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Abstract

1. Human activities are transforming landscapes and altering the structure and func-

tioning of ecosystems worldwide and often result in sharp contrasts between

human-dominated landscapes and adjacent natural habitats that lead to the cre-

ation of hard edges and artificial boundaries. The configuration of these boundaries

could influence local biotic interactions and animal behaviours.

2. Here, we investigate whether boundaries of different degrees of ‘hardness’ affect

space utilization by migratory species in Serengeti National Park, Tanzania. We

deployed camera traps along transects perpendicular to the national park bound-

ary at three different locales. The transects were located in areas that consisted of

two types of human–wildlife interface: a sudden transition from the national park

into agro-pastoral landuse (termeda ‘hard’ boundary) andamore gradual transition

mediated by a shared usage area (termed a ‘soft’ boundary).

3. Camera traps were placed at 2 km intervals along each 10 km transect from the

edge towards the core of the park and were programmed to collect images hourly

between dawn and dusk between June 2016 and March 2019. We used a deep

neural network to detect the presence of wildlife within images and then used a

Bayesian model with diffuse priors to estimate parameters of a generalized linear

model with a Bernoulli likelihood. We explored the binomial probability of either

wildebeest or zebra presence as a function of distance to the boundary, the rate of

grass greening or drying (dNDVI) and the concentration of grass protein.

4. There was a strong negative effect of distance to boundary on the probability of

detecting wildebeest or zebra; however, this was only observed where the transi-

tion from human-dominated landscape to protected areas was sudden. Conversely,

soft boundaries had little to no effect on the probability of detecting wilde-

beest or zebra. The results suggest that boundary type affects migratory species

occurrence.
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5. The implicationsof these findings suggest that hardboundaries reduce theeffective

size of conservation areas; for many species, the area used by wildlife is likely less

than the gazetted area under protection. The impacts may be severe especially for

narrow protected areas or dispersal corridors.
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1 INTRODUCTION

Globally, pristine landscapes are changing at an unprecedented rate

due to human demands for resources (Said et al., 2016; Sala et al.,

2000). Human-driven landscape change tends to occur more rapidly

than naturally driven processes, hence having significantly greater

impacts on ecosystems and the spatial distribution of wildlife (Wiens,

1990). At the local scale, habitat fragmentation, habitat loss and land-

use change present a grave threat to the existence of biodiversity.

These changes accumulate at the global scale and present a major

challenge for conservation (Garrison, 2005; Leblois et al., 2006). For

instance, the expansion of agriculture around many ecosystems to

meet the demands of growing human populations not only converts

natural habitats into cropland but also displaces wildlife and increases

the potential for human–wildlife conflicts (Estes et al., 2012; Olff &

Hopcraft, 2008; Wittemyer et al., 2008). Such threats to biodiversity

are pervasive and can affect a variety of population and community

processes over a range of temporal and spatial scales (Cayuela et al.,

2006). The creation of edges, or hard boundaries, that are character-

ized by an abrupt transition in land use between human-dominated

landscapes and protected areas is common at the human– ecosystem

interface (Laurance & Peres, 2006) and undermine the effectiveness of

the conservation efforts. How to best manage the human–ecosystem

boundaries presents a serious challenge for conservation managers

and raises questions about what techniques work and in what context.

Ecological edges are boundaries or transition zones between two

adjacent landscape patches or land cover types (Ca- denasso et al.,

2003; Murcia, 1995; Porensky & Young, 2013). In human-dominated

landscapes, the conversion of formerly continuous habitats into small

isolated remnant patches through fragmentation is one of the most

important contributors to the overall increase in edges (Batary &

Baldi, 2004; Laurance & Peres, 2006; Meffe et al., 1995). In general,

these transitions can be classed as either being hard or soft. A hard

boundary represents a sudden transition between human-modified

landscapes and natural habitat area over a short distance. Conversely,

a soft boundary is characterized by gradual transition between human-

dominated landscapes and natural landscapes, typically separated by

a buffer zone. The prevalence of hard edges is often most evident

around protected areas that are surrounded by human activities, or in

areaswhere human activities are progressing into unprotected natural

habitats (Veldhuis et al., 2019).

The rate of habitat conversion and the increase of human–

ecosystem edges globally are exacerbated by activities such as the

construction of road networks, railway lines, gas lines, agriculture,

human habitation, cattle grazing, bush fires, firewood collection and

hunting among others (Harper et al., 2005; Kiffner et al., 2013). The

impacts of edge effects are often driven by various factors such as

age of the human–ecosystem edge (Cadenasso et al., 2003; Didham &

Lawton, 1999), the synergistic effect ofmultiple nearbyedges (Benitez-

Malvido, 1998; Laurance & Peres, 2006), the size and shape of the

protected area (Murcia, 1995), the structure of the adjoining vege-

tation matrix (Cronin et al., 2003; Pohlman et al., 2007), seasonality

(Young &Mitchell, 1994), influxes of animals or plant propagules from

surrounding landscapes (Grau, 2004; Nascimento et al., 2006; Ries

et al., 2004) or fires, and extreme weather events (Cochrane & Lau-

rance, 2002; Laurance et al., 2001). One of the key impacts of edges

is changes they impose on the rates of competition and predation (for

instance, increased nest predation at the edges of many landscapes

(Batary & Baldi, 2004). Edge effects may also induce changes in herbi-

vore foragingbehaviourwhich leads to changes in seedling recruitment

(Asquith &Mejıa-Chang, 2005;Wright & Duber, 2001) and potentially

alter forest composition (Terborgh, 1992) or facilitate invasionbyother

plant species.

