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ARTICLE INFO ABSTRACT
Keywords: Climate change, land use conversion and human population growth are reducing and fragmenting
Human-wildlife conflict historical ranges of large animals, especially in Africa. Particularly, land conversion to agriculture

Loxodonta africana
Plant preferences
Global change

is leading to coexistence challenges between humans and elephants. In this study we investigated
the factors affecting the intensity of elephant crop damage in the Selous-Niassa Wildlife Corridor
Climate change (Tanzania). We also predicted future conflicts (crop damage intensity) for different land man-
Crop damage agement (crop types) and water scarcity (drought) scenarios using model averaging. Our results
Prediction show that intensity of elephant damage (proportion of area damaged in an individual farm as a
percentage) increased with crop palatability and land use conversion in the last ~30 years,
particularly deforestation. Conversely, the intensity of elephant damage decreased with
increasing human activity (higher proportion of settlements and farmland), and distance to
waterbodies. Most farms affected by elephants (65 %) were at short distances (< 250 m) from
waterbodies. We also predicted a significant increase of elephant crop damage intensity from
17 % when the farm is covered with no palatable crops, to 54 % and 63 % when palatable crops
covered 50 % and 100 % of the farmland, respectively. For the predicted water stress scenario in
which all small seasonal waterbodies would dry off, we predicted a 46 % reduction in the total
area of farmland susceptible to damage although we expect an increase in human-wildlife
competition for water. We conclude that land use changes and water availability strongly
affect elephant crop damage. We hope these results contribute to the development and better
implementation of management strategies that enhance long-term peaceful coexistence between
humans and elephants.

1. Introduction

Human population growth and anthropogenic activities are producing important changes in the global environment, causing
among other effects, climate warming and altered precipitations, land use changes and over-exploited natural resources (Sage, 2020).
These changes commonly named as Global Change are affecting biodiversity and are threatening numerous species with extinction. In
particular, land use transformation, due to its broad scale, is considered the leading cause of biodiversity loss (Vermaat et al., 2017).
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Today, human population in Africa is undergoing a great demographic and geographic expansion (Kaba, 2020; Potapov et al.,
2022). Additionally, Africa stands out disproportionately as the most vulnerable region to climate change in the world (Sylla et al.,
2018; Rao et al., 2020; Williams et al., 2021), which is particularly worrying as it is home to many biodiversity hotspots and unique
species (Ayeni et al., 2023). In particular, predictions for East Africa foresee an increase in aridity (Seitz and Nyangena, 2009; Dai,
2011). The predicted increase towards moderate to severe droughts (Haile et al., 2020), might represent an important hit on both
threatened animal populations and local farming communities. Overall, it is estimated that the overexploitation and degradation of
biodiversity will result in the loss of 50 % of Africa’s bird and mammal species (UNEP-WCMC, 2016).

Due to their body size, slow reproduction rate, strong water dependency and broad home ranges, African savanna elephants
(Loxodonta africana, Blumenbach 1797) are an emblematic example of the new challenges facing global change (Martinez-Freiria et al.,
2016). The International Union for Conservation of Nature (IUCN) categorizes the species as endangered, highlighting four main
threats for the survival of the species: land use change (Boult et al., 2019), climate change (Martinez-Freiria et al., 2016), coexistence
challenges between elephants and humans due to competition for natural resources (Sitati et al., 2003; Songhurst, 2012; Mariki et al.,
2015) and poaching (Douglas-Hamilton, 1987; Chase et al., 2016). Additionally, human population growth and expansion is exac-
erbating this unfavourable environment, by reducing and fragmenting elephant habitats and historic ranges (Ripple et al., 2015) and,
thus, increasing the intersection of human activities and elephants ranges (Hoare, 1999).

Rivers and other waterbodies represent important elephant congregation areas as they provide suitable habitats, foraging areas and
water supply (Smit et al., 2007; Harris et al., 2008; Haynes, 2012). Although food availability is a key factor explaining elephant
movements (Bohrer et al., 2014; Boult et al., 2018), the lack of drinking water and wooded shelter represent important limiting factors
(Boult et al., 2019), that make elephants even more vulnerable to climate and land use changes. Other factors determining elephant
movements in the landscape are topography (Wall et al., 2006), perceived risk (Graham et al., 2009; Thwagi et al., 2018), social
companionship (Goldenberg et al., 2016) and site fidelity (Loarie et al., 2009). Site fidelity, particularly of females (Pinter-Wollman,
2009; Loarie et al., 2009), might influence the exploratory behaviour of the herds (Druce et al., 2008), restricting their ranges to the
historically used areas that might have been transformed into cultivated land in recent times. On the other hand, elephants inhabiting
wooded ecosystems have historically preferred open and dense woodland over grassland (Matzke, 1971) as they provide not only
forage areas but a preferred shelter from high temperatures during the day (Kinahan et al., 2007) and against humans (Kioko et al.,
2008).

