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Abstract An ability to reliably estimate population
numbers, trends and densities of wildlife has a
prominent role in conservation and management of
wetlands. We use aerial surveys and simulation
techniques to explore the results of past and present
elephant population surveys in the Okavango Delta
Panhandle, Botswana, and use these to propose a
technique of simulation to improve counts in the
future. Population numbers and density estimates from
past survey results show large fluctuations, which are
unlikely to come from reproduction. Reasons for such
variations could be attributed to imprecision in survey
techniques or may be because only part of the elephant
range is being surveyed. Simulated surveys of hypo-
thetical elephant populations were used to explore the
effect of different survey techniques, spatial distribu-
tions of animals and spatial scale on the precision of
aerial survey population estimates and trends. Our
study reveals the usefulness of using simulations to
test the reliability of survey data and plan more
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efficient surveys. We also find that while there may be
some uncertainty in individual population estimates,
there is more certainty in the recorded trends. These
findings reinforce the need to address elephant man-
agement in the Okavango and surrounding wetland
systems and call for the urgent consideration of
management strategies such as fence realignments to
affect the objectives of the Kavango Zambezi Trans-
frontier Conservation Area (KAZA TFCA) initiative,
which will help relieve elephant population pressure.
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Introduction

The ability to reliably estimate population numbers
and densities of animals is a fundamental component
of many ecological studies (Elphick 2008) and has a
prominent role in the conservation and management of
wildlife. In general, it is not possible to count all the
individuals in a population with certainty, especially
when animals are free ranging over a vast area. It is,
therefore, necessary to sample the population using
methodology that allows robust inferences to be made
about the entire population from the observed sample
(Milner-Gulland and Rowcliffe 2007). Wildlife sur-
veyors need to decide how much bias is acceptable and
how precise the estimates of population abundance
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and density need to be for the relevant wildlife
management applications (Hone 2008). Simulations
could provide a cost effective method to do this.

The Okavango Delta of northern Botswana is
considered one of the most pristine wetlands in Africa
(Gumbricht et al. 2004). Elephants (Loxodonta afri-
cana) form a major part of the wildlife resource in the
Okavango Delta and contribute considerably to its
ecological functioning (Mosepele et al. 2009) as well
as its economic sustainability (i.e. attractiveness to
tourists). An understanding of elephant population
numbers and trends is needed by wildlife managers to
monitor population changes over time and help
understand important drivers of change in populations.
For example, a decline in numbers could highlight
impacts of illegal hunting (Booth and Dunham 2014)
or increased numbers may indicate the need for
management decisions that, for example, open up
cross border movement and relieve pressure on the
Delta resources from potential overpopulation and
resulting ecological impacts. Wildlife population esti-
mates from recent intensive aerial surveys of the
Okavango Delta have identified considerable declines
in the populations of many large herbivore species
(Chase 2011). Loss of habitat connectivity as a result of
anthropogenic barriers such as fences and land con-
version to arable use and human settlements has been
proposed as one of the main causes of these declines.
Indeed, a Strategic Environmental Assessment (SEA)
for the Okavango Delta Management Plan identified
habitat connectivity as a critical factor contributing to
the long term viability of wildlife populations in the
Okavango, currently under serious threat (Anon 2012).
Accordingly, the SEA calls for concerted efforts in
appropriate, preferential monitoring and protection of
habitat connectivity. Aerial surveys continue to play an
important role in monitoring wildlife populations, their
distribution, habitat use and key movement corridors in
order to help guide effective management of wildlife
populations and factors impacting their visibility like
habitat connectivity. A key tool for monitoring this
connectivity threshold and the wildlife populations of
Delta’s wildlife is aerial surveys. Recent developments
in the Kavango Zambezi Transfrontier Conservation
Area (KAZA TFCA) initiative also requires a greater
understanding of population numbers and trends in the
Kavango region.

An array of sampling techniques have been used to
estimate wildlife population density, abundance and
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distribution varying from transect (strip, point or line)
surveys (e.g. Norton-Griffiths 1978; Buckland et al.
1993) to mark-recapture methods (e.g. Jolly 1965;
Hargrove and Borland 1994; Southwell and Low
2009). Finite population sampling methods such as
total counts and strip transects, are often used to
survey wildlife populations (Caughley and Grigg
1981; Marsh et al. 1997; Redfern et al. 2002; Jackson
et al. 2008). Aerial transect surveys are the most
commonly used method for surveying large mammals
where the terrain is difficult or inaccessible, or where
large areas need to be surveyed. Such surveys are used
over a range of habitat types, including African
savannah (e.g. Redfern et al. 2002; Chase and Griffin
2009; Ferreira and van Aarde 2009), oceans (e.g.
Baumgartener 1997; Marsh et al. 1997; Wright et al.
2002; Marsh et al. 2004; Pollock et al. 2006), the
Australian pastoral zones (e.g. Caughley and Grigg
1981) and the arctic tundra (e.g. Rivest et al. 1995). All
these types of surveys encompass a significant
economic cost and, therefore, verification of sampling
designs by repeat surveys is often not feasible.

Even when sound survey methodology is adhered to,
it is generally accepted that most aerial surveys are
subject to a number of potential sources of bias
(Caughley 1974; Marsh and Sinclair 1989; Jachman
2002; Elphick 2008; Laake et al. 2008). Such sources of
bias include: Survey method bias (controllable by
correcting for height variation and transect width
variation); observer effects (minimized by training
observers and using photo-corrected observations);
environmental variables i.e. rainfall (uncontrollable);
species-specific characteristics i.e. habitat preference,
herd cohesion, herd size, species colouration (uncontrol-
lable), and; undercounting bias (Caughley 1974; Norton-
Griffiths 1978; Samuel and Pollock 1981; Milner-
Gulland and Rowcliffe 2007; Elphick 2008; Mclntosh
et al. 2009). For example, in transect survey methods,
population variance is often used as a measure of
precision of the density estimate in such surveys,
(Norton-Griffiths 1978). Animal populations are, how-
ever, often aggregated due to environmental and
behavioural factors, which contradict the fundamental
assumption of this precision estimate that all individuals
are independently and randomly distributed within the
sampling plot (Milner-Gulland and Rowcliffe 2007).

