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Abstract. Human activities around parks can alter vegetation patterns within them, resulting in edge

effects that degrade their ability to sustain ecological processes and support biodiversity. We quantified
vegetation patterns and edge effects over a large geographic extent in Murchison Falls Conservation Area,
Uganda, using freely available remotely sensed data. Over a 13-yr period, we quantified seasonal patterns
in productivity using the Normalized Difference Vegetation Index (NDVI), comparing the park exterior,
a boundary zone ≤10 km from the border inside the park, and the park interior. To identify the extent
of edge effects, we further fit mixed models by vegetation type within 1-km bands within the boundary
zone. Productivity was higher in the park interior than exterior in both wet and dry seasons, and in the
wet season, it was also lower in the boundary zone than the interior. NDVI variability differed between
seasons; it declined from exterior to interior in the wet season, but was highest in the boundary zone and
similar between interior and exterior during the dry season. Within the boundary zone, edge effects varied
by land cover type and extended 4–6 km into MFCA. Abrupt differences in vegetation patterns between
the park and adjacent unprotected areas indicated a “hard edge” in this system. While hard edges are
readily apparent, the subtle changes in productivity that extend into and degrade park systems are harder
to detect. We demonstrated a low-cost and novel approach to detect such effects using readily available
satellite imagery, which indicated human influence affecting 29–40% of the park. As human populations
grow, parks will become further isolated, and measuring and managing edge effects may be crucial to
achieving conservation objectives.
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Introduction

et al. 2014). However, most parks protect only a
small portion of their total ecosystems (DeFries
et al. 2010). Parks alone may be an inadequate
strategy for biodiversity conservation (Margu
les and Pressey 2000), but nevertheless provide
important strongholds for plants and animals
(Chape et al. 2005). Minimizing edge effects (i.e.,
anthropogenic impacts on the environment that

The establishment of protected areas (hereafter, parks) with limited human activity is at the
forefront of strategies for conserving biodiversity
(Chape et al. 2005, UNEP-WCMC 2008, Jenkins
and Joppa 2009), with 15.4% of the Earth’s land
surface legally protected in 2014 (Juffe-Bignoli
v www.esajournals.org
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extend into parks), establishing buffer zones
around parks, and managing the human-
dominated landscape matrix must complement
the establishment of parks for effective conservation (UNESCO 1974, Noss 1983, Sánchez-
Azofeifa et al. 1999, Alagador et al. 2012, Rudnick
et al. 2012, Ryan and Hartter 2012). Without these
actions, parks may become increasingly isolated
(DeFries et al. 2005, Newmark 2008) and influenced by human settlements and associated
disturbances along their borders. Human disturbances may result in edge effects that reduce the
effective size of parks and degrade their ability to
sustain ecological processes and support biodiversity (Woodroffe and Ginsberg 1998, Parks and
Harcourt 2002).
Recent growth in human populations has been
disproportionately concentrated in biodiversity
hotspots (Cincotta et al. 2000, Balmford et al.
2001, Williams 2013). Notably, Africa’s human
population is expected to grow from 1.1 billion in
2013 to 2.4 billion in 2050 (Population Reference
Bureau 2014), posing significant challenges for
conservation on the continent. Whether or not
human populations near parks in Africa grow
at rates above average rural growth rates due to
the availability of resources or jobs (Wittemyer
et al. 2008, Joppa et al. 2009, Baird 2014), growing
human populations near any given park impact
vegetation patterns in the surrounding matrix
(Ryan et al. 2015) and can threaten its conservation value.
By definition, edge effects are differences in
abiotic conditions, species composition, or species abundance between the interior of a “patch”
and areas close to its boundary (Forman and
Godron 1986, Collinge 2009). In forest patches,
edges are characterized by warmer temperatures,
lower humidity, greater light, and higher wind
speeds compared to patch interiors (Fetcher
et al. 1985, Laurance et al. 1998) and experience
higher rates of tree mortality, damage, and turnover (Laurance et al. 1998). Therefore, there can
be a gradient of abiotic conditions from edge to
interior that drives composition and structure
of plant and animal communities (Kristan et al.
2003). Biotic responses to edges may be positive,
with “edge-generalist” species benefitting from
edge effects, or negative, with “edge-sensitive”
species suffering reduced fitness (Knight and
Landres 2002). For example, nest predation rates
v www.esajournals.org

for edge-sensitive songbirds are higher in small
compared to large forest patches due to higher
densities of edge-generalist nest predators sustained by the relatively greater amounts of edge
per unit area in smaller patches (Wilcove 1985).
While most studies of edge effects have focused
on forest patches, edge effects also occur in other
ecosystems (Kristan et al. 2003). For example,
in reserves in the Brazilian cerrado (neotropical
savanna), species composition of ant communities was affected by distance to reserve edge
(Brandão et al. 2011), and in South Africa, smaller
fragments of shrublands contained more alien
plant species than larger fragments (Kemper
et al. 1999).
Extending the habitat patch analogy to parks,
human activities concentrated along boundaries
can cause changes in abiotic and biotic conditions some distance into parks that, by extension,
affect their ability to sustain ecological communities and services. Edge effects may penetrate
into parks as far as 10 km, greatly reducing
effective park size (Curran et al. 1999, Laurance
2000). However, they may be difficult to detect
in field-based studies, given the large extent of
some parks. Quantifying changes in vegetation
patterns on a parkwide basis may be greatly
aided by satellite sensors that provide the fine
spatial resolution, large extent, and seasonal and
interannual temporal record required to quantify edge effects on a parkwide basis (Kerr and
Ostrovsky 2003, Gibbes et al. 2013). In particular,
using Earth Resources Observation and Science
Moderate Resolution Imaging Spectroradiometer
(eMODIS) and other satellite platforms, the
Normalized Difference Vegetation Index (NDVI)
can be calculated using measurements of red
and near-infrared light (NIR) reflectance. The
index ranges from −1 to 1, with negative values
indicating water, 0 indicating lack of vegetation,
and positive values indicating vegetated areas
(McGarigal et al. 2009).
Within the positive data range, NDVI is
closely correlated with net primary productivity
(Pettorelli et al. 2005, 2011), although the relationship varies across different land cover types. In
grassland, the relationships between NDVI and
aboveground net primary productivity and biomass are exponential (Paruelo et al. 1997, Frank
and Karn 2003), while in dense forests NDVI
tends to saturate, making changes in productivity
2
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or canopy structure difficult to detect (Huete
et al. 1997). However, recent studies have found
NDVI sensitive to drought-induced changes in
vegetation, even in dense canopies (Asner and
Alencar 2010, Brando et al. 2010, Vicente-Serrano
et al. 2013). Despite these differences, in this
study, we used NDVI as a useful proxy for primary productivity.
NDVI has been used to monitor vegetation
patterns across the globe (Jia et al. 2006, Ma and
Veroustraete 2006, Zhao et al. 2012), effectively
tracking changes in seasonal, interannual, and
spatial vegetation dynamics (Running 1990, Fang
et al. 2001, Nemani et al. 2003, Roerink et al. 2003,
Pettorelli et al. 2005, Lunetta et al. 2006, Piao et al.
2006, Ryan et al. 2012). Moreover, NDVI has been
related to changes in wildlife populations, such
as home-range sizes, birth-pulse timing, ranging behavior, and migratory patterns, across a
variety of ecosystems (Pettorelli et al. 2005, 2011,
Boone et al. 2006, Ryan et al. 2006, 2007, Young
et al. 2009). NDVI is particularly useful for differentiating human-disturbed landscapes from
natural landscapes. In West Africa, savanna
woodlands had higher NDVI values than cropland, while crops and grass savanna had similar
values (Achard and Blasco 1990), and in South-
East Asia, NDVI was higher in intact tropical forest than in neighboring mosaics of cropland and
regenerating forests (Achard and Estreguil 1995).
In Nevada, seasonal and interannual NDVI
patterns were used to identify areas of invasive cheatgrass (Bromus tectorum) (Bradley and
Mustard 2006), and in Idaho, NDVI was used to
identify vegetation changes caused by livestock
grazing (Bradley and O’Sullivan 2011). NDVI
has also been used to quantify patterns in spatial
heterogeneity of vegetation. In North America,
the standard deviation of NDVI was shown to be
higher in agricultural landscapes than in natural
landscapes (Riera et al. 1998).
Our objective was to quantify the extent of
edge effects in Murchison Falls Conservation
Area (MFCA), northwest Uganda, by comparing
NDVI values among the park interior (>10 km
from border), boundary zone (≤10 km from border inside the park), and exterior (≤10 km from
the border outside the park). We calculated overall levels of productivity (mean NDVI) and variation in productivity (NDVI standard deviation),
while controlling for the effects of land cover type
v www.esajournals.org

