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A B S T R A C T

We studied changes in area and species composition of six indigenous forest fragments in the Taita Hills,

Kenya using 1955 and 1995 aerial photography with 2004 airborne digital camera mosaics. The study

area is part of Eastern Arc Mountains, a global biodiversity hot spot that boasts an outstanding diversity

of flora and fauna and a high level of endemism. While a total of 260 ha (50%) of indigenous tropical cloud

forest was lost to agriculture and bushland between 1955 and 2004, large-scale planting of exotic pines,

eucalyptus, grevillea, black wattle and cypress on barren land during the same period resulted in a

balanced total forest area. In the Taita Hills, like in other Afrotropical forests, indigenous forest loss may

adversely affect ecosystem services.
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1. Introduction

Tropical forest loss, degradation and fragmentation (i.e. the
subdivision of continuous forest blocks into clusters of small
remnant patches isolated by matrices of ‘hostile’ land-use types)
(Andrén, 1994) is believed to generate long-term (evolutionary)
effects on species diversity and composition, community dynamics
and ecosystem processes, and is regarded as a major cause of the
current biodiversity crisis (Achard et al., 2002). In sub-Saharan
Africa, as in other developing regions, socio-economic factors
related to rapid human population growth exacerbate the scale of
this problem, in particular because human population density
tends to be positively correlated with areas of high species richness
and endemism (Balmford et al., 2001). Although large-scale habitat
deterioration may affect animal and plant populations in complex
and diverse ways, depending on their species-specific traits and
the temporal and spatial scale of the habitat changes involved,
most studies show adverse effects on species richness, abundance
and composition in both animals and plants (e.g. Andrén, 1994). In
order to ensure successful biodiversity conservation, actions at a
local scale (within sites) to minimise habitat loss and deterioration,
should be combined with actions at a regional scale (across
landscapes) to maximise connectivity, dispersal and gene flow
(Lens et al., 2002).
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Forest loss in sub-Saharan Africa is proceeding at an unprece-
dented rate of 2.8 million ha annually, particularly in areas with
high biodiversity and in Afromontane areas, where the decrease is
estimated to be 3.8% (61,000 ha) annually (Eva et al., 2006).
Growing awareness of the adverse effects of habitat fragmentation
on ecosystem functioning has resulted in a rapid increase in
projects and plans to reduce current fragmentation of natural
systems and in tools to evaluate effects of land management
(Adriaensen et al., 2003). Yet, despite rapid development of global
remote sensing platforms and tools that allow the integration of
detailed geographical information with behavioural properties of
focal organisms (e.g. least-cost modelling; Adriaensen et al., 2003),
few studies have analyzed spatiotemporal and thematic forest
changes at ecologically relevant scales, especially in Afromontane
areas where future biodiversity losses are expected to be the
highest. The Taita Hills of south-east Kenya offer a unique venue to
do so. These verdant mountains constitute the northernmost
extension of the Eastern Arc Mountains, and with over 90% forest
loss during the last 200 years, rank among the most threatened
sites in this globally important biodiversity hotspot (Lovett and
Wasser, 1993). While in prehistorical times, the Taita Hills may
have been covered by hundreds of km2 of continuous cloud forests,
today only three larger remnants and nine tiny fragments remain.
Despite the small size and fragmented nature of the remaining
indigenous cloud forest, the Taita Hills continue to boast an
outstanding diversity of flora and fauna and very high level of
endemism among vertebrates, invertebrates and plants (Beentje,
1988).
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Because of its unique biogeographical history, the Taita Hills has
been studied by several international teams during the last decade
concentrating on the impact of forest fragmentation and degrada-
tion on different components of biodiversity (Bytebier, 2001),
forest health monitoring (Rogers et al., 2008), population
ecological and genetic studies on bird-, mammal-, amphibian-,
and insect species (Lens et al., 2002), on land cover and use change
(Clark and Pellikka, in press). While previous studies implicitly
assumed a decrease in indigenous forest cover, forest quality and
landscape connectivity over time, no attempt has been made to
quantify changes in forest cover and land use by means of very high
resolution remote sensing of indigenous and exotic forest. In
addition, several previous mapping attempts have resulted in
rather inaccurate areas for the indigenous forest fragments (e.g.
Wilder et al., 1998; Beentje, 1988).

The primary objective of this paper is to study quantitatively
the changes in area, location and composition of Chawia, Fururu,
Macha, Mwachora, Ngangao and Yale forest fragments between
1955 and 2004 by applying black-and-white aerial photographs
(1955 and 1994), airborne digital camera mosaics (2004) and field
data (2007 and 2008). The selected six fragments out of 12 existing
ones were chosen since they are located along the corridor for
which various ecological research activities and restoration work is
under planning. A secondary objective is to highlight evidenced
and potential ecological implications as a result of the change. Such
a quantitative analysis of forest cover during a 50-year period with
high resolution remote sensing data is rare in the Afrotropical
region. Insight obtained by applying the Land Cover Classification
System (LCCS) developed by FAO (Di Gregorio, 2005) can be
extrapolated to other regions, regardless of data source, thematic
discipline or country.