An accurate estimate is one that is near to the true
total but may have wide confidence limits. Alterna-
tively, a precise estimate has narrow confidence limits
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but the population estimate itself may be biased
(Norton-Griffiths 1978). Precise censuses are needed
to follow population trends, but the repeatability must
be high (i.e. the degree of bias remains constant from
census to census). On the other hand, accurate
estimates are required, for example, if a population
is to be reduced or if biomass estimates are being
calculated (Norton-Griffiths 1978; Ferreira and van
Aarde 2009). Choosing an appropriate sampling
strategy is, therefore, critical because it influences
precision and bias of estimated parameters and,
therefore, may determine whether objectives are
attained (Pearse et al. 2009). Assessing the efficiency
of sample designs can be difficult in field studies
because the tests themselves are subject to similar
biases and direct empirical comparisons can be costly
(Khaemba et al. 2001; Jackson et al. 2008; Pearse et al.
2009). Simulation is, therefore, a viable alternative to
compare and validate different survey techniques
applicable to aerial surveys of animals and has proven
useful for such survey (e.g. Khaemba et al. 2001;
Ferreira and van Aarde 2009; Pearse et al. 2009).

The largest contiguous population of African
elephants (Loxodonta africana) is estimated at
218,091 elephants (Blanc et al. 2007), occurring
across five countries, Angola, Botswana, Namibia,
Zambia and Zimbabwe (Chase and Griffin 2006), with
a total range of approximately 187,220 km?, (Blanc
et al. 2007). This total estimate consists of results from
twenty-one separate surveys, which were estimated
from sampled sub populations living in separately
defined geographic areas. Extrapolating survey results
to larger areas is a useful tool in wildlife management
and conservation initiatives, but it is important to
understand the bias involved with such results.

This study took place in the eastern Okavango
Panhandle, Botswana, an area that forms a central part
of the contiguous elephant population range across the
Kavango region and KAZA TFCA. The eastern
Panhandle study site boundaries (i.e. Namibian border
fence, northern buffalo fence and the permanent
Okavango River) are, however, potential barriers to
elephant movements (Chase 2007; Chase and Griffin
2009; Ferreira and van Aarde 2009), indicating that
elephants could effectively be trapped in this area.
Over 15,000 people are also living in the eastern
Panhandle, sharing and competing for resources with
this elephant population. Yet, it is unclear how many
elephants occur here or how fast the population is

growing. Previous aerial surveys have been conducted
in the area by Department of Wildlife and National
Parks (DWNP) during 1996-2004 and Jackson et al.
(2008) in the dry season 2003 and wet season 2004.
Population numbers and density estimates that have
resulted from these surveys show large fluctuations,
which are biologically unlikely. Reasons for such
variations could be attributed to either survey/ob-
server/sampling bias or because only part of the
elephant range is being surveyed.

This paper aims to (a) estimate current population
numbers and densities of elephant in the Panhandle
region; (b) determine the elephant population growth
rate in the area; (c) use simulation to explore the
reliability of past and present survey results; and
(d) explore the effect of spatial scale in the precision of
aerial surveys.

Materials and methods
Study area

The study was conducted within the Kavango region
of southern Africa, on the eastern side of the Okavango
Panhandle, where the Okavango River reaches the
Okavango Delta in Botswana. The area encompasses
three controlled hunting areas (CHAs), namely NG11,
NGI12 and NG13. The Namibian border marked the
northern boundary, while the northern buffalo fence
marked the southern and eastern boundary, and the
Okavango River the western boundary (UTM Zone 34
7910000-7990000 South and 580000-710000 East)
(Fig. 1).

Average annual rainfall was 360-500 mm and
generally fell between mid October and March. The
mean monthly maximum temperatures in the ODP
ranged from 26.1-35.1 °C. Deep Kalahari sands
dominate throughout NG11 and NG13, and main
vegetation types include shrub land towards dune
crests with Burkea (Burkea Africana) and shrubbed
woodland with mixed mopane (Colophospermum
mopane), (Mendelsohn and El Obeid 2004). NG12
comprises predominantly seasonal floodplain. Fertile
soils that support subsistence agriculture are confined
to lower depressions on land near the Okavango River
and floodplains (Tawana Land Board 2005). Protected
areas occur north of the Namibian border fence,
namely Babwata National Park and Mahango Game
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Fig. 1 Elephant range in southern Africa with the Kavango region highlighted in red box. The Okavango Panhandle survey areas
(NG11, NG12 and NG13) are enlarged and fences potentially restricting elephant movement are marked with dotted line

Reserve. South and east of the northern buffalo fence
are wildlife management areas (WMAs), which are
utilized by photographic and hunting tourism
operations.

The estimated elephant population in the eastern
Panhandle was 3782 in 1996 (DWNP 1996) and
15,429 in 2010 (this study), with elephants ranging
throughout the study area. Telemetry studies by
Jackson et al. (2008) in the Okavango Panhandle
region indicated that the north—south buffalo fence
blocks elephant movements from the Okavango River
east to the Kwando River and it is reported that the
Namibian border fence (see Fig. 1), poses a significant
barrier to elephant movements between Namibia and
Botswana, (Chase and Griffin 2009). This information
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suggests that elephant movement is restricted out of
the eastern Panhandle.