and season. We expected primary productivity to
be highest, and variation lowest, within the park
interior compared to the human-dominated exterior, with intermediate levels of both mean and
variation occurring within the boundary zone.
Further, within the boundary zone, we expected
primary productivity to increase and become
less variable along an axis extending from the
border to the park interior. Finally, we expected
edge effects to be most pronounced in the dry
season, when resources for plant growth were
most limiting, and that effects would differ in
magnitude among major land cover types. We
provide not only a comprehensive assessment
of edge effects within MFCA, an understudied
and rapidly changing park, but also a low-cost
and novel approach enabling rapid assessment
of edge impacts in parks over large geographic
extents.

Study area

The Albertine Rift, which extends from northern Uganda to northern Zambia and covers
approximately 312,669 km2, has been identified
as a biodiversity hotspot (Plumptre et al. 2003).
Species richness of vertebrates is greater in the
Albertine Rift than in any other region in Africa,
and the number of endemic species exceeds that
of any other region on the mainland (Plumptre
et al. 2003). We focused our study on MFCA
(2°12′ N, 31°49′ E), in northwest Uganda (Fig. 1), a
flagship park within the Albertine Rift. MFCA is
the largest (5595 km2) and most visited park in the
country, attracting over 70,000 visitors in 2014
(Uganda Bureau of Statistics 2015). The park protects Uganda’s only viable populations of crocodile (Crocodylus niloticus) and the endangered
Rothschild’s giraffe (Giraffa camelopardalis rothschildi), and the country’s largest population of the
endangered Lelwel hartebeest (Alcelaphus buselaphus lelwel) (Uganda Wildlife Authority 2012).
Murchison Falls Conservation Area is made
up of Murchison Falls National Park (3867 km2)
and three surrounding reserves: Bugungu
Wildlife Reserve (336 km2), Budongo Forest
Reserve (817 km2), and Karuma Wildlife Reserve
(574 km2). Elevation in MFCA ranges from 613
to 1273 m, and temperatures in the region range
from a minimum of 22°C to a maximum of 29°C
(Prinsloo et al. 2011). Average annual rainfall
ranges from approximately 1100 mm in the west
3
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Fig. 1. (a) Location of Murchison Falls Conservation Area (MFCA) in northwest Uganda. (b) Study zones for
Normalized Difference Vegetation Index (NDVI) analysis: park interior (>10 km from MFCA border), boundary
zone divided by dominant land cover type (≤10 km from MFCA border), and exterior study zone (≤10 km from
MFCA border).

has relocated refugees from landslides around
Mt. Elgon (Jeanne and Asiimwe 2012). In the
southwest, recent immigration (1998–2008) was
motivated by perceived land availability, family connections, and lack of war in the region
(Zommers and MacDonald 2012). Additional
immigration to the area is drawn by anticipated
employment opportunities in the expanding
oil, hydropower, sugarcane, and tourism industries (Mwavu and Witkowski 2008, Kityo 2011,
Total E&P Uganda 2013, Uganda Human Rights
Commission 2013). As population growth continues in the region and available land beco
mes scarcer, illegal activities already underway
within MFCA are likely to intensify, such as cattle grazing, timber harvesting, charcoal burning,
collection of grass and firewood, encroachment
of settlements and farms within the park, and
wildlife poaching (Uganda Wildlife Authority
2012).

to 1500 mm in the east and far south and occurs
in a bimodal seasonal pattern (Laws et al. 1975,
Prinsloo et al. 2011). The region has experienced
a drying trend over the last 20 yr, with a 20%
decrease in rainfall during the growing seasons
(Diem et al. 2014). MFCA is the only example
of the Sudanian vegetation form in East Africa
(Prinsloo et al. 2011), and major vegetation types
in the national park and the two wildlife reserves
include grassland and woodland, while Budongo
Forest Reserve is made up of semideciduous forest (Nampindo et al. 2005, Ayebare 2011). The
region surrounding MFCA is dominated by
agriculture and human settlements (Mwavu and
Witkowski 2008).
Uganda has one of the highest natural rates
of population increase (3.4%) in the world
(Population Reference Bureau 2014), and incr
easing human population densities around
MFCA are also driven by several factors drawing immigration into the region. Following the
departure of the Lord’s Resistance Army in 2006,
local residents returned from internally displaced persons camps to villages near the northern border of MFCA (Uganda Wildlife Authority
2012). On the east side of MFCA, the government
v www.esajournals.org

Methods
We acquired one eMODIS NDVI East Africa
image (Jenkerson et al. 2010) in each of two seasons for each year from 2001 to 2013. Wet season
4
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Table 1. Model selection criteria for linear mixed models of mean Normalized Difference Vegetation Index
(NDVI) inside and outside Murchison Falls Conservation Area (MFCA), Uganda, in the wet and dry seasons,
2001–2013.
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Model components
BD2,

S, Z, L, BD,
S × Z, S × L, S × BD, S × B, L × BD, L ×
Less S × BD2
Less BD2, S × BD2, L × BD2
Less L × BD2
Less S × BD2, L × BD2
Less BD2, S × BD, S × BD2, L × BD2
Less BD2, S × BD2, L × BD2, L × BD
Less BD2, S × BD, S × BD2, L × BD2, L × BD
S, Z, L, S × Z, S × L
S, Z, L, S × Z
S, Z
S, Z, S × Z
S
Z
Random intercept

BD2

K

LL

ΔAIC

wi

24
21
18
20
19
15
14
13
12
10
6
8
4
5
3

1758.9
1754.4
1731.2
1732.9
1731.7
1715.5
1712.3
1707.4
1703.7
1385.1
761.4
762.0
754.8
599.7
595.3

0.0
3.0
43.5
44.1
44.5
68.9
73.3
81.2
86.5
719.7
1959.1
1961.9
1968.3
2280.4
2285.3

0.82
0.18
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Notes: Year was included in all models as a random intercept. Models are listed with number of parameters estimated (K),
model log-likelihood (LL), change in Akaike’s information criterion (ΔAIC; AIC of top model = −3469.9), and Akaike weights
(wi). Interaction terms are indicated by “×.” S = Season (dry vs. wet); Z = Zone (interior, boundary, or exterior); L = Land cover
type (forest, grassland, or woodland), nested variable within boundary zone; BD = Buffer distance to MFCA boundary (1 indicates buffer from 0 to 1 km), nested variable within boundary zone; BD2 = Buffer distance-squared.