Several studies have shown that animals change their behaviour in

proximity to humans (Ciuti et al., 2012; Gaynor et al., 2018; Hopcraft

et al., 2014). These risk-aversion behaviours can result in the redistri-

bution of animals away from the edge and towards the centre of the

core protected area (spatial avoidance) (Frid &Dill, 2002; Gaynor et al.,

2018). In some instances, this concentration of animals can change the

ecological processes related to resilience (such as the rate of green-

up after the dry season) resulting in a spatial cascade where the cause

at the edge is spatially separated from the effect observed in the core

(Veldhuis et al., 2019).

Animal distributions can also be influenced by vegetation dynam-

ics that determine the availability of primary production. Ecologists

frequently use the phenological signal through Normalized Differ-

ence Vegetation Index (NDVI) to understand how seasonal changes

in primary productivity (i.e. green-up and senescence in response

to rainfall or snow melt) and animal spatial distribution relate. For

instance, migratory Serengeti wildebeest Connochaetes taurinus, zebra

Equus quagga burchellii andThomson’s gazelles Eudorcas thomsoniimove

seasonally between wet and dry season ranges in response to plant
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phenology (Holdo et al., 2009). However, aside from season, the qual-

ity of the grass available to herbivores may also be determined by

the species composition and architecture of the vegetation itself. For

example, there is a negative relationship between grass height and

grass quality (by quality we mean the concentration of grass nitro-

gen, which is correlated with digestible protein); wet areas encourage

tall grass that invest in silica-rich structural support with high carbon

to nitrogen ratios, which dilutes the protein concentration and other

key elements required by herbivores (i.e. nitrogen, phosphorus, cal-

cium, sodium, magnesium etc.) (Hopcraft et al., 2010; Olff et al., 2002).

As a result, in addition to season, there are often strong landscape-

level predictors of grass quantity and quality that may account for the

distribution of grazers (Hopcraft et al., 2012).

The animal response to the spatial distribution of risks (such as

exposure to anthropogenic disturbance) and resources (such as the

quantity and quality of forage) may be modified by their proximity to

edges. For instance, if the risks associated with the edge outweigh

the benefits of the resources, then animals may avoid these areas in

which case the ‘effective’ size of a protected area may be less than

the true gazetted area. This squeezing effect would further undermine

the value of conservation efforts particularly for disturbance-sensitive

species, such as black rhinoceros Diceros bicornis or cheetah Acinonyx

jubatus (Tabarelli & Gascon, 2005; Turner, 1996). Therefore, under-

standing howanimals respond todifferentways thehuman–ecosystem

interface is managed is an important aspect of conservation manage-

ment and requires deeper exploration. Migratory species are useful

focal organisms in this regard because the same individuals encounter

different types of edges during the course of their annual migration;

thus, differences in their response to edges are likely due to their per-

ception of the local conditions rather than to habituation, which one

would expect from a study of resident animals.

Gathering accurate information of the population-level response of

animals to the human–ecosystem edge is challenging. Camera traps

have become a popular and versatile tool for ecological studies due

to their relatively low cost and ability to sample continuously over

long periods of time, which allows robust estimation of the distribu-

tion and abundance of animals (Henschel & Ray, 2003; Palmer et al.,

2018; Pettorelli et al., 2010; Silveira et al., 2003). The increased use

of camera traps has resulted in acquisition of millions of images (Swin-

nen et al., 2014) rendering conventional (expert annotation) image

processing protocols infeasible. A tenable approach to this challenge

is the application of deep learning algorithms that can process large

numbers of images reliably and rapidly (Christin et al., 2019; Torney

et al., 2019; Weinstein, 2018). For instance, deep learning has been

shown to be an effective tool for processing camera trap images for

wildlife classification, enumeration and detection including within the

Serengeti ecosystem (the Snap Shot Serengeti project is a case in point)

(Norouzzadeh et al., 2018; Schneider et al., 2018; Villa et al., 2017).

The objective of this study is to explore how the spatial distribution

of wildlife is influenced by the management of the human–ecosystem

interface. Specifically, we ask if hard edges between human-dominated

landscapes and wild ecosystems affect the spatial habitat use by

migrating ungulates in the Serengeti. Because the sheer abundance

of migratory animals is exceptionally large (approximately 1,300,000

wildebeest plus 300,000 zebra) and their movement is somewhat syn-

chronous, it is possible that the safety afforded by large groups of

animalsmoving together outweighs anypotential risks that a hardedge

may impose. Alternatively, if the management of the edge is impor-

tant then we should observe a difference in the density of duration of

migratory ungulates between hard edges and those that are buffered.

