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a b s t r a c t
Wetlands provide vital wildlife habitat and ecosystem services, but changes in human land use has made
them one of the world’s most threatened ecosystems. Although wetlands are generally protected by law,
growing human populations increasingly drain and clear them to provide agricultural land, especially in
tropical Africa. Managing and conserving wetlands requires accurately monitoring their spatial and temporal extent, often using remote sensing, but distinguishing wetlands from other land covers can be difﬁcult. Here, we report on a method to separate wetlands dominated by papyrus (Cyperus papyrus L.) from
spectrally similar grasslands dominated by elephant grass (Pennisetum purpureum Schumach.). We tested
whether topographic, spectral, and temperature data improved land cover classiﬁcation within and
around Kibale National Park, a priority conservation area in densely populated western Uganda. Slope
and reﬂectance in the mid-IR range best separated the combined papyrus/elephant grass pixels (average
accuracy: 86%). Using a time series of satellite images, we quantiﬁed changes in six land covers across the
landscape from 1984 to 2008 (papyrus, elephant grass, forest, mixed agriculture/bare soil/short grass,
mixed tea/shrub, and water). We found stark differences in how land cover changed inside versus outside
the park, with particularly sharp changes next to the park boundary. Inside the park, changes in land
cover varied with location and management history: elephant grass areas decreased by 52% through forest regeneration but there was no net difference in papyrus areas. Outside the park, elephant grass and
papyrus areas decreased by 61% and 39%, mostly converted to agriculture. Our method and ﬁndings are
particularly relevant in light of social, biotic, and abiotic changes in western Uganda, as interactions
between climate change, infectious disease, and changing human population demographics and distribution are predicted to intensify existing agricultural pressure on natural areas.
Ó 2014 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by Elsevier
B.V. All rights reserved.

1. Introduction
Wetlands cover roughly 8.5% of the Earth’s land surface and
include a wide variety of habitats such as permanent and seasonal
marshes, fens, peatlands, ﬂoodplains, and coastal areas. They are
among the world’s most productive ecosystems, providing habitat
for many animal species and up to 40% of the world’s annual
renewable ecosystem services (Zedler and Kercher, 2005).
⇑ Corresponding author at: Department of Biology, McGill University, 1205 Dr.
Penﬁeld Avenue, Montreal, QC H3A 1B1, Canada. Tel.: +1 514 570 6623.
E-mail addresses: aerin.jacob@mail.mcgill.ca (A.L. Jacob), tyler.bonnell@mail.
mcgill.ca (T.R. Bonnell), nick.dowhaniuk@unh.edu (N. Dowhaniuk), joel.hartter@colorado.edu (J. Hartter).

However, wetlands are also degraded and lost more rapidly than
any other ecosystem in the world (Millennium Assessment,
2005). Sustainable use of wetland is particularly challenging in
tropical environments where areas of dense human settlement
have disproportionately high species extinctions and habitat loss
(Balmford and Bond, 2005). Although local livelihoods depend on
wetlands for food and resources (Morrison et al., 2013; van Dam
et al., 2011; WRI, 2009), wetlands also represent areas of undeveloped land and are frequently converted to agriculture or housing
settlements (Kaggwa et al., 2009; Maclean et al., 2013; Owino
and Ryan, 2007). Conserving wetlands depends on implementing
sustainable management on the ground (Mafabi, 2000), but ﬁrst
and foremost it depends on managers’ ability to detect and
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quantify how wetlands change over space and time (Adam and
Mutanga, 2009; Fuller et al., 1998).
Accurately mapping vegetation at large scales requires environmental managers to precisely estimate the size and extent of land
cover types, increasingly through satellite remote sensing (Zedler
and Kercher, 2005). In general, land cover types are identiﬁed in
satellite images by their spectral signature, the distinctive combination of reﬂected and absorbed electromagnetic radiance (Turner
et al., 2003; Xie et al., 2008). However, if two or more plant species
have similar biochemical composition, their light absorption and
reﬂectance features might overlap (Schmidt and Skidmore, 2003),
rendering them indistinguishable in remote sensing classiﬁcation.
This phenomenon occurs within habitat types, e.g., among wetlands
(Schmidt and Skidmore, 2003), grasslands (Adjorlolo et al., 2012), or
forests (Wolter et al., 1995), and between habitat types, e.g., confusing wetlands with uplands (Ozesmi and Bauer, 2002), degraded pastures and coffee plantations with successional forests (Lu et al.,
2003), and impervious urban surfaces with dry soils (Lu and
Weng, 2006). Such misclassiﬁcations can lead to management
errors (Ozesmi and Bauer, 2002), which is particularly grave for
small, biodiverse habitats that people depend on.
The challenges policy makers, land managers, and conservation
scientists face in detecting changes in small habitats is exempliﬁed
in Ugandan wetland management. The total extent of wetlands in
Uganda decreased by over 30% (11,268 km2) in the last 20 years
(Kaggwa et al., 2009; NEMA, 2010); today, wetlands constitute
approximately 11% (26,308 km2) of Uganda’s total area (WRI,
2009). Similar to elsewhere in sub-Saharan Africa, many wetlands
are dominated by emergent papyrus sedge (Cyperus papyrus L.)
(Hughes and Hughes, 1992). Papyrus wetlands are found in lowlying, ﬂat areas, are linear or dendritic in shape (i.e., following
the shape of a stream and tributaries), and can be large (tens of
kilometers in length) or quite small (<1 ha) (Southworth et al.,
2010). As in other parts of East Africa, papyrus wetlands in Uganda
provide many ecosystem goods and services for local communities
(Maclean et al., 2011; Morrison et al., 2013; Namaalwa et al., 2013;
van Dam et al., 2011). Although the human beneﬁts of maintaining
existing papyrus wetlands greatly outweigh converting them to
agriculture (Maclean et al., 2011; Schuyt, 2005), they are under
increasing threat (Mafabi, 2000; Owino and Ryan, 2007).
In addition to anthropogenic pressures, managing papyrus wetlands is challenging because their size and shape makes it difﬁcult to
discriminate them from other land covers (Adam and Mutanga,
2009; Adam et al., 2012; Mwita et al., 2013). Papyrus is spectrally
very similar to elephant grass (Pennisetum purpueum Schumach), a
very tall grass commonly found on hillsides, hilltops, or abandoned
ﬁelds throughout East Africa. Like papyrus wetlands, grasslands
dominated by elephant grass provide speciﬁc ecosystem services
(e.g., erosion control, thatching and fuel, livestock grazing) and
wildlife habitat (e.g., for bulk grazing ungulates, grassland-specialist butterﬂies and birds). As a result of their spectral similarity, these
very different habitats have hitherto been inseparable in remote
sensing (Hartter and Southworth, 2009; Southworth et al.,
2010).This misclassiﬁcation makes it difﬁcult for local land managers to accurately monitor land cover; indeed, the need for accurate
spatial data has been highlighted as a major challenge for policymakers in western Uganda (NEMA, 2004). Classiﬁcation methods
using secondary data (other landscape attributes associated with
land cover types, e.g. topography, temperature) in a rule-based
approach have successfully distinguished wetlands in other tropical
areas (Davranche et al., 2010; Lambin and Ehrlich, 1995) and may be
especially important to distinguish land cover types at small spatial
scales, such as separating small, interstitial wetlands (<500 ha) from
grasslands in western Uganda (Mwita et al., 2013).
In this paper, we resolved the outstanding remote sensing problem of distinguishing between papyrus and elephant grass. We
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tested approaches using temperature, topographic and spectral
data to separate papyrus-dominated wetlands and elephant
grass-dominated grasslands within and around Kibale National
Park in western Uganda. This landscape exempliﬁes the need to
accurately map and monitor tropical wetlands, as intense anthropogenic pressures around Kibale juxtapose meeting conservation
objectives with using park resources and land to sustain local livelihoods. We developed a new land cover classiﬁcation to quantify
land cover change inside and outside the park between 1984 and
2008, and identify possible drivers of change and priority conservation areas in this landscape.

