =-1253.273 + 75.607x 0.341 0.569
MonthTj Y =-1743.729 + 92.873x 0.283 0.604
MonthT, Y = -3852.064 + 166.924x 0.469 0.506
MonthT), Y =-7301.423 + 288.319x 1.038 0.328
MonthT,, Y = —8802.127 + 341.049x 1.379 0.262
MonthT), Y =-7837.906 + 306.831x 1.125 0.309
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