Coexistence challenges between humans and elephants, although have occurred during centuries, have dramatically increased in
recent years due to the expansion of land needed for agriculture. Crops can represent an important nutritional source for elephants
(Rode et al., 2006; Chiyo et al., 2011; Vogel et al., 2020) and can be preferred over natural vegetation due to their higher nutritional
and mineral value, reduced chemical defenses and high water retention (Chiyo et al., 2005; Ogunjobi et al., 2018). In addition, the
majority of agricultural crops ripen and increase in quality at the onset of the dry season when green grass dries off and loses quality
(Vogel et al., 2019 and, 2020), becoming an attractive alternative food source (Osborn, 2004; Vogel et al., 2020). From an ecological
and ethological perspective, numerous studies have concluded that elephants prefer some crops over others (Naughton-Treves, 1998;
Walpole et al., 2004; Malugu et al., 2011; Montero-Botey et al., 2021). However, not all farms are affected in the same way and crop
damage patterns have also been associated with human population density (Newmark et al., 1994), proportion of cultivated land (Pozo
et al., 2017) and road networks (Sitati et al., 2003). Previous studies have also shown that the proximity to forest cover and protected
areas increases the vulnerability of a farm to be affected by elephants (Nyhus and Tilson, 2000; Graham et al., 2010; Guerbois et al.,
2012; Wilson et al., 2013; Chen et al., 2016). Thus, forest patches can act as safe staging areas for elephants before and after entering in
crop lands (Tiller et al., 2021; Hahn et al., 2023).

Elephant presence in farms may represent not only important economic loses (Graham et al., 2010) but also, in some cases, the loss
of human lives (Fisher, 2016). Frequent incidents can lead to a reduction of local communities’ tolerance towards wildlife,
strengthening negative attitudes towards conservation efforts (Dickman, 2010; Goswami and Vasudev, 2017) and even fuelling
retaliation killings of wildlife (Linkie et al., 2007). Therefore, mitigating human-elephant coexistence challenges becomes imperative
to ensure long term elephant conservation (Karidozo and Osborn, 2015).

In order to guide conservation actions, we need to increase our understanding of the main historic and current drivers affecting the
occurrence and intensity of elephant damage on the farms across space and time. In this study we aimed to investigate the factors that
influence the intensity of elephant crop damage on individual farms in the Selous-Niassa Wildlife Corridor (in southern Tanzania), that
forms part of one of the largest and most paradigmatic Trans Frontier Conservation Areas in Africa. To do that, we considered not only
the effect of different land use types and water availability, but also crop preferences of elephants and historic site fidelity, thus
exploring behavioural, spatial and socio-ecological factors together for the first time. As a highly applied study, we assessed the
probability of crop damage for each farm and predict future elephant damage for different management schemes (crop types) and
climate (drought) scenarios. We expect our results and model forecast may contribute to a better implementation of management
strategies and help enhance long-term peaceful coexistence between humans and elephants.

2. Materials and methods
2.1. Study area
The study area is located in the Selous-Niassa Wildlife Corridor, a conservation area made up of five Wildlife Management Areas

(WMAs) and 30 villages, that links Julius Nyerere National Park (former Selous Game Reserve) in Tanzania with Niassa National
Reserve in Mozambique. The study villages (Fig. 1) are in the northern part of the corridor, bordering Julius Nyerere National Park
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(Rahaleo, Nambecha and Kajima village), and in the southern part (Mpanji and Msiaje) bordering Sasawala National Forest Reserve.
These villages belong to three Wildlife Management Areas (Mbarang’andu, Nalika or Chingoli WMA) but also contain other areas
under diverse figures of protection (i.e. local sacred forest, village forest reserves) which borders are not yet officially demarcated and
converge with WMAs borders, hosting resident wildlife (Bluwstein and Lund, 2018; MCDI, 2018). The most populated village in
2019-2020 was Nambecha (~4000 people), followed by Rahaleo (~2930 people), Msiaje (~2250 people), Kajima (~1630) and
Mpanji (~1100 people) with an average of ~4.3 people/household (Tanzania National Census 2012 & 2022). Local communities
mostly base their economy on subsistence traditional (non-irrigated) agriculture of maize, rice and cassava although there are some
areas where individual farmers also cultivate cash crops such as cashew nut trees, tobacco, pigeon peas, sesame, etc. Most of the farms
cover between 0,5-3 ha of mixed crops (Montero-Botey et al., 2021). Most crops are planted in November (beginning of the rainy
season) and harvested in March, extending to August depending on the crop type, except for cashew-nuts that are harvested in
October-November (Montero-Botey et al., 2023). In recent years, there has been an increase of pastoral livestock keepers coming from
other parts of the country (Mwambene, 2014; Jew et al., 2017) and a higher demand on hard wood (Charnley et al., 2022) and mining
(Vertriest et al., 2019; Rweyemamu and Kim, 2020) along the corridor surroundings that have been important assets for the historical
economy of this area (Vertriest et al., 2019).