2. Study area
2.1. Kibale region
Western Uganda’s Kibale National Park (hereafter Kibale; 0°130 –
0°410 N and 30°190 –30°320 E; Fig. 1) is in the Albertine Rift, a global
biodiversity hotspot and one of the most densely human-populated areas in sub-Saharan Africa (Cordeiro et al., 2007; United
Nations, 2011). Kibale is approximately 795 km2, with elevation
between 1110 and 1590 m and average annual rainfall 1543–
1700 mm, with two wet seasons March–May and September–
November. The park ranks ﬁfth in terms of species richness and
sixth in terms of overall biodiversity importance among all Ugandan forests (Howard et al., 1997). Kibale has a complicated management history (Chapman and Lambert, 2000). The central and
northern parts of Kibale were originally designated a Forest
Reserve in 1932, with parts of the northern area logged in the
1960s. Conversely, what is now southwestern Kibale was designated a Game Corridor in 1926 for hunting and to promote movement of large animals between Kibale and Queen Elizabeth
National Park (Ryan and Hartter, 2012). Over a third of the game
corridor was encroached and settled by agriculturalists in the
1970s and 1980s until their eviction in 1992 (Chapman and
Lambert, 2000; Van Orsdol, 1986). The Forest Reserve and Game
Corridor were joined and upgraded to National Park status in 1993.
In the 1960s, land cover inside the forest reserve was broadly
described as 60% forest and 40% grassland, woodland-thicket, and
colonizing forest (Wing and Buss, 1970); forest succession over
the last half century shows a progressive loss of grassland and
increase in native forest cover, primarily from preventing ﬁre
(Chapman and Lambert, 2000) and intensive reforestation (Omeja
et al., 2011). In the most recent classiﬁcation (2003), land cover
inside the former forest reserve was composed of unlogged and
regenerating forest (90%), papyrus/elephant grass (7%), short
grasses (2%), and shrubs (1%) (Hartter and Southworth, 2009;
Southworth et al., 2010). In 2003, land cover outside Kibale was
composed of short grasses and agriculture (37%), forest (29%),
papyrus/elephant grass (29%), tea and shrub (5%), and water
(<1%) (Hartter and Southworth, 2009). However, these assessments
failed to separate papyrus from elephant grass. To compare our
results to previous research on land cover change in the Kibale
region (e.g., Hartter and Southworth, 2009; Southworth et al.,
2010) and to make our results for the widest range of local
research, we deﬁned three separate study areas: (a) the former forest reserve, (b) the former game corridor, and (c) outside the park as
within a ﬁve km buffer from the Kibale park boundary (Fig. 1). In
addition, we summed land covers in the former forest reserve
and former game corridors to quantify land cover for the entire
national park.
Our results differ from Southworth et al. (2010) in two key
ways. First, the ﬁve km buffer in this paper surrounds the entire
park, while the ﬁve km buffer deﬁned by Southworth et al.
(2010) only covered the area surrounding the former forest reserve
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Fig. 1. Location of Kibale National Park within Uganda, and the differentiation of four areas of interest in this study: Kibale National Park, the former game corridor, the
former forest reserve, and the ﬁve km buffer area outside of the park boundary.