2. Study area

The Taita Hills, reaching over 2200 m in altitude, are located in
southeastern Kenya (38250S, 388200E) on the dry Serengeti plains
(Fig. 1). Within the Intertropical Convergence Zone, a long rainy
season occurs from March to May and a shorter rainy season in
November–December, but the mist and cloud precipitation is a
year-round phenomenon in the hills. Between 1986 and 2003,
average yearly rainfall was 1132 mm in Mgange at 1768 m and
587 mm in Voi at 560 m, while yearly maximums may reach
2000 mm and minimums 200 mm. Due to the orographic rainfall
pattern, southeastern slopes of the Taita Hills receive more
precipitation than northwestern slopes. Cloud forest fragments
are restricted to areas receiving over 900 mm of annual precipita-
tion, being above 1400 m altitude at the southeastern slopes and
above 1700 m altitude at the northwestern slopes (Jaetzold and
Schmidt, 1983). Below the 900 mm isohyet the landscape is
dominated by a mixture of open Acacia spp. and Commiphora spp.
woodland. The hills are intensively cultivated; small-scale farm-
land (Fig. 2) cultivated by maize and beans, tomatoes, peas,
cassava, mango, cabbage, banana and potatoes. The human
population size has been growing with an estimated rate of
1.8% for the last decades. In 1999, the population was 246,671
inhabitants in the Taita Taveta district, while the local population
densities averaged 534 persons per km2 in the study area (Repub-
lic of Kenya, 2001).

Due to the favourable climatic and edaphic conditions, the
forested land cover in the Taita Hills has been cleared for
agriculture and remaining forests have been used for firewood
collection, charcoal manufacturing and grazing. The degradation
and fragmentation of the forests was noted before the colonial era
(Hildebrandt, 1877), with observations that the slopes were
cleared for agriculture up to the head of all streams. Large-scale
decreases in forest cover were caused by construction of railways
between 1898 and 1924, and before the introduction of the black
wattle native in Australia (Acacia mearnsii) for the tannin
industry, the overall tree cover may have been at its lowest.
Exotic trees such, as cypress (Cupressus lusitanica), eucalyptus
(Eucalyptus saligna) and pines (Pinus elliottii, P. caribea, and P.

patula) were introduced between the 1950s and 1970s and
Maesopsis eminii and grevillea (Grevillea robusta) during the late
1970s and 1980s. While eucalyptus, pine and cypress were
planted as plantations for wood production, grevillea was planted
within the fields to support farmers with building material and to
decrease the pressure on the indigenous forests (Fig. 2). The
conservation of indigenous forests began in 1977 by Presidential
degree banning the cutting of indigenous forests without a license
(Beentje, 1988).

Based on the visual analysis of the airborne remote sensing
data of 1955, 1994 and 2004 and photographs taken in 1924, 1957
and 1992 (Turner et al., 1998) the study area is characterized by
small exotic plantations among intensive agriculture with
terraced fields in 1990s and 2000s, while during 1950s terracing
was almost absent and a significant part of the land in the hills was
used as pastures. Even though there were more indigenous
bushland and small forest patches during 1950s, the tree cover
within the fields is increased by 1990s and 2000s due to planting
of exotics.

Chawia (3882003100E, 382804800S), presented in Fig. 3, is located at
the top of a cliff having elevation differences from 1600 m to
1470 m and gentle slopes. Technically it is a non-gazetted forest
under trustee Taita Taveta County Council, but is to be gazetted
(Mbuthia, 2003). The elevation of Fururu (3882002000E, 382504500S)
ranges from 1760 m to 1615 m, and the slopes are relatively gentle
within the indigenous forest. Fururu is a gazetted forest by the
Kenya Forest Service (KFS) (Mbuthia, 2003). Macha (388210600E,
382502600S) is a small forest located on a west–east oriented ridge at
an elevation of 1600 m and is gazetted by the KFS (Mbuthia, 2003).
Mwachora (3882103800E, 382502100S) is located at the top of a steep
hill having elevation differences from 1645 m to 1520 m and fairly
steep slopes. It is gazetted by the KFS (Mbuthia, 2003). Ngangao
(3882003300E, 382105500S) is located on an eastern slope of a north–
south oriented mountain ridge with elevation ranging from
1952 m to 1700 m. The eastern slope is forested and steep, while
the western slope is mainly open rock with some patches of black
wattle and pine. Ngangao is managed by Taita Taveta County
Council and is to be gazetted. Yale (3781903000E, 382401500S) is a
gazetted forest located around a north–south oriented mountain
ridge having very steep slopes and elevation range from 2104 m to
1750 m. A large part of the mountain is barren rock, heathland or
rocks covered by black wattle.

The most typical indigenous tree species in all of the fragments
are Tabernaemontana stapfiana, Albizia gummifera, Phoenix recli-

nata, Xymalos monospora and Macaranga conglomerata (Chege and
Bytebier, 2005; Rogers et al., 2008). In addition, cypress is a
common exotic species in Chawia, eucalyptus in Fururu, Macha
and Yale, and P. patula in Ngangao. Additional common indigenous
species listed for Ngangao are Syzygium guineense, M. lanceolata

(Rogers et al., 2008), and Cola greenwayi (Beentje, 1988) and Maesa

lanceolata and Lepidotrichilia volkensii for Mwachora. Several
primary forest species Aphloia theiformis, S. guineese and Cyathea

manniana indicate only modest disturbance in Yale (Chege and
Bytebier, 2005).