The corridor is a continuous miombo woodland ecosystem, with high spatial variation in plant composition. Elevation ranges from
460 m (in Ruvuma River) to 1284 m asl (in Mtungwe Hill). Mean annual rainfall also varies along the corridor, with a warm rainy
season (mid-November-mid May) of around 1250 mm in the northern part, decreasing to 800 mm along the Ruvuma River, where
savannah woodlands with baobab trees (Adansonia spp.) are found (Baldus and Hahn, 2009). The area harbours important populations
of wildlife, in particular an elephant population of 602 + 258 individuals with higher density in the northern part (TAWIRI, 2019). It
also covers traditional migratory routes of elephants, forming part of one of the world’s largest trans-frontier conservation areas
(Mpanduji, 2004). Formerly, the corridor together with Niassa and Selous ecosystems was an important source of poached ivory
between 2006 and 2016 (Chase et al., 2016), reaching its highest peak between 2009 and 2013 (Bennett, 2015). In addition, reports of
Tunduru District recorded 49 elephants killed by district rangers from 2004 to 2014, due to human-elephant conflicts such as damages
to crops or elephant charges at humans (unpublished data). Since 2016, the continuous effort on law enforcement and community
awareness have reduced elephant mortality due to poaching or conflict (TAWIRI, 2019; TAWIRI, 2024). However, the exponential
expansion of farmland and deforestation have produced an increase of human-elephant coexistence challenges mostly due to the
presence of large herds of elephants in the area over the last years (Montero-Botey et al., 2022). In contrast with other studies sug-
gesting that mainly bull elephants damage crops (Hoare, 1999; Sitati et al., 2003; Graham et al., 2010; Chiyo et al., 2011 and, 2012;
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Smit et al., 2019), in the study area crop damage is mostly caused by big herds of female elephants and their calves (Montero-Botey
et al., 2021) as observed in other areas of East Africa (Smith and Kasiki, 2000; Tiller et al., 2021).

In the Selous-Niassa Wildlife Corridor, farmers and rangers consider elephants to be the most problematic animal, affecting more
than 50 % of the households at least once over the last 15 years (Montero-Botey et al., 2022). Although chili fences (Graham and
Ochieng, 2008) have been used in some farms along the corridor encouraged by government institutions and NGOs, the most common
mitigation measure applied in the area is guarding the crops at night and making noises to chase them away (drumming, clapping,
shouting, etc.). Other mitigation measures such as planting non-palatable crops (Matsika et al., 2020) and beehive fences (King
et al.2009) are not common in the area although local communities consider them useful and are open to apply them in the future
(Montero-Botey et al.,2022).

2.2. Data collection

2.2.1. Elephant damage incidents

In each village, one Village Game Scout (VGS) was appointed as an enumerator of all the incidents regarding elephant presence
between August 2019 and August 2020. The enumerators were selected for their knowledge of the area and the wildlife movements as
well as their official involvement in chasing away elephants from the village. They were appointed in agreement with the village
leaders to ensure they were informed of every incident reported, and equipped with a Garmin Etrex10 Global Positioning System
(GPS). Each farm affected by elephants was visited as soon as possible (preferably the same day but not later than 7 days after) by filling
out a form (Appendix S1) and recording the GPS coordinates of the farm, the area cultivated for each crop type (i.e., each crop species)
and the visual estimation of the area damaged by elephants for each crop type. Every enumerator also recorded the GPScoordinates of
elephant tracks, when found, and included their land use category. Finally, they also recorded the GPS coordinates of any waterbody in
the villages and reported the date they dried off, if so. To ensure a rigorous data collection, the enumerators were trained by two co-
authors (MM-B and EK), and the data were checked in the farms (in situ) by the authors every month at the beginning of the data
collection (from August 2019 to December 2019) and every three months from January to August 2020 (due to COVID-19 prevention).
A total of 904 farms were visited.

Additionally, the author MM-B visited 222 farms affected by elephants across the whole corridor (in the five study villages and
neighbouring villages) between April and August 2019, collecting the same type of data (Appendix S1), but avoiding overlap with the
enumerators in the same villages at the time they were collecting data.

2.2.2. Land use data

To understand the changes in land use over the last decades we compared the land use maps for years 1990 and 2017, obtained
from the Frankfurt Zoological Society (FZS). These maps were created by machine learning from satellite images with pixels of 30x30m
during the dry season, fixed and validated with in-situ information by FZS. For both maps, land use was categorized into seven types:
grassland, bushland, open forest, closed forest, thickets, farms -settlements- bare land and waterbodies. Unfortunately, these maps did
not cover Nambecha village, but were used because it was the most accurate and updated information available for the area. The main
river shapefile was provided by World Wide Fund for Nature (WWF) and combined in a new shapefile with information from Landsat
orthophotos from June 2019 (Landsat-8, obtained from LandViewer; USGS, 2019) together with the data provided by the enumerators
about waterbodies, seasonal rivers and streams.

2.3. Data analysis
All data were analysed with R.4.1.1. (R core team, 2022) and ArcMap 10.6.1 (ESRI, Redlands, CA, USA).

2.3.1. Crop preference by elephants

We estimated crop preference using the selection ratio (w;) (Manly et al., 2002), calculated as w; = 0j/n;, where o; is the proportion
of the area used by elephants (i.e. proportion of each crop i with damage) and w; is the proportion of available resources in the
environment (i.e. proportion of each crop i in each farm). We classified each crop type according to its selection ratio as: low preference
when w; < 0.75; medium preference when 0.75 < w;j < 1.25, and high preference when w; > 1.25. For relative comparison we also
calculated Manly’s standardized selection ratio (B;) (Manly et al., 2002). More details of this procedure can be found in Montero-Botey
et al. (2021). Unfortunately, in 71 out of the 904 farms visited by the enumerators, the time between the visit and the date of damage
was too long to assess the damages properly and those farms were not used in the analysis. However, the separate data from the
corridor comprising 222 farms were added to the analysis. Therefore, a total of 1055 farms were used for crop preference analysis
(Appendix S2).

