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The biodiversity of West African rainforests is globally significant but poorly described, little understood
in terms of its functional significance, and under threat from forest loss and degradation. Estimates sug-
gest that about 10 million ha of forest may have been lost in the 20th Century, and around 80% of the
original forest area is now an agriculture-forest mosaic. These highly modified forests provide food, fuel,
fibre and a range of ecosystem services for over 200 million people. As a consequence, the future of bio-
diversity in the region is intimately linked with the lives and livelihoods of local people. The available
evidence suggests that forest loss and degradation has been caused primarily by agricultural expansion,
sometimes facilitated by other human activities such as wood extraction. This expansion is a response to
the demand generated by a growing and increasingly urbanised human population, but has been exacer-
bated by small increases in crop yields over recent decades. We synthesize and review our state of knowl-
edge on the value of human-modified habitats for forest biodiversity in the region. Data on biodiversity
are patchy, but we show that across plant, invertebrate and vertebrate groups, there is a significant loss of
forest species as tree cover is reduced and vegetation structure simplified. Agricultural expansion clearly
causes significant local biodiversity loss. We argue that replicated landscape-scale studies are now
needed that describe changes across a range of biodiversity groups (above and below ground) in relation
to land-use and landscape context to address knowledge gaps and biases. Such descriptive studies need
to be complemented by a deeper understanding of the causes of species turnover patterns, together with
work on the consequences of biodiversity loss for ecosystem function and services. Biodiversity conser-
vation in the region is becoming increasingly embedded within a more multi-functional view of agricul-
ture-forest mosaics that attempts to recognise and value the range of services provided by tree cover and
other land-uses. This relatively new perspective has the potential, at least in principle, to re-shape the
drivers of land-use change because tree cover can generate additional revenue through carbon trading
or certification schemes. It will become clearer over the coming decades whether this potential can be
realised, but the implications for biodiversity conservation in the region are potentially profound. The
socio-economic processes that have driven forest loss and degradation in West Africa are having an
increasing impact on the relatively undisturbed rainforest of the Congo Basin. We conclude by pointing
out that while West African forest landscapes are a potent reminder of what might happen in Central
Africa in the near future, they also provide insights for developing policies and practice that might avoid
comparable levels of forest loss and degradation.
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1. Introduction

The forests of West and Central Africa probably originally cov-
ered a combined area of about 3 million km?. This is just over half
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the area of the Amazon. Unlike the Amazon, however, the area of
relatively undisturbed, genuinely wild forest is small, and limited
largely to Central Africa (Fig. 1) (Ellis and Ramankutty, 2008).
The remaining forest is intimately linked with the lives and liveli-
hoods of local people, providing food, fuel, fibre and a range of eco-
system services for a population in excess of 200 million
individuals. In every sense of the words, these African forests are
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Fig. 1. Anthropogenic biomes in the West and Central African regions. Source: Ellis and Ramankutty (2008).

a tightly coupled socio-ecological system (Tallis and Kareiva,
2006).

Biodiversity in this region of Africa is important, but poorly de-
scribed and little understood in terms of its functional significance.
The Guinean forests of West Africa are recognised as a Biodiversity
Hotspot (www.biodiversityhotspots.org/xp/Hotspots/west_africa/),
supporting about a quarter of the African mammal fauna, and dis-
playing significant endemism across a range of animal and plant
groups. The tight coupling between people and these forest ecosys-
tems inevitably means that biodiversity is threatened by habitat
loss, degradation and fragmentation. Estimates of forest loss vary,
but even the most conservative estimates suggest that about 10
million ha of forest were lost during the 20th century (Fairhead
and Leach, 1998). Numerous endemic species are threatened with
extinction and <20% of the area is protected, <5% strictly. Under-
standing how biodiversity responds to habitat change caused by
humans is clearly pivotal for conservation efforts in the region,
but our knowledge base is poor. Limited scientific work has been
conducted on biodiversity in human-modified forest landscapes
in West Africa compared with Amazonia or SE Asia (Gardner et
al., 2009).