Aerial surveys

We conducted two aerial surveys over NG11, NG12
and NGI13. The first took place in August 2008 over
6 days (22-25 and 27-28 August 2008) and the second
in June/July 2010 over 6 days (30 June-5 July 2010).
We conducted surveys during morning hours
(0730-1130 h) and during the dry season when
vegetation cover is sparse and therefore visibility of
herds is increased. We used transect rather than block
or quadrat sampling, to minimise sampling error from
the effect of animals not being distributed evenly.
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We conducted aerial surveys along flight transects
using a Cessna 206 in 2008 and a Cessna 182 in 2010.
We flew all transects at 100 kn and used a radar
altimeter to maintain an altitude between 90 and 92 m
(300-308 ft.). Prior to flying, we incorporated all
transects into a digital map of the study area, using
ArcView 3.3 (ESRI), with their beginning and end
point coordinates. We systematically flew all flight
transects along generally north/south axes (Fig. 2) so
that transects traversed the shorter dimension of the
study area making the transect lengths shorter and
hence the sample unit smaller. We also aligned
transects perpendicular to the Okavango River, to
reduce sampling error (Norton-Griffiths 1978). We
used GPS receivers (Garmin 12 x1, Garmin 176c¢) and
DNR Garmin software (Minnesota Department of
Natural Resources, MIS Bureau, GIS Section) to
navigate along transects.

We used the standard methodology for strip tran-
sect sampling developed by Norton-Griffiths (1978).
We attached two wands to the wing struts of the plane
to delineate a 250 m interval for recording elephant
observations at an altitude of 90 m (300 ft.). Addi-
tionally, we placed a mark on the plane window to help
observers keep their eyes at a consistent height to
maintain the same sighting angle for each observation.

This helped keep consistent interval widths for each
observation. We calibrated and confirmed each inter-
val width on each side of the plane prior to initiating
the first survey by placing markers at measured
distances on the ground and conducting flyover tests
(Norton-Griffiths 1978). Where necessary we adjusted
the wands to provide a 250 m wide strip at 90 m
(300 ft.) altitude and attached struts for the duration of
each survey.

We divided the census zone into three strata (see
Table 1), delineated according to wildlife manage-
ment areas, and expected distribution and abundance
of elephants from prior surveys (DWNP 1996, 1999,
2001, 2002, 2003, 2004, 2005, 2006; Jackson et al.
2008). We used three levels of sampling intensity. In
areas designated for high intensity sampling, NG11,
we spaced transects 2 km apart, providing a ~25 %
sampling coverage. For moderate sampling intensity
in NG12, we spaced transects 2.5 km apart, providing
a sampling coverage of ~20 %. We spaced tran-
sects 5 km apart for low intensity sampling in NG13,
providing ~ 10 % sampling coverage (Fig. 2).

Using the standard methodology for strip transect
sampling developed by Norton-Griffiths (1978), we
counted and recorded only elephants that were
observed within the interval. For each elephant seen

Fig. 2 Map of transects
flown over the survey area
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Table 1 Aerial survey transects flown in the eastern Okavango Panhandle by block/strata

Strata Area Year Actual strip Area covered Total time Transect Sampling Search rate
name (km?) width (km) (km?) (Min) spacing (km) intensity (%) (km*/min)
NG11 5140 2008 0.513 1252.7 766 2.0 23.7 1.64

2010 0.499 1220.4 819 2.0 23.1 1.49
NG12 1092 2008 0.513 226.3 144 2.5 18.6 1.57

2010 0.499 220.5 170 2.5 18.1 1.30
NGI13 2500 2008 0.513 211.3 132 5.0 10.3 1.60

2010 0.499 205.8 137 5.0 10 1.50
Total 8732 2008 0.513 1690.3 1042 - 19.7 1.62

2010 0.499 1646.8 1126 - 19.2 1.46

within the transect interval, the observer called out the
numbers of elephants and herd type (bull or breeding
herd). We used the same two observers [A. Songhurst
(R) and K. Landen (L)] throughout the survey, one on
each side of the plane and the front seat recorder (M.
Chase) logged all elephant observations made by the
observers whilst assisting the pilot with navigation
along the pre-determined transect lines and recording
the start and end times for each transect. With each
herd observation, we recorded the GPS waypoint,
waypoint number, time of observation, altitude, and
number of elephants observed.

We used two Canon EOS 10D digital cameras with
20 mm wide-angle lenses, camera backs with time
code generators and window camera mounts to verify
herd size and the sighting of herds within the interval
defined by the wands. A camera was mounted on each
side of the plane. The cameras provided high-resolu-
tion images to verify counts in subsequent analyses.
Observers took a photo with each elephant observation
of > 10 animals and we recorded a GPS time code to
the minute for every frame exposed. We interpreted
the digital images of each herd and compared these to
the observers’ counts. This enabled us to correct for
counting bias following methods outlined in Norton-
Griffiths (1978) and determine whether elephants
recorded actually occurred within the strip interval.

Population growth

We collated data from past aerial surveys undertaken
in the eastern Okavango Panhandle. All past surveys
used the standard methodology for strip transect
sampling developed by Norton-Griffiths (1978) and
calculated population estimates using Jolly’s method
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II (Jolly 1969). Surveys were conducted by the
Department of Wildlife and National Parks (DWNP)
in eight dry seasons (1996, 1999, 2001, 2002, 2003,
2004, 2005, 2006) over a survey area incorporating
NG11, NGI2 and NGI13. Areas varied slightly
between years (see Appendix 1) ranging from 9835
to 9919 km?. Strip widths of 400 m (200 m each side
of the plane) were used in DWNP surveys and 6 nm
(12 km) were left between transects, giving a mean
sampling intensity of 3.46 % (DWNP 1996, 1999,
2001, 2002, 2003, 2004, 2005, 2006). In the dry season
of 2003, Jackson et al. (2008) conducted a survey in
NG11 covering an area of 5952 km?, using strip width
of 800 m (400 m each side of plane) and one nautical
mile (2 km) between transects, giving a sampling
intensity of 40 %.