(meaning that part of their ﬁve km buffer is actually inside the former game corridor). Second, we report ﬁndings inside the park
separated by management history: the former game corridor and
the former forest reserve, summed for Kibale National Park in its
entirety. These differences are critical for other scientists and land
managers studying environmental and socio-ecological changes in
the landscape.
2.2. Papyrus and elephant grass habitats
Both papyrus and elephant grass are robust, rhizomatous,
perennial, C4, nitrogen-ﬁxing plants native to Africa (Fig. 2). Living
papyrus is often more than ﬁve meters tall, overlying several
meters of water and living rhizome and root mats. Submerged
detritus and peat accumulate in the oxygen-depleted water over
hundreds or thousands of years, creating an important carbon sink.
The dense papyrus canopy intercepts over 90% of incoming

radiation, resulting in a cool microclimate and high rates of biomass accumulation (up to 6.28 kg/m2/yr; Jones and Muthuri,
1997). Papyrus wetlands are used by local people to collect water,
papyrus, and poles for thatching and construction, or cleared and
drained for agriculture, pasture, and woodlots (Hartter, 2010). In
Kibale, papyrus wetlands provide specialized habitat for sitatunga
antelope (Tragelaphus spekii), harvested ﬁsh including mudﬁsh
(Clarias mossambicus) and lungﬁsh (Protopterus aethiopicus), and
numerous birds including the near-threatened papyrus gonolek
(Laniarius mufumbiri), and the restricted-range African marsh harrier (Circus ranivorus), black coucal (Centropus grillii), little rush
warbler (Bradypterus baboecala), and white-winged scrub warbler
(Bradypterus carpalis) (Howard et al., 1996; Maclean et al., 2003a).
Swaths of elephant grass are generally found on hillsides, often
following relatively regular-shapes of abandoned cultivated areas
(Fig. 2b; Buss, 1961; Southworth et al., 2010). Elephant grass
frequently reaches heights of three meters, has a vigorous root
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Fig. 2. Photographs of (a) wetland dominated by papyrus (Cyperus papyrus L.) in
agricultural area outside Kibale National Park, Uganda (photo by J. Hartter), and (b)
grassland inside Kibale dominated by elephant grass (Pennisetum purpueum
Schumach) (photo by A. Jacob).