2 MATERIALS AND METHODS

2.1 Study site

The greater Serengeti–Mara Ecosystem (‘SME’; Figure 1) is broadly

characterized by two main habitat types: treeless short-grass plains

in the southern region of the ecosystem and the tall-grass savannas

and woodlands in the north and west of the ecosystem (Holdo et al.,

2009). The ecosystem experiences a general gradient in rainfall rang-

ing from 500 in the south east to 1300mm/year in the north west, and

a counter-gradient of soil fertility that is lowest in the north west to

highest in the south east (Holdo et al., 2009;Morrison et al., 2019). The

average temperature is 22◦C and fluctuates between 15 and 30◦C as

minimum and maximummean monthly temperature, respectively. The

landscape is dominatedbywoody species suchasAcacia tortilisandAca-

cia robusta. Other sub-dominant species include Acacia drepanolobium,

Acacia gerardii, Acacia senegal, Commiphora africana and Balanites aegyp-

tiaca (Rugemalila et al., 2016; Sinclair et al., 2009). Both the rainfall and

the soil fertility gradient play a critical role in driving the wildebeest

and zebra migration (Holdo et al., 2009). The Serengeti is rich in fauna

with 27 species of large and medium-sized herbivores and at least 30

species of carnivores ranging in average body size from 0.35 kg such as

commondwarfmongooseHelogale parvula to 170 kgmale lion Panthera

leo (Sinclair et al., 2015), but numerically and ecologically dominated by

over 1.3 million wildebeest and approximately 0.3 million plains zebra

(Harris et al., 2009; Hopcraft et al., 2014).

The SME crosses the Tanzania and Kenya border and includes sev-

eral land-use management authorities (Figure 1). In both Tanzania and

in Kenya, the core protected areas (Serengeti National Park in Tanza-

nia and Masai Mara National Reserve in Kenya) are reserved entirely

for wildlife and tourism but are partially surrounded by multiple-use

buffer areas that form a soft boundary between the protected area

and human-dominated landscapes. In Tanzania, each buffer area per-

mits different types of land use; livestock are permitted in Loliondo

Game Controlled Area (LGCA) and Ngorongoro Conservation Area

Authority (NCAA), while the remaining areas (Maswa, Ikorongo and

Grumeti Game Reserves) are reserved for tourism and trophy hunt-

ing with no livestock permitted. In Kenya, the core Masai Mara

National Reserve is surrounded by wildlife conservancies which allow

mixed use of livestock and wildlife tourism. The social and cultural

diversities of the communities living adjacent to the ecosystem are

distinctive, but largely dependent on a mixture of livestock, agricul-

ture and subsistence hunting. The western and northern boundaries

of the SME are occupied largely by Wakuria, Wakoma and Wasukuma



4 of 12 KAVWELE ET AL.

F IGURE 1 Map of the study site on the right. Themaps show Serengeti National Park, surrounding conservation areas and general movement
of wildebeests (grey dots) and zebras (violet dots) in the ecosystem between June 2016 throughMarch 2019 as well as camera trap locations along
the three transects. The satellite maps (zoomed in) on the right side show land-use regimes around areas adjoining the transects (a)Mbalageti, (b)
Tabora and (c) Kuka regions.

communities who practice agro-pastoralism and engage in mixed cash

crops and subsistence hunting as well as farming with small-herd live-

stock keeping. The eastern boundary, in contrast, is inhabited largely by

the Masai ethnicity who are almost exclusively pastoralists, with live-

stock herds up to hundreds of animals (Veldhuis et al., 2019). In areas

where there are no buffer zones, the core protected areas in both Tan-

zania and Kenya borders a human-dominated agricultural landscapes

which forms a hard boundary.

2.2 Data collection

We established three camera trap transects inside Serengeti National

Park that started at the boundary and radiated perpendicular to the

boundary at 2 km intervals up to 10 km inside the park (thus, six

cameras per transect) since we were interested in estimating the

extent of human footprint into the protected area. The location of

each transect was selected based on the adjacent land-use type imme-

diately outside the protected area, and classified as being either a

‘hard’ or a ‘soft’ boundary. The Mbalageti transect bordered a hard

edge with the Wasukuma agro-pastoral communities (mainly keeping

cattle, sheep and goats mixed with subsistence and cash-crop farm-

ing). The Tabora transect bordered a hard edge with the Wakuria and

Wakoma agricultural lands dominated by subsistence cropswithmixed

livestockherding. TheKuka transect bordered theLoliondoGameCon-

trolled Area (a soft edge) occupied by Masai pastoralist areas with

no cultivated crops (Figure 1). Camera traps (Bushnell Trophycam and

Essential HD cameras) were mounted on trees at approximately 2.5–

3.5 m from the ground to ensure a clear view above the tall grass and

to deter theft. All camera traps faced north or south to avoid taking

photos directly into the sunrise or sunset. We programmed the cam-

era traps to take photos at the top of every hour between 7:00 AM

and 6:00 PM. Because of the remoteness of the sites, we downloaded

images from camera traps approximately every 8 weeks and replaced

batteries and malfunctioning and missing cameras as needed. Data

collection lasted from 17 June 2016 through 15 March 2019 tak-

ing a total of 130,157 images across 18 camera traps (Figure 1). A

total of 14 species (Figure S3) were captured ranging from small sized
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herbivores such as Thomson’s gazelles E. thomsonii andGrant’s gazelles

Nanger granti to large-sized species such as buffaloes Syncerus caffer,

elephants Loxodonta africana and giraffes Giraffa camelopardalis. How-

ever, the majority of captures involved migrant wildebeest and zebra,

which form the focus of this study. The daily image capture per camera

trap is illustrated in Figure S1.