2.3.2. Damaged farms and elephant presence

We used the information provided by the enumerators (904 farms) to obtain the number of farms and people affected by crop
damage due to elephants in each village. We also compared elephant presence in the farms (number of days obtained from the
enumerators data) and the mean intensity of damage (proportion of area damaged in a farm as a percentage) per village.

2.3.3. Land use change
We calculated the degree of farmland increase (area devoted to agricultural practices), deforestation and loss of waterbodies in
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each village for the period 1990-2017. For each farm affected in 2019-2020, we calculated, for 1990 and 2017, the percentage of area
covered by the different land use categories in a circular buffer of 1 km? around the GPS coordinates of the centre of the farm and the
Euclidian nearest distance from the centre of the farm to waterbodies. All these spatial calculations were made using spatial analyzing
tools in ArcGIS (version 10.6.1; ESRI), based on the FZS land use map. Nambecha village was excluded from this analysis due to the
lack of land use information.

2.3.4. Analysis of intensity of crop damage

To analyse how land uses around the farm influence the intensity of elephant crop damage in each farm, we used beta regression
models (Cribari-Neto and Zeileis, 2010) in R software environment (R core team, 2022), where the proportion of crop area damaged by
elephants in each farm was the response variable (hereafter, intensity of damage). Fixed effects (predictors) were: (1) Percentage of
area covered by farmland, bareland and settlements in the circular 1 km? buffer around the farm in 2017; (2) Percentage of area
covered by open forest in 2017 in the 1 km? buffer around the farm; (3) Percentage of area covered by closed forest in 2017 in the
1 km? buffer around the farm; (4) Euclidean distance from the sampled farm to the nearest waterbody; (5) Relative abundance of
highly preferred crops (area covered by preferred crops divided by the total area of each farm), although rare or very infrequent crops
(present in <10 farms) were not considered in the modelling; and, (6) Percentage of area covered by thickets, open and closed forest
(where elephants typically take shelter) in 1990 in the 1 km? buffer around the farm. Land use data in 1990 was included to explore the
possible effect of elephant site fidelity and natal philopatry (Pinter-Wollman, 2009; Loarie et al., 2009) of their previous ranging areas
that are now converted into farmland. Although several studies have pointed out distance to protected areas as an important factor
influencing crop damage intensity by elephants (as elephant crop damage is more intense within 5 km from protected areas- Gubbi,
2012; Guerbois et al., 2012; Tiller et al., 2021) we decided not to include them because 1) the existence of not yet officially demarcated
protected areas (i.e. local sacred forest, village forest reserves), 2) most of the affected farms are located at <5 km away from a WMA or
forest reserve, and 3) all the protected areas (officially demarcated or not) are covered by open-closed miombo forest therefore the
proportion of forest in 1 km2 around the farm is highly correlated with the distance to protected areas.

For this analysis we used land use data and the data collected by the enumerators in a total of 590 farms with precise and complete
GPS coordinates. The beta regression maximal model (containing all the predictors) was standardized with the function scale in R. To
make stronger inferences as there were low to moderate levels of collinearity between our predictors, we used the model averaging
approach to summarize all the competing models and gain stability (Freckleton, 2011). The model averaging considers multiple
competing models as the best fit instead of a single best model (Grueber et al., 2011). We used the dredge function and the model.avg
function of the MuMIn package (Barton, 2023) in R for model comparison and to obtain the importance of each predictor (from O to 1)
respectively. Finally, we selected the group of models with lowest AIC that hold 95 % of the weight and used it for making predictions.
To present the results of the regression we created graphs in the ggplot library of R, using the predicted values of the model averaging
selection.

2.3.5. Predictions of crop damage intensity under different scenarios

In order to predict the damage intensity in each farm under different future scenarios, we first created a grid of points separated by
100 meters inside the area identified as farmland, settlements or bareland in 2017, and calculated the predictors 1-6 (described above)
for each point with spatial analysis tools in ArcGIS 10.6.1. We did not have data regarding percentage of preferred food for each point
of the grid as we only had data from the farms affected. With these data, and using the model averaging selection, we predicted the
damage intensity for each point of the grid and created vulnerability maps for different scenarios: (A-C) a different proportion of highly
preferred crops by elephants in all the farms (0, 50 and 100 % of preferred crops), (D) a scenario of reduction in water availability (as
expected output for climate change) with 50 % of preferred crops. Reduction of water availability was performed by removing all the
small seasonal streams and waterbodies, since these sources are expected to disappear due to climate change (Haile et al., 2020). The
maps generated only represent the damage intensity in case elephants reach the farm. We chose to predict for those four scenarios as
they are the most immediate changes that can or are already happening. Scenarios A-C only depend on the Government’s and farmers’
willingness to change to non-palatable crops according to Montero-Botey et al. (2022) findings. On the other hand, scenario D is
already happening during intense drought years which are expected to be more frequent in the future.