Against this dynamic background of change, our review has a
number of goals. First, we aim to identify the main causes of forest
loss and degradation in West Africa. Next, we synthesize and re-
view our state of knowledge on the value of human-modified hab-
itats for forest biodiversity, and the impact of forest fragmentation
on biodiversity. Finally, we discuss the implications and limitations
of our existing knowledge; assess how biodiversity might fit into
an increasingly multi-functional view of human-modified land-
scapes (Kareiva et al., 2007; Naidoo et al., 2006; Norris, 2008);
and speculate on the parallels between West and Central Africa.
Our review focuses primarily on the forests of West Africa or the
Guinean Forests as they are often termed. These forests stretch
from Guinea and Sierra Leone eastwards to the Sanaga River in
Cameroon, and include the countries of Liberia, Cote d’Ivoire, Gha-
na, Togo, Benin, and Nigeria. The Guinea Forests are divided into
two distinct sub-regions (Upper and Lower Guinea Forests) sepa-

rated by the Dahomey Gap ranging from southeastern Ghana
across to southern Benin, an area of savannah, dry forests and
farmland. In addition to this focus on West Africa, we also include
biodiversity studies from Central Africa in order to supplement the
limited information available.

2. Causes of deforestation and degradation

In simple terms, forests are lost and degraded because people
modify forested landscapes in a range of ways, including agricul-
tural expansion, wood extraction and infrastructure extension. In
turn, these changes are driven by an often complex array of so-
cio-economic factors. Although these processes have a number of
labels in the literature, we refer to the modification of forested
landscapes by humans as land-use change, and the factors causing
land-use change as drivers of land-use change (Mattison and Norris,
2005). Understanding both is important if biodiversity conserva-
tion is to be addressed by policy and practice in the region that af-
fects forest landscapes.

2.1. Land-use change

We outline the most significant land-use changes affecting the
West African Guinea Forests in Table 1. Remote sensing shows that
agricultural expansion is the most significant cause of deforesta-
tion (Fig. 1, Table 2). Under the assumption that the forest-agricul-
tural mosaic was once dense forest, it is estimated that 83% of
these forests had been converted by 2000. This is probably an
over-estimate because not all forest-agricultural mosaic was de-
rived from forest, and fallow-cropping cycles are a typical part of
the farming system. Nevertheless, it is clear that forested land-
scapes in West Africa are now dominated by forest-agriculture
mosaics (Fig. 1, Table 2). Agricultural expansion has been equiva-
lent across commercial commodities and food staples with an in-
crease of 7.3 million ha in the area harvested of cassava Manihot
esculenta, plantain Musa x paradisiaca, cocoyam Colocasia spp., oil
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Principal land-use changes in the Upper and Lower Guinea rainforest of West Africa.
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Agricultural expansion

Staple food expansion (smallholder)

Commercial agriculture (large-scale and smallholder)

Wood extraction

Infrastructure extension

Timber extraction

Fuelwood/charcoal

Roads (public, logging)
Private enterprise infrastructure

Private company selective logging
Undeclared logging

Domestic uses rural urban
Industrial uses

Hydropower

Mining
Human settlements

Table 2
Area in dense forest (DF) versus forest-agricultural mosaic (FAM) land-use in the year
2000. Source: Mayaux et al. (2003).

Country/region Area in production (000 ha)

Dense forest Forest-ag. mosaic Ratio of FAM to DF

Cote d'lvoire 1124 13,792 12.27
Ghana 1193 6525 5.47
Guinea 665 6108 9.18
Liberia 2488 6211 2.50
Nigeria 3411 8736 2.56
Sierra Leone 603 5156 8.55
Togo 53 206 3.89
West Africa 9537 46,734 4.90
Central Africa 203,367 54,140 0.27
Combined
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Fig. 2. Trends n aggregate area harvested in the humid lowlands of Guinea, Sierre
Leone, Liberia, Cote d'Ivoire, Ghana, Togo, and Nigeria for the principal food and
commercial commodities from 1988 to 2007. Source: FAOSTAT, April 28, 2009.

palm Elaeis guineensis and cocoa Theobroma cacao from 1988 to
2007 (Fig. 2).