NDVI values, and variation in primary productivity as the standard deviation (SD) in NDVI.
We assessed differences in overall productivity
and its variation among the zones in each season using each year as a replicate and one-way
ANOVA and conducted post hoc pairwise comparisons using Tukey’s honest significant difference (HSD) test (experiment-wise α = 0.05). We
fit linear mixed-effects models using maximum-
likelihood estimation to estimate the effects of
season and zone on mean primary productivity, and generalized linear mixed-effects models
using Laplace approximation (Bolker et al. 2009)
to estimate the effects on variation in primary
productivity, with year as a random intercept
(Tables 1 and 2). Within the boundary zone only,
we also included fixed effects for dominant land
cover type and distance from boundary, including quadratic distance terms to capture potential nonlinear changes or thresholds. Candidate
models included interaction terms between each
variable and season, and between land cover
and distance terms within the boundary zone.
For models predicting variation in primary productivity, we included a log link to ensure that
predicted values of the response variable were
greater than zero. We compared full and reduced

images (n = 13) were obtained from the end of
September, while dry season images (n = 13)
were obtained mid-January. These images consisted of 250-m-resolution, temporally smoothed,
10-d composites. The smoothing procedure followed Swets et al. (1999), using weighted least-
squares regression to reduce noise caused by
clouds or other atmospheric contamination.
Given that edge effects may extend 10 km into
parks (Curran et al. 1999, Laurance 2000), we
created 1-km-wide concentric buffers from the
border to 10 km inside MFCA and considered
this area to be the “boundary” zone. Buffers
within the boundary zone were further divided
into regions based on dominant land cover type
(Wildlife Conservation Society 2010), which
included forest, grassland, and woodland. NDVI
composite images from each year were clipped to
each buffer and cover type in the boundary zone,
as well as to the MFCA “interior” zone (core area
>10 km from the boundary) and the “exterior”
zone (areas extending 0–10 km outside of the
park boundary; Fig. 1). We removed waterbodies from the analysis by masking pixels below a
threshold NDVI of 0.1 (Riera et al. 1998).
For each zone, year, and season, we quantified overall primary productivity using mean
v www.esajournals.org
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Table 2. Model selection criteria for generalized linear mixed models (log link) of Normalized Difference
Vegetation Index (NDVI) standard deviation inside and outside Murchison Falls Conservation Area (MFCA),
Uganda, in the wet and dry seasons, 2001–2013.
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Model variables
BD2,

S, Z, L, BD,
S × Z, S × L, S × BD, S × B, L × BD, L ×
Less S × BD2
Less L × BD2
Less S × BD2, L × BD2
Less BD2, S × BD2, L × BD2
Less BD2, S × BD, S × BD2, L × BD2
Less BD2, S × BD, S × BD2, L × BD2, L × BD
Less BD2, S × BD2, L × BD2, L × BD
S, Z, L, S × Z, S × L
S, Z, L, S × Z
S, Z, S × Z
S, Z
S
Z
Random intercept

BD2

K

LL

ΔAIC

wi

24
21
20
19
18
15
13
14
12
10
8
6
4
5
3

2268.0
2258.5
2232.6
2230.8
2225.5
2216.2
2186.3
2186.3
2151.8
2132.2
1937.5
1929.8
1912.6
1887.6
1869.0

0.0
12.9
62.7
64.4
73.1
85.5
141.4
143.3
208.4
243.5
629.1
640.4
670.9
722.8
755.9

1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Notes: Year was included in all models as a random intercept. Models are listed with number of parameters estimated (K),
model log-likelihood (LL), change in Akaike’s information criterion (ΔAIC; AIC of top model = −4488.0), and Akaike weights
(wi). Interaction terms are indicated by “×”. S = Season (dry vs. wet); Z = Zone (interior, boundary, or exterior); L = Land cover
type (forest, grassland, or woodland), nested variable within boundary zone; BD = Buffer distance to MFCA boundary (1 indicates buffer from 0 to 1 km), nested variable within boundary zone; BD2 = Buffer distance-squared.

candidate models using Akaike’s information criterion (AIC) and model weights (wi) (Burnham
and Anderson 2002).

Results

variation in productivity did not differ between
interior and exterior zones (P = 0.33), but variation in the boundary zone was 41.5% and 51.9%
higher compared to the exterior and interior
zones, respectively (all P < 0.01; Fig. 3a). In the wet

Mean primary productivity was lower during
the dry season than during the wet season
(Fig. 2), and within season, primary productivity
differed among zones (ANOVA; dry season:
F(2, 36) = 3.63, P = 0.04; wet season: F(2, 36) = 210.69,
P < 0.01). In the dry season, productivity in the
interior zone was 9.7% higher than in the exterior
zone (P = 0.05), whereas the boundary zone did
not differ from either the interior or exterior
(P ≥ 0.10; Fig. 2a). In the wet season, primary productivity differed among all three zones, being
4.4% higher in the interior than the boundary
zone and 14.5% and 9.7% higher in the interior
and boundary zones, respectively, compared to
the exterior zone (all P < 0.01; Fig. 2b).
Levels of variation in primary productivity were similar in magnitude between the wet
and dry seasons (Fig. 3), but within each season,
there were significant differences among zones
(dry season: F(2, 36) = 61.12, P < 0.01; wet season: F(2, 36) = 141.26, P < 0.01). In the dry season,

Fig. 2. Mean Normalized Difference Vegetation
Index (± standard error) from 2001 to 2013 in the (a)
dry and (b) wet seasons in the three study zones in
Uganda: Murchison Falls Conservation Area (MFCA)
interior (>10 km from border), MFCA boundary zone
(≤10 km from border), and MFCA exterior (≤10 km
from border). Letters indicate Tukey HSD groups,
with zones sharing letters not differing significantly.

v www.esajournals.org
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season, variation in productivity varied among
all three zones, declining 26.9% from the exterior
to the boundary zone, and 52.4% and 93.4% from
the boundary and exterior zones, respectively, to
the interior of the park (all P < 0.01; Fig. 3b).

Productivity patterns within the boundary zone

For boundary zone models, we found considerably more support for the full model, including a
full suite of interaction terms and nonlinear
effects, over any reduced model for both mean
primary productivity (wi = 0.82, ΔAIC of reduced
models ≥3.0; Table 1) and variation in productivity (wi = 1.00, ΔAIC of reduced models ≥12.9;
Table 2). Based on the importance of interactions,
mean productivity was similar between seasons
for the forest cover type, but was considerably
lower during the dry season for both the grassland and woodland types (Table 3, Fig. 4).
Furthermore, variation in productivity was
greater in the dry season than in the wet season,
and greater in woodland and grassland than the

Fig. 3. Normalized Difference Vegetation Index
(NDVI) standard deviation (± standard error) from
2001 to 2013 in the (a) dry and (b) wet seasons in the
three study zones in Uganda: Murchison Falls
Conservation Area (MFCA) interior (>10 km from
border), MFCA boundary zone (≤10 km from border),
and MFCA exterior (≤10 km from border). Letters
indicate Tukey HSD groups, with zones sharing letters
not differing significantly.

Table 3. Coefficient estimates with standard error and confidence intervals (CI) for highest-ranked linear mixed
model predicting mean Normalized Difference Vegetation Index (NDVI) inside and outside Murchison Falls
Conservation Area (MFCA), Uganda, in the wet and dry seasons from 2001 to 2013.
Model variables

β

SE

Lower CI

Upper CI

Intercept†
Wet
Edge
Exterior
Wet × Edge
Wet × Exterior
Edge:Grassland
Edge:Woodland
Edge:Buffer distance
Edge:Buffer distance2
Wet × Edge:Woodland
Wet × Edge:Grassland
Edge:Grassland × Buffer distance
Edge:Woodland × Buffer distance
Wet × Edge:Buffer distance
Edge:Grassland × Buffer distance2
Edge:Woodland × Buffer distance2
Wet × Edge:Buffer distance2
Wet × Edge:Grassland × Buffer distance
Wet × Edge:Woodland × Buffer distance
Wet × Edge:Grassland × Buffer distance2
Wet × Edge:Woodland × Buffer distance2

0.6076
0.1735
0.1111
−0.0536
−0.0997
−0.0454
−0.1754
−0.1386
0.0261
−0.0021
0.0932
0.0701
−0.0419
−0.0248
−0.0170
0.0031
0.0021
0.0015
0.0251
0.0181
−0.0016
−0.0014

0.0102
0.0111
0.0121
0.0111
0.0172
0.0157
0.0131
0.0131
0.0039
0.0003
0.0185
0.0185
0.0055
0.0055
0.0055
0.0005
0.0005
0.0005
0.0077
0.0077
0.0007
0.0007

0.5876
0.1516
0.0873
−0.0754
−0.1334
−0.0763
−0.2011
−0.1642
0.0186
−0.0028
0.0570
0.0338
−0.0526
−0.0355
−0.0278
0.0022
0.0011
0.0005
0.0100
0.0030
−0.0029
−0.0028

0.6275
0.1953
0.1349
−0.0318
−0.0661
−0.0146
−0.1498
−0.1129
0.0337
−0.0014
0.1295
0.1064
−0.0312
−0.0141
−0.0063
0.0041
0.0030
0.0024
0.0403
0.0333
−0.0002
−0.0001