3. Material

The main remote sensing data consisted of black and white
aerial photography acquired during January–February 1955 and
colour airborne digital camera data acquired during January 2004
presented in Fig. 4a and b. The 1955 data was acquired by the



Fig. 1. The Taita Hills located in south-eastern Kenya. The area for woodland and bushland is derived from of 10 m SPOT satellite data from 4 March 2007 by cluster analysis,

and the area for indigenous and exotic forest studied is from this study.
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Survey of Kenya at a scale of 1:30,000 using a photogrammetric
camera equipped with a 152.3 mm lens. The prints were scanned
using a resolution of 14 mm in order to produce a ground
resolution of 46 cm. The 2004 digital camera data were acquired
with 60% overlap and 30% sidelap between lines using NIKON D1X
colour digital camera equipped with a 14 mm lens producing a 788
opening angle. The camera is part of the EnsoMOSAIC system
consisting of flight planning software, navigation software,
triggering unit, GPS and power source (Holm et al., 1999). Data
acquisition took place on January 25 between 8 and 9 a.m. and on
January 27, 2004 between 12 and 1 p.m. at altitudes between 2100
Fig. 2. Indigenous forest patches and exotic plantations among intensive agriculture

in the Taita Hills, Kenya (Photo: P. Pellikka, 30.1.2005).
and 2700 m above the land surface resulting in an approximate
ground resolution between 27 and 40 cm for the forest fragments.
In addition, for the interpretation of Yale, a black and white aerial
photography acquired in 1994 was used since the colour mosaic of
2004 was geometrically and also spectrally distorted. The data was
acquired by the Survey of Kenya at a scale of 1:20,000 using a
photogrammetric camera equipped with a 152.3 mm lens in
January 1994.

Compartment registers of the KFS provided information about
the species planted, area planted, year planted and additional
information, such as if the planting was done as underplanting or
Fig. 3. Chawia forest fragment in the front and Susu and Yale mountains in the

background (Photo: P. Pellikka, 25.1.2005).



Fig. 4. Black & white aerial photograph from 1955 (a), true-colour digital camera image mosaic from 2004 (b) and land cover classifications of 1955 (c) and 2004 (d) over

Chawia forest, Taita Hills, Kenya.
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on eroded land. These registers were available only for Chawia,
Macha, Ngangao and Yale fragments, and there were no maps
attached showing the location of the planted areas.

A geospatial database containing layers such as road network,
hydrography, administrative borders and digital elevation model
(DEM) was generated from a scanned topographic map of a
1:50,000 scale of the Survey of Kenya. The 50-feet interval contour
lines were captured automatically and a 20-m planimetric
resolution raster DEM was interpolated. The outcome was a raster
DEM in a Transverse Mercator projection with a Clarke 1880
spheroid and Arc 1960 datum, a planimetric accuracy of�50 m and
an altimetric accuracy of 8 m (Clark and Pellikka, in press).

4. Methods

4.1. Image processing

Brightness variations within the single frames of the 2004 data
were removed by corrections for light falloff effect and bidirectional
effects using the methods developed by Pellikka (1998) after which
the frames were mosaicked using the EnsoMOSAIC (Holm et al.,
1999). The resulting mosaics are orthorectified, projected to
Transverse Mercator projection with a Clarke 1880 spheroid and
Arc 1960 datum, and resampled to 0.5 m ground resolution. The
geometric accuracy was within 2 m as verified in the field using GPS.
Aerial photography of 1994 of Yale was co-referenced with the
1:50,000 scale topographic map of Survey of Kenya. The aerial
photography of 1955 was co-referenced with the 2004 mosaic or
1994 aerial photograph over Yale using a rubber sheeting method
due to the fact that no geometric calibration files or fiducial marks
were available. The main targets used for ground control points
(GCP’s) were road crossings, rocks and large stones as the built-up
environment and landscape had changed tremendously in 49 years.

All the forests, except Ngangao were covered by one photo-
graph of 1955. The two photographs covering Ngangao were co-
referenced using the nearest neighbour method with the 2004
mosaic in four steps. In the first step, the eastern photograph was
co-referenced using 30 GCP’s. In the second step, the western
photograph was co-referenced in two parts so that 37 GCP’s were
used for the southwestern part and 36 GCP’s were used for the
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northwestern part. In the third step these three images were
mosaicked after which in the fourth step the resulting image was
co-referenced with the 2004 mosaic once more using 32 GCP’s. For
the co-referencing of the other 1955 aerial photographs with the
2004 mosaic or 1994 aerial photograph, 22 GCP’s were used for
Chawia, 24 for Fururu, 15 for Macha, 14 for Mwachora, and 21 for
Yale. In general, common GCP’s between 1955 and 2004 were
difficult to find which decreased the number of GCP’s. In general,
the co-registration for the 1955 images was within 2–3 m, but at
the higher elevations the error was within 5–7 m. As a result, due
to the missing orthorectification of the 1955 aerial photographs,
the areas at higher elevations were depicted in smaller scale than
in the 2004 digital camera mosaic. Because the accuracy of the
rubber sheeting methods depends on the density of ground control
points, the land surface close to the GCP is more reliably co-
registered than land surface further away. For the change detection
study carried out this evidently causes some inaccuracies, but the
magnitude is not possible to estimate.

4.2. Analysis

The geographic area analyzed was defined as the area in which
the indigenous forest existed in 1955. The area for Chawia was
248 ha, for Fururu 278 ha, for Macha 205 ha, for Mwachora 55 ha,
Ngangao 436 ha and for Yale 221 ha. The 2004 data was visually
classified into 8 forest classes; indigenous, eucalyptus, pine,
cypress, grevillea, black wattle, mixed exotic, and bushland and
into 8 other classes; rock, built-up, water, agriculture, wetland,
barren land, agroforestry, and heathland dominated by giant
heather (Erica mannii), as described in Table 1. Rocks, agricultural
land, land under agroforestry practices, bushland or built-up areas
were mapped only if surrounded by forest classes. The class
structure used was recorded with LCCS which is a standardized
classification system (Di Gregorio, 2005).
Table 1
The land cover classes used according to Land Cover Classification System (LCCS).