Agricultural expansion has also interacted with other land-use
changes (Table 1). Although direct deforestation in West Africa
due to selective logging is relatively low, because of the low den-
sity of trees actually cut, the road infrastructure associated with
logging activities can increase agricultural expansion. For example,
in Cote d’'Ivoire, the road infrastructure left by the timber conces-
sionaries facilitated, at least in part, the influx of agricultural mi-
grants from the savannah regions of Coéte d’Ivoire, Burkina Faso,
and Mali which led to agricultural expansion, particularly of cocoa
and coffee Coffea robusta, causing rapid deforestation (Ruf, 2001). A
similar process has been reported from other forested regions
(Michalski et al., 2008).

Table 3

Annual growth rates® in area harvested, yield per ha, and production for five major
commodities produced in the humid lowland agro-ecosystems of Guinea, Sierre
Leone, Liberia, Cote d'Ivoire, Ghana, Togo, and Nigeria from 1988 to 2007. Source:
FAOSTAT.

Commodity Area (%) Yield (%) Production (%)
Cassava 3.89 0.617 4.51
Oil palm 2.20 -0.173 2.03
Cocoa 3.17 0.789 3.96
Cocoyams?® 5.87 —0.293 5.58
Plantain 3.29 0.806 4.10

@ Data are from 1998 to 2007 for cocoyams.
 Annual growth rates are calculated using the least-squares regression method,
which takes into account all observations in a period.

Studies on fuelwood and charcoal production for domestic ur-
ban and rural use have shown that this is generally not a primary
driver of deforestation, but that it can be an important cause of for-
est degradation (Demenou, 1997). Private infrastructure associated
with hydro-electric dams and mining plays a role in forest loss,
although on a much smaller scale to agriculture. Lake Volta in Gha-
na and Lakes Kossou and Buyo in Cote d’'Ivoire with a combined
area of 10,550 km? (roughly 10% of the remaining area of dense
forest) were constructed in the 1960s and 1970s to provide elec-
tricity. In Ghana over 58,000 km? are currently licensed to gold
mining concessions, much of it in the forest zone. Although more
environmentally responsible policies have been adopted by some
companies, most large industrial and artisanal mining operations
in West Africa use surface mining techniques that result in signif-
icant deforestation.

2.2. Drivers of land-use change

While agricultural expansion is clearly the primary cause of
deforestation in West Africa, a range of factors have contributed
to this expansion, including human population growth and move-
ments, limited investment in agricultural research and poor rural
support services, and the management of commodity markets.
One of the fundamental factors has been demographic growth
and the growth in urban food demands. Population growth in the
countries comprising the Guinea Forest has averaged 2.8% over
the last five decades and the 236 million West Africans today are
nearly four times the population at independence (Source: FAO-
STAT). Urbanization rates in excess of 4-5% per annum have pro-
voked similar growth in aggregate urban food demand, resulting
in higher food prices. Higher food prices in turn have promoted
an expansion of output destined for urban markets. Production of
the four major food crops of the humid lowlands all increased from
1988 to 2007 at rates of growth that were roughly parallel with
urbanization rates (Table 3). The countries of the dense forest in
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West Africa also expanded output in the cocoa sector over this per-
iod, mainly the result of increased cocoa planting by smallholder
farmers operating along the forest margins (as defined by Chomitz
et al. (2006)). This latest expansion has come at a high environ-
mental cost as cocoa farmers have encroached on the most impor-
tant remaining protected areas of the Upper and Lower Guinea
Forest including Tai National Park, Bia National Park, Cross River
National Park and Korup National Park. Agricultural expansion
has also been fuelled by human migration into the forest zone in
a number of countries, including Coéte d’Ivoire, Ghana, Cameroon
and Nigeria. This not only promotes deforestation, but studies else-
where suggest that migrant populations may employ different, and
sometimes more intensive, land management strategies than
indigenous people (Steffan-Dewenter et al., 2007).