We plotted population estimates from past and
current surveys to investigate the population growth
rate in the study area. Generalised linear models with
normal error structure were conducted for (a) the total
study area survey population estimates and (b) for the
management area NG11 survey population estimates,
with year of survey fitted as the explanatory variable
and significance tested at p < 0.05. We calculated the
maximum growth rate for an elephant population at
7 % by Calef (1988), using a minimum inter-calving
period of 3 years (ranges between 3 and 4.7 years) and
a mean age of first birth of a calf at 11 years (ranges
between 8 and 14 years). We compared the estimated
population growth rate to this predicted maximum rate
of increase. The death rate of natural elephant
populations vary between different populations but
appear to range between 1.43 and 7.4 %, while
population growth rates average 2.17 % (ranging
between 3.75 and 11.28 %).
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Carcass ratio

We estimated the number of dead elephants (carcasses
and skeletons) in 2008 and 2010 surveys, using the Jolly
method II (Jolly 1969). We calculated carcass ratios
(Number dead/(Number dead + Number alive) for
both years and estimated population change following
methods in Douglas-Hamilton and Burrill (1991).

Simulation surveys

We used simulations to compare precision of popu-
lation estimates and estimated population growth rates
with different sample designs, varying spatial distri-
butions of elephants and a range of spatial scales.
Distribution of elephants were simulated as spatial
point patterns following a clustered distribution, using
similar approaches to other studies, such as Khaemba
etal. (2001) and Stein and Georgiadis (2006). We used
the Matérn Cluster process to generate spatial patterns
of elephants (Matérn 1986; Baddeley and Turner
2010). The Matérn’s cluster process is constructed by
first generating a Poisson point process of “parent”
points with intensity (kappa). Then each parent point
is replaced by a random cluster of points, the number
of points in each cluster being random with a Poisson
(w) distribution, and the points being placed indepen-
dently and uniformly inside a disc of radius (r) centred
on the parent point (Baddeley and Turner 2010).
Simulations used the total census zone (8732 km2)
and 1000 simulated survey samples were taken at
varying sampling intensities (3, 5, 10, 20, 40, 50 and
80 %). We repeated the simulations using five different
spatial distributions of elephants by varying the value of
r in the Matérn Cluster process, ranging from very
clumped (r = 0.006) to very dispersed (r = 1). These
simulations represented the radius of an elephant herd
being 6 m (approximate length of one adult elephant) up
to 1000 m. We used the root mean square error (RMSE),

defined as Z(Y — Y)2 to measure the precision of
simulated surveys and compare sampling intensities
and elephant distribution (Khaemba et al. 2001).

The average family unit size of African elephants is
between eight and nine animals (ranging from 2 to 25),
(Moss and Poole 1983; Wittemyer 2001) and bulls
generally tend to be solitary or associate in all male
herds (range 1-30) (Moss 1988; Eltringham 1991;
Moss 1996). Our survey results showed that the

average herd size in the Okavango Panhandle (com-
bining family group and bull herd results) was eight
animals, therefore we used eight as the mean cluster
(herd) size (W) in our simulations.

To decipher how real our calculated population
growth rates were (with respect to them occurring by
chance alone), we simulated 10 (number of actual
surveys conducted in total study area) surveys and
explored the probability of observing the change in
elephant population numbers (slope) actually
observed in the data. First, we generated 10 random
population estimates with a normal distribution using
the simulated mean and standard deviation of popu-
lation estimates derived from methods above and
regressed these against a vector (1:10) representing
time. This was repeated 1000 times for each combi-
nation of elephant distributions and sampling intensi-
ties. We then looked to see where the slope actually
observed in the data lay in the frequency distributions
of these simulated slopes.

To investigate the effect of spatial scale on the
precision of aerial surveys, we repeated the whole
simulation process, using a census zone covering the
whole of the estimated elephant range in the Kavango
region (187,220 km?).

Population growth in relation to HEC incidents

We collated the yearly totals of elephant crop-raiding
incidents from Department of Wildlife and National
Parks (DWNP) Problem Animal Control (PAC)
records from 1998 to 2010, as well as past population
survey estimates of elephant numbers and densities in
the Panhandle over the past 12 years.

To determine whether the number of elephants or
elephant density affects the number of elephant crop-
raiding incidents in the area, we plotted estimated
elephant population numbers and densities against the
total number of crop-raiding incidents recorded per year
over the past 12 years. We conducted a linear regression
for the yearly number of crop-raiding incidents, with the
estimated elephant population per year or elephant
density per year fitted as continuous variables.

Data analysis
We used R 2.11.1 for all statistical analyses (R

Development Core Team 2010) and R language
verified using Crawley (2007).
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We used generalised linear models (GLM) with
normal error structures to explore elephant population
growth. For each GLM used, the maximum model was
fitted and simplified by stepwise deletion of non-
significant interactions, quadratic terms, and main
effects. Model-checking plots were drawn to check for
constancy of variance and normality of errors. Model
fit was then checked using F-test for normal errors and
significance determined for all analyses at p < 0.05
(Crawley 2007).

Following the guidelines developed by Norton-
Griffiths (1978) we calculated abundance and variance
estimates for strip transect counts from observation
data. We calculated actual strip width observed and
adjusted for altitude following Norton-Griffiths (1978)
and used the traditional Jolly’s method II for unequal
sized sampling units (Jolly 1969). The Jolly’s method
II ‘ratio method’ is based on the calculation of the ratio
between animals counted and area searched. The
population estimate is based on the density of animals
per sample unit (transect) rather than number of
animals per sample unit. We calculated population
estimates for each block and summed these estimates
to obtain an estimate for the entire survey area.

We used confidence intervals (ClIs) as non-para-
metric measures of precision CI(x) =X £ tp,X
SE(x), (Milner-Gulland and Rowcliffe 2007). The
95 % confidence intervals (CIs) were calculated and
the CI expressed as a percentage of the population
estimate as a measure of precision.