Class Description

Indigenous forest Natural broadleaved (semi)deciduous vegetation of woody t

Typically with shrub layer.

Eucalyptus forest Semi-natural broadleaved (semi)deciduous vegetation of wo

over 65% canopy.

Pine forest Semi-natural needleleaved evergreen vegetation of woody t

Cypress forest Semi-natural needleleaved evergreen vegetation of woody t

Grevillea forest Semi-natural broadleaved (semi)deciduous vegetation of wo

and over 65% canopy.

Black wattle bushland Semi-natural broadleaved (semi)deciduous vegetation of wo

15–65% canopy.

Exotic mixed forest Semi-natural mixed broadleaved and needleleaved vegetatio

over 65% canopy.

Bushland Natural broadleaved (semi)deciduous vegetation of woody s

with 15–65% canopy.

Rock Bare rocks with scattered shrub, grass, lichen or moss cover

Built-up Unvegetated or sparsely vegetated areas, typically houses an

Water Natural or semi-natural permanent or temporal water bodie

Agricultural land Vegetated or unvegetated small-sized fields of rainfed herba

of 2 m vegetation cover.

Erica heathland Natural needleleaved evergreen vegetation of woody shrubs

Wetland Natural aquatic or regularly flooded herbaceous graminoid v

with 15–100% canopy.

Barren land Natural or man-made barren soil without vegetation cover.

Agroforestry Multi-functional vegetated small sized fields of herbaceous
The interpretation of the 2004 mosaic was done based on
colour and texture information based on the criteria of Table 2, but
also on the previous knowledge of the area. In 1955 no exotic
plantations except black wattle existed in the area and therefore
the image was classified using grey scale and texture as
interpretation keys into indigenous forest, rock, bushland,
heathland and barren land classes (Table 2). The interpretation
of the 1994 black and white photograph over Yale followed the
criteria of 1955 aerial photograph. The land cover model of 2004
and 1994 for Yale was ground-truthed, revised and fine-tuned
during field visits in October 2007 and September 2008. The
comparison between the visual interpretation before field work
and after the field work revealed that forests were distinguishable
from non-forested areas as well as larger closed–canopy
indigenous forest patches were distinguishable from exotic
forests without field work, but various exotic forest types and
smaller indigenous patches were difficult to interpret without
field data (Fig. 5). The statistics calculated for Macha fragment
showed that before the field visit 12 polygons were delineated,
while after the field visit the number of polygons for various land
cover types was 51 for the continuous forest fragment. Before the
field work only 2.5 ha of indigenous forest was interpreted, but
after the field work the area was 5.4 ha. The results for other
fragments were in line with results for Macha. Fig. 4c and d
presents the visual interpretation result for Chawia.

The land cover model was created in ArcGIS, from which the
area for each land cover class was summed. Three main parameters
derived were area of the main indigenous forest fragment, the total
area of the indigenous forest within the area analyzed and total
forest area including exotic forests and bushlands. The change
detection was analyzed by the areal change, percentage change
and also by change trajectory analysis, i.e. by studying the changes
occurring from indigenous forest class to another classes, and from
non-forest classes to indigenous or exotic forests.
LCC code & LCC level

rees over 14 m high and over 65% canopy. 20603-13181

A3A10B2XXD1E2F2F5F7G2-B5E4F8

ody trees over 14 m high and 20602-13180

A3A10B2XXD1E2F1-B5E4

rees over 14 m high and over 65% canopy. 20610-13152

A3A10B2XXD2E1F1-B5

rees over 14 m high and over 65% canopy. 20610-13152

A3A10B2XXD2E1F1-B5

ody trees over 14 m high 20610-13180

A3A10B2XXD1E2F1-B5E4

ody shrubs 3–5 m high and with 21101-13423

A4A11B3XXD1E2F1-B8E4

n of woody trees 3–30 m high and 20090-15048

A3A10B2XXD1E2-E4

hrubs 3–5 m high and 20174-13423

A4A11B3XXD1E2-B8E4

. 6002-1

A3-A7

d yards. 5003-9

A4-A13

s. 8001

A1

ceous crops with max. 11251

A3B2XXC2D1

0.3–3 m high and with 15–65% canopy. 20176-13476

A4A11B3XXD2E1-B9

egetation 0.5–3 m high and 42353-44611

A6A20B4C1-B15

5004-2

A2-A6

crops and woody shrubs or trees. 11250-12602-S10

A3B2XXC2-C3C5C17-S10



Fig. 5. The land cover class delineations over Macha forest before and after the field work present increased accuracy.

Table 2
Criteria used for colour and texture in visual interpretation of the black & white aerial photography and true-colour digital camera imagery.

Land cover class Black & white aerial photograph, 1955, �0.5 m spatial

resolution

True-colour digital camera image, 2004, �0.3 m spatial resolu-

tion

Colour Texture Colour Texture

Indigenous forest Dark grey Coarse Dark green Coarse, crowns visible

Eucalyptus forest Middle (olive) green Smooth, crowns not visible

Pine forest Medium, small crowns

Cypress forest Middle green Medium, crowns not visible

Grevillea forest Light green Smooth, crowns not visible

Black wattle bushland Middle green Smooth, crowns not visible

Exotic mixed forest Variable greena Medium, mixed

Bushland Grey Medium, crowns not visible Middle green Medium, crowns not visible

Rock Light grey Smooth Light grey Smooth

Built-up White Very smooth, shadows Light greyish Very smooth, shadows

Water Black Smooth Black Smooth

Agricultural land Variable greyb Very smooth Variable greenb Very smoothc

Heathland Medium grey Smooth Medium green Smooth

Wetland Light grey Smooth Light green Smooth

Barren land White Smoothd Light grey Smoothd

Agroforestry Variable green Coarsec

a Depending on the species composition.
b Depending on the phenological stage of the agricultural crops.
c Terracing the fields results in a rough texture due to the shadowing.
d Smoothness is dependent on the microtopography, rougher surface results in coarser texture.
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5. Results