While population growth coupled with migration has contrib-
uted to agricultural expansion on the demand side, the failure to
develop land saving innovations and continued reliance on low in-
put traditional technology on the supply side has greatly contrib-
uted to the area harvested. The share in the growth in
production due to improved yields was in no case greater than
20% for any commodity, with oil palm and cocoyam yields actually
declining over the last 20 years (Table 3). Several factors underlie
the yield stagnation which has led to the 7.3 million ha expansion
in area harvested over the last 20 years, including limited access to
and uptake of new technologies by farmers; poor investment in
agricultural research; a lack of extension services; and poorly
developed rural financial services.

Lastly, Ghana and Céte d’Ivoire cocoa producers’ ability to
intensify their production has been hampered by high rates of ex-
port taxation over recent years. For example, in Ghana, the policy
of a single pan-territorial price set annually by the price review
committee of COCOBOD, the cocoa marketing board, results in
the subsidization of producers in the more remote enclaves where
marketing costs are higher. These enclaves are also usually where
the last remnants of forest are still to be found (Chomitz et al.,
2006).

3. Biodiversity in human-modified landscapes
3.1. Forest baselines

In order to measure the effects of changing land-uses, their bio-
diversity value must be compared with some baseline. The time-
frames of most studies are too small to assess changes before
and after forest conversion, so instead, change is frequently esti-
mated by comparing modified land-uses with forest baselines.
However, those forest baselines can themselves be highly modi-
fied, such that all studies are prone to unquantified shifting base-
lines (Gardner et al., 2009). The result is that many studies are
likely to underestimate the impacts of human activities on forest
species. All West African forests are affected by human activities
to some extent, even those apparently not yet affected by direct
land-use change. Understorey plants are affected by livestock graz-
ing, and other plants and lichens are subject to uncontrolled collec-
tion for local use or commercial sale (Chapman et al., 2004;
Porembski and Biedinger, 2001). Non-native species, such as the
little fire ant Wasmannia auropunctata, can damage populations
of native species, often in synergy with habitat disturbance (Ndo-
utoume-Ndong and Mikissa, 2007; Walker, 2006). Populations of
many larger vertebrates have been greatly reduced by hunting
(Chapman et al., 2004; Fa et al., 2003; Oates et al., 2000).

Over past centuries and millennia, most West African forests
have been affected by climatic fluctuations and human activities
(Fairhead and Leach, 1998; White and Oates, 1999). Vascular
plants endemic to West Africa appear to be more tolerant of habi-

tat disturbance than species in other tropical forest regions, and it
could be that West Africa has already experienced an extinction fil-
ter and has lost its most disturbance-sensitive species (Holmgren
and Poorter, 2007). Larsen concluded that probably no species of
forest butterfly has gone extinct in West Africa in recent decades,
despite high recent rates of deforestation (Larsen, 2008). Again,
this could suggest resilience, but species extinction is a very ex-
treme measure of change, and equally, this conclusion might need
to be re-examined in the face of evidence that the rates of 20th
century deforestation have been overestimated (Fairhead and
Leach, 1998).

3.2. Land-use change impacts

We used keyword searches in ISI Web of Knowledge to locate
studies that assessed the biodiversity value of modified land-uses
compared to natural forest in West and Central Africa (details
available from the authors on request; Table 4). The paucity of
well-designed studies assessing the change in biodiversity value
of modified land-uses compared to natural forest is noteworthy.
We used species richness and the proportion of species shared
with baseline forest as common metrics across studies. While
these metrics provide only a crude assessment of biodiversity
change, more informative metrics such as community similarity
indices (Holbech, 2009) were not consistently available. Many of
the studies we found acknowledged the modified nature of their
baseline forests, which included “near-primary” forests, old sec-
ondary forests, small forest fragments, previously logged forests
and forests subject to agricultural encroachment. Not all land
within the “forest zone” would necessarily have been forest even
in the absence of human impact (Fairhead and Leach, 1998; Karr,
1976), and even unmodified forests show differences in species
richness and composition because of geographical, topographical
and climatic variation (Ojo and OlaAdams, 1996; Poorter et al.,
2008).