To estimate the concentration of grass nitrogen at each camera trap

(i.e. a metric of forage quality), we used an existing raster layer of

grass nitrogen from a previous study (Hopcraft et al., 2012). In sum-

mary, grass nitrogen was estimated at 148 vegetation plots across the

Serengeti ecosystem taking into account the variation in soil and veg-

etation types across rainfall gradient. At each plot, a pooled sample

of grass was collected, ground to homogeneous size (2 mm) and grass

nitrogen concentrations measured using near-infrared spectropho-

tometer. The spatial distribution of grass nitrogen was interpolated by

regression kriging the nitrogen concentration at each sampling point

with the 19 yearsmeanNDVI. To check the accuracy of the kriged grass

nitrogen layer, we used leave one out cross-validation (Hastie et al.,

2009), whereby a single observation was excluded and the rest of the

n – 1 (147) observations were used as the training set. The model was

then used to predict the grass nitrogen value at the held-out location

and the predictions were compared to the true values. The predicted

values correlated well with the true values (r2 = 0.58, slope = 0.57,

p < 0.001) (see Figures S5 and S6). The grass nitrogen at each cam-

era trapwas then extracted from the interpolatedmap and their values

standardized for each transect withmean 0.

To detect temporal trends in greening or senescence of the ecosys-

tem, we used a dynamic Moderate Resolution Imaging Spectrometer

(MODIS) NDVI layers with 250 m and 16 days spatio-temporal resolu-

tion, respectively, acquired between April 2016 and April 2019. NDVI

is an optical index of vegetation greenness which is used as a proxy for

productivity measurement of an ecosystem (Rouse Jr. et al., 1973). To

extract daily NDVI for the dates that fell in between two image acquisi-

tion dates (16 days period), we interpolated NDVI values based on the

slope between the two data points. We then extracted the daily rate

of change of NDVI (i.e. dNDVI) for each camera trap for the date the

image was taken by subtracting the current NDVI value for that par-

ticular date from the previous 16-day’s NDVI value. dNDVI is a metric

which describes the change in NDVI such that negative values indicate

drying and positive values indicate greening over the 16-day period.

2.3 Detecting and identifying wildlife in images

To extract data from the collected images, we used a semi-automated

approach that combined a deep learning object detector with manual

annotation and oversight. For automated object detection, we used

the YOLO detector (Redmon & Farhadi, 2018) implemented in Ten-

sorFlow (Abadi et al., 2016) and embedded within the Annotation

Interface for Data-driven Ecology (AIDE) (Kellenberger et al., 2020)

environment for active learning. YOLO, which stands for You Only

Look Once (Redmon et al., 2016), is an efficient, single-pass multiscale

object detector that has been used in several ecological applications

(Jalal et al., 2020; Schneider et al., 2018; Torney et al., 2019) and is

able to detect and classify multiple objects within images. The output

from YOLO is a sequence of bounding boxes and associated object and

class probabilities that in our context predict the location and species

of wildlife within the images. To train the detector, we used transfer

learning beginningwith a neural network trained on theCOCOdataset

(Lin et al., 2014) and then employed the AIDE interface to create an

active training loop; annotators provided training samples for the neu-

ral network; the neural networkwas trained on these samples and then

predictions were run over a batch of images; and then, images that

weremost likely to contain wildlife were presented to annotators. This

process improved the efficiency of training data preparation and dra-

matically reduced the amount of empty images that were presented to

annotators (Kellenberger et al., 2020).

Once sufficient training data were available, we trained the object

detector and predicted the location and species classification of

wildlife in all images. To control for different fields of view of the cam-

era traps and to exclude wildlife at far distances that were difficult to

detect and classify, we defined a minimum object size based on the

mean box size of the camera trap with the smallest viewing angle. We

then identified images that were predicted to contain wildlife of this

size and above for manual verification. These images were manually

checked using the AIDE software and all bounding boxeswere verified,

corrected or deleted as appropriate.

2.4 Statistical analysis

We investigated the probability that wildebeest or zebra were present

at a camera trap location as a function of distance to the bound-

ary, dNDVI (i.e. the rate of greening or drying of the vegetation), and

the concentration of grass nitrogen. We excluded days where neither

wildebeest nor zebra were observed along the transect to account for

the fact that migrants may be selecting areas beyond the range of our

camera trap experiment (the migration is constantly moving and may

be absent from an area for extended periods of time). Hence, we infer

the probability of an observation at a specific camera trap location con-

ditional on there being wildebeest or zebra present along the transect

at some point during that day.

