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Abstract

Climate change poses a major threat to African ecosystems. Climate change will affect
southern Africa by changing rainfall patterns, reducing the amount of annual rainfall, and
making droughts more frequent and intense. Therefore, knowledge about how the behaviour
of different species is linked to rainfall and season is important for conservation. This study
investigates patterns of river visitations by large herbivores in relation to rainfall and season.
This was done using approximately three years of data from camera traps that were set up
along eight different elephant highways near the Boteti River in Makgadikgadi Pans National
Park in Botswana. The herbivores included in the study were african savannah elephant
(Loxodonta africana), south african giraffe (Giraffa camelopardalis giraffa), greater kudu
(Tragelaphus strepsiceros), and impala (4depyceros melampus). Data was analysed using
generalized additive models (GAMs), controlling for day of year and moving average of rain.
Two moving averages of rain were used, one 2-day moving average to investigate the effect of
the rain itself on river visitations and one 30-day moving average to investigate the effect of
more long-term rainfall. Results showed that river visitations by the herbivores were
associated with day of year. Giraffe and kudu had quite clear seasonal patterns with more
visits during the dry season and fewer visits during the wet season. Results also showed that
river visitations by the herbivores were associated with rainfall. River visits from elephants
and giraffes had a negative association with rainfall and decreased with increased rainfall.
River visits by greater kudu showed no association with 2-day moving average of rain, but a
strong positive association with 30-day moving average. Impala showed a positive association
with rainfall, and visits increased with increased rainfall. However, further studies need to be
done to investigate exactly how and why patterns of river visitations by large herbivores
shows association with both day of year and rainfall.



Sammanfattning

Klimatforandringarna utgor ett stort hot mot de afrikanska ekosystemen.
Klimatforandringarna kommer att paverka sodra Afrika genom att forédndra
nederbordsmonster, minska mingden arlig nederbord och gora torka mer frekvent och
intensiv. Darfor ar kunskap om hur olika arters beteende ar kopplat till nederbord och arstid
viktig for bevarandet av dessa arter. Denna studie undersoker om det finns mdnster i
flodbesoken av stora véxtitare i relation till nederbord och arstid. Detta gjordes med hjélp av
ungefar tre drs data fran kamerafdllor som sattes upp lidngs étta olika elefantstigar nira
Botetifloden i Makgadikgadi Pans nationalpark i Botswana. De véxtitare som ingick i studien
var afrikansk savannelefant (Loxodonta africana), sydafrikansk giraff (Giraffa camelopardalis
giraffa), storre kudu (Tragelaphus strepsiceros) och impala (Aepyceros melampus). Data
analyserades med hjilp av generaliserade additiva modeller (GAMs), dir det kontrollerade for
arsdag och glidande medelvérde av regn. Tva glidande medelvérden av regn anvéndes, ett 2-
dagars glidande medelvérde for att undersoka effekten av sjilva regnet och ett 30-dagars
glidande medelvérde for att undersoka effekten av mer langsiktig nederbdrd. Resultaten
visade att det fanns ett samband mellan flodbesok av véxtéitare och dag pa aret. Giraff och
storre kudu hade relativt tydliga sisongsmonster med fler flodbesdk under torrsdsongen och
farre besok under regnsdsongen. Resultaten visade ocksa att det fanns ett samband mellan
flodbesok och nederbdrd. Flodbesdk av elefanter och giraffer hade ett negativt samband med
nederbord och minskade med 6kad nederbdrd. Flodbesok av storre kudu visade inget samband
med 2-dagars glidande medelvérde av regn, men ett starkt positivt samband med 30-dagars
glidande medelvérde. Impala visade ett positivt samband med nederbord, och besdken dkade
med 6kad nederbord. Dock behdver ytterligare studier goras for att undersoka exakt hur och
varfor flodbesok av stora véxtétare visar ett samband med bade drstid och nederbord.
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Introduction

Water is an essential resource for most living organisms. In semi-arid areas water is often a
limited resource that pervades all aspects of animal ecology (Van Driessche et al., 2025).
Water availability controls many ecological patterns and processes and influences species
assemblages and community composition (Van Driessche et al., 2025). The distribution and
abundance of large herbivore species are heavily dependent on surface water availability
(Chamaillé-Jammes et al., 2007). Since surface water is a scarce resource in semi-arid
environments, it has led to herbivores, such as African savannah elephant (Loxodonta
africana), South African giraffe(Giraffa camelopardalis giraffa), greater kudu (Tragelaphus
strepsiceros), impala (Aepyceros melampus), developing different strategies for survival
(Chamaillé-Jammes et al., 2007).

Climate change poses a major threat to African ecosystems (Sintayehu, 2018; Kapuka &
Hlasny, 2021). For southern Africa, one of the biggest threats is the change in the amount of
annual rainfall, because even without climate change rainfall is very variable across the region
(Kusangaya et al, 2014). Studies predict that rainfall will decrease by up to 25 % in southern
Africa in the future due to climate change (Zhu & Ringler, 2010; Mhlanga et al, 2012;
Kusangaya et al, 2014), but it is not only the amount of rain that will change. Rainfall patterns
will change in intensity and frequency, resulting in some extremely wet periods, longer
periods between rainfalls and more intense droughts (Kusangaya et al, 2014). Herbivores will
face rapid changes in the availability of food and water (Veldhuis et al., 2019), and loss of
habitat (Ripple et al., 2015; Mutematemi et al, 2024). For savanna herbivores, a bigger
reliance on surface water can increase exposure to predators and competitors which will
negatively affect the species distribution and community composition (Van Driessche et al.,
2025).

A decrease in herbivores would have major consequences for various ecosystems (Ripple et
al., 2015). Large herbivores are very important in environments where they occur because
they are ecosystem engineers, primary source of food for predators and scavengers, dispersers
of seeds, affecting nutrient cycles, and interacting with smaller animals (Ripple et al., 2015).
Therefore, understanding how climate change will affect the herbivores is now very important
to facilitate the conservation of these species (Veldhuis., 2019; Fuller et al., 2021;
Mutematemi et al., 2023; Black et al., 2024). To better understand how drought and bigger
fluctuations in rainfall will impact the species in the future we need to know how rainfall
affect herbivore behaviour in the present.