Notes: Terms nested within the boundary zone only are indicated by “:” and interaction terms are indicated by “×.”
† Reference levels for factor variables were as follows: Season: Dry; Zone: Interior; Land cover (within boundary zone only):
Forest. Therefore, the intercept represents the mean NDVI in the interior of MFCA during the dry season.

v www.esajournals.org
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Fig. 4. Observed and predicted mean Normalized Difference Vegetation Index (NDVI) values from 2001 to
2013 in the three study zones of Murchison Falls Conservation Area (MFCA), Uganda, in the (a) dry and (b) wet
seasons. The exterior zone extended ≤10 km from MFCA border, and the interior zone extended >10 km from
MFCA border. The numbers 1–10 indicate buffers within the boundary zone, with “1” indicating the area from
0 to 1 km inside the MFCA border. The boundary zone was further divided based on three dominant land
cover classes: forest, grassland, and woodland. Exterior and interior zones were not divided by buffer or land
cover (NA).

forest cover type (Table 4, Fig. 5). Mean productivity was similar between grassland in the
boundary region and the exterior zone, which
was dominated by agriculture and pasture.
However, there was a stark difference in mean
NDVI between the park exterior and the first km
of the boundary zone for the forest and woodland
cover types in the wet season (Fig. 4). Additionally,
in the wet season, variability was considerably
lower across all land cover types in the first km of
the boundary zone compared to the exterior zone.
Nonlinear changes in productivity within the
boundary zone implied that edge effects extended
4–6 km into the park (Figs. 4 and 5). As expected,
thresholds in edge effects were most pronounced,
for both mean productivity and variability,
during the dry season.

effects were detectable in MFCA using readily
available remotely sensed data. We observed the
greatest overall differences in productivity, and
largest threshold distances in edge effects, during
the dry season, yet the wet season provided the
clearest evidence for the expected trend of high
productivity in the core of the park, intermediate
levels in the boundary region, and low levels
exterior to the park. The magnitude and direction of change in primary productivity from the
park border to its interior differed considerably
among land cover types, indicating that ignoring
differences among land cover types may confound the detection of edge effects. Nonlinear
changes in productivity within forest and grassland indicated that edge effects extended up to
4–6 km into the park. Edge effects extending considerable distances, such as we observed, may
have important implications, especially for
smaller parks in which very little protected land
may exist outside of the influence of edge effects
(Joppa et al. 2008). In MFCA, edge effects covered roughly 29–40% of the park. While a few
studies have documented edge effects occurring

Discussion
We found strong evidence for edge effects in
MFCA. Our observations support Laurance’s
(2000) claim that edge effects can occur over large
spatial scales, and we demonstrate that such
v www.esajournals.org
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Table 4. Coefficient estimates with standard error and confidence intervals (CI) for highest-ranked generalized
linear mixed model (log link) predicting Normalized Difference Vegetation Index (NDVI) standard deviation
inside and outside Murchison Falls Conservation Area (MFCA), Uganda, in the wet and dry seasons from
2001 to 2013.
Model variables

β

SE

Lower CI

Upper CI

Intercept†
Wet
Edge
Exterior
Wet × Edge
Wet × Exterior
Edge:Grassland
Edge:Woodland
Edge:Buffer distance
Edge:Buffer distance2
Wet × Edge:Woodland
Wet × Edge:Grassland
Edge:Grassland × Buffer distance
Edge:Woodland × Buffer distance
Wet × Edge:Buffer distance
Edge:Grassland × Buffer distance2
Edge:Woodland × Buffer distance2
Wet × Edge:Buffer distance2
Wet × Edge:Grassland × Buffer distance
Wet × Edge:Woodland × Buffer distance
Wet × Edge:Grassland × Buffer distance2
Wet × Edge:Woodland × Buffer distance2

−2.4412
−0.4262
0.1175
0.0642
−0.0998
0.5917
0.2635
−0.1178
−0.2293
0.0201
0.3794
0.2381
0.0812
0.3067
0.1195
−0.0129
−0.0274
−0.0118
−0.0691
−0.1755
0.0103
0.0156

0.0518
0.0921
0.0875
0.0690
0.1570
0.1109
0.0893
0.0894
0.0330
0.0030
0.1539
0.1520
0.0420
0.0396
0.0573
0.0039
0.0035
0.0052
0.0693
0.0679
0.0063
0.0061

−2.5427
−0.6067
−0.0540
−0.0710
−0.4075
0.3742
0.0886
−0.2931
−0.2940
0.0143
0.0777
−0.0598
−0.0012
0.2290
0.0072
−0.0204
−0.0344
−0.0219
−0.2050
−0.3086
−0.0021
0.0037

−2.3397
−0.2458
0.2889
0.1995
0.2080
0.8091
0.4385
0.0574
−0.1647
0.0259
0.6810
0.5360
0.1636
0.3844
0.2319
−0.0053
−0.0205
−0.0017
0.0668
−0.0424
0.0228
0.0276

Note: Terms nested within the boundary zone only are indicated by “:” and interaction terms are indicated by “×.”
† Reference levels for factor variables were as follows: Season: Dry; Zone: Interior; Land cover (within boundary zone only):
Forest. Therefore, the intercept represents the mean NDVI in the interior of MFCA during the dry season.

between parks is necessary to ensure the conservation value of parks (Margules and Pressey
2000), hard edges, like those we observed here,
have been documented in many park systems
(Dobson et al. 1999). For example, Joppa et al.
(2008) found that percent cover by natural vegetation immediately outside park borders in West
Africa and the South American Atlantic coast was
dramatically lower than immediately inside park
borders. Abrupt transitions between parks and
human-dominated landscapes are common in
the Albertine Rift, where local residents are often
excluded from parks but cultivate land immediately outside their boundaries (Mackenzie and
Hartter 2013, Hartter et al. 2016). In MFCA, the
hard edge we observed could present challenges
to the successful preservation and establishment
of proposed wildlife corridors in the greater
landscape extending south to Semuliki National
Park (Wildlife Conservation Society 2010).
We chose NDVI as a proxy for measuring
productivity and variability because NDVI has

over large spatial scales (>1 km from edge;
Woodroffe and Ginsberg 1998, Curran et al. 1999,
Peters 2001, Cochrane and Laurance 2002), our
study is unique in that it assesses impacts to primary productivity, which can have implications
for species richness, distribution, and abundance,
on a parkwide basis.
Immediately at the park boundary, within the
first km of the edge, we observed a sharp difference in productivity at the transition from agricultural matrix to woodland and forest. That
hard edge, however, was not apparent for the
grassland cover type. This difference is unsurprising as productivity of agricultural fields is
generally more similar to that of grasslands than
forest or woodland (Wang et al. 2003). The differences we observed in vegetation productivity
and variability indicate that the matrix surrounding MFCA may be limited in its ability to act as
a buffer zone for the park, especially for forest-
dependent species. Despite widespread recognition that managing buffer zones and matrices
v www.esajournals.org
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Fig. 5. Observed and predicted Normalized Difference Vegetation Index (NDVI) standard deviation (SD)
values from 2001 to 2013 in the three study zones of Murchison Falls Conservation Area, Uganda, in the (a) dry
and (b) wet seasons. The exterior zone extended ≤10 km from MFCA border, and the interior zone extended
>10 km from MFCA border. The numbers 1–10 indicate buffers within the boundary zone, with “1” indicating
the area from 0 to 1 km inside the MFCA border. The boundary zone was further divided based on three
dominant land cover classes: forest, grassland, and woodland. Exterior and interior zones were not divided by
buffer or land cover (NA).