2.3.6. Probability of farm damage based on distance to waterbodies

As elephants are water dependent, we also explored how the distance to waterbodies influences the probability of a farm being
damaged. To do so, we fitted a binomial (1/0) Generalized Linear Model (GLM) with the same grid of points (100 x100 m). The points
of the grid inside a 100 m radius buffer area of any farm affected (data of the enumerators) were considered as affected (1), and those
outside the buffer were considered as not affected (0). For each point, we calculated the distance to the nearest waterbody. With this
variable we created the binomial GLM and a combined graph (histogram plus logistic curve) for the representation of the results,
following the recommendations of Smart et al. (2004). To create the graphs we used the ‘plot.logi.hist’ function from the ‘pobbio’
library of R.

3. Results
3.1. Crop preference by elephants

Crops were grouped into three categories according to their selection index by elephants across the 32 crop types (Appendix S2).
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Pineapple, pumpkin, watermelon, tomato, papaya and bananas were the most preferred crops (w; > 3; Appendix S2); however
pineapple, tomatoes and watermelon were found in a few farms (<10). Maize was a highly preferred crop (selection ratio of 1.46) and
the most cultivated in the area.

3.2. Damaged farms and elephant presence

In terms of elephant damage, there was a total of 904 farms affected for the five study villages (180.8 &+ 50.80 farms per village),
with a total of 212 days of elephant presence in the area (80 days of elephant presence in more than one village at the same time) and
an average of 69.2 + 17.12 days of elephant presence per village (range 20-121 days) between August 2019 and August 2020
(Table 1). Kajima, Rahaleo and Nambecha had elephants throughout the year with a peak between February and April (Rahaleo also
had a peak in December) and a minimum in October, meanwhile Mpanji and Msiaje had elephants only from January to August. The
average intensity of damage (proportion of area damaged in a farm as a percentage) in all the farms visited by the enumerators was
37.92 % + 1.16 (39.09 % =+ 3.66 per village), with a proportion of highly preferred crops of 58.84 % =+ 1.31 per farm (54.96 % + 7.71
per village). Rahaleo village was by far the most affected village (number of incidents with people, days of elephant visits and number
of farms affected) followed by Nambecha, Kajima, Msiaje and Mpanji (Table 1). However, damage intensity was higher in Mpanji
(Table 1). The number of elephants reported involved in the incidents varied between 1 and 68 (15.27 + 14.02, median =10).

3.3. Land use change

Overall, in our study area, the percentage of farmland increased on average by 437.61 % + 43.75 (range 334-524 %) per village
from 1990 and 2017 (Table 1). The total forest cover loss (closed and open) in the study area was 35.45 % (40.47 % + 6.87 per
village). Closed forests rather than open forests, showed the greatest loss, with 87.98 % reduction in cover (90.5 % =+ 5.08 per village).
Moreover, waterbodies suffered a dramatical decrease between 1990 and 2017, from around 99.9 % reduction in Msiaje and Kajima to
90.4 % and 54.0 % in Rahaleo and Mpanji, respectively (Table 1). A graphic overview of the land use change in the study area between
1990 and 2017 is found in Appendix S3.

3.4. Factors affecting intensity of crop damage

The average model (Table 2) showed that the intensity of damage caused by elephants in each farm increased with the proportion of
preferred crops (Fig. 2a), and the proportion of elephant shelter in 1990 (Fig. 2b). This latter effect was particularly noticeable when
cover for elephant shelter varied between 0 % and 50 % (Fig. 2b). Conversely, the intensity of damage per farm decreased when the
human activity (current proportion of settlements and farmland) increased (Fig. 2c). On the other hand, the intensity increased until
the proportion of open forest surrounding the farm reached 20 % (for 1 km? buffer area) and then decreased afterwards (Fig. 2d).

Table 1
Summary of land use cover, number of farms affected by elephants between August 2019 and August 2020 and land use changes in each village over
the period 1990-2017.

Rahaleo Kajima Nambecha Mpanji Msiaje
Elephant crop damage
People/ households affected 249 147 149 41 136
Farms affected 361 166 181 47 149
Days of elephant damage per year 121 85 73 20 47
Crop area damaged (acres) 220.0 110.2 151.4 108.1 198.8
Total area in damaged farms (acres) 633.3 372.1 714.6 223.0 646.3
Average total area of the affected farms (acres) 2.07 2.4 4.01 3.62 4.4
Average proportion of damage in a farm (%) 40.11 38.78 31.11 52.11 33.33
Number of farms with complete crop damaged data* 306 155 178 47 147
Number of farms with all complete data (including GPS location and crop damage) 252 148 164 47 143
Land use and land use change
Village area (km?) 614.89 337.87 187.36 45.63 205.92
Open forest cover in 1990 (%) 48.6 41.7 Not available 19.9 27.2
Open forest cover in 2017 (%) 40.7 21.5 Not available 35.7 20.2
Proportion of open forest cover lost (%) 16.3 48.4 Not available -79.3 25.9
Cover of closed forest in 1990 (%) 6.2 7.4 Not available 37.7 11.7
Cover of closed forest in 2017 (%) 1.5 0.5 Not available 0.5 0.6
Proportion of closed forest loss (%) 75.71 92.8 Not available 98.7 94.78
Proportion of total forest lost (open +closed forest) (%) 23 55.2 Not available 37.2 46.5
Farm cover in 1990 (%) 1.3 4.4 Not available 2.0 2.7
Farm cover in 2017 (%) 6.4 18.9 Not available 12.2 16.0
Proportion of farmland increase (%) 397.9 334.2 Not available 524.36 493.98
Waterbodies 1990* (%) 0.50 3.00 Not available 0.04 0.81
Waterbodies 2017* (%) 0.05 <0.001 Not available 0.02 <0.001
Proportion of waterbodies lost* (%) 90.4 99.9 Not available 54.0 99.9

*Referring to both permanent and seasonal waterbodies
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Finally, we found that intensity of damage decreased with distance to water (Fig. 2e) but increased with greater proportion of closed
woodland (Fig. 2f). However, both distance to water and proportion of closed forest showed lower importance in the model (Table 2).