Background

The role of the climate in semi-arid areas

The climate plays a major role in how African semi-arid regions, such as the Makgadikgadi
Pans National Park in Botswana, are shaped. Much of the environmental variation in these
semi-arid areas is primarily controlled by fluctuations in precipitation, which in turn depends
on seasonal variations (Owen-Smith et al, 2020). Water distribution and accessibility in semi-
arid regions control ecological patterns, such as behaviour of individual organisms, species
distribution, and community composition (Van Driessche et al, 2025; Western, 1975). Surface



water sources, such as rivers, function as hubs for herbivore activity in semi-arid areas and
influence the distribution of different herbivore species, especially during the dry season when
surface water is limited and moisture gained from forage is low (Smit et al., 2007). The
various herbivore species also depend differently on surface water sources, with grazers such
as plains zebras (Equus quagga) and blue wildebeests (Connochaetes taurinus) and intermediate
feeders such as elephants and impalas being water dependent, while browsers such as giraffes
and kudus are less water dependent (Smit et al, 2007).

The water dependency is also an important factor when it comes to the movement patterns of
the different herbivore species (Western, 1975; Redfern et al, 2003; Chamaille-Jammes et al,
2007), however there are many factors that affect movement (Owen-Smith et al, 2020).
Security from predation, food and water requirements are all factors that affect movement of
species (Valeix et al, 2009; Owen-Smith et al, 2020), and these factors are all governed by the
climate in the region, with the dry and wet season. The presence of predators is a key factor in
herbivore behaviour and movement, and there is likely to be a trade-off between the pursuit of
higher quality food or water and risk of predation (Valeix et al, 2009; Owen-Smith et al,
2020). During the dry season food and water availability becomes limited which may force
herbivores to forage in more risky habitats (Owen-Smith et al, 2020), such as around
waterholes and rivers where predators are lurking (Valeix et al, 2009). Although this may
differ between browsers and grazers since their food resources are distributed in different
ways (Gordon, 2003). During the wet season, rainfall fills small-scale, ephemeral water
sources which allow herbivores to search for forage far away from permanent water sources
(Naidoo et al., 2020). However, these ephemeral water sources often dry out quickly,
especially small puddles, if it has not been raining for some days (Naidoo et al., 2020;
Schmied née Stommel et al., 2025). Rainfall is also important in that it affects vegetation, the
vegetation responds to rainfall, and it affect the growth and reproduction of higher plants
(Schwinning & Sala, 2004).

The impact of climate change in southern Africa

Climate change poses a major threat to African biodiversity and ecosystems (Sintayehu, 2018;
Kapuka & Hlasny, 2021). For southern Africa, one of the biggest threats is the change in
annual rainfall, because even without climate change rainfall is very variable across southern
Africa (Kusangaya et al, 2014). Some studies project that rainfall will decrease by 10 to 25 %
in southern Africa in the future due to climate change (Zhu & Ringler, 2010; Mhlanga et al,
2012; Kusangaya et al, 2014), but it is not only the amount of rain that will decrease, but also
rainfall patterns will change in intensity and frequency, resulting in some extremely wet
periods, longer periods between rainfalls and more intense droughts (Kusangaya et al, 2014).

The rapid changes in temperature and precipitation have led to many species in southern
Africa changing their geographic ranges to higher elevations (Sintayehu, 2018). According to
Chamaillé-Jammes et al (2007), the climate-driven fluctuations of surface water influence the
distribution of large herbivores, in their case wildebeest in the Hwange National Park in
Zimbabwe. These changes in temperature and precipitation could also alter migratory routes
for herbivores that track seasonal changes in vegetation (Sintayehu, 2018).



Species Ecology
African savannah elephant (Loxodonta africana)

African savanna elephant, Loxodonta africana are megaherbivores of the African savanna
(Makati et al, 2025). They consume large amounts of forage (Haynes, 2012) and drinks large
amounts of water every day (Makati et al, 2025). Savannah elephants are intermediate
feeders, and their diet varies on a seasonal basis (Wenborn et al, 2025). In the wet season, they
graze on fresh grass and browse on fresh leaves, they also eat fruits and may prefer them over
grass and leaves since they are high in energy (Leggett, 2009; Roever et al, 2012). In the dry
season, they eat woody vegetation, such as twigs, branches, bark, and roots when the grasses
from the wet season have dried out (Leggett, 2009; Roever et al, 2012). Savannah elephants
are water dependent (Gaugris et al, 2010; Dunkin et al, 2013), which means that they need
drinking water every one to three days. (Makati et al, 2025). Although this is very sex
dependent with females being more water dependent as they are either pregnant or lactating
and/or have dependent young (Kate Evans, personal communication, 2025). Studies have
shown that water availability and distribution influence savannah elephants space utilisation
(De Beer and Van Aarde, 2008), and other studies have shown that elephants tend to
concentrate their foraging in areas close to water sources during the dry season, and during
the wet season the area for foraging is not as concentrated due to seasonal water sources being
widely available (Chamaillé-Jammes et al., 2007; Legget, 2009: De Beer et al., 2006). Given
this, the prediction was that savannah elephants will respond to rainfall by reducing their
visits to the river, as they then obtain water through ephemeral water sources and increased
moisture from vegetation. The expectation is that elephants will have a clear seasonal pattern
with fewer river visits during the wet season.