We found 35 studies that met our search criteria, and between
them they provided quantitative species richness information on
25 plants, 44 invertebrates and 18 vertebrates comparisons be-
tween forest and other land-uses. For studies that sampled multi-
ple replicates of a single land-use type, we included an average
value, while for studies that reported the results of different sam-
pling methods we took the results of each sampling method as a
separate comparison. For each comparison, we extracted the best
estimate of species richness of the modified land-use relative to
forest, and, where available, the number of species shared between
that land-use and forest. The methods, design, scope and scale of
the studies varied enormously, and for that reason, appropriate
caution should be used in the interpretation of Fig. 3, which aims
to summarise changes in species richness across different land-
uses.

3.2.1. Logged forests

Most of the remaining forests in West Africa have been logged
to some degree, and 30% of the forests of Central Africa are under
logging concessions (Laporte et al., 2007). Understanding the value
of logged forests to biodiversity is thus of considerable importance.
For plants, invertebrates and vertebrates, logged forests were con-
sistently comparable to unlogged forests in terms of overall species
richness (Fig. 3). They supported a greater proportion of forest spe-
cies than any other modified land-use (Fig. 3). There was some var-
iation between studies: the most extreme outlier (2.8 times the
species richness of unlogged forest) is a result of reporting esti-
mates of mean richness per 40 m? plot, rather than estimates of
the species richness in each land-use (Swaine and Agyeman, 2008).

Logging can enhance the recruitment of pioneer tree species,
including commercial timber species, and had relatively minor ef-
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Table 4
Data sources used in Fig. 3.
Study Location Taxon
Plants
Bobo et al. (2006b) Cameroon Trees >10 cm, understorey plants
Van Gemerden et al. (2003) Cameroon Trees
Zapfack et al. (2002) Cameroon Vascular plants

Hall et al. (2003)

Malcolm and Ray (2000)
Makana and Thomas (2006)
Attua (2003)

Swaine and Agyeman (2008)
Oke and Odebiyi (2007)
Onyekwelu et al. (2008)
Loumeto and Huttel (1997)

Invertebrates

Lachat et al. (2006b)
Lachat et al. (2007)

Lachat et al. (2006a)

Bobo et al. (2006a)
Deblauwe and Dekoninck (2007)
Bloemers et al. (1997)
Lawton et al. (1998)

Stork et al. (2003)
Eggleton et al. (2002)
Bourdanne (1997)

Fermon et al. (2000)
Yanoviak et al. (2008)
Basset et al. (2008a,b)
Belshaw and Bolton (1993)
Davis and Philips (2005)

Vertebrates

Lawton et al. (1998)
Waltert et al. (2005)
Malcolm and Ray (2000)
Ernst and Rodel (2008)
Holbech (2005)

Holbech (2009)

Ernst and Rodel (2005)
Blankespoor (1991)

Karr (1976)

Central African Republic
Central African Republic
Democratic Republic of Congo
Ghana

Ghana

Nigeria

Nigeria

Republic of the Congo

Benin

Benin

Benin
Cameroon
Cameroon
Cameroon
Cameroon
Cameroon
Cameroon and Congo
Cote d’'lvoire
Cote d'Ivoire
Gabon
Gabon
Ghana
Ghana

Cameroon

Cameroon

Central African Republic
Cote d'Ivoire

Ghana

Ghana

Ivory Coast

Liberia

Liberia

Trees >10 cm

Overstorey trees

Trees >10 cm, trees >1cm
Trees >20 cm, plants <20 cm
Trees >5 cm dbh

Trees

Trees >10 cm, saplings <10 cm
Understorey woody plants

Saproxylic beetles

Saproxylic beetles

Multiple arthropod taxa

Butterflies

Ants

Nematodes

Flying beetles, canopy beetles, leaf-litter ants®
Butterflies

Termites

Millipedes

Fruit feeding nymphalid butterflies
Arboreal ants

Multiple arthropod taxa

Leaf-litter ants

Dung beetles

Birds

Birds

Small mammals
Arboreal frogs
Birds
Understorey birds
Leaf-litter frogs
Birds

Birds

¢ For other taxa included in this paper, more detailed information was extracted from other papers.