We used two sample ¢ tests to compare mean bull
and family group sizes per observer and between
surveys, and Chi square > goodness-of-fit tests to
compare density estimates between years, and num-
bers of total herds, bull herds, and family groups seen
per observer.

Results
Transect data

For the entire 8732 km?” survey area, a total of 101
transects were flown in both 2008 and 2010: 63 in
NGI11, 25 in NGI12; and 13 in NGI13, totalling a
distance of 3294.9 km. Sampling intensity and search
rate were calculated for the total survey and per strata
(see Table 1). The average transect length was
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38.7 km (range 4-67 km), and the average time to
fly one transect was 13.63 min (range 2-24 min).

Elephant population size and density

A significantly larger number of elephants were
observed in 2010 (n = 2834) than in 2008
(n = 1927), (* = 172.8, df = 1, p < 0.001) for the
whole study area (see Appendix 1). There were also
significantly large differences in the number of
elephants sighted in each survey block between 2008
than 2010: NG11 (* = 6.258, df = 1, p = 0.01);
NGI12 (y° = 1064, df = 1, p <0.01); and NGI3
(7 = 160.19, df = 1, p < 0.01).

Combining herd observations for both observers
and accounting for average flight altitudes, strip
transect sampling from the August 2008 survey
provided an estimated total of 8905 elephants for the
8732 km® area (1.05 elephants/km?) compared to
15,429 elephants in the same area (1.77 elephants/
kmz) in 2010 (see Table 2), indicating a finite rate of
population change of 1.3 over the past 2 years or a
population increase of 30 % per year. The density
estimates for the total study area were not significantly
different between years (Xz =018, df=1, p=
0.67).

Population estimates and elephant densities for
NGI11, NG12 and NG13 showed increases between
2008 and 2010 (see Table 1), however these were not
significantly different between years for each survey
block (p > 0.05).

Carcass ratio

A larger number of dead elephants were observed in
the total study area in 2010 (n = 44) than in 2008
(n = 41), and estimated number of dead elephants
were consequently higher in 2010 than 2008. In NG11,
a larger number of dead elephants were estimated for
2010, but for NG12 and NG13 estimated numbers of
dead elephants decreased in 2010 (see Table 2).

Carcass ratios were calculated for the total study
area and per survey block (see Table 2) and percent-
age of population change per year estimated based on
these carcass ratios (Douglas-Hamilton and Burrill
1991). Our carcass ratios for the whole study area
ranged from 1 to 2 %, indicating a population
increasing fast.
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Herd observations and abundance
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é g § 2-70) rather than 11.6 elephants (range 3-32)]. The
b s 2 fewest number of herds were observed in NGI13 in
= Ol asa o 2008 (n = 13) and 2010 (n = 46). Average bull herd
g =l size was larger in 2008 [5.7 elephants (range 1-10)]
z ,8l83858 & than in 2010 [1.43 elephants (range 1-4)], while
= _ family group size averaged 8.6 elephants (range
& > 2-22).
g |E3|eszs =
o Al - =S~ = Observer and count bias
= =z
S] 3“5 N @ There were no differences between the number of
3 S B a herds observed by each observer in 2008 (> = 3.24,
%“ < oo 3 df =1, p=0.07) or 2010 (y >=087, df =1,
2 ) g % E Sl p = 0.35). Likewise, there was no significant differ-
5 f <§ 8| g\k % ence between the number of bull herds observed by
¢ | o) <+ 5 & = each observer in 2008 (;(2 =0.07,df =1, p = 0.79)
-g § - § § ‘é* § or 2010(;(2 = 0.95,df = 1, p = 0.33), or the number
% zZ |2 l — of family groups observed in 2010 (y %= 0.05,
g %’3 '§ o - o - df =1, p = 0.82). However, the number of family
S5lelz2 E23g & groups observed by each observer differed in 2008
56’ Z (f° = 5.2,df = 1, p = 0.02), with observer L report-
5|l=lgE|288s & ing more herds (n = 78) than observer R (n = 52).
§ flaz|d = d% &% There were no significant differences between the
E o two observers for average bull herd size in 2008
« g £ t=0.27, df =95, p=0.79) or 2010 (r=0.32,
% 5 = g g gg ég df = 143, p = 0.75), or family group size in 2008
=< Z Z Z O © (t=0.95, df = 100, p = 0.34) or 2010 (r = 1.22,
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df = 177, p = 0.23), (see Appendix 3). There was no
significant difference between the elephant numbers
seen by observers compared to numbers in pho-
tographs in 2008 (r = 0.26, df = 195, p = 0.79) or
2010 (¢t = 0.1,df = 199, p = 0.91). The overall count
bias calculated from photo-corrections was 1.02 in
2008 and 0.98 in 2010, this ranged from 0.94 in NG13
in 2008 to 1.1 in NG12 in 2008.

Population growth

Survey estimates from the past 14 years in the whole
study area and for the past 7 years in NG11, indicate
that the elephant population is increasing faster than
the calculated theoretical maximum rate of increase
(see Fig. 3; Appendix 1). The finite rate of change
over 14 years in the total study area using past and
recent raw data is 1.1, (increase of 9.5 % per year) and
the regression line indicates a growth rate of 8.6 % a
year. Severe drought occurred in the mid 1990s, which
could explain low population estimates in 1996-1999
and may therefore bias the finite rate of change.
However, when these data were removed from anal-
ysis the finite rate of change remained the same (1.1).
In NG11 the finite rate of change over 7 years is 1.1,
also indicating a 9.5 % increase per year.
Generalised linear models for survey elephant
population estimates in the whole study area and in
NG11, with normal error structure, retained year as
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having a statistically significant positive effect
F=53, dfy=1, dfg=9, p<0.05) and
(F =298, dfyy = 1, dfg = 2, p < 0.01) respectively,
confirming that the population has significantly
increased.