Impala (4depyceros melampus)

Impala, Aepyceros melampus is a medium-sized antelope found in Eastern and Southern
Africa (Mramba, 2021; Mutematemi, 2024). The impala is a herbivore, and an intermediate
feeder (Kos, 2012). Intermediate feeders have a mixed diet of grass and browse. They possess
characteristics in both grazers and browsers and can therefore switch their diet in response to
seasonal fluctuations (Mramba, 2021; Kos, 2012). They primarily consume grasses during the
wet season and switch to browsing during the dry season (Ogutu, 2012; Kos, 2012; Mramba
2021), reflecting the seasonal variation in the nutritional quality of these two plant groups
(Ogutu, 2012). Impalas are area-bound, which means that they are not a migratory species
and always keep close to a water source (Furstenburg, 2016). They are also known to often
stay close to other larger herbivores such as blue wildebeest (Connochaetes taurinus), plains
zebra (Equus quagga) and giraffe (Giraffa camelopardalis) at drinking holes to avoid
predation by sharing senses needed for detection of danger (Furstenburg, 2016). Due to its
diet, the impala is dependent on permanent drinking water and drink water every day if
available (Schenkel, 1966; Ogutu, 2012). Impalas are so called water dependent, which means
that they need drinking water regularly to survive, but they can go without drinking water for
shorter periods of time if there is a food source that can provide the essential moisture
(Skinner & Chimimba, 2005). Based on this, the prediction was that the number of impalas
visiting the river will decrease with increased rain, as they can obtain their essential water
from ephemeral water sources after rainfall.



South African giraffe (Giraffa camelopardalis giraffa)

South African giraffes, Giraffa camelopardalis giraffa are long-lived and slow breeding
megaherbivores (Bond et al, 2023). Giraffes are browsers and can spend about 60 % of their
day browsing (Kiihn et al, 2023). Different parts of plants, such as twigs, leaves, and shoots,
are all part of the giraffe’s diet (Deacon et al, 2023). They are also selective feeders which
means that they will select specific highly nutritive species of plants (Deacon et al, 2023).
Their home ranges size depends on seasonal browsing and water availability, with home
ranges expanding during the dry season and decreasing during the wet season (Deacon et al,
2024), and the weather is a key factor when it comes to giraffe movement, with high
temperatures reducing movement as the animals seek shade to avoid the sun and rainfall
increasing the movement as it provides access to water and vegetation (Deacon et al, 2024).
However, giraffes are less water dependent than other ruminants, such as elephants and
impalas (Bond et al, 2023). Given this, the prediction is that south african giraffe visits at the
river will have a negative association with rainfall but may respond less than the impala and
elephant due to them being more water dependent. The prediction is also that giraffes might
have a slight increase in river visits during the dry season as the water content in plants
decreases.

Greater kudu (7Tragelaphus strepsiceros)

The greater kudu, Tragelaphus strepsiceros is one of the largest antelopes in the world (Gray
et al, 2007; Chinomona et al, 2018). The greater kudu is a browser and mainly browses on
woody plant leaves and forbs (Chinomona et al, 2018). During the dry season, the diet of the
greater kudu changes significantly, which is closely related to the change in plant water
content (Van Driessche et al, 2025). They primarily consume moisture-retaining plants during
the dry season (Van Driessche et al, 2025), and since the greater kudu has a high dietary water
intake, they are less dependent on surface water, especially during the wet season (Kihwele et
al, 2020). Based on this, the prediction is that the greater kudu visits at surface water sources
will decrease with increased rainfall and will show a clearer association with long-term rain as
they get much of their water from plants. The prediction is also that the kudu will have a
slight increase in river visitations during the dry season as the water content in plants
decreases.



Table 1: Summary of predictions. All information in the table is based on the literature above.

Species

African savannah elephant
(Loxodonta africana)

Impala (4depyceros melampus)

South african giraffe (Giraffa
camelopardalis giraffa)

Greater kudu (Tragelaphus
Sstrepsiceros)

Aim

Ecology
Mixed feeder, water dependent,
drinks 50 to 200 L per day

Mixed feeder, water dependent,
high risk for predation at the
river

Browser, selective feeders, less
water dependent

Browser, less water dependent,
primarily consume moisture-
retaining plants during the dry
season.

Prediction

River visits increase during the
dry season. River visits
decrease with increased rain.
River visits increase during the
dry season. River visits
decrease with increased rain.
River visits to slightly increase
during the dry season. River
visits decrease with increased
rain, but weaker association
than for elephants and impala.
River visits to slightly increase
during the dry season. River
visits will decrease with
increased rainfall and will
show a clearer association with
long-term rain.

The aim of this study is to investigate how rainfall and seasonality influence patterns of river
visitations by four herbivores, African savannah elephant, South African giraffe, greater kudu,
and impala, in Makgadikgadi Pans National Park, Botswana.

Methods
Study area

The study area is located in the Makgadikgadi Pans National Park in north-eastern Botswana.
Along the western border of the national park is the Boteti River, and it was along this river
that the data was collected. The Boteti River had been completely dry for 18 years before
2009, but after its return, the river has been important for the Boteti environment and attract
many different animal species, especially during the dry season (Department of
Environmental Affairs and Centre for Applied Research, 2010; Key Biodiversity Areas

Partnership, 2025).

he Makgadikgadi Pans National Park in Botswana is a large 12000 km? saltpan surrounded by
semi-arid savannah (Spriggs, 2016; Maude et al, 2019) and is home to many different
mammal species. Many species are residents in the park, and some species seasonally
migrates because of fluctuations in resources, such as water availability (Bartlam-Brooks et
al., 2011). The area is characterized by a hot and dry climate and has a dry season and wet
season, with the dry season traditionally occurring between March and November
(Department of Environmental Affairs and Centre for Applied Research, 2010; Woudstra et al,

2025).
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Figure 1: An overview of the study area, Makgadikgadi Pans National Park in
Botswana. The map is from the Elephants for Africa website (Bennitt, 2016).

Data collection

This study used data from camera traps set up by Elephants for Africa along the Boteti River.
There were eight camera traps deployed, and they were all placed on eight different elephant
highways. An elephant highway is a large path created by elephants moving between habitat
zones. All eight camera traps were deployed from July 2014 to April 2016, and four of the
eight camera traps were later re-deployed and active between July 2016 and April 2017. The
four camera traps that were redeployed were placed in the same positions, facing the same
direction, as when they were first deployed. The cameras were all the brand Reconyx HC600
Hyperfire, except camera Efa06 that was the brand Bushnell 119435C during its first
deployment. The cameras were triggered by movements and took three pictures with a one
second interval.
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Figure 2: A picture from one of the camera traps. This picture shows a
greater kudu walking along an elephant highway.