3.5. Predictions of crop damage intensity under different scenarios

Models predicting elephant damage intensity in each farm for the four scenarios: Scenario A-C: 0 %, 50 %, 100 % of preferred crops
cultivated in each farm, respectively, and Scenario D, -with reduction in water availability- are shown in Fig. 3a-d, respectively (data
only for Kajima village as an example). For the rest of the villages, maps of predicted damage for the four scenarios are shown in
Appendix S4 (Rahaleo) and Appendix S5 (Msiaje and Mpanji). These maps reveal a significant increase in the elephant damage for
scenarios B, C and D, with an average elephant damage of 53.58 % + 19.15, 63.45 % + 18.79 and 49.7 % =+ 14.64 for scenarios B, C,
D, respectively, while scenario A presents an average elephant damage of 17.03 % + 13.74 (Fig. 3).

3.6. Probability of farm damage based on distance to waterbodies

Results from the binomial GLM show that the probability of a farm being damaged by elephants decreases with distance to
waterbodies (Appendix S6; Appendix S7). Thus, most farms affected by elephants (65 %) were at < 250 m from the nearest waterbody
(28.5 % in the first 60 m from the river). The probability of farm damage significantly decreased from 250 to 800 m to waterbodies and
was negligible after 800 m (Appendix S7). The predicted intensity of damage in different scenarios for farms located < 800 m from
waterbodies (60.2 % of the total farmland), highlighting those < 250 m from the water bodies (22.9 % of the total farmland) are given
in Fig. 4. In scenario D (Fig. 4d), there was a 45.8 % decrease in the predicted area damaged by elephants within 800 m from water
bodies.

4. Discussion

Our results show that elephant incidents were frequent in the study area between August 2019 and August 2020, affecting
numerous households. The mean damage intensity per farm was almost 38 %, which is higher than that reported in other studies
(Graham et al., 2010; Tiller et al., 2021). This damage not only produces a high financial and opportunity cost (Hill, 2004) but also puts
the food security of farmers and their families at risk (Drake et al., 2021) and, eventually, their health (Rubin, 2015). In addition, the
frequent presence of elephants in the villages (mean of 69 days per year) increases the chances of incidents with elephants and creates a
feeling of insecurity, which usually restrict the movement of people (Mayberry et al., 2017) and can even affect the access to education
for kids (Haule et al., 2002, Sitati et al., 2005). Moreover, the long distance between villages and the limited resources represent a
challenge for the Wildlife Division and rangers to address human-elephant incidents on time (Urio, 2020). Consequently, the negative
consequences of coexisting with elephants, the delay on the Wildlife Division response and the limited incentives for conservation, are
creating a growing animosity against elephants and conservation initiatives in the local communities of the Selous-Niassa Wildlife
corridor (Zafra-Calvo et al.,2018). Therefore, in the near future, it would be crucial to implement viable and context-specific mitigation
strategies to reduce human-elephant coexistence challenges in order to ensure long-term elephant conservation and the maintenance
of the corridor protection. In this context, conflict prediction can play an important role on the design of land use plans and mitigation
strategies (Hahn et al., 2023).

Our results showed that the intensity of elephant damage was mainly related to elephant crop preferences and the present and past
(~30 years prior) abundance of elephant shelter (forest) surrounding the farm. In contrast, there was a negative relationship of
elephant crop damage with the current proportion of farmland and settlements surrounding the farm and the distance to water.

The effect of the abundance of preferred food on elephant crop damage in a particular farm is in line with previous studies (Malugu
et al., 2011; Montero-Botey et al., 2021). Interestingly, our predictions show an increase of more than 35 % of farmland damaged by
elephants when comparing the scenario with no preferred crops with that of 50 % of farmland covered by preferred crops (Scenarios A
and B). However, the increase of damage intensity due to a change from 50 % to 100 % of preferred crops (Scenarios B and C) is only
10 %, which indicates a non-linear relationship with sharper effect at low-moderate levels (<50 % preferred crops). Therefore, pro-
moting cultivation of non-palatable crops, particularly in areas frequently visited by elephants, may strongly reduce the impact of
elephants in the farms, and it has been proven feasible when there is participation of local communities and managers as well as
political willingness (Dewalt, 1993; Negash and Swinnen, 2013). However, such change might be challenging for local communities as
they may become more dependent on external sources to access traditional basic food such as maize flour (Baiphethi et al., 2009).