system, and low water and nutrient requirements. It is commonly
used by local people for grazing livestock, thatching, fuel, or planted
as wind breaks and to improve soil fertility or prevent erosion. Like
papyrus, elephant grass accumulates biomass quickly (3.62 kg/m2/
yr) (Strezov et al., 2008). In Kibale, these grasslands provide habitat
for large mammals, including African buffalo (Syncerus caffer), African elephant (Loxodonta africana), Uganda kob (Kobus kob) and olive
baboon (Papio anubis) (Wanyama et al., 2010; Jacob and Chapman,
unpublished data), as well as grassland-specialist species, e.g., atrisk birds: grey crowned-crane (Balearica regulorum, EN) and martial eagle (Polemaetus bellicosus, NT); restricted-range birds: button
quail (Turnix sylvaticus) and Verreaux’s eagle owl (Bubo lacteus); and
restricted-range butterﬂies: deprived grizzled skipper (Spialia depauperata) and grizzled bush brown (Bicyclus ena) (Howard et al.,
1996). With consistent ﬁre prevention inside the park, elephant
grass is replaced by forest through natural forest regeneration and
active replanting programs (Lwanga, 2003; Omeja et al., 2011). Previously, some communities around southern Kibale had permits to
graze livestock on grasslands inside the park. These permits were
discontinued in recent years, although livestock (mostly cattle)
are still illegally grazed in the area (MacKenzie et al., 2012). Outside
the park, grasslands are frequently, and usually permanently, converted to agriculture.
3. Methods
3.1. Land cover
We collected three land cover maps of our study area that identiﬁed ﬁve land cover types (forest, water, tea, agriculture/bare soil/
short grass, and the mixed papyrus/elephant grass category). We
used two land cover maps, from 1984 (Landsat TM: May 26) and
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2003 (Landsat ETM+: January 17) from Hartter and Southworth
(2009) and added a third land cover map from 2008 (SPOT-5:
November 21). We used a SPOT-5 image for 2008 because recent
cloud-free Landsat images were unavailable. We created the
2008 land cover map using the same ﬁve land cover classes and
following the same methods that were used in the 1984 and
2003 classiﬁcations (supervised maximum likelihood classiﬁcation) (Hartter and Southworth, 2009).
The 2008 image was geometrically registered to Google Earth
images, using roads and other permanent features, with a root
mean-square error (RMS) of <2 m. The image was then radiometrically corrected using the SPOT calibration tool in ENVI version 4.8
(Exelis Visual Information Solutions, Boulder, Colorado); no atmospheric correction was done. In 2009, 289 reference points were collected in the ﬁeld from agriculture (maize/short grass/tea) and forest
plots. We supplemented these points with an additional 197 reference points for papyrus/elephant grass, bare soil, and water using
Google Earth images (Geoeye-1: 2010, World-View-1: December
2007; 0.5 m spatial resolution). We randomly split the total
(n = 486) into two halves: a reference set to create the 2008 classiﬁcation, and a validation set to test classiﬁcation accuracy.
We classiﬁed the 2008 image using 18 stacked layers: panchromatic, green, red, NIR, SWIR, green/red, red/NIR, NIR/SWIR, EVI,
NDVI, PCA 1,2,3, and texture bands (3  3 windows calculating
mean pixel value) for panchromatic, green, red, NIR, and SWIR.
The initial classiﬁcation was done using seven land cover classes:
forest, mixed papyrus/elephant grass, maize, tea, short grass, bare
soil, and water. We then combined the maize, short grass, and bare
soil classes to a mixed ‘‘agriculture/bare soil/short grass’’ class to
match the 1984 and 2003 classiﬁcations (Hartter and
Southworth, 2009).
3.2. Separating papyrus and elephant grass
To attempt to divide the mixed elephant grass/papyrus land
cover type, we ﬁrst tested their separability by examining both
land cover temperature and reﬂectance in each land cover. On
the ground, a noticeable physical difference between the two land
covers is the difference in daytime temperatures of the microclimate: papyrus-dominated wetlands tend to be cool while elephant
grass-dominated grasslands tend to be warm. We sought to test
whether these differences in daytime surface temperatures, combined with Landsat’s thermal band (10.40–12.50 lm, sensitive to
changes in emitted thermal radiation as a result of temperature
differences), could help divide the mixed elephant grass/papyrus
land cover type (Coll et al., 2010; Southworth, 2004). To examine
temperature differences of each land cover type, we used temperatures recorded in each land cover class with Hobo TidbiT v2 temperature data loggers (utbi-001, Onset Computer Corporation,
Bourne, Maine) every 20 min between July 2008 and August
2011. Temperature was measured at the umbels of the papyrus
and the canopy of the elephant grass by mounting the data logger
on a wooden pole and permanently securing it in the substrate. The
data loggers were enclosed and operated as per manufacturer and
temperature data collection standards. Since Landsat is in a sunsynchronous orbit and passes over Kibale around 11h00 EAT
(UTC/GMT +3), we used a daily time window of 10h30–11h30
and a t-test to compare mean temperature between wetland and
grassland. We tested whether Landsat’s thermal band could help
distinguish between the land covers (Coll et al., 2010;
Southworth, 2004).
Next, to identify the largest spectral differences between the
spectrally similar papyrus and elephant grass land covers we used
reference points (28 for papyrus and seven elephant grass) taken
from inside and around Kibale using Google Earth (June 2002 QuickBird-2). Reﬂectance values were extracted from a georeferenced,
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radiometrically calibrated, and atmospherically corrected Landsat
image taken on 31 January 2003. We tested for spectral differences
between land cover types in each of the eight spectral bands (blue,
green, red, NIR, Mid-IR, Therm, SWIR, and Pan) using both parametric (t-test) and non-parametric (Wilcoxon-test) approaches.
The results of these two tests (spectral and temperature) helped
to identify potential differences between papyrus and elephant
grass land covers. We then used a regression tree approach to separate papyrus and elephant grass in each of the three classiﬁed
images (1984, 2003, and 2008), incorporating reﬂectance and topographic information. To test the accuracy of this separation, we collected a second set of reference points (n = 437), separate from the
reference points used to classify the 2008 Spot-5 image. This second set of reference points focused on areas classiﬁed as papyrus/elephant grass only, identifying points in these regions as
either papyrus or elephant grass. Previous studies have illustrated
Google Earth can be used as an adequate substitute for ﬁeld collection of accuracy assessment points (Biswal et al., 2013; Cha and
Park, 2007). To ensure greatest accuracy of using this method, it
is important that researchers have on-the-ground experience
working in the habitats and study area in question; otherwise, it
would be difﬁcult to accurately distinguish land covers remotely
using aerial views from Google Earth imagery. Although Google
provides limited accuracy information for their imagery, horizontal
positional accuracy of Google Earth imagery has been tested in previous studies (Benker et al., 2011; Potere, 2008; Yousefzadeh and
Mojaradi, 2012). These studies reported the average Root Mean
Squared Error (RMSE) for the imagery used within their respective
study areas was sufﬁcient for reference point selection to be used
with medium and low resolution imagery. However, caution
should be exercised while using Google Earth as a reference for
high resolution imagery, especially imagery with a spatial resolution of greater than six meters, as the RMSE will often be larger
than the imagery’s spatial resolution (Yousefzadeh and Mojaradi
2012). For the 2008 image classiﬁcation, we visually collected
100 papyrus and 100 elephant grass points from a Google Earth
image (December 2007, World-View-1); for the 2003 classiﬁcation,
we visually collected 65 papyrus and 62 elephant grass points from
another Google Earth image (June 2002, Quickbird-2); and for the
1984 classiﬁcation we visually collected 51 papyrus and 59 elephant grass points from 1:31,000 aerial photographs (December
1988).
We made the simplifying assumption that the two main land
cover classes within the mixed pixels were either (i) wetlands
dominated by papyrus, or (ii) grasslands dominated by elephant
grass. This assumption follows ﬁeld observations from Kibale
(Chapman et al., 2001; Chapman et al., 2001; Jacob and Hartter,
unpublished data). Due to the limited ability to distinguish
imaged-derived reference points, further separating this mixed
class into types of swamps or grasslands would require additional
collection of reference data from in-ﬁeld surveys. To assess the
accuracy of the separation, we divided the total set of reference
points (n = 437) into approximately half: (1) ‘‘training points’’ to
train a regression tree for each image, using these trees to separate
pixels into papyrus or elephant grass, and (2) ‘‘validation points’’ to
assess the accuracy of the separation.
We derived reﬂectance and topographic information at each
training point. We extracted reﬂectance values (panchromatic,
green, red, NIR, SWIR, principle component 1-2-3, Tassel cap 1-3,
mid-IR index, NDVI, LSWI, and MSI) targeting bands identiﬁed in
Section 3.2. We did not include emittance values from the thermal
band for the Landsat images (1984, 2003) as a variable in the ﬁnal
regression tree since they were not signiﬁcantly different between
land cover types (see Section 4.2). Furthermore, when we included
the thermal band in the conditional regression tree in a separate
analysis, it was not selected for as a signiﬁcant variable. We