The data from the camera traps were collected in an excel file by citizen scientists via the
organisation Snapshotsafaris (SnapshotSafaris). The file rows contained information about
each photo taken by the camera traps. Each row contained a link to the picture, the site (which
camera), capture date and time, the identified species, and the count of individuals of the
identified species.

The rainfall data was collected and compiled in an excel file by the Department of Wildlife
and National Parks (DWNP). The amount of rain was checked every morning around 7 am by
personnel as they arrive and it is checked in Khumaga which is relatively close to all camera
traps, which means that the sample applies to all cameras.

Selection of species

The choice of species to study was primarily based on three factors: The species needed to be
resident in the area in order to study seasonal variation (plains zebras and wildebeests are
migratory species and are only found in Makgadikgadi Pans National Park during the wet
season (Bartlam-Brooks et al., 2011) so these species were excluded from the study) ; there
needed to be enough data of the species to do the analysis; there needed to be wild animals,
domesticated species were excluded. Based on these three factors, four species were suitable
to study: african savannah elephant (32,016 observations), south african giraffe (1,925
observations), greater kudu (2,442 observations), and impala (1,330 observations).

In order to obtain a reliable estimate of the number of individuals of each species captured by
the camera traps, a time gap of 10 minutes between observations of the same species were
used. The 10-minute time gap between observations of the same species means that two
images of the same species need to be separated by at least 10 minutes to count as two
different individuals. This helps to avoid duplicates of the same individual.

Importantly, the total count was not based on the number of photos but rather on the number
of individuals in each independent photo. For example, if the first photo after a 10-minute
interval showed three elephants, that counted as three elephants.
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Statistics

All statistics in this study were done in the program R version 4.5.0 (R Core Team, 2023)
using RStudio (Posit team, 2023). Different packages were used in RStudio, such as
Tidyverse 1.3.1 (Wickham et al., 2019) to wrangle data and mgcv 1.8.39 (Wood, 2011) to do
the generalized additive models.

To investigate how rain and the day of the year affected the different species visits to the
Boteti River, generalized additive models were made. Generalized additive models (GAMs) is
a tool used to estimate smooth functional relationships between predictor variables and the
response variables (Pedersen, 2019). The GAM is a model that can capture non-linear and
complex patterns within data, and that it uses smoothing functions to describe the pattern
between explanatory variables and response variables (Pedersen, 2019). In this study, the
rainfall and day of year would be the explanatory variable and the number of individuals of a
species that moves past the camera traps would be the response variable. We only applied a
smooth term to day of year to account for its potentially non-linear and cyclic effects on river
visitations. However, rainfall was modelled as a linear predictor, based on the assumption that
rainfall would have directional effects on the propensity of species to visit the Boteti River. A
smoothing penalty was then applied to the smoothing functions to avoid overfitting, and
ensure appropriate complexity of the smoother (Pedersen, 2019). In this study, cyclic cubic
regression splines were chosen as the smoother, since of the predictors (day of year) is of
cyclic nature, and the restricted maximum likelihood (REML) algorithm was chosen as the
variance estimator (Pedersen, 2019). The camera traps were also added to the model as a
random effect which accounted for random variation across the different camera locations.

To determine the relative importance of rainfall versus day of year on large herbivore
movement, two predictors were chosen: day of year and moving averages of rain. Two
different moving averages of rain were used: a 2-day moving average of rain and a 30-day
moving average of rain. The 2-day moving average would correspond to the effect of
temporary water sources, such as puddles, created during rainfall and the 30-day moving
average of rain could correspond to the time it takes for vegetation to respond to repeated
rainfall (Kate Evans, personal communication, 2025). Therefore, two GAMs were fitted for
each response variable: one with a 2-day moving average of rain and one with a 30-day
moving average of rain.

Results

Summarizing the total number of individuals observed by each species shows that African
savannah elephant was caught by far the most times on the camera traps close to the Boteti
River between July 2014 and April 2017. Greater kudu, south african giraffe, and impala were
all much less frequently observed by the camera traps.
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Table 2: Total number of individuals observed from each species between July 2014 and April 2017, after the 10-
minute interval is applied to avoid duplicates.

Species Total
African savannah elephant 14,299
The greater kudu 1,001
South african giraffe 644
Impala 584

Partial association with Day of Year

The partial association of day of year on the number of individuals of elephants, giraffes,
kudus, and impalas that visits the Boteti River is illustrated in figure 3, controlling for 2-day
moving average of rain. Partial association with day of year, controlling for 30-day moving
average of rain showed similar results and therefore only the plots with day of year
controlling for 2-day moving average of rain are shown in figure 3. All the panels in figure 3
illustrate the effect of day of year after fitting a directional (linear) effect of recent rainfall.

The number of elephants visiting the Boteti River was relatively stable through most the year
(Figure 1A). However, there was a dip in the number of elephants visiting the Boteti River at
the beginning of April, coinciding with when the dry season starts. There is also a peak in
early December which coincides with the time just after the wet season has started. Day of
year significantly affected savannah elephant visits at the Boteti River, with the fitted curve
showing a complex relationship between river visits and day of year, controlling for 2-day
moving average of rain.

The number of giraffes visiting the Boteti River was very stable throughout the year with the
fitted curve showing a low complexity relationship between river visitations and day of year
(Figure 1B). There was a slight decrease in the number of giraffes visiting the Boteti River at
the end of the wet season, in February, March, and April, and a slight increase in the number
of giraffes at the end of the dry season, in October, November, and December.

The number of kudus visiting the Boteti River followed a relatively clear pattern (Figure 1C).
There were more kudus that visited the river during the peak of the dry season, from June to
September, and fewer that visited the river during the wet season, from November to March.
Kudu visits at the Boteti River were significantly associated with day of year, and the fitted
curve shows a low complexity association between river visits and day of year.

The number of impalas visiting the Boteti River did not follow a pattern between seasons

(Figure 1D). However, river visits were significantly associated with day of year, and the
fitted curve shows that the relationship is highly complex.