Table 2

Summary of the average beta-regression model conducted to analyse variables affecting the intensity of elephant damage in farms (n = 590).
Fixed effects Relative Averaged Standard error z-value p-value

importance estimate

Proportion of farms/settlements (%) 1.00 -0.27605 0.08059 3.425 0.000614 ***
Proportion of preferred crops in the farm (%) 1.00 0.19934 0.05980 3.334 0.000857
Proportion of open woodland (%) 0.86 -0.19127 0.08388 2.280 0.022588 *
Proportion of shelter (%) in 1990 in 1 km? buffer circle 0.81 0.16831 0.07472 2.253 0.024288 *
Proportion of closed woodland (%) in 1 km? 0.47 0.08163 0.06061 1.347 0.178024
Distance to water bodies (m) 0.47 -0.08016 0.06382 1.256 0.209124
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Fig. 2. Fitted averaged model curves showing the influence of land use and water availability on elephant damage intensity (proportion of area
damaged as %). Area in grey shows 95 % confidence interval.
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Fig. 3. Predicted elephant damage intensity (% of farm area affected) in Kajima village for the different scenarios A-D: A) 0 % of preferred crops
cultivated in each farm; B) 50 % of preferred crops cultivated in each farm; C) 100 % of preferred crops cultivated in each farm; D) 50 % of preferred
crops cultivated in each farm and water reduction scenario (no water available in small seasonal streams). Different coloured dots indicate different
percentages of predicted damage in each farm. Blue (0-20 %), Deep green (20-40 %), Khaki green (40-60 %), Orange (60-80 %), Red (80-100 %).
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Fig. 4. Predicted damage intensity with distance to water in farms of Kajima village (within 800 m from water sources) in four different scenarios A-
D: A) 0 % of preferred crops cultivated in each farm B) 50 % of preferred crops cultivated in each farm C) 100 % of preferred crops cultivated in each
farm D) 50 % of preferred crops cultivated in each farm and water reduction scenario (no water available in small seasonal streams).The coloured
dots indicate different percentages of predicted damages in each farm; Blue (0-20 %), Deep green (20-40 %), Khaki green (40-60 %), Orange
(60-80 %), Red (80-100 %). Light colours depict farms located between 250 and 800 m from water sources. Bright colours depict farms near (<
250 m) the water sources.

Furthermore, comparing our results of elephant crop selection with those from Montero-Botey et al. (2021) in the same study area, we
can affirm that elephants maintain their preferences over time. The results of our study are based on a larger sample size and a greater
array of crop types, which provide valuable information on elephant crop preferences, given the exhaustive analyses on 32 crop types
(Appendix S2) that are widely distributed in many areas of Africa.

The importance of the abundance of preferred crops agrees with numerous studies reporting seasonality on elephant crop damage
as they prefer mature crops (Chiyo et al., 2005; Gubbi, 2012; Chen et al., 2016). This explains the peak of elephant incidents between
February and April in the study area as it matches with maturation season of several crops (e.g. short cycle maize and pumpkin, or the
December peak in Rahaleo that matches with mango fruiting season). However, our results, especially in the northern part of the study
area report that only one third of the days are free of elephant encounters. Furthermore, the low frequency of elephant damage in
October could be related to the lack of crops and farmers in the farms at the end of the dry season, which also coincides with the low
reporting of elephant presence. These results are in line with Tiller et al. (2021) who reported elephant crop damage incidents in the
Trans Mara region all year around. Tiller et al. (2021) suggest that the continuous presence of elephants in the farmland might be
related to livestock, human settlement and farmland increase.

Interestingly, we found that in the last 30 years there has been a considerable deforestation and vast increase of farmland in the
study area with a dramatic loss in closed forest cover and waterbodies, and a moderate-high reduction in open forest. These changes
represent a threat to elephants (Martinez-Freirfa et al., 2016; Boult et al., 2019) by reducing and fragmenting their habitats and historic
ranges (Ripple et al., 2015) and reducing water availability (Boult et al., 2019). In addition, these land use changes favour the
intersection of human and elephant activities and the competition for resources (Hoare, 1999), which may lead to increasing negative
interactions between humans and elephants (Montero-Botey et al., 2022).

In fact, elephants in Selous ecosystem have historically shown open to dense woodland as their preferred habitat (Matzke, 1971).
Therefore, and in line with our results we could expect greater abundance of elephants in forested areas, and therefore a positive
relationship between historical presence of forest in 1990 around the farm, and crop damage intensity in that farm. If a farm is
established in an area that used to be part of an elephant herd home range (forest), it could be expected to be more frequently visited
than other farms in areas rarely visited in the past (for example grassland). In fact, previous studies have shown that herds might be
influenced by site fidelity and natal philopatry (Pinter-Wollman, 2009; Loarie et al., 2009) which influences matriarch movement
decisions during her long lifespan (maximum 74 years; Lee et al., 2012). These findings are particularly concerning as there have been
numerous reports of elephants giving birth near farms along the Selous-Niassa Wildlife Corridor (pers. obs.), which could initiate a new
generation of elephants that acclimate to live around farms. To reduce damage intensity in the future, it would be desirable to
implement proper land use plans. For example, by suppressing or reducing deforestation of adequate and historical areas for elephants.
Alternatively, farmers may consider moving away their farms from elephant core home areas. This change in farm location might be
challenging but it has been already implemented in Rahaleo village (in 2022), reducing human-elephant conflicts drastically (un-
published data). In addition, the current proximity of forest patches might facilitate elephants to find shelter in case of being
discovered and chased away from the farms, sometimes used as staging posts for farm incursions (Tiller et al., 2021; Hahn et al., 2023).
This may explain why elephant damage intensity rises when the current proportion of forest around the farm increases up to 20 %.
However, when forest cover is greater than 20 %, the damage intensity decreases possibly because there is an increase of food
availability in forests reducing the need for elephants to enter farms in search of food (Amaya et al., 2021) and therefore less prob-
ability of elephants wandering in human-dominated areas (Chen et al., 2016). Crop damage intensity in a farm was negatively
associated with the proportion of farmland and settlements surrounding the farm. Elephants are conscious of the risk they take when
entering a farm due to human presence (Ahlering et al., 2011). Generally, greater proportion of farms and settlements surrounding a
particular farm indicates higher human population density and higher probability of encountering humans, therefore, elephants
minimize the time spent in populated farms (Douglas-Hamilton et al., 2005; Graham et al., 2009; Songhurst et al., 2016). For the same
reason, it is more likely that elephants are chased away sooner by farmers in areas with higher human presence compared to isolated
and remote farms (Sitati et al., 2005).