We employed a Bayesian model with diffuse priors to estimate

parameters of a Generalized Linear Model with a Bernoulli likelihood

to estimate the conditional probability of presence/absence of either

wildebeest or zebra at a camera trap. The full model is specified as

follows:

yi ∼ Bernoulli(𝜆i),

logit(𝜆i) = 𝛽0 + 𝛽1Xi,

𝛽0 ∼ N (0,100) ,

𝛽1 ∼ N (0,100) , (1)
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where yi is the presence/absence of either a wildebeest or zebra for

image i. The probability of awildebeest or zebra being present is a func-

tion of three potential explanatory covariates (Xi), where, Xi is either

the distance to the boundary for the camera that generated the image

or dNDVI value for a particular date and camera for the camera that

generated the image, or grass nitrogen content at a particular camera

trap site. Firstly, we compared each covariate independently against

the intercept-only model to assess whether the covariate changed the

overall likelihood of the model. If the covariate did not improve the

model, we ignored it. Similarly, if more than one covariate improved

the model, we explored the model with two covariates by checking

whether the credible interval for the coefficient included zero or not

and if the likelihood improved. In our analysis, there were no instances

where a more complex model (two or three covariates) was better

than a single covariate (distance to the boundary) model. To sample

from the posterior distributions for parameters β0 and β1, we used

Markov Chain Monte Carlo (MCMC), specifically using the Hamilto-

nian Monte Carlo algorithm implemented in TensorFlow Probability

(Dillon et al., 2017).We estimatedmodel parameters for each transect

independently and assessed convergence of MCMC chains using trace

plots and R-hat diagnostics (Gelman & Rubin, 1992). All data manipu-

lation and analysis were performed in Python (Van Rossum & Drake,

2009) and summary maps were prepared in Quantum Geographical

Information Systems (QGIS) (QGIS Development Team, 2020).

3 RESULTS

Summary statistics from the analysis are presented in Table 1. Along

the Mbalageti and Tabora transects, we observed a significant effect

of distance to the boundary on the spatial distribution of migratory

wildlife. The 99% highest posterior density interval (HPDI) for both

Mbalageti (0.048, 0.176) and Tabora transects (0.023, 0.204) did not

contain zero. On the other hand, the 99% HPDI (−0.062, 0.048) for

Kuka transect contained zero and therefore there was no detectable

effect of the boundary on the spatial distribution of migratory wildlife

species. Similarly, dNDVI had no detectable effect on the distribution

ofmigratorywildlife across the three transects, namelyMbalageti 99%

HPDI (–2.864, 2.073), Kuka99%HPDI (−6.028, 2.267) andTabora99%

HPDI (−1.806, 4.908). Grass nitrogen concentration had no detectable

effect on spatial distribution of migratory wildlife for Kuka 99% HPDI

(−0.094, 0.284) and Tabora 99%HPDI (−0.163, 0.375) transects unlike

Mbalageti transect 99% HPDI (−0.413, −0.021). Generally, the spatial

gradient of grass nitrogen content with respect to distance from the

boundary for bothMbalageti and Tabora transects was constant. How-

ever, for theKuka transect, nitrogen content decreasedwith increasing

distance from the boundary (Figure 2). Overall, the Kuka transect had

the highestmean grass nitrogen content (1.01) and the Tabora transect

had the least (0.64), whilstMbalageti was intermediate (0.89).

Overall, posterior distributions suggest the probability of wilde-

beest or zebra occurring in an image increased with distance from the

boundaries of Mbalageti and Tabora transects. These transects bor-

der agropastoral communities (Figure 2a,b). In contrast, none of the

covariates were important in accounting for the probability of detect-

ing wildlife along the Kuka transect boundary, which borders a conser-

vation buffer zone (Loliondo Game Controlled Area) in which livestock

grazing was permitted but cultivated agriculture was not (Figure 2c).

Overall, 129.36 km of the Serengeti National Park boundary is

directly adjacent to human-dominated landscapes, while 612.95 km of

the boundary is adjacent to a buffer area. This amounts to 17.43% of

the perimeter classified as having a hard boundary.

4 DISCUSSION

The most important finding from our analysis suggests that hard

boundaries have strong effects on the spatial distribution of migratory

wildebeest and zebra in the Serengeti, indicating that human activ-

ity around the edges of a protected area can have large effects on

animal distributions extending for several kilometres into the core pro-

tected area. Notably, there is a negative relationship between wildlife

spatial distribution and boundary ‘hardness’. In particular, there was

a reduced probability of wildlife using areas adjacent to the hard

boundary such as the Mbalageti and Tabora transects, whilst there

was no response of wildlife to the soft boundary at the Kuka transect.

The aversion of wildlife to hard unprotected boundaries could poten-

tially have knock-on effects for associated ecological processes such as

vegetation dynamics, nutrient cycles and trophic interactions.