Table 3 presents the areal changes of the main forest fragments,
indigenous forest in total and all the forest area including exotic
plantations and bushlands, and Table 4 presents the areal changes
from indigenous forest class to other classes describing the change
trajectory for each forest fragment. The main result is that although
the area of indigenous forest decreased by 50% (260.2 ha), the total
forest cover area decreased only by 2% due to the establishment of
Table 3
The area (ha) and changes (%) of indigenous forest fragments and total forest cover in

Forest Main indigenous fragment Indigenous fore

Area 1955 Area 2004 Change Area 1955

Chawia 120.2 86.3 �28 148.5

Fururu 33.8 8.1 �76 70.6

Macha 11.1 2.5 �78 37.9

Mwachora 7.1 2.3 �68 14.6

Ngangao 150.0 120.1 �20 156.7

Yale 53.2 15.7 �70 88.1

Total 375.3 235.0 �37 516.4
exotic plantations. Each individual forest fragment, however, was
managed differently during this time period. The main indigenous
forest fragment decreased in Chawia, Fururu, Macha, Mwachora,
Ngangao and Yale by 28, 76, 78, 68, 20, and 70%, respectively, while
the total forest cover decreased only in Chawia, Fururu and Macha
by 27, 12, and 37%, respectively. Based on the change detection
results (Table 4), the indigenous forest was changed to agricultural
areas, but also to exotic plantations. The exotic plantations were
established mostly in barren and dry areas, but also in forests and
cluding plantations and bushland in 1955 and 2004.

st Total forest

Area 2004 Change Area 1955 Area 2004 Change

90.5 �39 152.5 111.3 �27

13.2 �81 70.6 62.1 �12

5.4 �86 47.3 29.8 �37

4.5 �69 15.0 15.1 +1

124.8 �20 156.7 206.6 +32

17.8 �80 88.1 95.1 +8

256.2 �50 530.2 520.0 �2



Table 4
The change in area (ha) from indigenous forest in 1955 to other land cover classes in 2004.

Forest Class 2004

Chawia 1955 Ind Euc Pin Cyp Gre Exo Bus Bui Wet Agr Total

Area 86.4 5.8 0.5 0.9 0.7 0.7 9.7 0.2 0.6 42.9 148.5

% 58.2 3.9 0.4 0.6 0.5 0.5 6.5 0.1 0.4 28.9 100

Fururu 1955 Ind Euc Pin Cyp Gre Wat Exo Bus Roc Agr Total

Area 9.1 10.8 0.4 0.2 0.6 2.0 0.8 46.7 70.6

% 12.9 15.3 0.6 0.3 0.9 2.8 1.1 66.1 100

Macha 1955 Ind Euc Pin Cyp Gre Wat Exo Bus Roc Agr Total

Area 3.4 5.0 1.4 0.5 0.3 2.3 0.5 0.1 24.4 37.9

% 9.0 13.2 3.7 1.3 0.8 6.1 1.3 0.3 64.3 100

Mwachora 1955 Ind Euc Pin Cyp Gre Wat Exo Bus Roc Agr Total

Area 3.4 0.3 0.2 0.4 1.6 0.1 0.4 8.2 14.6

% 23.3 2.1 1.4 2.7 11.0 0.7 2.7 56.1 100

Ngangao 1955 Ind Euc Pin Cyp Gre Wat Exo Roc Agr Total

Area 113.0 0.1 0.9 1.0 0.3 0.1 3.4 0.1 37.6 156.7

% 72.1 0.1 0.6 0.7 0.2 0.1 2.1 0.1 24.0 100

Yale 1955 Ind Euc Pin Cyp Gre Wat Exo Bus Roc Agr Total

Area 6.7 41.7 0.1 1.5 1.6 6.5 1.0 29.0 88.1

% 7.6 47.4 0 1.7 1.8 7.5 1.1 32.9 100

ind = indigenous forest, euc = eucalyptus forest, pin = pine forest, cyp = cypress forest, gre = grevillea forest, wat = black wattle bushland, exo = exotic mixed forest,

bus = bushland, roc = rock, bui = built-up, agr = agricultural land, and wet = wetland.
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in agricultural areas. In total 263.9 ha of non-forested areas were
changed to exotic plantations, while 33.1 ha were converted to
indigenous forest (Table 5). The conversion to indigenous forest is
mostly caused by fast growth of succession species as P. reclinata

on abandoned open areas, but in places, as at the top of Ngangao
primary indigenous forest have developed in areas, which were
non-forested in 1955.

The area of the main indigenous fragment of Chawia decreased
from 120.2 ha to 86.3 ha, and in total the indigenous forest
decreased from 148.5 ha to 90.5 ha (Table 3). 58% of the indigenous
forest was consistent, while 29% was changed to agricultural lands,
6% to exotic plantations and 6% to bushland (Table 4). As seen in
Fig. 6 the forest edge in the northeast part was straightened up and
former forestland was used for agriculture conserving only sacred
forests. In the southern part, indigenous forest was cleared for
radio tower and for eucalyptus. West of the forest some secondary
indigenous bushland still exists, but is partly replaced by
eucalyptus and grevillea plantations. According to the forest
compartment registers, a total of 30.3 ha of exotic tree species (P.

patula, P. elliottii, P. caribea, eucalyptus, cypress and grevillea) were
planted after 1972. Since the visual interpretation and field work
resulted only in 8.6 ha of exotic forest, the 30.3 ha planted area has
to mean enrichment planting by exotics within the indigenous
forest.