A potential driver of the edge effects we observed
is changes to the fire regime related to human activities, a concern that has been voiced by park management (Uganda Wildlife Authority 2012). Outside
MFCA, fires are set to hunt Gambian pouched rats
(Cricetomys gambianus) and cane rats (Thryonomys
spp.), and these fires often spread into the park.
Poachers also purportedly set fires inside the park
to attract game to resulting new vegetation growth.
Various fire regimes at the park edges could contribute to patterns of vegetation productivity and
variability in the edge effect area of MFCA. In
savanna ecosystems with >700 mm annual rainfall,
fire is the primary factor driving tree cover, with
higher fire frequencies limiting tree density (Bond
2008, Sankaran et al. 2008, Mayer and Khalyani
2011), and thus correlating with lower NDVI values (Campo-Bescós et al. 2013a, b). Cochrane and
Laurance (2002) found increased fire frequencies
within 2.4 km of forest edges in Amazonia and
speculated that this edge effect had the potential to
degrade even very large parks in Amazonia, especially in areas with distinct dry seasons.
Another driver of vegetation patterns, especially in African systems, is herbivory. Elephants

been successfully used in numerous wildlife
studies to predict species richness, distribution,
abundance, and migration patterns (Pettorelli
et al. 2005, 2011). Vegetation productivity and
spatial heterogeneity have important implications for ecosystem functioning. Species diversity has been shown to increase with primary
productivity (Brown 1981, Currie and Paquin
1987, Currie 1991, Bailey et al. 2004) or to peak at
intermediate levels (Abramsky and Rosenzweig
1984, Leibold 1999, Dodson et al. 2000, Virtanen
et al. 2013), and to vary as a function of the spatial variability of vegetation cover (Riera et al.
1998, Kerr et al. 2001, Bailey et al. 2004, Lunetta
et al. 2006, Costanza et al. 2011). These relationships depend on numerous factors such as scale
(Chase and Leibold 2002, Pärtel et al. 2010) and
the taxa of interest (Mittelbach et al. 2001). Young
et al. (2009) documented that in southern Africa
during the wet season, home-range size for elephants was negatively correlated with mean
NDVI. Therefore, a reduction in mean NDVI in
the MFCA edge effect area could drive elephants
in this region to need larger average home-range
sizes than in the park interior.
v www.esajournals.org
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tend to reduce tree cover through browsing and
trampling and exacerbate the effects of fire on
trees by debarking them (Sankaran et al. 2008).
Changes in elephant populations have previously
driven large-scale shifts in land cover in MFCA,
with a rapid increase in the elephant population
following park establishment in 1952 resulting in
the conversion of large areas of woodland and
forest to grassland (Buechner and Dawkins 1961,
Buechner et al. 1963, Laws et al. 1975). Following
intense poaching of elephants and other herbivores in the 1970s and 1980s, much of this grassland reverted to woodland south of the Nile
(Mann 1995). Other browsers and mixed feeders
also suppress woody biomass, while grazers may
suppress woody plant growth at low and moderate densities, but promote it at high densities
(Sankaran et al. 2008). Differences in fire frequencies and herbivore distribution between seasons,
among land cover types, and with relative proximity to the park border may contribute to the
patterns observed in our study.
Our study was limited by a lack of available
land cover data for MFCA, and our land cover
zones were approximate delineations based on
dominant cover type. Variations in land cover
within these zones with distance from the park
edge could potentially have contributed to
observed patterns of NDVI. Other contributing factors could include abiotic factors such as
topography (Teillet and Staenz 1992, Burgess
et al. 1995) and soil type (Huete 1988, Farrar et al.
1994, Nicholson and Farrar 1994). A post hoc
examination of soil types (FAO-UNESCO 2012)
revealed that MFCA is dominated by sandy
clay loams, with some clay soils in the region
of Budongo Forest Reserve. While a larger proportion of clay soils occurred within the buffer
zone compared to the park interior, there was
little variation within the buffer zone and so it
is unlikely that these differences would explain
NDVI patterns observed within the buffer zone.
Furthermore, most of the clay soils overlapped
with our forest land cover zone, and so any effects
of soil on NDVI patterns would likely be masked
by the differences between land cover zones.
Total elevation change in MFCA is a moderate
660 m; therefore, topography may explain some
variation in NDVI measurements. However, elevation increases relatively gradually in the park
primarily from west to east, rather than with
v www.esajournals.org

distance from the edge, and the terrain is not
mountainous. Therefore, it is unlikely that elevation would explain the observed patterns in
NDVI. Matsushita et al. (2007) found that topography had less of an effect on NDVI than on other
vegetation indexes and can usually be ignored.

Conclusion
We observed an abrupt change in vegetation
productivity and variation in productivity along
the border of MFCA in Uganda, with edge effects
covering as much as 40% of the park. Satellite
imagery provided a rapid and cost-efficient
means of quantifying edge effects on vegetation
in this region. Quantifying the extent of edge
effects in parks is an important step toward mitigating the drivers of change and preserving
integrity, especially as human populations continue to expand and parks become increasingly
isolated. Our approach yielded a novel, low-cost
means of measuring edge effects on the landscape, which may prove particularly useful as
climate change progresses and human populations continue to grow. The population in Africa
will double over the next few decades, and
Uganda’s population is projected to nearly triple
by 2050 (World Population Review 2014). Higher-
than-average population growth rates in global
biodiversity hotspots raise concerns about the
long-term sustainability of parks in these areas
(Cincotta et al. 2000, Hartter et al. 2016). Increasing
populations and lack of available land elsewhere
may further exacerbate edge effects by driving
people to move closer to parks like MFCA
(Hartter et al. 2014). Furthermore, expanding
crop production driven by both population
growth and lower agricultural yields caused by
land degradation and shortened rainy seasons
will put further pressure on parks in the region
(Diem et al. 2014, 2016). Replication of our
approach in other park systems will facilitate
exploration of how impacts to primary productivity at park edges may vary in different land
cover types and with varying levels of human
disturbance.

Acknowledgments
We would like to thank Dr. Steve Stehman for his
statistical advice on this project. This research was

11

October 2016 v Volume 7(10) v Article e01486



Fuda et al.
from rainfall and new vegetation growth. Ecology
87:1987–1994.
Bradley, B. A., and J. F. Mustard. 2006. Characterizing
the landscape dynamics of an invasive plant and
risk of invasion using remote sensing. Ecological
Applications 16:1132–1147.
Bradley, B. A., and M. T. O’sullivan. 2011. Assessing the short-term impacts of changing grazing
regime at the landscape scale with remote sensing. International Journal of Remote Sensing 32:
5797–5813.
Brandão, C. R. F., R. R. Silva, and R. M. Feitosa. 2011.
Cerrado ground-dwelling ants (Hymenoptera:
Formicidae) as indicators of edge effects. Zoologia
28:379–387.
Brando, P. M., S. J. Goetz, A. Baccini, D. C. Nepstad,
P. S. A. Beck, and M. C. Christman. 2010. Seasonal
and interannual variability of climate and vegetation indices across the Amazon. Proceedings of the
National Academy of Sciences 107:14685–14690.
Brown, J. H. 1981. Two decades of homage to Santa Rosalia: toward a general theory of diversity.
American Zoologist 21:877–888.
Buechner, H. K., I. O. Buss, W. M. Longhurst, and A. C.
Brooks. 1963. Numbers and migration of elephants
in Murchison Falls National Park, Uganda. Journal
of Wildlife Management 27:36–53.
Buechner, H. K., and H. C. Dawkins. 1961. Vegetation
change induced by elephants and fire in Murchison
Falls National Park, Uganda. Ecology 42:752–766.
Burgess, D. W., P. Lewis, and J.-P. A. L. Muller. 1995.
Topographic effects in AVHRR NDVI data. Remote
Sensing of Environment 54:223–232.
Burnham, K. P., and D. R. Anderson. 2002. Model
selection and multimodel inference: a practical
information-theoretic approach. Springer, New
York, New York, USA.
Campo-Bescós, M. A., R. Muñoz-Carpena, D. A.
Kaplan, J. Southworth, L. Zhu, and P. R. Waylen.
2013a. Beyond precipitation: Physiographic gradients dictate the relative importance of environmental drivers on savanna vegetation. PLoS One
8:e72348.
Campo-Bescós, M. A., R. Muñoz-Carpena, J. Southworth, L. Zhu, P. R. Waylen, and E. Bunting. 2013b.
Combined spatial and temporal effects of environmental controls on long-term monthly NDVI
in the southern Africa savanna. Remote Sensing
5:6513–6538.
Chape, S., J. Harrison, M. Spalding, and I. Lysenko.
2005. Measuring the extent and effectiveness of
protected areas as an indicator for meeting global biodiversity targets. Philosophical Transactions
of the Royal Society B: Biological Sciences 360:
443–455.

supported by a National Science Foundation Coupled
Natural Human Systems grant (1114977), a SUNY
College of Environmental Science and Forestry
Graduate Student Association research grant, and an
IDEA WILD equipment grant.