14
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Figure 3: Partial effect of day of year, controlling for 2-day moving average of rain. The response variables
(y-axis) are the count of individuals for each species, from top to bottom: A) African savannah elephant
(Loxodonta africana), B) South african giraffe (Giraffa camelopardalis giraffa), C) greater kudu (Tragelaphus
strepsiceros), D) impala (Aepyceros melampus). The datapoints are sightings per day and per camera. All
datapoints are jittered, meaning that they are assigned small random deviations from their actual values to
make them more distinguishable - this is for visualization only and does not affect the model. The lines are
smoothers, and the ribbons are 95% confidence intervals. The predictions are generated assuming a
moving average for rain of 1 ml, since that is the average of rainfall per day in the area during the study

period.
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Partial association with 2-day moving average of rain

The partial association between 2-day moving average of rain and the number of individuals
of elephants, giraftes, kudus, and impalas visiting the Boteti River is illustrated in figure 2,
controlling for day of year.

For savannah elephants there is a clear negative association between recent rainfall (2-day
moving average of rain) and river visitations (Figure 2A; Table 3).

This suggests that more recent rainfall results in fewer elephants visiting the Boteti River
(Figure 2A; Table 3). The association is highly significant (Table 3).

South african giraffes’ visits at the Boteti River also had a negative association with recent
rainfall (2-day moving average of rainfall), which suggests that more rain results in fewer
giraffes visiting the river (Figure 2B; Table 5).

Unlike elephants and giraffes, the number of greater kudus visiting the Boteti River show no
association with recent rainfall (Figure 2C). The association is minimal and is not significant
(Table 7).

Unlike the other three species, the number of impalas visiting the river is positively associated

with recent rainfall (Figure 2D, Table 9), which indicates that more rainfall results in more
impalas visiting the river.
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Figure 4: Partial effect of 2-day moving average of rain, controlling for day of year. The response variables (y-
axis) are the count of individuals for each species, from top to bottom: A) African savannah elephant
(Loxodonta africana), B) South african giraffe (Giraffa camelopardalis giraffa), C) greater kudu (Tragelaphus
strepsiceros), D) impala (Aepyceros melampus). The datapoints are sightings per day and per camera. All
datapoints are jittered, meaning that they are assigned small random deviations from their actual values to
make them more distinguishable - this is for visualization only and does not affect the model. The lines are
smoothers, and the ribbons are 95% confidence intervals. The predictions are generated for day 180, but the
patterns are consistent regardless of the day of year chosen.
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Partial association of 30-day moving average of rain

The partial association of 30-day moving average of rain on the number of individuals of
savannah elephants, south african giraffes, greater kudus, and impalas that visits the Boteti
River is illustrated in figure 3, controlling for day of year.

The number of savannah elephants visiting the Boteti River showed a highly significant
negative association with 30-day moving average of rain (Figure 3A; Table 3). This indicates
that more repeated rainfall results in a decrease in river visitations. When comparing the
associations with recent rain and long-term rain, the association with the 30-day moving
average of rainfall (estimate = -0.135) is notably stronger than with the 2-day moving average
(estimate = -0.039). This suggests that long-term rain might have greater influence on river
visitations by elephants than recent rainfall.

River visitations by south african giraffes showed a negative association with long-term
rainfall (30-day moving average of rain). This suggests that more long-term rain results in
fewer giraffes visiting the river. Just like for the elephants, the 30-day moving average of rain
had a greater influence on river visitations than recent rainfall (Table 5 & 6).

River visitations by the greater kudu showed a strong positive association with long-term
rainfall unlike recent rainfall that had no influence on river visitations. This indicates that the
number of kudus visiting the river increases with increased long-term rainfall (Figure 3C;
Table 8).

The number of impalas visiting the river is greatly associated with the 30-day moving average
of rain (estimate = 0.250). The association is positive which means that more rain results in
more impalas visiting the river (Figure 3D; Table 10). The association with the long-term
rainfall (estimate = (0.250) is nine times stronger than with recent rainfall (estimate = 0.028),
which suggests that impala react strongly to long-term rainfall.
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Figure 5: Partial effect of 30-day moving average of rain, controlling for day of year. The response variables
(y-axis) are the count of individuals for each species, from top to bottom: A) African savannah elephant
(Loxodonta africana), B) South african giraffe (Giraffa camelopardalis giraffa), C) greater kudu (Tragelaphus
strepsiceros), D) impala (Aepyceros melampus). The datapoints are sightings per day and per camera. All
datapoints are jittered, meaning that they are assigned small random deviations from their actual values to
make them more distinguishable - this is for visualization only and does not affect the model. The lines are
smoothers, and the ribbons are 95% confidence intervals. The predictions are generated for day 180, but
the patterns are consistent regardless of the day of year chosen.

19



Summary statistics

Table 3: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting an african savannh elephant (Loxodonta
Africana). s(DoY) is the partial association of day of
year. Rain2days is the partial association with 2-day
moving average of rain. The effect of the cameras was
big, StdDev (Intercept) = 1.28.

Elephants & 2-day moving average of rain

Table 4: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting an african savannh elephant (Loxodonta
Africana). s(DoY) is the partial association of day of
year. Rain30days is the partial association with 30-day
moving average of rain. The effect of the cameras was
big, StdDev (Intercept) = 1.29.

Elephants & 30-day moving average of rain

Smoother (GAM) edf ref.df F-value p-value Smoother (GAM) edf ref.df F-value p-value
s(DoY) | 21,484 22 37,199  <0,001 s(DoY) | 21,569 22 35329 <0,001
Fixed effects (LM) estimate std.error t-value p-value Fixed effects (LM) estimate std.error t-value p-value
X(Intercept) 0,014 0,454 0,03 0,976 X(Intercept) 0,097 0,457 0,212 0,832
XRain2days -0,039 0,003 -12,449 <0,001 XRain30days -0,135 0,007 -19,298 <0,001

Table 5: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting a south african giraffe (Giraffa camelopardalis
giraffa). s(DoY) is the partial association of day of year.
Rain2days is the partial association with 2-day moving
average of rain. The effect of the cameras was
intermediate, StdDev (Intercept) = 0.66.