The main fragment of Fururu decreased from 33.8 ha to 8.1 ha.
It was located 2 km east from the current main fragment, and
cleared for a Farmers Training Centre after the 1950s. In total the
indigenous forest has decreased from 70.6 ha to 13.2 ha, but the
whole forest area has decreased only from 70.6 ha to 62.1 ha due to
large eucalyptus plantations on the previously treeless areas. Only
13% of the indigenous forest remained, while 67% were turned to
Table 5
The change of non-forested area to indigenous forest and to exotic forest between

1955 and 2004, 1994 for Yale.

Change from 1955 to 2004 To indigenous forest To exotic forest

Chawia 3.2 9.2

Fururu 4.1 45.1

Macha 1.7 23.8

Mwachora 1.0 10.1

Ngangao 12.0 81.5

Yale (change to 1994) 11.1 94.2

Total 33.1 263.9
agricultural land and 20% to exotic plantations (Table 4). In 1955,
the agricultural fields around the main fragment were spotted by
indigenous forest patches, but by 2004 this patchy pattern was
replaced by eucalyptus plantations. The smaller indigenous
patches have remained if they were sacred forests.

In Macha, the area of the main fragment decreased from 11.1 ha
to 2.5 ha (Fig. 7). In total the indigenous forest area has decreased
from 37.9 ha to 5.4 ha and the total forest area from 47.3 ha to
29.8 ha. The main fragment today is a narrow 10–70 m wide strip
surrounding a rocky hill planted with eucalyptus. Only 9% of the
indigenous forest remains and 64% has changed to agricultural
lands and 25% to exotic forests, out of which 13% was to eucalyptus.
A former bushland south of the fragment has changed to
indigenous forest dominated by P. reclinata. In the forest
compartment data register, 4 ha of pine and 7 ha of cypress were
planted in Macha in 1973 and 1974, but only 3 ha of pine and 1 ha
of cypress was detected. On the contrary, the analysis resulted in
11 ha of eucalyptus forest, which is not documented to have been
planted at all.

The area of the main fragment of Mwachora decreased from
7.1 ha to 2.3 ha. Similarly to Fururu and Macha, the small
indigenous forest patches around the Mwachora have been cleared
for agricultural lands, which accounts for 56% of the change, while
exotic tree plots account for 17%. The area of indigenous forest has
decreased from 14.6 ha to 4.5 ha, while the total forest area
including the exotic species has remained the same. West of the
main fragment there is small sacred forest and south of it a half a
hectare grevillea forest with terraced slopes used for agroforestry
purposes.

Ngangao was almost split into northern and southern parts in
1955, but pine plantations made the forest wider (Fig. 8). The main
indigenous fragment decreased from 150 ha to 120.1 ha, the loss
taking place mainly in the north-western part for agricultural
activities (Fig. 9) and in south-western part for a Polytechnic school
and its vegetable plot in 1984–1985 (Beentje, 1988). The
indigenous forest in total has decreased only from 156.7 ha to
124.8 ha, since there were no smaller indigenous forest patches
around Ngangao even in 1955. On the other hand, former non-
forest land on the ridge and northeastern edges has changed to
indigenous forest by 10 ha. During the 1950s the northern parts
and the highest parts of the Ngangao were barren and treeless
areas resulted from agricultural activities or forest fires. During
1970s these areas were planted with pine species and cypress
covering today 10.1 ha and 3.7 ha, respectively. The forest



Fig. 6. The forest cover changes in Chawia between 1955 and 2004.

Fig. 7. The forest cover changes in Macha between 1955 and 2004.
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Fig. 8. The forest cover changes in Ngangao between 1955 and 2004.

Fig. 9. The northwestern part of the Ngangao forest presents various forest types in the back and an area cleared for agriculture since 1955 in the front (Photo P. Pellikka,

4.10.2007).
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Table 6
The area of indigenous forest in the forest fragments by various authors.

Author Chawia Fururu Macha Mwachora Ngangao Yale

Beentje (1988)a 17 92

Run (1995)b 100 113

Wilder et al. (1998)c 50 5 2 92

Bytebier (2001)c 50 5 2 2 92 1

Chege and Bytebier

(2005)c

1 1

Mbuthia (2003)d 86 13 15 6 123

Adriaensen et al.

(2006)e

94 8 2 2 136 2

Lanne (2007)f 91 139

Pellikka et al.

(2009)g

86.3 8.1 2.5 2.3 120.1 15.7

a Estimation from ground survey expeditions.
b Visual interpretation of 1993 B&W aerial photographs.
c No information.
d Records from KFS and Taita Taveta County Council.
e GPS readings and GIS mappings of 1993 B&W aerial photography.
f Visual interpretation of orthorectified true-colour 2004 aerial image mosaic.
g Visual interpretation of orthorectified true-colour 2004 aerial image mosaic

and aerial photograph 1994 and field mapping (main fragment).