Simulations

Simulations showed that as sampling intensity
increased the root mean square errors (RMSE)
decreased and the survey estimate is more precise.
The interquartile range (IQR) decreases with increas-
ing sampling intensity from 3 % (IQR = 2600) to
20 % (IQR = 1005) to 40 % (IQR = 743), however,
it is still relatively large for all sampling intensities. As
sampling intensity increases the RMSE decrease, yet
the RMSE are not highly affected by the spatial
distribution of animals. However, at lower sampling
intensities, the RMSE increases slightly with more
clustered distributions of elephants, indicating that
surveys with lower sampling intensity are less precise
when elephants have a clustered distribution (see
Appendix 4).

We are confident in the observed trend that elephant
numbers are increasing (i.e. slope of regression) in the
study area. The estimated slope from the data lay
outside the 95 % confidence limits of the frequency
distribution of randomly generated slopes (calculated
using simulated means and standard deviations of
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Fig. 3 Population growth for a total study area (NG11, NG12 and NG13) and b NG11. Red line is projected growth using maximum
rate of increase (7 %) for an elephant population (Calef 1988) and black is predicted growth from surveys
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population estimates for different sampling intensities
and spatial distributions of elephants), indicating that
the observed trend was not random (see Fig. 4).
However, the interquartile range for population esti-
mates calculated from simulations was relatively large
for all sampling intensities and, therefore, our popu-
lation estimates cannot be considered highly accurate.

Consistent patterns were seen when we sampled at a
broader spatial scale. The simulations for the whole
Kavango region showed RMSE increasing as sam-
pling intensities decreased and the interquartile range
of population estimates decreasing as sampling inten-
sity increased. At low sampling intensity the spatial
distribution of elephants affected the precision of
surveys over the larger study area, with more dispersed
distributions resulting in larger RMSE.

Population growth in relation to HEC incidents

There was no significant relationship between number
of elephants or elephant density and number of crop
raiding incidents per year.

Discussion
Reliability of aerial survey data

Our study reveals the usefulness of using simulations to
test the reliability of survey data and plan more
efficient surveys. Population estimates from past and
current surveys in the Panhandle showed large fluctu-
ations (see Appendix 1) that are biologically unlikely.
However, with the aid of simulations, we were able to
determine with certainty trends in population numbers
that were predicted from this data. Simulations also
revealed that such trends do not appear to be signif-
icantly affected by sampling intensity of surveys,
spatial distribution of elephants or the spatial scale of
the survey, indicating that, as long as bias is minimised
during survey design and implementation, aerial
survey data can be used reliably for predicting
population trends despite variations in the above
variables. Patterns were consistent across different
spatial scales indicating that surveying smaller or
larger areas of elephant populations should not signif-
icantly affect the precision of abundance estimates.
The 95 % Cls expressed as a percentage of a
population estimate are used as a measure of precision.

Data from past aerial surveys show that surveys
conducted at lower sampling intensities are less
precise, because these 95 % CIs were larger. Our
simulations confirmed that precision of estimates
increase with higher sampling intensities, as found in
previous studies using simulation (e.g. Khaemba et al.
2001; Ferreira and van Aarde 2009). Our simulations
also showed, however, that sampling at lower inten-
sities is sufficient for reliably observing trends in
population changes over time (Ferreira and van Aarde
2009). At higher sampling intensity, the precision of
survey estimates was slightly lower with more clus-
tered distributions of elephants in our simulations. It
has been found in previous simulation surveys that
precision of abundance estimates increases marginally
with increasing sampling intensity when animal herds
are clumped (Khaemba et al. 2001) and it has been
predicted that sampling intensities as high as 50-70 %
are actually required to improve precision when herds
are clumped (Ferreira and van Aarde 2009). Depend-
ing on the purpose of the survey, knowledge of animal
distributions may be important prior to survey design
to determine whether an increase in sampling intensity
to improve precision outweighs the cost of a high
intensity survey. If the main purpose of the survey is to
identify population trends, however, then our simula-
tions indicate that the distribution of elephants should
not affect the ability to identify such trends.

Alternatively, if the intention of monitoring is to
gain accurate estimates of population abundance for
management strategies such as establishing hunting
quotas or identifying sustainable harvesting numbers
for population control then both precision and accu-
racy of population estimates need to be maximised.
This requires surveys to be conducted at the highest
sampling intensity possible (i.e. 40 %) using the
narrowest transects width possible (i.e. 400 m). How-
ever, time and financial constraints would need to be
considered to assess the viability of conducting such
surveys. If the purpose of the survey is to estimate
trends in elephant population abundance, however,
then our study shows that longitudinal studies at even
the smallest sampling intensity are adequate.

Population growth
Our study has shown that although we cannot consider

past and present elephant population estimates to be
highly accurate in the Okavango Delta Panhandle (as
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Fig. 4 Frequency distributions of randomly distributed slopes
for a simulated clustered distribution of elephants (r = 0.006) at
different sampling intensities a 3 %, b 10 %, ¢ 20 % and

evident from the large standard errors around the
mean), we can be certain about the estimated trend in
population numbers. From past and current surveys in
this area it appears that the elephant population is
increasing at a fast rate of 9.5 % per year. Rapid
population increases have been found in elephant
populations throughout Africa. For example, popula-
tion growth rates as high as 13.3 % per year have been
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d 40 %. Dotted line represents actual slope calculated for aerial
survey over total study area

reported in Addo National Park, South Africa (White-
house and Hall-Martin 2000), > 11 % in Amboseli
National Park, Kenya (Moss 2001), 10 % in Hwange
National Park, Zimbabwe (Dudley et al. 2001) and
7.1 % in Tarangire National Park, Tanzania (Foley
and Faust 2010). Such rapid population growth has
been attributed to a number of environmental and
social factors such as high rainfall, low population
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density, high resource availability and release from
stresses such as poaching and drought (Dudley et al.
2001; Moss 2001; Trimble et al. 2009; Foley and Faust
2010). Severe droughts were recorded throughout
much of southern Africa during 1981-1984 and
1992-1995 (Walker et al. 1987), which caused a lot
of drought related mortality of elephant in the region
(Dudley et al. 2001). Therefore, one explanation for
the high population growth rates we are seeing in the
Okavango Delta Panhandle could be a response to
such declines before 1996.