Giraffes & 2-day moving average of rain

Table 6: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting a south african giraffe (Giraffa camelopardalis
giraffa). s(DoY) is the partial association of day of year.
Rain30days is the partial association with 30-day
moving average of rain. The effect of the cameras was
intermediate, StdDev (Intercept) = 0.66.

Giraffes & 30-day moving average of rain

Smoother (GAM)  edf ref.df F-value p-value Smoother (GAM)  edf ref.df F-value p-value
s(DoY) | 4837 22 2,219 <0,001 s(DoY) | 3881 22 1,106 <0,001
Fixed effects (LM) estimate std.error t-value p-value Fixed effects (LM) estimate std.error t-value p-value
X(Intercept) -2,464 0,24 -10,265 <0,001 X(Intercept) -2,394 0,242 -9,898 <0,001
XRain2days -0,041 0,016 -2,494 0,013 XRain30days -0,114 0,035 -3,214 0,001

Table 7: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting a greater kudu (7Tragelaphus strepsiceros).
s(DoY) is the partial association of day of year.
Rain2days is the partial association with 2-day moving
average of rain. The effect of the cameras was small,
StdDev (Intercept) = 0.30.

Table 8: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting a greater kudu (Tragelaphus strepsiceros).
s(DoY) is the partial association of day of year.
Rain30days is the partial association with 30-day
moving average of rain. The effect of the cameras was
small. StdDev (Intercept) = 0.34.

Kudus & 2-day moving average of rain

Kudus & 30-day moving average of rain

Smoother (GAM)  edf ref.df F-value  p-value Smoother (GAM)  edf ref.df F-value  p-value
s(DoY) | 8,211 22 6,205 <0,001 s(DoY) | 10,308 22 8,492 <0,001
Fixed effects (LM) estimate std.error t-value  p-value Fixed effects (LM) estimate std.error t-value  p-value
X(Intercept) -1,87 0,112  -16,637 <0,001 X(Intercept) -2,099 0,132 -15,93 <0,001
XRain2days 0,005 0,01 0,483 0,629 XRain30days 0,195 0,024 8,204 <0,001

Table 9: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting an impala (4depyceros melampus). s(DoY) is
the partial association of day of year. Rain2days is the
partial association with 2-day moving average of rain.
The effect of the cameras was big, StdDev (Intercept) =
0.98.

Table 10: Model summaries of the smoother and fixed
effects for the GAM modelling the probability of
sighting an impala (4depyceros melampus). s(DoY) is
the partial association of day of year. Rain30days is the
partial association with 30-day moving average of rain.
The effect of the cameras was big, StdDev (Intercept) =
0.89.

Impalas & 2-day moving average of rain Impalas & 30-day moving average of rain
Smoother (GAM) edf ref.df F-value  p-value Smoother (GAM)  edf ref.df F-value p-value
s(DoY) | 15,538 22 8,442 <0,001 s(DoY) | 14,928 22 6,64 <0,001
Fixed effects (LM) estimate std.error t-value  p-value Fixed effects (LM) estimate std.error t-value p-value
X(Intercept) -3,239 0,356 -9,108 <0,001 X(Intercept) -3,473 0,326 -10,662 <0,001
XRain2days 0,028 0,006 4,572 <0,001 XRain30days 0,251 0,022 11,442 <0,001
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Discussion

When summarizing the total number of observations of the four species we found that African
savannah elephant was observed by far the most out of the species with 14,299 individuals
being caught on the camera traps. The other three herbivore species were all much less
frequently observed by the camera traps. The greater kudu was the second most observed
species with 1,001 individuals observed by the camera traps. Giraffe and impala had about
half as many sightings as kudu, with 644 and 584 individuals observed respectively.

This study found evidence for patterns of river visitation by large herbivore in relation to
rainfall and season. The predictions that river visitations by both savannah elephants’ and
south african giraffes would have a negative association with rainfall, and that the giraftes
would respond less than the elephants could be supported in this study. Both megaherbivores
decreased their visits to the river in relation to increased rainfall and had stronger association
with long-term rainfall (30-day moving average of rain) than with recent rainfall (2-day
moving average of rain) (Figure 3 & 4). However, they showed different complexity in their
seasonal patterns, there elephants showed high complexity, and giraffes showed low
complexity (Figure 2). The prediction that river visitations by greater kudu would have a
negative association with rainfall, especially strong for long-term rain could not be supported
in this study. The greater kudus were very different from the megaherbivores in terms of the
influence of rainfall and season on river visits. They showed a relatively clear seasonal pattern
with more kudus visiting the river during the peak of the dry season, from June to September,
and fewer visiting the river during the wet season, from December to March (Figure 2).
Kudus' visits to the river also had no association with recent rainfall but a strong association
with long-term rainfall, with river visits increasing with increasing long-term rainfall

(Figure 3 & 4). The prediction that river visitations by impala would decrease with increased
rainfall could not be supported by this study. Instead, river visitations were positively
associated with both recent and long-term rainfall, meaning that more rainfall results in more
impalas visiting the river (Figure 3 & 4). Furthermore, the association with 30-day moving
average of rain were almost ten times stronger than the association with 2-day moving
average of rain.

As discussed in the background, elephants are a highly water dependent species that requires
large amounts of water regularly to survive (Makati et al., 2025). A study by De Beer and Van
Aarde (2008) found that water distribution influence African elephants space utilisation, while
other studies also found that elephants tend to concentrate their foraging in areas close to
water sources during the dry season, and expand their foraging range during the wet season
(Chamaillé-Jammes et al., 2007; Legget, 2009: De Beer et al., 2006). However, the results in
this study do not show that correlation. Instead, there seems to be no difference in the use of
the river by the elephants between the wet season and the dry season. One possible
explanation for this could be that the Boteti River is one of only two reliable surface water
sources in the western part of the Makgadikgadi Pans National Park, with the other one being
a pumped water hole near the Phuduhudu gate, north of the study area. In the studies
mentioned above, there were several permanent water sources which could imply that the
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elephants had a greater opportunity to move over larger areas and did not need to stay close to
the same permanent water source throughout the year, as they needed to do in this study area.
There could also be other factors that cause this pattern. One explanation could be that there is
water scarcity in the area all year round. During the wet season, temporary water sources may
be very short-lived depending on soil composition, causing elephants to rely on the Boteti
River all year round. Another explanation could be that a high population density means
increased competition for temporary water sources, which may push individuals to be closer
to the river where water is available.