calculated slope at each training point using a 90 m digital
elevation model (DEM) from the NASA Shuttle Radar
Topography Mission (SRTM), resampled from 90 m to 30 m
spatial resolution using bi-cubic convolution (Keeratikasikorn
and Trisirisatayawong, 2008).
We next built a regression tree for each year (1984, 2003, and
2008) using the ‘ctree’ function in the ‘PartyKit’ package in R
(Hothorn and Zeileis, 2012). The ‘ctree’ function uses statistical
inference in a recursive way to build classiﬁcation trees by determining (1) which parameter(s) to split the data, and (2) what
parameter values to perform the split on. Using these trees, we
then separated papyrus and elephant grass pixels in each classiﬁcation, using the Knowledge Engineer and Knowledge Classiﬁer
in ERDAS Imagine version 10.1.2 (Intergraph, Norcross, GA, USA)
to implement the selected regression tree. We calculated confusion
matrices for each separation using the aforementioned validation
points.
3.3. Assessing land cover change
Once we successfully separated the mixed papyrus/elephant
grass pixels, we calculated the total area for each of the six land
cover types (forest, papyrus, elephant grass, agriculture/bare soil/
short grass, tea, water) in our three study areas (inside the former
game corridor and former forest reserve, and within the ﬁve km
buffer surrounding the entire park) (Fig. 1). To assess land cover
changes between 1984–2003 and 2003–2008, we calculated the
change for each land cover between the two time periods. We
identiﬁed areas of the landscape with particularly marked changes
in land cover and identiﬁed anthropogenic and natural factors that
may have contributed to these changes.
4. Results
4.1. Land cover
Combining reference points collected in the ﬁeld with those collected from Google Earth, we achieved an overall accuracy of 85.6%
for the 2008 land cover classiﬁcation (Table 1). This accuracy was
comparable to 89.1% achieved for the 2003 classiﬁcation (Hartter
and Southworth, 2009). Within our total study area, 14,953 ha
were classiﬁed as mixed papyrus/elephant grass in 2008 (Table 3).
4.2. Separating papyrus and elephant grass
Sub-sampling temperature measurements from the HOBO
recorder within the 10h30–11h30 time window resulted in 4219
temperature readings from papyrus and 3168 from elephant grass.
Elephant grass areas were on average 4.3 °C warmer than papyrus
areas (t = 45.6, p < 0.001). We found signiﬁcant differences in
reﬂectance distributions for the mid-IR (W = 178, p < 0.001) and
Panchromatic bands (W = 172, p = 0.002) between papyrus and elephant grass. A t-test showed signiﬁcant differences in means
(p < 0.05) in the mid-IR and Panchromatic bands of 15.1 and 7.4
(Table 4). However, we did not ﬁnd differences between the land
cover types for the thermal band.
We created one regression tree per image with overall separation accuracies of 92.0%, 93.1%, and 76.8% for 2008, 2003 and
1984 respectively (Table 2). To distinguish between papyrus and
elephant grass, the Tassel cap brightness index, slope, and the
Mid-IR band were selected for the 2008 image, and the Mid-IR
index (Mid-IR/SWIR) and slope for the 2003 image (p < 0.05)
(Fig. 3). Only slope was selected in the 1984 image (p < 0.15)
(Fig. 3). By including topographic information in the regression
trees, we were able to improve our classiﬁcations: slope was the
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Table 1
Confusion matrix for the classiﬁcation of the 2008 SPOT-5 image. EG stands for elephant grass, SG stands for short grass.
Classiﬁcation

Ground reference classes

Forest
Papyrus/EG
Agr/bare/SG
Tea
Water
Column total
Producer’s accuracy (%)

Forest

Papyrus/EG

Agr/bare/SG

Tea

Water

38
2
9
0
0
49
78

3
35
9
1
0
48
73

2
0
73
0
0
75
97

2
0
4
19
0
25
76

0
0
0
0
25
25
100

Table 2
Confusion matrix for separation of elephant grass and papyrus pixels in 1984, 2003,
and 2008.
Classiﬁcation

Ground reference classes
Elephant grass

Papyrus

User’s accuracy (%)

2008
Elephant grass
Papyrus
Producer’s accuracy
Overall accuracy

43
7
86.0%
–

1
49
98.0%
–

97.7
87.5
–
92.0

2003
Elephant grass
Papyrus
Producer’s accuracy
Overall accuracy

34
0
100.0%
–

5
33
86.8%
–

87.18
100.0
–
93.05

1984
Elephant grass
Papyrus
Producer’s accuracy
Overall accuracy

26
2
92.9%
–

10
18
64.3%
–

72.2
90.0
–
78.6

4.3. Assessing land cover change
Patterns in land cover change were markedly different inside
and outside the park. Outside the park, all natural land cover
(i.e., forest, papyrus, and elephant grass) declined between 1984

User’s accuracy (%)

45
37
95
20
25
222
–

84
95
77
95
100
–
86

Table 4
Total area (in hectares) of patches classiﬁed as papyrus and elephant grass in the 2008
SPOT 5 image that are smaller than the spatial resolution of a Landsat pixel (0.09 ha):
outside the park (within ﬁve km of park boundary), inside the former game corridor,
inside the former forest reserve, and inside Kibale National Park as a whole (the sum
of former game corridor and former forest reserve). Percentages in parentheses
indicate the proportion of total land cover for papyrus or elephant grass in 2008.

Outside park
Former game corridor
Former forest reserve
Kibale National Park (total)

only distinguishing variable in the 1984 image, and slope also
increased the overall accuracy in the 2003 image from 88.9% to
93.1% in the 2003 image. In the 2008 image the inclusion of slope
did not increase the overall accuracy, but was able to better deﬁne
uncertainty in classiﬁcation of papyrus pixels (e.g., Fig 3a, more
uncertainty in papyrus pixels with >2° slope) (see Fig. 4).