Rates of increases in closed populations, however,
even with unlimited resources, depend on the structure
of the population. For example, a population com-
posed largely of adult females will have a higher rate
of increase than one with many young non-breeders.
To fully understand the dynamics of the eastern
Panhandle elephant population we would need to gain
a greater understanding of the survival and productiv-
ity rates of the population (Milner-Gulland and
Rowcliffe 2007). Demographic fluctuations in ele-
phant populations can result from variations in con-
ception rate, prenatal survival, first year survival and
cumulative juvenile survivorship (Trimble et al.
2009), which can be affected by environmental
conditions and often show intra- and inter-population
differences (van Aarde and Jackson 2007). Evidently,
further investigations into elephant population dynam-
ics and recruitment rates are needed in our study area
either from direct observations or indirect techniques
such as aerial survey photos to truly understand the
drivers of change in numbers.

Another explanation for the large annual increases
in elephant numbers in the Panhandle, could indicate
that elephants are entering the population through
immigration (as well as birth) from other areas of the
elephant range with little emigration out of the area
(and few deaths). For example, Calef’s (1988) calcu-
lated maximum rate of increase is based on a
population with a stable age structure and does not
include other demographic rates that also contribute to
changes in population size, such as immigration and
emigration (Milner-Gulland and Rowcliffe 2007). To
determine if this process is responsible for the
population changes, we would need to be able to
incorporate extrinsic parameters such as immigration
and emigration into a population dynamical model.

However, in such a wide ranging population it would
be difficult to make direct observations and distinguish
immigrants from established individuals making it
difficult to estimate the rate of immigration (Abadi
et al. 2010). If we had a better understanding of
immigration and emigration rates, we would however,
be able to identify what the Okavango Delta Panhan-
dle elephant population’s role is in the larger popu-
lation of the Kavango region, such as whether it is a
source or a sink population (Pulliam 1988; Thomas
and Kunin 1999). Satellite telemetry studies are
currently underway to start investigating this further
and understand what is influencing elephant move-
ments in the area.

If elephants are moving into the Panhandle from
surrounding areas, one fundamental question is why?
What is attracting elephants to the Panhandle or
alternatively deterring elephants from other areas?
One explanation could be that elephants are coming
from Namibia (if they can cross the fence), possibly to
move away from human disturbance in the Caprivi
region (Chase and Griffin 2009). However, from a
review of population estimates in the Caprivi over the
past 20 years there does not appear to be a pattern of
population fluctuations between the Panhandle and the
Caprivi. Yet, if we review population estimates from
the Okavango Delta (south of the northern buffalo
fence), there is a clear pattern of Okavango Delta
numbers decreasing where Okavango Panhandle
numbers increase and vice versa (see Appendices 5,
6). From past survey estimates, it appears that elephant
numbers decreased in 2002 and 2005 in the Panhandle
concurrently with population increases in these years
in the delta, while in 2004 and 2006 numbers increased
in the Panhandle and decreased in the delta. Possible
explanations for elephants moving from the Delta to
the Panhandle could be to access certain food, water
and mineral resources or in response to disturbance
from past hunting concessions south of the buffalo
fence (Blanc et al. 2007). Surface-water availability
was found to be a key driver of elephant distribution in
Zimbabwe (Chamaille-Jammes et al. 2007), so ele-
phants may be moving to access the main Okavango
River in the Panhandle. Several studies have also
linked elephant movements with vegetation type and
density (Merz 1986; Barnes et al. 1991; Verlinden and
Gavor 1998), so it may be that elephants are migrating
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in search of certain food types including seasonal
fruits (White 1994) or moving away from areas where
elephant densities are higher i.e. Chobe National Park
due to impacts of high elephant density on woody
vegetation (Cassidy et al. 2013; Rutina and Moe
2014).

The carcass ratio (the proportion of dead elephants
to all dead and alive elephants) results for this study
area support the explanation of low emigration rates
and possible immigration of live elephants into the
population as a driver of high rates of population
increase. Low carcass ratios in the eastern Panhandle
(2 %) indicate relative elephant mortality is low.
Douglas-Hamilton and Burrill (1991) model for
determining population trends, therefore, predicts that
a population with such low mortality could be
increasing at a rate of 17.9 % (95 % CI: 7.4-29.4 %)
per year. Our estimated population increase falls
within the 95 % CI of this predicted range. A low
carcass ratio may indicate a low mortality rate, or it
may be low as a result of low emigration rates and
more live elephants entering the population through
immigration (Douglas-Hamilton and Burrill 1991).
Survival among adult elephants is high (Owen-Smith
1988) and elephants have few natural predators [apart
from young occasionally being hunted by lion (Pan-
thera leo) or hyeana (Crocuta crocuta)]. The highest
cause of mortality in elephant populations is, there-
fore, either human induced (Eltringham 1982) or
through malnutrition during periods of drought
(Walker et al. 1987; Dudley et al. 2001; van Aarde
and Jackson 2007). Currently, there are no legal
elephant hunting quotas (community or commercial)
in the wildlife management areas of the eastern
Okavango Delta Panhandle, so human induced ele-
phant mortality is limited to problem animal control
activities in this area. Poaching levels are also
considerably lower than neighbouring countries,
owing to strict policy and legislation implementation
and an effective anti-poaching unit in the Botswana
Defence Force. No incidents of drought related
mortality have been recorded in the Panhandle
recently either, which could also explain the low
carcass ratios.