Finally, the negative association of both intensity and probability of damage with distance to water agrees with previous literature
(Ben-Shahar, 1993; Smith and Kasiki, 2000; Montero-Botey et al., 2021). This is due to the strong water dependency of elephants
causing large-scale damages when elephants gather in family groups (Stokke & du Toit, 2002). Our results suggest that farming further
away from rivers (or permanent waterbodies) might be a plausible strategy to reduce elephant crop damage. The law in Tanzania, in
particular The Water Resources Management Act article 6.34 (MWT, 2009) prohibits human activities within 60 m from a water
source, dam or reservoir. However, this law, as in many other areas of Tanzania (Arduino et al., 2012; Kironde, 2016; Mkude et al.,
2018) is not being followed or enforced in the corridor, which might have played an important role in the drastic reduction of
waterbodies in the area over the last 30 years (Table 1). Awareness and enforcement of this law could reduce crop damages by ele-
phants and help protect the scarce and dwindling water resources. However, the majority of the farms in the study area are in the first
500-700 m from waterbodies and cultivating further than 60-250 m from the waterbodies is not suitable for many types of crops.
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Therefore, enforcing the law might create social conflicts for land tenure and social animosity in the local communities as it obliges
them to change their traditional way of living (Montero-Botey et al., 2022) and increase the effort of water collection. Alternatively,
reducing the area covered by water-demanding crops (such as rice, sugarcane, maize, etc.-Steduto et al., 2012) would strongly
diminish the use and demand of the water and may provide a suitable solution for both human-elephant coexistence and climate
change challenges.

The water reduction scenario based on the probable disappearance of seasonal secondary water streams in the future provides
crucial information for future spatial planification. However, and importantly, the collateral effects of drought on other anthropic and
ecological aspects (e.g., human movements, animal concentration, forest cover, etc.) may add some uncertainty to the expected results
shown by our models. Thus, a drought scenario will have not only a significant negative impact on farmers livelihoods, food security
and nutrition (Assoumana et al., 2016; Haile et al., 2019) but it will also reduce growing seasons, area suitable for agriculture, access to
water and the quality of the water resources (Niang et al., 2014; Sutcliffe et al., 2016). As a result, local communities will probably
concentrate around the remaining waterbodies and the competition for water between humans, livestock and wildlife might strongly
increase (Ogutu et al., 2008; Ogutu et al., 2014; Bartzke et al., 2018). Therefore, in order to reduce the impact of climate change and
competition with wildlife in the long term and increase the resilience of local communities, conservation and government strategies
should consider encouraging diversification to non-farming income sources, planting short-season crops, increasing education level
and improve the access to credit facilities (Obayelu et al., 2014; Temesgen et al., 2014; Sutcliffe et al., 2016; Fagariba et al., 2018).

Conflict prediction, especially considering the effect of climate change have shown many benefits for wildlife conservation and
local communities living near protected areas (Shaffer et al., 2019; Bautista et al., 2021). Although it is possible that not all the
elephant related incidents were reported by the enumerators, our large dataset across different villages provided enough confidence
and reliability. The method used in this study based on crop monitoring by local scouts (VGS), combined with 30x30m detailed land
use maps, proved to be useful to better understand conflict patterns and guide context-specific conflict mitigation strategies. Therefore,
we believe the application of this approach would be useful to the study and management of human-wildlife conflict in other sites
across the world.

Although our results show the expected intensity of damage in a farm once the elephants have entered, we do not have complete
information on elephant movements, which could affect the predicted probability of damage across space. Therefore, to create
appropriate land use planning in the future, it would be desirable to complement our results with information on elephant movement,
such as collared elephant data.

5. Conclusions

This study provides important insights into variables that influence elephant damage in the farms such as land use, water avail-
ability and crop types. It also allows predicting, and mapping expected elephant damage for each farm, not only for the study villages
but for all the villages surrounding Nyerere National Park and other protected areas with similar ecosystems and elephant crop-raiding
patterns. Predictive damage intensity maps are valuable tools for the planification and implementation of mitigation strategies as they
give spatial information to identify risk areas, understand the reasons behind that risk and propose suitable solutions.
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