Row total

Papyrus (%)

Elephant grass (%)

222
146
571
717

1831 (36)
454 (12)
149 (19)
603 (13)

(10)
(9)
(40)
(24)

and 2008. Inside the park, land cover change varied with habitat
type and management history (Fig. 5, Table 3).
Outside the park, the area of papyrus, elephant grass, and forest
decreased by 56 ha (2%), 907 ha (7%), and 6884 ha (32%) from
1984 to 2003. Each habitat decreased by a further 1415 ha (39%),
7856 ha (61%), and 3322 ha (22%) from 2003 to 2008. Conversely, the area of agriculture increased by 5739 ha (+21%) from
1984 to 2003 and by 13,957 ha (+30%) from 2003 to 2008.
Inside the park, the area of elephant grass increased by 66 ha
(+5%) by and 113 ha (+<1%) from 1984 to 2003 for both the former
game corridor and former forest reserve, but decreased by 2730 ha
(12%) and 2205 ha (4%) from 2003 to 2008. However, trends in
the extent of papyrus, varied between the former game corridor
and former forest reserve for each time period. In the former game
corridor, papyrus increased by 1547 ha (+59%) from 1984 to 2003
and then decreased by 2600 ha (62%) from 2003 to 2008. In the
forest reserve, it increased by 243 ha (+58%) from 1984 to 2003

Table 3
Total area (in hectares) classiﬁed for each land cover type in each year: outside the park (i.e., within the ﬁve km buffer around the park boundary), inside the former game
corridor, inside the former forest reserve, and for Kibale National Park as a whole (the sum of former game corridor and former forest reserve). Percentages in parentheses indicate
the proportion of total land cover for each year.
Water (%)

Papyrus (%)

Elephant grass (%)

Tea (%)

Agr/bare/short grass (%)

Forest (%)

295 (0)
446 (1)
287 (0)

3727 (5)
3671 (5)
2256 (5)

13,853 (20)
12,946 (19)
5090 (7)

1613 (2)
3569 (5)
2102 (3)

27,324 (40)
33,063 (48)
47,021 (69)

21,792 (32)
14,908 (22)
11,586 (17)

Former game corridor
1984
171 (1)
2003
354 (2)
2008
184 (1)

2628 (11)
4175 (18)
1576 (7)

6464 (27)
6530 (28)
3800 (16)

84 (0)
172 (1)
439 (2)

5625 (24)
3500 (15)
8971 (38)

8536 (36)
8776 (37)
8470 (36)

Former forest reserve
1984
0 (0)
2003
31 (0)
2008
0 (0)

422 (1)
665 (1)
1443 (3)

2881 (5)
2994 (5)
789 (1)

269 (0)
514 (1)
436 (1)

3999 (7)
1095 (2)
2773 (5)

48,854 (87)
51,125 (91)
50,862 (90)

Kibale National Park (total)
1984
171 (0)
2003
386 (0)
2008
184 (0)

3050 (4)
4840 (6)
3018 (4)

9345 (12)
9524 (12)
4589 (6)

353 (0)
686 (1)
875 (1)

9624 (12)
4595 (6)
11,744 (15)

57,390 (72)
59,901 (75)
59,332 (74)

Outside park
1984
2003
2008
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Fig. 3. Classiﬁcation trees for the (a) 2008, (b) 2003, and (c) 1984 images, selected to distinguish between papyrus and elephant grass pixels.

and increased again by 778 ha (+117%) from 2003 to 2008. Forest
increased by 240 ha (+1%) in the game corridor and by 2271 ha
(+4%) in the forest reserve from 1984 to 2003, and decreased by
306 ha (1%) in the game corridor and by 263 ha (1%) in the forest reserve from 2003 to 2008.
5. Discussion
Using topographic and spectral data proved effective in distinguishing between papyrus and elephant grass in and around
Kibale National Park. Using a regression tree approach, we found
consistent decreases in papyrus (and forest) and increases in agriculture outside the park in 1984–2003 and 2003–2008. This suggests a continuation of the 1984–2003 trend identiﬁed by Hartter
and Southworth (2009) of decreasing natural land covers outside
the park.
5.1. Important factors differentiating land covers
We found that reﬂectance in the mid-IR range and slope were
the most effective at separating the mixed papyrus/elephant
grass pixels. Reﬂectance in the mid-IR band is thought to be sensitive to water and moisture levels, and is used in other wetland

studies (Ozesmi and Bauer, 2002). Therefore, information from
the mid-IR band would likely be best to distinguish between
papyrus and elephant grass during the dry season. This is one
possibility of the lower success of mixed pixel separation in the
1984 image, as it was acquired at the end of the wet season
(May), limiting the distinction in moisture content.
We also found slope to be a signiﬁcant variable in all regression trees, where pixels with lower slope values were more likely
papyrus (i.e., in valley bottoms as opposed to hillsides). We found
that the spatial resolution of our slope estimates was a limiting
factor. Resampling the 90 m STRM data to 30 m created some
sharp transition zones, resulting in some papyrus pixels at a wetland edges receiving high slope values, which could in turn lead
to misclassiﬁcation. This suggests that increased resolution of
topographic information, as well as consistently using image data
taken during the dry season, would increase the accuracy of identifying papyrus.
Although the temperature in elephant grass was an average of
4.3 °C warmer than papyrus, the conditional inference regression
trees did not select reﬂectance from the Landsat thermal band
(10.40–12.50 lm) as an important parameter. Additionally, we
found no spectrally signiﬁcant difference in the Landsat’s thermal
bands between the two land cover types using a t-test or Wilcoxon test. This suggests that the difference in temperature is too
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Fig. 4. Classiﬁcations of 1984, 2003, and 2008 with papyrus and elephant grass separated.