Literature Cited
Abramsky, Z., and M. L. Rosenzweig. 1984. Tilman’s
predicted productivity–diversity relationship
shown by desert rodents. Nature 309:150–151.
Achard, F., and F. Blasco. 1990. Analysis of vegetation
seasonal evolution and mapping of forest cover in
West Africa with the use of NOAA AVHRR HRPT
data. Photogrammetric Engineering and Remote
Sensing 56:1359–1365.
Achard, F., and C. Estreguil. 1995. Forest classification of Southeast Asia using NOAA AVHRR data.
Remote Sensing of Environment 54:198–208.
Alagador, D., M. Triviño, J. O. Cerdeira, R. Brás,
M. Cabeza, and M. B. Araújo. 2012. Linking
like with like: optimising connectivity between
environmentally-similar habitats. Landscape Ecology 27:291–301.
Asner, G. P., and A. Alencar. 2010. Drought impacts on
the Amazon forest: the remote sensing perspective.
New Phytologist 187:569–578.
Ayebare, S. 2011. Influence of industrial activities on
the spatial distribution of wildlife in Murchison
Falls National Park, Uganda. Thesis. University of
Rhode Island, Kingston, Rhode Island, USA.
Bailey, S.-A., M. C. Horner-Devine, G. Luck, L. A.
Moore, K. M. Carney, S. Anderson, C. Betrus, and
E. Fleishman. 2004. Primary productivity and
species richness: relationships among functional
guilds, residency groups and vagility classes at
multiple spatial scales. Ecography 27:207–217.
Baird, T. D. 2014. Conservation and unscripted dev
elopment: proximity to park associated with
development and financial diversity. Ecology and
Society 19:4.
Balmford, A., J. L. Moore, T. Brooks, N. Burgess,
L. A. Hansen, P. Williams, and C. Rahbek. 2001.
Conservation conflicts across Africa. Science 291:
2616–2619.
Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange,
J. R. Poulsen, M. H. H. Stevens, and J.-S. S. White.
2009. Generalized linear mixed models: a practical
guide for ecology and evolution. Trends in Ecology
and Evolution 24:127–135.
Bond, W. J. 2008. What limits trees in C4 grasslands
and savannas? Annual Review of Ecology, Evolution, and Systematics 39:641–659.
Boone, R. B., S. J. Thirgood, and J. G. C. Hopcraft. 2006.
Serengeti wildebeest migratory patterns modeled

v www.esajournals.org

12

October 2016 v Volume 7(10) v Article e01486



Fuda et al.

Chase, J. M., and M. A. Leibold. 2002. Spatial scale dictates the productivity–biodiversity relationship.
Nature 416:427–430.
Cincotta, R. P., R. Engelman, and J. Wisnewski. 2000.
Human population in the biodiversity hotspots.
Nature 404:990–992.
Cochrane, M. A., and W. F. Laurance. 2002. Fire as a
large-scale edge effect in Amazonian forests. Journal of Tropical Ecology 18:311–325.
Collinge, S. K. 2009. Ecology of fragmented landscapes. Johns Hopkins University Press, Baltimore,
Maryland, USA.
Costanza, J. K., A. Moody, and R. K. Peet. 2011. Multi-
scale environmental heterogeneity as a predictor
of plant species richness. Landscape Ecology 26:
851–864.
Curran, L. M., I. Caniago, G. D. Paoli, D. Astianti, M. Kusneti, M. Leighton, C. E. Nirarita, and
H. Haeruman. 1999. Impact of El Niño and logging on canopy tree recruitment in Borneo. Science
286:2184–2188.
Currie, D. J. 1991. Energy and large-scale patterns of
animal-and plant-species richness. American Naturalist 137:27–49.
Currie, D. J., and V. Paquin. 1987. Large-scale biogeographical patterns of species richness of trees.
Nature 329:326–327.
DeFries, R., A. Hansen, A. C. Newton, and M. C.
Hansen. 2005. Increasing isolation of protected
areas in tropical forests over the past twenty years.
Ecological Applications 15:19–26.
DeFries, R., K. K. Karanth, and S. Pareeth. 2010.
Interactions between protected areas and their
surroundings in human-dominated tropical landscapes. Biological Conservation 143:2870–2880.
Diem, J. E., J. Hartter, J. Salerno, E. McIntyre, and
A. S. Grandy. 2016. Comparison of measured
multi-decadal rainfall variability with farmers’
perceptions of and responses to seasonal changes
in western Uganda. Regional Environmental
Change 1–14. http://dx.doi.org/10.1007/s10113-0160943-1
Diem, J. E., S. J. Ryan, J. Hartter, and M. W. Palace.
2014. Satellite-based rainfall data reveal a recent
drying trend in central equatorial Africa. Climatic
Change 126:263–272.
Dobson, A., et al. 1999. Corridors: reconnecting fragmented landscapes. Pages 129–170 in M. E. Soule
and J. Terborgh, editors. Continental conservation:
scientific foundations of regional reserve networks.
Island Press, Washington, D.C., USA.
Dodson, S. I., S. E. Arnott, and K. L. Cottingham. 2000.
The relationship in lake communities between primary productivity and species richness. Ecology
81:2662–2679.

v www.esajournals.org

13

Fang, J., S. Piao, Z. Tang, C. Peng, and W. Ji. 2001. Interannual variability in net primary production and
precipitation. Science 293:1723.
FAO-UNESCO. 2012. Soil types map for Uganda.
http://www.arcgis.com/home/item.html?id=5c2a
906423b2430eba13997386e8ca0b
Farrar, T. J., S. E. Nicholson, and A. R. Lare. 1994.
The influence of soil type on the relationships
between NDVI, rainfall, and soil moisture in semiarid Botswana. II. NDVI response to soil moisture.
Remote Sensing of Environment 50:121–133.
Fetcher, N., S. F. Oberbauer, and B. R. Strain. 1985. Vegetation effects on microclimate in lowland tropical
forest in Costa Rica. International Journal of Biometeorology 29:145–155.
Forman, R. T. T., and M. Godron. 1986. Landscape
ecology. First edition. Wiley, New York, New York,
USA.
Frank, A. B., and J. F. Karn. 2003. Vegetation indices, CO2 flux, and biomass for northern plains
grasslands. Journal of Range Management 56:
382–387.
Gibbes, C., L. Cassidy, J. Hartter, and J. Southworth.
2013. The monitoring of land-cover change and
management across gradient landscapes in
Africa. Pages 165–209 in E. S. Brondízio and E. F.
Moran, editors. Human-environment interactions.
Springer, Dordrecht, The Netherlands.
Hartter, J., N. Dowhaniuk, C. A. MacKenzie, S. J. Ryan,
J. E. Diem, M. W. Palace, and C. A. Chapman. 2016.
Perceptions of risk in communities near parks in
an African biodiversity hotspot. Ambio. http://link.
springer.com/10.1007/s13280-016-0775-8
Hartter, J., S. J. Ryan, C. A. MacKenzie, A. Goldman,
N. Dowhaniuk, M. Palace, J. E. Diem, and C. A.
Chapman. 2014. Now there is no land: a story of
ethnic migration in a protected area landscape in
western Uganda. Population and Environment 36:
452–479.
Huete, A. R. 1988. A soil-adjusted vegetation index (SAVI). Remote Sensing of Environment 25:
295–309.
Huete, A. R., H. Liu, and W. J. van Leeuwen. 1997. The
use of vegetation indices in forested regions: issues of linearity and saturation. Pages 1966–1968 in
T. I. Stein, editor. Geoscience and remote sensing.
IGARSS’97. Remote Sensing-A Scientific Vision for
Sustainable Development, 1997. IEEE International, Singapore City, Singapore.
Jeanne, D., and B. Asiimwe. 2012. Government to
relocate 400,000 people from Mt. Elgon. Sunday
Monitor 26 June 2012. http://www.monitor.co.ug/
News/National/Government-to-relocate-400-000people-from-Mt--Elgon/-/688334/1436052/-/tnto
om/-/index.html

October 2016 v Volume 7(10) v Article e01486



Fuda et al.