P.K.E. Pellikka et al. / International Journal of Applied Earth Observation and Geoinformation 11 (2009) 221–232230
compartment register reports 4 plantation activities during the
1970s cumulating to 9 ha of which 4 ha are underplanting with
Maesopsis eminii and 5 ha plantations with pine species, C.

lusitanica and camphor (Ocotea usambarensis). However, it is
assumed that O. usambarensis is erroneously listed and it should be
the exotic Cinnamomum camphora. Evidently some registers are
lost since the planted area is larger than records and Mbuthia
(2003) refers to some additional plantations. Subsequent small
plantations of exotic species were established in order to replace
dead exotics, to enrich gaps (Mbuthia, 2003) or to plant areas of
unsuccessful cultivation efforts (Beentje, 1988). Agroforestry
practices have increased by maintaining some indigenous trees
(e.g. Prunus africana) after clearance or by establishing grevillea
stands. The rock outcrops in northern Ngangao are partly
overgrown by giant heather since 1955, which covered 4 ha in
2004, and the valleys of western polished rocks are dominated by
black wattle introduced before 1955. All around Ngangao exotic
forest patches were established after 1955.

The area of indigenous forest in Yale decreased from 88.1 ha to
17.8 ha. However, the figures for 1955 and 1994 are uncertain due
to deep shadows on the western slope of Yale in the aerial
photograph. In 1994 the analysis resulted in 95.1 ha of forest,
including indigenous forest and exotic plantations. The 15.7 ha
indigenous forest patch is found on the eastern slopes of the
mountain. Large parts of it was bushland or agricultural land in
1955, and therefore it is composed a lot by secondary trees, like T.

stapfiana, P. reclinata and M. lanceolata, but also of more primary
species like X. monospora and F. thonningii (Beentje, 1988; Chege
and Bytebier, 2005). In places, several large eucalyptus trees are
present in the indigenous forest and therefore it may be considered
as degraded indigenous forest. At the top of the Yale massif, 17 ha
of black wattle cover the rock leaving 10 ha for the open rock. The
forest compartment registers document only 2 plantations in 1973
for Yale: a pine plantation of 3 ha and a cypress plantation of 1.3 ha,
which is far less than the 56 ha of eucalyptus and 6 ha of cypress
plantations mapped in this study.

6. Discussion

The indigenous forest loss in the Taita Hills between 1955 and
2004 has been relatively rapid, annually approximately 5 ha for the
studied forest fragments and 1 ha per fragment. Even though half
of the indigenous forest has been lost, the total forest cover in the
studied area remained about the same. Exotic trees were planted
on rocky, barren or eroded areas, especially in the case of Ngangao,
Macha and Fururu, but the plantations were also established on
secondary bushlands and on abandoned agricultural land. In
Chawia and Mwachora, indigenous forest was cleared in order to
make space for exotic plantations. In all the forests, exotic species
were also underplanted within the indigenous forest. In places,
such as Macha, Fururu, Yale and Mwachora, it seems like
indigenous forest has invaded areas that were bushland or even
agricultural land in 1955. This is possible taking into account the
fast growing P. reclinata and other succession species. In addition to
the areal changes of the indigenous forest, the indigenous forests
have also degraded during the observation period as indicated by
many pit-sawing locations in all the forests as well as degrading by
firewood collection, pole removal and grazing in the forest. On the
other hand, several small patches around the fragments studied
have been traditionally protected due to their role as sacred forests.

After 1955, the area of indigenous forest has decreased 50%
(260 ha) in the six areas studied, while the area of the main
fragments decreased 37% (140 ha). At the same time the total area
covered by forests decreased only 2% (10 ha), since the planting
rate was at the same level as the forest clearance rate. In fact, the
increase in the amount of woody vegetation is even higher due to
the plantation of cypress and grevillea as border trees and for
agroforestry purposes. These areas were either too small or too
sparse to be mapped in this study. Most of the area lost is clearance
of small indigenous fragments of a few hectares between the main
fragments.

There is a great variation in the areas of the forest fragments in
the Taita Hills given by other authors due different principles used
for delineating indigenous forest from other land cover, due to the
definition for indigenous, native or original forest or due to the
interpretation methods used. As the emphasis of previous papers
was not on mapping or on mapping techniques, the methods are
described poorly and accuracy assessment of those results are
difficult. Table 6 presents the methods of various authors and the
areas resulted to the fragments studied. The results for Chawia and
Ngangao are quite similar with various authors expect Beentje
(1988), Wilder et al. (1998) and Bytebier (2001). It is assumed that
those authors have been very strict in their field work while
defining indigenous forest, which explains dramatic differences in
the area. Mbuthia (2003), referring to the KFS and Taita Taveta
County Council records, gives significantly higher areas compared
to this study for Fururu, Macha and Mwachora. The largest
difference with the indigenous forest cover occurs with Yale, for
which Bytebier (2001), Chege and Bytebier (2005) and Adriaensen
et al. (2006) result only to 1 or 2 ha, while this study results in
15.7 ha. It may be that other authors have been again very strict in
the definition of indigenous forest or they have otherwise ignored
the degraded indigenous forest found on the eastern slope of Yale.

The results from this study are in agreement with the common
trend in forest or land cover changes in other parts of East Africa.
Imbernon (1999) used aerial photography (1958, 1985) and SPOT
satellite data (1995) to study land use changes in upper Embu area
in Kenya and found a loss of tree cover from 26 to 24%, but almost
total loss of bushland. Remarkable change in forests occurred: the
tree species had changed from natural vegetation to grevillea and
eucalyptus. Baldyga et al. (2007) studied the land use change in the
vicinity of Mau forest in Kenya with Landsat TM satellite data and
found little changes between 1985 and 1995, but significant forest
losses between 1995 and 2003. Losses were shared almost equally
between exotic plantation forests and indigenous forests. Land
cover change study carried out for the whole Taita Hills performed
using object oriented classification and SPOT satellite data from
1987 to 2003 resulted in the decrease of broadleaved forest by 10%,
increase of plantations by 1% and increase of croplands by 40%
(Clark and Pellikka, in press). In a recent continental scale study
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(Brink and Eva, 2008) Landsat MSS from 1975 and TM from 2000
was used in 57 sample sites in sub-Saharan Africa resulting in 16%
decrease of forest, 5% decrease of woodlands and grasslands, and
57% increase in agricultural land. The areal increase in croplands
was from 2.15 million km2 to 3.38 million km2. For the Afromon-
tane ecoregion the same study gives 64% loss for forest.