There are several factors related to the diversity of human activi-

ties occurring outside the park boundarieswhichmay contribute to the

observed spatial distribution of both zebra and wildebeest in relation

to hard versus soft boundaries of the Serengeti National Park. These

include the rate of land-use conversion to agriculture, the effects of

human disturbance, livestock incursions into the protected area and

bushmeat hunting, as observed in similar ecosystems (Giliba et al.,

2022). The extent of these activities is largely determined by national

policies that permit certain activities in specific areas (such as tro-

phy hunting in game reserves) and by village land-use policies in the

areas beyond the protected areas which focus on subsistence agricul-

ture. Furthermore, the differences in land-use between the east and

the west of Serengeti ecosystem largely reflect differences in culture,

livelihood strategies and land tenure policy (Walelign et al., 2019). In

the east and southeast Masai, pastoralists occupy the Loliondo Game

Controlled Area and Ngorongoro Conservation Area where livestock

grazing is permitted. In the west and southwest, Maswa, Grumeti and

Ikorongo Game Controlled areas are managed for trophy hunting and

tourism. There are no physical barriers separating the national park

and these buffer areas, which facilitates free movement of animals

between the two landscapes (Lyamuya et al., 2016).

4.1 Land-use conversion

Protected areas are often designed to reduce habit loss as well as

stem biodiversity loss across the world (Pimm et al., 2001). Despite

their important role in biodiversity conservation, achieving the desired

goal is difficult due to incompatible land use regimes on the adjacent

landscapes (Castro-Prieto et al., 2017; Giliba et al., 2022; Joppa et al.,

2009). It is possible that the associated land-use conversion may
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TABLE 1 Summary statistics of the posterior estimates for several models predicting species observation probability as a function of distance
to the boundary (distance), dNDVI and grass nitrogen concentration

Transect Model Predictors Parameter Mean HDI (0.05%) HDI (99.95%) ∆WAIC

Mbalageti Model 1 Intercept β0 −3.404 −3.609 −3.191 0

Model 2 Intercept β0 −4.021 −4.8518 −3.571

Distance β1 0.104 0.048 0.176 −25.14

Model 3 Intercept β0 −3.403 −3.618 −3.212

dNDVI β1 −0.343 −2.864 2.072 1.38

Model 4 Intercept β0 −3.42 −3.639 −3.23

Grass nitrogen β1 −0.233 −0.413 −0.021 −13.58

Kuka Model 1 Intercept β0 −3.442 −3.637 −3.261 0

Model 2 Intercept β0 −3.391 −3.719 −3.065

Distance β1 −0.01 −0.062 0.048 1.26

Model 3 Intercept β0 −3.449 −3.646 −3.27

dNDVI β1 −1.694 −6.028 2.267 −1.04

Model 4 Intercept β0 −3.455 −3.64 −3.271

Grass nitrogen β1 0.091 −0.094 0.284 −0.54

Tabora Model 1 Intercept β0 −3.569 −3.881 −3.267 0

Model 2 Intercept β0 −4.116 −4.679 −3.58

Distance β1 0.112 0.023 0.204 −14.4

Model 3 Intercept β0 −3.626 −3.97 −3.342

dNDVI β1 1.509 −1.806 4.908 −0.56

Model 4 Intercept β0 −3.572 −3.869 −3.328

Grass nitrogen β1 0.098 −0.163 0.375 0.2

F IGURE 2 The first row shows probability of migratory wildlife presence (either wildebeest or zebra) as a function of distance to the boundary
measured in kilometres (km) for (a) Mbalageti, (b) Tabora and (c) Kuka transects. The second row shows grass nitrogen content against distance to
the boundary for (d)Mbalageti, (e) Tabora and (f) Kuka transects to visualize the relationship between grass nitrogen content concentration along
the transects. Grass nitrogen plotted values were standardized tomean zero.
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account for the patterns we observe in the abundance of wild ani-

mals inside the protected area. In SME, the rates of human population

growth are markedly different between the eastern and western sides

of the Serengeti. For instance, the human population in the west

increased by 2.4% per year between 1999 and 2012, unlike the east-

ern boundary where the population has remained relatively low (Estes

et al., 2012; Veldhuis et al., 2019). As a consequence, the conversion

to crop land (both for subsistence and cash crops) in the west has

increased from 34% cover in 1984 to 54% cover by 2018 resulting in

very little natural vegetation beyond the western boundaries (Estes

et al., 2012; Veldhuis et al., 2019). Several authors suggest that the

increase in the human population and land-use conversion especially

along the western boundary is likely due to a ‘push effect’ rather than

a ‘pull effect’. In other words, the last vacant arable land for new agri-

culturalists to colonize occurs close to the park boundary forcing new

farmers into areas directly adjacent to the protected area. Previously

published research suggests this ‘push effect’ is more likely than a ‘pull

effect’ in which farmers actively select areas close to protected areas

over any other areas (Estes et al., 2012; Jiao et al., 2019). On the east-

ern side, conversion to agriculture has been minimal (limited to a few

areas close to settlements) resulting in relatively low rates of land con-

version and habitat fragmentation (Estes et al., 2012). If land conver-

sion and agricultural expansion is responsible for the pattern of wilde-

beest and zebra abundancewe observed relative to the boundary, then

we should expect the abundance of animals in areas with no conver-

sion to have similar values regardless of distance to the boundary (i.e.

relatively equal probability in the core and the edge of the park bound-

ary), particularly because the quality of the forage does not change

(Figure 2b; in some cases, the forage quality is better near the bound-

ary). However, the data suggest a much larger negative effect of hard

boundaries (extending at least up to 6–8 km from the boundary); there-

fore, land use alone is unlikely to account for the observed pattern.