Jenkerson, C. B., T. Maiersperger, and G. Schmidt.
2010. eMODIS: a user-friendly data source. OpenFile Report. U.S. Geological Survey, Reston, Virgi
nia, USA. http://www.gina.alaska.edu/system/reso
urces/BAhbBlsHOgZmSSI7MjAxNC8wNC8y
OC8wOV80OF8xMV85MjZfZU1PRElTX3Byb2R1
Y3RfZGVzY3JpcHRpb24ucGRmBjoGRVQ/eMO
DIS_product_description.pdf
Jenkins, C. N., and L. Joppa. 2009. Expansion of the
global terrestrial protected area system. Biological
Conservation 142:2166–2174.
Jia, G. J., H. E. Epstein, and D. A. Walker. 2006. Spatial
heterogeneity of tundra vegetation response to
recent temperature changes. Global Change Biology 12:42–55.
Joppa, L. N., S. R. Loarie, and S. L. Pimm. 2008. On the
protection of “protected areas”. Proceedings of the
National Academy of Sciences 105:6673–6678.
Joppa, L. N., S. R. Loarie, and S. L. Pimm. 2009. On
population growth near protected areas. PLoS One
4:e4279.
Juffe-Bignoli, D., et al. 2014. Protected planet report
2014. United Nations Environment Program. http://
www.researchgate.net/profile/Javier_MartinezLopez/publication/268419968_Protected_Planet_
Report_2014/links/546b036e0cf2397f78303327.pdf
Kemper, J., R. M. Cowling, and D. M. Richardson.
1999. Fragmentation of South African renosterveld
shrublands: effects on plant community structure
and conservation implications. Biological Conservation 90:103–111.
Kerr, J. T., and M. Ostrovsky. 2003. From space to species: ecological applications for remote sensing.
Trends in Ecology and Evolution 18:299–305.
Kerr, J. T., T. R. E. Southwood, and J. Cihlar. 2001.
Remotely sensed habitat diversity predicts butterfly species richness and community similarity in
Canada. Proceedings of the National Academy of
Sciences 98:11365–11370.
Kityo, R. M. 2011. The effects of oil and gas exploration in the Albertine Rift Region on biodiversity: a
case of protected areas (Murchison Falls National
Park). NatureUganda. http://www.natureuganda.
org/downloads/Oil%20and%20Gas%20%20in%20
the%20AR.pdf
Knight, R. L., and P. B. Landres. 2002. Central concepts
and issues of biological conservation. Pages 22–33
in K. J. Gutzwiller, editor. Applying landscape
ecology in biological conservation. Springer, New
York, New York, USA.
Kristan III, W. B., A. J. Lynam, M. V. Price, and J. T.
Rotenberry. 2003. Alternative causes of edge-
abundance relationships in birds and small mammals of California coastal sage scrub. Ecography
26:29–44.

v www.esajournals.org

14

Laurance, W. F. 2000. Do edge effects occur over large
spatial scales? Trends in Ecology and Evolution
15:134–135.
Laurance, W. F., L. V. Ferreira, J. M. Rankin-de Merona,
and S. G. Laurance. 1998. Rain forest fragmentation
and the dynamics of Amazonian tree communities.
Ecology 79:2032–2040.
Laws, R. M., I. S. C. Parker, and R. C. B. Johnstone.
1975. Elephants and their habitats: the ecology of
elephants in North Bunyoro, Uganda. Oxford University Press, Oxford, UK.
Leibold, M. A. 1999. Biodiversity and nutrient enrichment in pond plankton communities. Evolutionary
Ecology Research 1:73–95.
Lunetta, R. S., J. F. Knight, J. Ediriwickrema, J. G.
Lyon, and L. D. Worthy. 2006. Land-cover
change detection using multi-temporal MODIS
NDVI data. Remote Sensing of Environment 105:
142–154.
Ma, M., and F. Veroustraete. 2006. Reconstructing
pathfinder AVHRR land NDVI time-series data
for the Northwest of China. Advances in Space
Research 37:835–840.
Mackenzie, C. A., and J. Hartter. 2013. Demand
and proximity: drivers of illegal forest resource
extraction. Oryx 47:288–297.
Mann, S. 1995. A guide to Murchison Falls National
Park and the surrounding game reserves. GTZ,
Kampala, Uganda.
Margules, C. R., and R. L. Pressey. 2000. Systematic
conservation planning. Nature 405:243–253.
Matsushita, B., W. Yang, J. Chen, Y. Onda, and
G. Qiu. 2007. Sensitivity of the enhanced vegetation index (EVI) and normalized difference vegetation index (NDVI) to topographic effects: a
case study in high-density cypress forest. Sensors
7:2636–2651.
Mayer, A. L., and A. H. Khalyani. 2011. Grass trumps
trees with fire. Science 334:188–189.
McGarigal, K., S. Tagil, and S. A. Cushman. 2009. Surface metrics: an alternative to patch metrics for the
quantification of landscape structure. Landscape
Ecology 24:433–450.
Mittelbach, G. G., C. F. Steiner, S. M. Scheiner, K. L.
Gross, H. L. Reynolds, R. B. Waide, M. R. Willig,
S. I. Dodson, and L. Gough. 2001. What is the
observed relationship between species richness
and productivity? Ecology 82:2381–2396.
Mwavu, E. N., and E. T. F. Witkowski. 2008. Land-use
and cover changes (1988–2002) around Budongo
Forest Reserve, NW Uganda: implications for forest and woodland sustainability. Land Degradation and Development 19:606–622.
Nampindo, S., G. P. Phillipps, and A. Plumptre. 2005.
The impact of conflict in northern Uganda on the

October 2016 v Volume 7(10) v Article e01486



Fuda et al.
Plumptre, A. J., M. Behangana, E. Ndomba,
T. Davenport, C. Kahindo, and R. Kityo. 2003. The
biodiversity of the Albertine Rift. Wildlife Conservation Society. http://www.albertinerift.org/About
Us/Publications.aspx
Population Reference Bureau. 2014. 2014 world pop
ulation data sheet. http://www.prb.org/pdf14/2014world-population-data-sheet_eng.pdf
Prinsloo, S., P. Mulondo, G. Mugiru, and A. J.
Plumptre. 2011. Measuring responses of wildlife
to oil operations in Murchison Falls National Park.
Wildlife Conservation Society and Uganda Wildlife Authority. http://www.albertinerift.org/About
Us/Publications.aspx
Riera, J. L., J. J. Magnuson, J. R. Vande Castle, and
M. D. MacKenzie. 1998. Analysis of large-scale
spatial heterogeneity in vegetation indices among
North American landscapes. Ecosystems 1:268–282.
Roerink, G. J., M. Menenti, W. Soepboer, and Z. Su.
2003. Assessment of climate impact on vegetation
dynamics by using remote sensing. Physics and
Chemistry of the Earth, Parts A/B/C 28:103–109.
Rudnick, D., et al. 2012. The role of landscape connectivity in planning and implementing conservation and restoration priorities. Issues in ecology.
Ecological Society of America, Washington, D.C.,
USA.
Running, S. W. 1990. Estimating terrestrial primary
productivity by combining remote sensing and
ecosystem simulation. Pages 65–86 in R. J. Hobbs
and H. A. Mooney, editors. Remote sensing of biosphere functioning. Springer-Verlag, New York,
New York, USA.
Ryan, S. J., P. C. Cross, J. Winnie, C. Hay, J. Bowers,
and W. M. Getz. 2012. The utility of normalized
difference vegetation index for predicting African
buffalo forage quality. Journal of Wildlife Management 76:1499–1508.
Ryan, S. J., and J. Hartter. 2012. Beyond ecological
success of corridors: integrating land use his
tory and demographic change to provide a whole
landscape perspective. Ecological Restoration 30:
320–328.
Ryan, S. J., C. U. Knechtel, and W. M. Getz. 2006.
Range and habitat selection of African buffalo in
South Africa. Journal of Wildlife Management 70:
764–776.
Ryan, S., C. Knechtel, and W. Getz. 2007. Ecological
cues, gestation length, and birth timing in African buffalo (Syncerus caffer). Behavioral Ecology
18:635–644.
Ryan, S. J., J. Southworth, J. Hartter, N. Dowhaniuk,
R. K. Fuda, and J. E. Diem. 2015. Household level influences on fragmentation in an African park
landscape. Applied Geography 58:18–31.