Fig. 5. Total area classiﬁed as papyrus or elephant grass for each year in the three study areas: the surrounding landscape within ﬁve km of the park boundary, the former
game corridor, and the former forest reserve, as well as Kibale National Park (NP) as a whole (sum of the former game corridor and forest reserve).
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Fig. 6. Fine scale examination of one area outside the park, near Kamwenge village in the southeast: (a) land cover classiﬁcations from 1984, 2003 and 2008, (b) Google Earth
image (January 2009, World-View-1) taken adjacent to the park boundary along the principal area classiﬁed as papyrus in 1984 and 2003 classiﬁcations (the black area of the
image is burnt vegetation). Note the drastic reduction in forest, papyrus, and elephant grass outside the park.

small to be captured with the Landsat thermal band (however,
see Coll et al., 2010), or alternatively that the spatial resolution
(120 m2 TM and 60 m2 ETM) was too large to detect temperature
variations due to the small size of wetlands in this study area.
Since Landsat 8 data is collected at 100 m spatial resolution,
and resampled to 30 m for delivery in two thermal bands of differing spectral resolution (10.6–11.19 lm and 11.50–12.51 lm)
(Irons et al., 2012), it is possible that this increase in spectral resolution might capture thermal differences between papyrus and
elephant grass. However, such spatial resolution is still low and
likely only applicable to large wetland areas.
Conditional inference methods to build regression trees were
useful in removing bias when choosing parameters and the
parameter values upon which to split the data. The results of this
method also provided a measure of classiﬁcation certainty for
each pixel, as some pixels with particular attributes (reﬂectance,
topographic values) ended up in terminal nodes with higher certainty than others: e.g. terminal nodes 3 (0% error) and 7 (0%
error) as opposed to 4 (44% error) and 6 (25% error) (Fig. 3a).
Using different sensors within one project can be problematic;
in this study we have differences in spectral range and spatial
resolution from Landsat TM, ETM+, and SPOT-5. However, these
differences lead to useful comparisons between sensors in terms
of classifying wetlands. The mid-IR index, which uses two bands
in the mid-IR region, was selected as the most signiﬁcant factor

in distinguishing between elephant grass and papyrus in the
2003 image; this suggests that extra bands within the mid-IR
region for the Landsat series were advantageous. In terms of spatial resolution, wetlands within our study area are generally small
and thin, suggesting the increased spatial resolution of the SPOT5 sensor would be advantageous. Image classiﬁcation in general
can be highly affected by the spatial resolution of the imagery
used (Chen et al., 2004), where larger pixel sizes generally
increases the chances of a pixel containing more than one land
cover (Li et al., 2011). This increases the proportion of mixed pixels within Landsat images compared to imagery with a smaller
spatial resolution. However, given that separation within the
2003 Landsat image was slightly more successful than in the
2008 SPOT image, it suggests that in our case the extra band in
the mid-IR band was equally useful as the increase in spatial resolution. To quantify the effects of spatial resolution on our
results, we calculated the area of pixels classiﬁed as papyrus
and elephant grass in the 2008 classiﬁcation which were smaller
than the Landsat spatial resolution (0.09 ha). The results suggest
that a signiﬁcant amount of papyrus in the former forest reserve,
and elephant grass in the 5 km buffer outside the park, consists of
patches smaller than the spatial resolution of Landsat sensor systems (<0.09 ha). However, the trends remain the same in our
study areas when we remove these pixels (e.g., increasing papyrus inside the forest reserve and decreasing outside the park).
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Fig. 7. Fine scale examination of one area inside Kibale (speciﬁcally inside the former game reserve): (a) land cover classiﬁcation from 1984, 2003 and 2008, (b) Google Earth
image (December 2007, World-View-1) taken in the same region as the classiﬁcations. Note increased connection between the central forest patch and the larger contiguous
forest through the growth of thin forest corridors, and expansion of the contiguous forest in the bottom left and right.

5.2. Land cover change within and around Kibale
5.2.1. Papyrus wetlands
Inside Kibale National Park as a whole, the extent of papyrus
ﬁrst increased and then decreased by nearly the same amount,
resulting in almost no net change between 1984 and 2008
(Fig. 5). However, we recorded a relatively small but steady
increase in papyrus from 1984 to 2008 exclusively within the former forest reserve. Within the former game corridor, the patterns
are more difﬁcult to interpret: the amount of papyrus increased
by 150% between 1984 and 2003, but by 2008 it declined to less
than half the initial 1984 estimate (Table 3). These changes
occurred mostly in the southwestern part of the former game corridor in the large seasonal wetland around Lake Kabaleka, the largest body of water in this area and part of the Lake George Ramsar
Site.
Several ecological and hydrological mechanisms could account
for ﬂuctuations in wetland size within Kibale. Anecdotal evidence
indicates that elephant activity can maintain or increase the size
of wetlands, at least at small scales; this phenomenon has been
noted in the northern part of the former forest reserve (Lauren
Chapman, pers. comm.). More importantly, although warming of
the Indian Ocean over the last 30 years has likely made the region
drier overall, the ﬂuctuations in wetland size we identiﬁed are
likely due to inter-seasonal changes in rainfall controlled by
the Intertropical Convergence Zone, which is in turn affected by
the El Niño Southern Oscillation (in East Africa, El Niño years are