River visitations of savannah elephant were negatively associated with rainfall. This may
indicate that elephants are not as dependent on permanent water sources after rainfall due to
the creation of ephemeral water sources. They may also obtain more moisture from the
vegetation directly after rainfall due to water droplets collecting on the plants, which means
that they do not need to visit the river to get their essential water. Another explanation could
be that the elephant's thermoregulatory behaviour changes depending on whether it rains or
not, as rainfall is cooling. In a study conducted by Mole et al. (2016) on southern African
elephants they concluded that the probability of the elephants swimming, mud bathing, or
spurting water over their body increased significantly at temperatures above 33°C and were
more likely to happen during the dry season. Thus, when it rains, elephants do not need to
visit the river to cool down, and that could be one of the reasons why rainfall has a negative
effect on elephant visitations at the Boteti River.

The giraffes' visits to the river were relatively stable throughout the year, with an small
increase at the end of the dry season (Figure 1B) and were negatively associated with both
recent rainfall and long-term rainfall (Figure 2B & 3B). Giraffes are less water dependent than
other ruminants and get much of their essential moisture from plants (Bond et al., 2023). The
reason they had an increase in river visitations at the end of the dry season may be because the
water content in the vegetation is too low after the long dry season, forcing the giraffes to visit
the river a little more often. Their movement is also greatly affected by the weather (Deacon
et al., 2024). Sunny weather with high temperatures reduce movement as the giraffes seek
shade, and rainfall increases movement as it provides water and vegetation (Deacon et al.,
2024). In a study conducted by Deacon et al. (2024) they found that rainfall had a significant
effect on giraffe movement, both distance moved and speed of movement increased with
increased rainfall. The results of this study could potentially indicate something similar with
fewer giraffes visiting the river after rainfall, which could suggest that the giraffes move
larger distances away from the Boteti River due to the rainfall providing temporary water
sources in areas that would not have had any source of water without the rainfall. So, when it
rains, the giraffe can move further away from the Boteti River in search of food and still get
its essential water from ephemeral water sources, which means that the frequency of visits to
the Boteti River decreases. The fact that the number of giraffes is decreasing both with a 2-
day moving average and a 30-day moving average suggests that rainfall means that the giraffe
can find food and water in places other than by the river after rainfall, which fits with Deacon
et al’s findings (2024).

Unlike for elephants and giraffes, the kudu had a clearer seasonal pattern in river visitations at
the Boteti River. There was an increase in visits during the dry season and a decrease in visits
during the wet season (Figure 1C). The river visitations also showed no association with
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recent rainfall (Figure 2C), in contrast to the other three herbivore species studied. As
mentioned in the background, the greater kudu is a browser (Chinomona et al., 2018) and
their diet changes throughout the year, which is closely related to changes in plant water
content (Van Driessche et al., 2025). During the dry season they primarily consume moisture-
retaining plants (Van Driessche et al., 2025), and since the kudu have a high dietary water
intake, they are less surface-water dependent (Kihwele et al., 2020). This fits well with the
results from this study. During the wet season, river visitations decrease, as they get enough
moisture from their diet. However, during the dry season, as vegetation becomes drier, river
visits increase to obtain sufficient moisture. This pattern corresponds quite well with previous
findings, such as Simpson (1972), who found that kudu started to concentrate along a river
during the dry season and the number of kudus at the river increased as the dry season
progressed, and then when the wet season came, all the kudu left the river and very few were
seen at the river until the next dry season. However, the fact that the 30-day moving average
had a positive effect on river visitations in the current study is very surprising. This is the
complete opposite to the prediction that increased rainfall, and thus increased moisture in
vegetation, would reduce the need for river visits. However, the model for 30-day moving
average rainfall was controlled for day of year and since day of year already explains large
parts of the variation, the question is whether the remaining effect of the 30-day moving
average of rain might represent something other than the dietary water content alone. Long-
term rain could potentially have some direct or indirect effect on kudu behaviour that
increases the frequency of visits to the river, and it does not necessarily need to involve the
moisture content of the vegetation. For example, more repeated rainfall may lead to increased
plant growth near rivers, attracting the kudu for high quality forage. There could also be other
factors such as social and reproductive behaviours, and predator distribution which influences
the kudus to be near the Boteti River. Further studies are needed to investigate this pattern.

For the impala, there was no clear seasonal pattern in the number of visits to the river.
However, the number of impalas visiting the Boteti River had a positive association with both
recent rainfall and long-term rainfall. Long-term rainfall had a stronger influence on river
visitations than recent rainfall. In a study conducted by Ogutu et al. (2010) it was found that
impalas were more attracted to water during a wet year than during a dry year, which roughly
corresponds to the results in this study. This result is a bit surprising considering the ecology
of the impala. As mentioned in the background, the impala is a relatively small herbivore and
an intermediate feeder, which means that they switch their diet in response to seasonal
fluctuations (Mramba, 2021; Kos, 2012). The prediction was that river visitations would have
a negative association with rainfall, as the impalas can obtain their necessary water from
ephemeral water sources after rainfall and from moisture on the grass, which is the impala's
diet during the wet season (Skinner & Chimimba, 2005). One reason why the impala does not
want to visit the river more than necessary is the risk of predators. The impala avoids open
areas and prefers to stay covered by vegetation to reduce the visibility for predators (Klein &
Fairall, 1986). Thus, it is surprising that the number of impalas increases by the river after
rainfall, as the rain gives the impalas the opportunity to avoid the river and still get its
necessary water intake. However, it could be the same for impala as discussed for the kudu.
There could be other factors that influence the impalas to visit the river. One reason could be
that the area around the river is a good source of food. Grass grows well by the rivers
(Hughes, 1988) and since it is the impala's main food during the wet season, it could be that
the impala visits the river to eat fresh grass after rainfall.
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The findings of this study indicate that the movement of all four species of herbivores studied,
elephant, giraffe, kudu, and impala, are associated with rainfall and day of year. However, it is
worth noting that this study focused exclusively on these two factors. There are many factors
that could influence how often the different species visit the river, for example food and water
requirements, predation risk, and thermoregulation (Veldhuis et al., 2019).