As exotic plantation forests generally do not provide adequate
breeding, foraging or recruitment habitat for forest-restricted
animal and plant species, indigenous forest loss, degradation and
fragmentation may also result in a significant reduction in size, and
increase in isolation, of remnant populations. In the Taita Hills,
such adverse effects have been confirmed in seven forest-restricted
bird species based on genetic data (Lens et al., 1999). Based on
these genetic data, recent population bottlenecks were detected in
Turdus helleri and Phylloscopus ruficapillus, while the latter species
also showed evidence of migration-drift disequilibrium. Based on
multi-strata capture–recapture models (Lens et al., 2002), all
species showed very low dispersal rates between fragments, and
between-species variation in mobility significantly explained
variation in the number of forest fragments occupied.

Even though the total forest cover in the study area remained
largely stable over the 49 years, the gradual change from
multilayered indigenous broad-leaved forest to monocultural
exotic plantation forest of even age can affect regional ecosystem
services. For instance, levels of pest control and pollination are
highly dependent on the abundance and diversity of insects
inhabiting indigenous forests (Kremen et al., 2007), while tropical
seed dispersal is highly dependent on avian frugivore assemblages
(Howe and Smallwood, 1982). Exotic tree species are further
known to lower ground water levels and decrease stream flows
(Scott and Lesch, 1997), thereby diminishing fresh water resources
which may in turn adversely affect agriculture downstream. Exotic
plantations are also less effective as carbon sinks due to their lower
biomass and more sparse undergrowth. Indigenous forests further
play an important role in (micro)climate regulation, soil formation
and nutrient recycling. The forests also intercept moisture from
mist (Holder, 2004), the amount depending on the surface volume
of the forest, and also more cumulus clouds form above forested
areas compared to deforested areas (Nair et al., 2003). The
conversion of natural forest to croplands also increases the land
surface albedo, the key driving force for local climate, as land
remains bare between successive crops (Culf et al., 1995). For
instance, in Burkina Faso croplands had an estimated albedo of 20–
25% depending on the phenological stage, as compared to 15–17%
for natural savannah vegetation Eva et al. (2006).

Initiatives have started in the Taita Hills to increase the
indigenous forest cover. Critical Ecosystems Partnership Fund
(CEPF) organised a workshop with members of the local
communities and governmental administrations, forestry officials,
national and international scientists, the East African Wildlife
Society (EAWLS) and the International Centre for Insect Physiology
and Ecology, to prioritise conservation initiatives in the Taita Hills.
This resulted in a three-step reforestation plan: (i) Forest
enrichment, i.e. planting indigenous tree species in and around
current indigenous forest fragments to restore habitat quality and
increase size of forest habitat; (ii) Matrix enrichment, i.e. planting
fast-growing and farming-friendly indigenous or exotic trees,
shrubs or hedges around homesteads to increase woodland cover
and provide firewood and fodder; and (iii) Exotics conversion: i.e.
systematic replacement of exotic trees with native species in
plantations straddling indigenous forest fragments. A GIS-based,
least-cost modelling technique was used to determine the most
appropriate plantations for restoration (Adriaensen et al., 2006),
and EAWLS subsequently organised two field surveys to collect
data on basic forest ecology and socio-economic aspects of forest
restoration. After integrating all biological and socio-economic
data, a set of exotic plantations with highest priority for restoration
was identified, based on their potential for increasing landscape
connectivity and/or importance for the conservation of critically
endangered taxa. Through various local initiatives, tree nurseries
were set up to supply seedlings necessary for future (re)planting
with indigenous trees (e.g. P. africana) and farmer-friendly exotic
trees (e.g. G. robusta). Currently, over 150,000 seedlings have been
grown, and preliminary enrichment-planting activities are under-
way. Through funding from CEPF and guidance and logistical help
from EAWLS, Community Forest Associations have been formed for
different forest fragments, and income-generating activities
directly associated with indigenous forest have been initiated.
Further activities seek for international development funding.

7. Conclusions

We obtained area coverages for six forest fragments in the Taita
Hills and compared them with estimates from other mapping
projects in the region. While results from the present study are
considered reliable based on the remote sensing methods, class
categories and analysis applied, lack of methodological detail in
previous studies hampers thorough assessment of their accuracy
and usefulness. Between 1955 and 2004, the indigenous forest area
in the study area decreased by 50%, while the total forest area
remained nearly equal due to the large-scale establishment of
exotic plantations. Changes in forest composition, such as
documented here, are anticipated to adversely affect animal
ecology, biodiversity and ecosystem services and climate regula-
tion in the area.

It is envisaged that a stronger stakeholder involvement in
biodiversity conservation and agreement on the best options for
the restoration of the Taita Hills forest is needed. This can be
achieved through increase of the size and quality of the isolated
forest remnants and of the amount of indigenous forest area in the
landscape matrix by selective tree planting and conversion of
exotic plantations to indigenous forest. We encourage for
evidence-based, landscape-wide restoration action to increase
the area of indigenous forest, reduce environmental degradation,
and secure local livelihoods.
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