wetter while La Niña years are drier) (Marchant et al., 2007;
Wolff et al., 2011). Since the timing and speciﬁc weather history
before a satellite image was acquired could inﬂuence phenology,
thereby inﬂuencing spectral reﬂectance and the amount of area
classiﬁed as papyrus (and to some extent the other classiﬁcations
as well). The 1984 and 2008 images were acquired at the end of
the wet seasons (May and November) while the 2003 image was
acquired during the middle of the dry season (January). However,
rainfall records for northern and central Kibale show that early
1984 was particularly dry, especially in May, while the months
preceding the 2003 image were particularly wet (El Niño);
although 2008 was considered a La Nina year, the rainfall in Kibale
was within the normal range (Jeremy Diem, pers. comm.). This pattern of low–high-normal rainfall would explain the 1984–2003
increase and 2003–2008 decrease in papyrus extent we identiﬁed
inside the park, particularly in the former game corridor. Nevertheless, we caution that rainfall patterns in this region are very complex (Diem et al., 2013; Marchant et al., 2007; Stampone et al.,
2011) with unpredictable onset and cessation dates (Hartter
et al., 2012), limiting the degree of certainty we can put on the
mechanism behind this change in extent of papyrus.
Outside the park, we identiﬁed a clear decrease in papyrus, with
a total reduction of 39% between 1984 and 2008, which almost
entirely occurred between 2003 and 2008. In general, loss of papyrus was evenly distributed throughout this study area and replaced
by agriculture; however, there are some regions of particular interest because of demonstrably higher rates of change. For example,
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an area on the southeastern edge of Kibale (0°170 2400 N, 30°240 2300 E),
about 13 km northwest of Kamwenge town, showed a clear papyrus area in 1984 that is not present in the 2008 classiﬁcation
(Fig. 6); instead, this area was entirely classiﬁed as agriculture/
bare/short grass. Long-term wetland ecologists working in the area
conﬁrm that pressure on wetlands has increased over the last
twenty years (Lauren Chapman, pers. comm.), thought to be largely
caused by burning and draining the wetland to create land for subsistence cultivation or grazing livestock. This can be seen in images
from Google Earth, in which it is typically possible to identify burnt
or cleared areas with the naked eye: the 2009 Google Earth image
shows a large burnt area in this location. Our results show that
although some wetland was converted to agriculture in the
19 years between 1984 and 2003, the vast majority of the conversion likely occurred between 2003 and 2008.
5.2.2. Elephant grass grasslands
Areas classiﬁed as elephant grass decreased by nearly 60%
throughout the entire study area from 1984 to 2008. This is in part
due to fewer areas being confused with papyrus in the 2008 image,
and instead being classiﬁed directly in the agriculture/bare soil/
short grass class. The reduced confusion likely represents fewer
areas of long, moist grass confused with papyrus, and points
towards an opening up of the landscape. There are additional interesting trends in elephant grass-dominated grasslands both inside
and outside the park.
Inside the park, human disturbance in grasslands has historically focused on maintaining grasslands for grazing and hunting
(e.g., ﬁre) or clearing them for agriculture (Chapman and
Lambert, 2000; Van Orsdol, 1986). Since 1992, human activities
inside the park have focused on converting grasslands to forest
by preventing ﬁre (Lwanga, 2003)or replanting trees. Most of the
reduction in grassland extent occurred between 2003 and 2008.
Inside the former forest reserve, this is attributed to passive forest
regeneration from continued prevention of ﬁre (Lwanga, 2003); in
the former game corridor, it is attributed to active forest regeneration from planting native trees to sequester carbon (in addition
to preventing ﬁre) (Omeja et al., 2011; Fig. 7). This latter area also
shows a large change in classiﬁcation from elephant grass to agriculture/bare soil/short grass, largely a result of less area being originally classiﬁed into the combined class elephant grass/papyrus.
Converting grasslands to forest within the park has particular conservation importance. Connecting formerly isolated forest patches
to the larger contiguous forest through the growth of thin forest
corridors will facilitate the movement of forest specialist animals
(e.g., primates), which will in turn facilitate further, natural forest
regeneration by attracting seed dispersers. However, forest regeneration also reduces habitat and forage for grassland specialist species (e.g., butterﬂies, birds; Howard et al., 1996) and bulk grazers
(African buffalo, and to less extent bulk grazer/browsers like African elephant). Whether this is a desirable or undesirable trend
depends on management goals: the vegetation and ﬁre management objectives for Kibale include restoring natural forest cover
to previously encroached areas but also limiting the transition of
natural grassland to scrubland (UWA, 2003).
6. Conclusion
Our analysis successfully resolved two outstanding issues in
remotely sensing land cover in our study region: (1) separating
papyrus-dominated wetlands from elephant grass-dominated
grasslands and (2) quantifying their spatial and temporal changes
over 24 years. Maximizing the beneﬁts of wetlands and grasslands
to both conserve biodiversity and provide ecosystem services
requires accurate monitoring to develop, implement, and adapt

effective interdisciplinary management policies and practices.
There may be local and global trade-offs between individual ecosystem service and/or biodiversity conservation priorities at the
expense of another (Palm et al., 2010; Rodríguez et al., 2006;
Thomas et al., 2013), for instance, conserving wetlands to store carbon and attract nature tourism versus harvesting them for crafts or
fuel (Maclean et al., 2011). Sound strategies to conserve and sustainably use Uganda’s wetlands are urgently needed because of
changes in, and interactions between, population distribution
and growth, cultivation and grazing, climate change, and infectious
disease. Climate change will affect local and regional patterns of
rainfall and temperature and reduce the amount of carbon stored
in papyrus wetlands (possibly changing them from a carbon sink
to a source) (Jones and Humphries, 2002). Although many aquatic
environments can provide habitat for disease, researchers are
divided about whether climate change and ecological restoration
will increase or decrease disease transmission from wetlands
(Cromie et al., 2012; Lindblade et al., 2000; Malan et al., 2009;
Patz et al., 2004; Zedler and Kercher, 2005).
Although lack of stakeholder awareness of the environmental
importance of wetlands is often cited as a key driver of wetland
degradation in East Africa (Amaniga Ruhanga and Iyango, 2010;
Mironga, 2005; Sekitoleko, 1993), other studies show that local
people are acutely aware of the ecosystem goods and services wetlands provide (Maclean et al., 2003b,c; Morrison et al., 2013;
Nalukenge et al., 2009). The ultimate drivers for wetland degradation are poverty/inequity, wetland privatization, and the breakdown of traditional management structures (Hartter and Ryan,
2010; Iyango et al., 2012; Kaggwa et al., 2009; Maclean et al.,
2011); therefore, sustainable wetland management requires a
coordinated, interdisciplinary, and participatory approach to regulate, monitor, and conserve these important ecosystems. Accurately identifying and measuring spatial and temporal change in
wetlands is a fundamental step in this process.
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