On the other hand, this study’s evidence is consistent with a relationship between river visits
and rainfall, indicating that even if it is not rainfall itself that affects the number of river visits,
it is likely another effect that is influenced by rainfall.

This relation between herbivore movement and rainfall means that the species will likely be
affected by climate change in the future. Climate change will decrease the amount of annual
rainfall in southern Africa and change the rainfall patterns in intensity and frequency, resulting
in some extremely wet periods, longer periods between rainfalls and more intense droughts
(Zhu & Ringler, 2010; Mhlanga et al, 2012; Kusangaya et al, 2014). In a study conducted by
Abraham et al. (2019) they investigated the impact of drought on different herbivore species
and found that browsers, such as giraffe and kudu, and mixed feeders, such as impala,
responded to drought by amplifying their normal dry season response and focusing on
browsing. Abraham et al. (2019) also found that grazers and megaherbivores, such as
elephants, responded to drought by changing their landscape use and moving more than usual
in search for food. However, the water sources are very limited in MPNP with the Boteti
River being one of only two surface water sources. This could mean that the animals become
very concentrated at the Boteti River, which could lead to consequences for the different
species. One consequence being the increased risk for predators. Higher concentrations of
herbivores at water sources attract predators that benefit from increased cover in catching
their prey (Veldhuis et al., 2019). Another consequence could be increased competition for
food. Therefore, more intense droughts might lead to higher rates of drought-induced
mortality due to competition for resources and higher predation. In summary, these findings
show the vulnerability of herbivore communities in semi-arid ecosystems, such as the
Makgadikgadi Pans National Park, to a changing climate.

Uncertainties

The camera traps were mainly set up for elephants and placed along eight different elephant
highways. This means that for an animal that moved towards the river, it must have chosen to
move along an elephant highway to be captured by the camera traps and included in the data
used for this study. It may be that the elephant highways are used differently by the various
species that have been studied in this study. For example, the elephant highways are a
convenient way for elephants and giraffes to travel to the river due to their enormous size, as
this allows them to avoid having to navigate through vegetation. For kudus and impalas,
which are much smaller in comparison, it is not as obvious that they use the elephant
highways because they can move more efficiently through the vegetation. This means that
there could potentially be a certain number of observations of impalas and kudu missing,
depending on how large a proportion of these populations that use the elephant highways to
get down to the river. Nevertheless, I expect that patterns in time and with rainfall are fairly
reflected regardless of the absolute number of sightings, so the contrast in annual and rainfall
effects remains interesting.
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Another small uncertainty with the study is what time interval should be used to avoid
duplicates of the same individual. It is a difficult balancing act to try and avoid as many
duplicates as possible while also trying not to remove observations that are of different
individuals. For this study, we tested different time intervals such as 5, 10, 15, 20, and 30
minutes but ultimately decided to go with a 10-minute time interval. However, this choice did
not have a major impact on the result because the total number of observations did not change
very much between the different time intervals. With a 30-minute interval, the total
observations were approximately 14,000 and with a 10-minute interval, they were
approximately 16,000. It is difficult to know whether the 2000 observations that disappear are
duplicates or different individuals, but we assessed that there are probably more unique
individuals that disappear than duplicates and therefore went with the shorter time interval.

As mentioned in the methods, the rain predictor was divided into a 2-day moving average of
rain and a 30-day moving average of rain to investigate the relative importance of rain itself
and rain-induced vegetation changes on large herbivore visits at the Boteti River. However, as
mentioned in the discussion, there are many factors that could affect the visitation frequency
by large herbivores at the river which have not been examined in this study. For example,
there could be factors that correlate with rainfall that have a greater impact on the visitation
frequency of herbivores than the rainfall itself. Moreover, some predictors undoubtedly have
indirect rather than causal effects. Future work should consider these predictors when building
on my work to assess how rainfall predicts herbivore movements in arid parts of Africa.

Conclusion

In conclusion, patterns of river visitation by large herbivores showed association with both
day of year and rainfall, although the patterns varied between species. River visits by the
mixed feeders, african savannah elephant and impala, had complex association with day of
year, but no clear pattern between seasons. However, elephants had a dip in visits at the end of
the wet season and a peak in visits at the start of the wet season, although exactly why

remains unclear. In contrast, the browsers had more distinct patterns. South african giraffes
had a slight increase in river visitations at the end of the dry season. Greater kudus, however,
had a clear pattern of river visitations in relation to season with more visits during the dry
season and less visits during the wet season.

Rainfall had a clear influence on river visitations. For both megaherbivores, african savannah
elephant and south african giraffe, both short-term rain (2-day moving average) and long-term
rain (30-day moving average) was associated with fewer river visits. Furthermore, long-term
rain had a stronger negative effect on both species than short-term rain. Greater kudus' visits
to the river showed no association with short-term rainfall unlike the other species. However,
there was a strong positive association with the 30-day moving average of rain, an unexpected
result that may indicate other indirect ecological influences. Impala visits to the river showed
a weak positive association with short-term rainfall and a strong positive association with
long-term rainfall. Interestingly, the association of impala visits with the 30-day moving
average of rain was 9 times stronger than with the 2-day moving average of rain.
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In summary, patterns of river visitation by large herbivores showed association with both day
of year and rainfall, although exactly why remains unclear. Further studies need to be done to
investigate exactly how and why patterns of river visitation by large herbivores shows
association with both day of year and rainfall, and investigate how other potential factors such
as forage availability, social behaviours, and predation risk could influence the patterns of
river visitations by herbivores.
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