4.2 Human disturbance

Given the large human population on western side of the Serengeti

ecosystem coupled with the relatively sedentary lifestyle of the agro-

pastoralists, it is possible that disturbance such as noise and light pollu-

tion emanating from these high-density centres may potentially drive

wildebeest and zebra away from the boundaries. The people occupying

the western Serengeti–Mara are of mixed ethnic backgrounds includ-

ing Wakoma, Wakuria and Wasukuma (Kaltenborn et al., 2008), many

of whom mix traditional agricultural livelihoods with more diversified

economic endeavours associated with market centres and increasing

urbanization (Walelign et al., 2019). As a result, access to markets and

social amenities such as electricity, schools andmedical services attract

large concentrations of people in and around these urbanizing hubs.

If noise and light pollution associated with the high human density

account for the strong negative response of migratory animals to the

hard boundaries, then we expect to observe a response only when

animals are close enough to the source to detect it, but not beyond

the sound and viewscapes. Because the effect of the hard boundary is

observed for at least 6–8 km into the protected area, it is somewhat

unlikely that wildebeest and zebra are responding just to noise and/or

light pollution. However, we cannot rule out that human disturbance

does not have an effect on animal occupancy over short distances.

4.3 Livestock incursions

Illegal livestock incursions into the protected areas could displace

wildlife and may account for the negative effects of the hard edges

on wildebeest and zebra occupancy. Despite a growing consensus that

moderate stocking densities of livestock are compatible with the con-

servation of native savanna biodiversity (Keesing et al., 2018; Reid,

2012; Sitters et al., 2020; Young et al., 2018), at high densities, livestock

have deleterious impacts on native biodiversity by consuming large

quantities of the most palatable grass species, suppressing savanna

fires and changing the competitive balance between grass, forbs and

trees (Sitters et al., 2020; Young et al., 2005) as well as pathogen trans-

mission (Ekwem et al., 2021). Intensive livestock grazing can result

in the encroachment of non-palatable woody species and non-native

plants (Kimuyu et al., 2017) and these changes in the vegetative com-

position and structure may affect animal movement by presenting

different availability of resources and risks (Hopcraft et al., 2014).

Although livestock grazing is illegal in the Serengeti National Park,

there are no barriers that physically exclude livestock. Forays into the

protected area, particularly in the dry season when grazing opportuni-

ties are limited in the adjacent areas, are relatively common on both

the east and the west side of the ecosystem (Veldhuis et al., 2019).

Such forays into protected areas present a direct pathway through

whichwildlife speciesmay be displaced; for instance, herders and their

dogs may harass wildlife which may subsequently avoid these areas.

Both the agro-pastoral communities that live along thewestern bound-

ary of the ecosystem (adjacent to Mbalageti and Tabora transects)

as well as the pastoralist Masai communities in the east (adjacent

to the Kuka transect) keep moderate to high densities of livestock

(Ekwem et al., 2021; Ogutu et al., 2009). Therefore, if livestock incur-

sions were responsible for displacing wildebeest and zebra, then we

should observe similar patterns on both the east and west sides, and

these effects should be seasonal (i.e. only when the communal grazing

outside the protected area is limited). The evidence from the camera

traps does not support this hypothesis (Figure 2a); therefore, livestock

alone are unlikely to account for the patterns we observe.

4.4 Illegal hunting for bushmeat

Unregulated hunting of wildlife is a major conservation issue affect-

ing wildlife populations across Africa. In most situations, hunting can

be a way for local people to offset protein shortages by supplementing

their diet with bushmeat, or a business opportunity (i.e. organized car-

tels harvesting and retailing wildlife products such as bushmeat, skins

and ivory for profit) (Bitanyi et al., 2012; Mfunda & Roslash, 2010).

For many people, hunting wildlife is part of their culture and is often

associated with prestige and skill development (Forsyth & Marckese,

1993; Knapp, 2012). For instance, in the Serengeti, the Wakoma and
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Wakuria communities along the western boundary are responsible for

40% of illegal hunting in the ecosystem (Bitanyi et al., 2012; Holmern

et al., 2004). Conversely, in the Masai communities on the eastern

boundary bushmeat consumption is uncommon due to their cultural

norms (Ceppi&Nielsen, 2014;Kaltenborn et al., 2005) (althoughMasai

consume bushmeat occasionally, the quantity is much less than other

ethnic groups [Kiffner et al., 2015]). The annual offtake of wildlife in

Serengeti varies each year depending on the rainfall; poaching tends

to be highest during droughts when crops fail. Past research estimates

up to70,000–129,000wildebeest are illegally harvestedper year using

wire snares (Mduma et al., 1999; Rentsch & Packer, 2012) (these esti-

mates do not include the other species illegally hunted such as zebra,

impalaAepycerosmelampus andThomson’s gazelles). Evidence suggests

that areas closest to villages have the highest rate of offtake and that

hunting parties will move 20–30 km into the protected area in search

ofherds and transport driedmeatback (Loibooki et al., 2002). Theprox-

imity of villages with a culture of bushmeat consumption living next to

the hard edge of a protected areawith no buffer areamakes illegal har-

vesting ofwildlife easy and viable. Hunters generally check their snares

every day or two; therefore, it is possible that the combination of dis-

tressed animals struggling in snare and the routine checking of snare

lines by people repels animals, which may account for the pattern we

observe on the western boundary of the Serengeti particularly.