Despite the increase in elephant numbers in the
Panhandle, there was no statistically significant rela-
tionship between elephant numbers or elephant den-
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sity and crop-raiding incidents per year. In Zimbabwe,
however, Hoare (1999) found that elephant density
was significantly (but weakly) correlated to the
number of problem elephant incidents. This difference
could be attributed to different contributing factors
associated with different study sites or it may be due to
the spatial scale used for analysis. Hoare (1999)
calculated elephant density and problem elephant
incidents per ward rather than for the whole study area.
Our results found no correlation between crop-raiding
incidents and elephant numbers or density. This
correlation is, however, difficult to make when survey
estimate precision is low as a result of low survey
intensity. A survey of community perception of HEC
in this area (Songhurst 2012) revealed that many
people believe their problems with elephants are being
intensified because the elephant population is increas-
ing, therefore despite the lack of correlation between
crop-raiding incidents and population numbers, it is
still evident that an increasing elephant population is
exacerbating the full extent of HEC.

Management implications

The management of burgeoning elephant populations
in some southern African countries (such as Bots-
wana) and resulting conflicts with humans living on
the edge of wetlands and expanding elephant ranges,
are important conservation issues. The ability to
reliably estimate population numbers, trends and
densities of elephants has, therefore, a very important
role in helping to guide effective and appropriate
wetland conservation and management. Our simula-
tions have provided a viable and cost-effective method
to plan efficient aerial surveys. Our findings have
implications for the management of elephants in the
Okavango Delta Panhandle, and call upon, for exam-
ple, the serious consideration of fence realignments to
effect the objectives of the KAZA TFCA initiative and
relieve the regions elephant population pressure. With
an increasing elephant population and an expanding
human population in the Panhandle requiring more
land for agricultural uses, incidents of HEC are
widespread. Failure to recognise the importance of
connectivity of the elephant population in the Pan-
handle to the Okavango on a daily basis puts, for
example, serious pressure on critical movement cor-
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ridors as a result of agricultural expansion and habitat
conversion (Songhurst et al. in press). Failure to
protect these critical habitats for elephant will cer-
tainly exacerbate HEC in the Okavango region. It is
also imperative to understand why the elephant
population numbers are increasing in order to design
appropriate management strategies to address both
population pressures and HEC. If elephants are
migrating into the Panhandle when the fences are
damaged, then once fences are repaired this could be
effectively trapping elephants within this area. In this
scenario, an effective management intervention would
be to remove or realign the fences to allow free
migration from the Okavango Delta into the Kwando
and Linyanti wetlands. This management decision
would also alleviate ecological and HEC pressures if
the population is increasing rapidly because of low
mortality in the area. Further research on the popula-
tion dynamics and movements of elephants is on going
in this area, under the Ecoexist Project, data from
which will help us differentiate between the two

possible causes of elephant population increases
identified in this paper and will also help determine
the kind of management decisions that should be taken
to address future elephant population management.
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Appendix 1

See Table 3.

Table 3 Herd number, type and mean herd size by observer on strip transects

Observer Year No. herds No. un-class. No. bull No. family X bull herd X family herd
observed herds herds groups size (SE) size (SE)

L 2008 143 3 62 52 3.03 (0.4) 11.59 (0.8)

L 2010 173 0 82 91 2.17 (0.26) 14.74 (1.36)

R 2008 121 4 65 78 2.54 (0.3) 11.98 (1.2)

R 2010 158 0 70 88 2.3 (0.3) 12.4 (1.35)

L/R 2008 1 0 0 1 - -

Both 2008 265 7 127 131 2.8 (0.3) 11.8 (0.7)

Both 2010 331 0 152 179 2.23 (0.2) 13.59 (0.96)
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Appendix 3

See Fig. 5.
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Fig. 5 Plot showing root mean square errors at different sampling intensities, different shades represent varying degrees of spatial
clustering in elephant distribution (radius of herd)

Appendix 4

See Table 5.

Table 5 Population estimates within the potential elephant range of the Okavango Panhandle population, including the Okavango
Delta, the West Caprivi and South East Angola

Year  Population Population ~ Source Population Source Population Source
Okavango Okavango West Caprivi SE Angola
Panhandle Delta

1987 - - - 1037 Rodwell et al. (1994) —

1988 - - - - - -

1989 - - - 902 Rodwell et al. (1994) -

1990 - - - - -

1991 - - - - -

1992 - - - - -

1993 - - - 4332 Rodwell et al. (1994) -

1994 - - - 4733 Rodwell et al. (1994) -

1995 - - - - -

1996 3782 26,795 DWNP (1996) - -

1997 - - - - -

1998 - - - 3068 Craig (1998) -
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Table 5 continued

Year  Population Population  Source Population Source Population Source
Okavango Okavango West Caprivi SE Angola
Panhandle Delta
1999 7353 (Wet) 30,971 - - - - -
3886 (Dry) DWNP (1999) - -
2000 - - - - -
2001 13,173 18,175 DWNP (2001) - - 126 Chase and
Griffin (2009)
2002 6660 28,550 DWNP (2002) - - -
2003 5261 19,079 DWNP (2003) 4136 Chase and 350 Chase and
Griffin (2003) Griffin (2003)
2004 11,870 27,917 DWNP (2004) 4868 (MET 2004) - -
2005 5088 37,351 DWNP (2005) 3456 Chase and 1550 (Dry) Chase and
Griffin (2009) 2030 (Wet) Griffin (2006)
2006 9212 31,191 DWNP (2006) 4332 Chase and - -
Griffin (2006)
2007 - - - - - - -
2008 8905 - This study 4136 MET (2008) 7500 Chase and
Griffin (2009)
2009 - - - - - - -
2010 15,113 - This study - - - -
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