environment and natural resource management.
Wildlife Conservation Society and USAID. https://
www.google.com/url?sa=t&rct=j&q=&esrc=s&
source=web&cd=2&cad=rja&uact=8&ved=0a
hUKEwjnqpTUp7rPAhVF4SYKHSC_BAoQFggi
MAE&url=http%3A%2F%2Fwww.albertinerift.
org%2FAdmin-Plus%2FDocustore%2FCom
mand%2FCore_Download%2FEntryId%2F11632.
aspx&usg=AFQjCNEg6MXmdBgAZ29KY5drRlH
CiUplxA&sig2=hzmbpgtrDG5e3qoxtzlDSA
Nemani, R. R., C. D. Keeling, H. Hashimoto, W. M.
Jolly, S. C. Piper, C. J. Tucker, R. B. Myneni, and
Steven W. Running. 2003. Climate-driven increases
in global terrestrial net primary production from
1982 to 1999. Science 300:1560–1563.
Newmark, W. D. 2008. Isolation of African protected
areas. Frontiers in Ecology and the Environment
6:321–328.
Nicholson, S. E., and T. J. Farrar. 1994. The influence
of soil type on the relationships between NDVI,
rainfall, and soil moisture in semiarid Botswana.
I. NDVI response to rainfall. Remote Sensing of
Environment 50:107–120.
Noss, R. F. 1983. A regional landscape approach to
maintain diversity. BioScience 33:700–706.
Parks, S. A., and A. H. Harcourt. 2002. Reserve size,
local human density, and mammalian extinctions in US protected areas. Conservation Biology
16:800–808.
Pärtel, M., K. Zobel, L. Laanisto, R. Szava-Kovats, and
M. Zobel. 2010. The productivity-diversity relationship: varying aims and approaches. Ecology
91:2565–2567.
Paruelo, J. M., H. E. Epstein, W. K. Lauenroth, and I. C.
Burke. 1997. ANPP estimates from NDVI for the
central grassland region of the United States. Ecology 78:953–958.
Peters, H. A. 2001. Clidemia hirta invasion at the
Pasoh Forest Reserve: an unexpected plant invasion in an undisturbed tropical forest. Biotropica
33:60–68.
Pettorelli, N., S. Ryan, T. Mueller, N. Bunnefeld,
B. Jedrzejewska, M. Lima, and K. Kausrud. 2011.
The normalized difference vegetation index
(NDVI): unforeseen successes in animal ecology.
Climate Research 46:15–27.
Pettorelli, N., J. O. Vik, A. Mysterud, J.-M. Gaillard,
C. J. Tucker, and N. C. Stenseth. 2005. Using
the satellite-derived NDVI to assess ecological
responses to environmental change. Trends in
Ecology and Evolution 20:503–510.
Piao, S., J. Fang, L. Zhou, P. Ciais, and B. Zhu. 2006.
Variations in satellite-derived phenology in
China’s temperate vegetation. Global Change Biology 12:672–685.

v www.esajournals.org

15

October 2016 v Volume 7(10) v Article e01486



Fuda et al.

Sánchez-Azofeifa, G. A., C. Quesada-Mateo, P. Gonzalez-
Quesada, S. Dayanandan, and K. S. Bawa. 1999. Protected areas and conservation of biodiversity in the
tropics. Conservation Biology 13:407–411.
Sankaran, M., J. Ratnam, and N. Hanan. 2008. Woody
cover in African savannas: the role of resources,
fire and herbivory. Global Ecology and Biogeography 17:236–245.
Swets, D. L., B. C. Reed, J. D. Rowland, and S. E.
Marko. 1999. A weighted least-squares approach
to temporal NDVI smoothing. 1999 ASPRS Annual
Conference: From Image to Information. American
Society of Photogrammetry and Remote Sensing,
Bethesda, Maryland, USA.
Teillet, P. M., and K. Staenz. 1992. Atmospheric effects
due to topography on MODIS vegetation index
data simulated from AVIRIS imagery over mountainous terrain. Canadian Journal of Remote Sensing 18:283–291.
Total E&P Uganda. 2013. Proposed appraisal drilling: Mpyo field (south area) ESIA scoping report
and terms of reference. Environmental and Social
Impact Assessment, Kampala, Uganda.
Uganda Bureau of Statistics. 2015. Statistical abstract
2014. Government Printers, Kampala, Uganda.
http://photos.state.gov/libraries/uganda/328671/
pdfs/statistical_abstract2014.pdf
Uganda Human Rights Commission. 2013. Oil in Uganda: emerging Human Rights Issues. http://uhrc.
ug/system/files_force/ulrc_resources/UHRC%20
Oil%20report%202014.pdf?download=1
Uganda Wildlife Authority. 2012. General management plan for Murchison Falls National Park,
Karuma Wildlife Reserve, and Bugungu Wildlife
Reserve 2012–2022. Ministry of Tourism, Wildlife
and Heritage, Kampala, Uganda.
UNEP-WCMC. 2008. State of the world’s protected areas 2007. Cambridge, UK. http://www.
unep-wcmc.org/system/dataset_file_fields/
files/000/000/049/original/stateOfTheWorldsPro
tectedAreas_en.pdf?1395764899
UNESCO. 1974. Task force on criteria and guidelines for the choice and establishment of biosphere reserves. Man and the Biosphere Report.
UNESCO, Paris, France. http://unesdoc.unesco.
org/images/0000/000098/009889EB.pdf

v www.esajournals.org

16

Vicente-Serrano, S. M., et al. 2013. Response of vegetation to drought time-scales across global land
biomes. PNAS 110:52–57.
Virtanen, R., J.-A. Grytnes, J. Lenoir, M. Luoto,
J. Oksanen, L. Oksanen, and J.-C. Svenning. 2013.
Productivity–diversity patterns in arctic tundra
vegetation. Ecography 36:331–341.
Wang, J., P. M. Rich, and K. P. Price. 2003. Temporal
responses of NDVI to precipitation and temperature in the central Great Plains, USA. International
Journal of Remote Sensing 24:2345–2364.
Wilcove, D. S. 1985. Nest predation in forest tracts
and the decline of migratory songbirds. Ecology
66:1211.
Wildlife Conservation Society. 2010. Potential animal
corridors: Murchison-Semliki landscape. Bronx,
New York, USA. http://rmportal.net/library/content/
translinks/translinks-2010/wildlife-conservationsociety/LCMforREDDCourse/Presentations/Pres
entation_PotentialAnimalCooridorsUganda.pdf/
at_download/file
Williams, J. N. 2013. Humans and biodiver
sity: population and demographic trends in
the hotspots. Population and Environment 34:
510–523.
Wittemyer, G., P. Elsen, W. T. Bean, A. C. O. Burton,
and J. S. Brashares. 2008. Accelerated human population growth at protected area edges. Science
321:123–126.
Woodroffe, R., and J. R. Ginsberg. 1998. Edge effects
and the extinction of populations inside protected
areas. Science 280:2126–2128.
World Population Review. 2014. Uganda Population
2014.
http://worldpopulationreview.com/countr
ies/uganda-population/
Young, K. D., S. M. Ferreira, and R. J. Van Aarde.
2009. Elephant spatial use in wet and dry savannas of southern Africa. Journal of Zoology 278:
189–205.
Zhao, X., D. Zhou, and J. Fang. 2012. Satellite-
based studies on large-scale vegetation changes
in China. Journal of Integrative Plant Biology
54:713–728.
Zommers, Z., and D. W. MacDonald. 2012. Protected
areas as frontiers for human migration. Conservation Biology 26:547–556.

October 2016 v Volume 7(10) v Article e01486