4.5 Ecological consequences of hard boundaries

The presence of hard boundaries displaceswildlife fromadjacent areas

and this could have deleterious impacts on biodiversity and diminish

the ecological integrity of the ecosystem. For instance, estimates sug-

gest that migratory wildebeest and zebra consume more than 4500

tons of grass per day and deposit equivalent amounts of dung and

urine (Hopcraft et al., 2015). The ecological effects of the migration

fundamentally change the energy flow between all trophic levels in

the Serengeti; if the migration avoids an area, this alters the diversity

of vegetation, insects, birds and mammals (Sinclair et al., 2015). Fur-

thermore, once animals are displaced from an area, the expansion of

human activities such as farming becomes less inhibited and this can

speed the rate of land-use conversion as seen by the decadal shrink-

ing of the Maswa and Ikorongo boundaries (Sinclair et al., 2015). The

ecological consequences of hard boundaries underscore the increasing

complexity in the trade-off between human land uses and long-term

conservation goals (DeFries et al., 2007). While our work focused on

migratory herbivores, other guildsmay respond to hard boundaries dif-

ferently; hence, futurework could focus on understandingwhich guilds

thrive andwhich are intolerant to hard boundaries.

4.6 Future steps and limitations

We have shown that the type of boundary, which we define based on

the land use activities in the landscape adjacent to the protected area,

may influence space utilization by migratory wildlife. Additionally,

other environmental metrics tested such as forage quality and vegeta-

tion phenology did not have influence on space utilization bymigratory

species in the ecosystem. Although our findings are significant and per-

tinent to biodiversity conservation, there is a possibility that there are

other factors which may account for the observed patterns but cannot

be tested using our empirical data. With our data, we may conclude

that distance to boundary is a predictor of migratory species presence

in two of the three transects we studied. The two transects where

distance is a significant predictor are associatedwith a ‘hard’ boundary,

whereas the transect where distance is not significant is associated

with a ‘soft’ boundary. This finding aligns with our a priori hypothesis

that both distance to boundary and the nature of the boundary will

influence the spatial distribution of wildlife; however, there may well

be other factors specific to the locations under investigation that

contributed to this finding. Further exploration of factors such as the

depth of buffer zones, the density of people along the boundaries,

changes in land use as well as increased resource protection should

be considered along with more transects per treatment in order to

solidify our understanding of the effects of boundary characteristics

on space use by wildlife.

4.7 Management implications and potential
mitigation measures

Managing the boundary of a protected area requires addressing differ-

ent threats than those experienced in the core.Our results suggest that

migratory animals consistently avoid areas within 5 km from the edge

of a hard boundary, suggesting the effective area being conserved is

much less than the true area gazetted for protection. In the case of the

Serengeti National Park, 129.3 km (∼17.4%) of the boundary is classi-

fied as hard suggesting that over 1000 km2 may be legally protected

but rarely used by themigration because of their aversion to attributes

associated with hard boundaries. In these situations, increasing the

number and frequency of ranger patrols along hard boundaries could

reduce illegal hunting of wildlife species as well as reduce livestock

incursionsorother formsof natural resourceextractionandpotentially

allow wildlife to return to these areas. The effects of hard bound-

aries are likely to be most severe for small, narrow protected areas or

wildlife dispersal corridorswhere animalsmay be particularly exposed.

Furthermore, the effects of hard boundaries may be most acute in

areas with fertile soils and good rainfall where the surrounding land

is susceptible to rapid conversion to agriculture. The results highlight

the value of surrounding core protected areas with buffer zones to

mitigate the potential negative effects of human activity on wildlife

conservation. This ecologically informed approach to managing the

cascading effects of hard boundaries is central to the protection of

wildlife and their habitats and could considerably slow the rate of

biodiversity loss.

5 CONCLUSION

In conclusion, we demonstrate that hard boundaries character-

ized by a sudden transition in land cover configuration between
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human-dominated landscapes andprotected areas present a perceived

risk to herbivores and hence they are used infrequently. On the other

hand, soft boundaries characterized by buffer zones have an insignif-

icant effect on spatial distribution of wildlife. The observed patterns

of wildlife space utilization as a function of hard unprotected bound-

aries suggest the effective area actually used by wildlife is likely much

less than the area gazetted for conservation. This notion requires

consideration as it suggests the management of the protected area

boundary can have large consequences on the system’s ecological

viability.
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