fects on climbing plants and on dung beetles (Davis and Philips,
2005; Hawthorne, 1993; Kouame et al., 2004; Swaine and Agy-
eman, 2008). The abundance and diversity of rodents on trap tran-
sects increased along skid trails and access roads relative to that in
unlogged forests (Malcolm and Ray, 2000). Bird species richness in-
creases with logging activity up to removal rates of about 3 trees
per ha, but this increase is attributable to an influx of generalist
species and masks a decline in species richness of forest obligates
(Holbech, 2005). A similar pattern was found in Nigeria (Abalaka
and Manu, 2007). Together with the other logging studies, we in-
cluded a study that looked at the effects of liberation thinning,
which involved the cutting of lianas and climbers, and girdling
(but not felling) of non-commercial trees (Fermon et al., 2000). Lib-
eration thinning increased the richness and diversity of butterflies,
but the species that benefited most were widespread, while those
that declined were mainly Upper Guinea endemics or restricted to
the Guineo-Congolian biome.

Many of the logging studies were carried out decades after log-
ging and examined areas with low rates of selective logging: <1-4
trees per ha (Hall et al., 2003; Holbech, 2005; Swaine and Agy-
eman, 2008; van Gemerden et al., 2003). One study that reported
that their logged forest sites had suffered “heavy and repeated tim-
ber exploitation” recorded the greatest drop in species richness of
the logging studies, to 75% of tree species richness, and less than
40% of sapling species shared with unlogged forest (Onyekwelu
et al., 2008). Intensive logging activities have greater impacts on
biodiversity, especially those that cause considerable canopy dam-

age, or that allow the invasion of the invasive non-native shrub
Chromolaena odorata which increases the risk of fire (Holbech,
2005; Malcolm and Ray, 2000; Swaine and Agyeman, 2008).

3.2.2. Secondary forests

There are different definitions of secondary forests: some define
them as any forest that has been disturbed, including logged for-
ests, while others restrict use of the term to forests that have re-
grown on land that was previously completely cleared. Not all of
the studies we reviewed were clear about their choice of definition.
Overall species richness of various taxa in secondary forests was
again mostly similar to that in baseline forests, in some cases
exceeding it, while in others it was similar or slightly reduced
(Fig. 3). There was a slight, but non-significant, reduction in nem-
atode species richness (Bloemers et al., 1997). Ant species richness
was similar (Belshaw and Bolton, 1993; Deblauwe and Dekoninck,
2007; Yanoviak et al., 2008) or higher (Lawton et al., 1998) in sec-
ondary forests compared to baseline forests. Species richness and
composition of termites were similar in near-primary and second-
ary forests with good canopy cover, and turnover was as high with-
in these land-uses as between them (Deblauwe and Dekoninck,
2007; Eggleton et al., 2002). Species richness and guild composi-
tion across multiple arthropod taxa were similar between second-
ary and baseline forests (Basset et al., 2008b; Lachat et al., 2006a).

Species composition of many taxa was altered in secondary for-
ests. Plant species assemblages in secondary forests contained
more light-demanding pioneer species such as Musanga cecropio-
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Fig. 3. Mean species richness (trange) of (a) plants, (b) invertebrates and (c)
vertebrates in a range of land-uses, standardised relative to that in baseline
(primary, near-primary or old-growth) forest (dashed line). Height of bars indicates
total species richness relative to forest baseline, grey indicates the proportion of
species shared with baseline forest, hatching is used when the latter proportion is
unknown. The numbers below each bar refer to the number of comparisons used for
total species and for shared species richness.

ides, and fewer understorey specialists typical of old-growth for-
ests (Bobo et al., 2006b; Makana and Thomas, 2006; Zapfack et
al., 2002). Young secondary forest had higher alpha diversity but
lower beta diversity of ants than older forest (Deblauwe and
Dekoninck, 2007). Ant community composition differed in some
studies (Deblauwe and Dekoninck, 2007) but not others (Belshaw
and Bolton, 1993; Yanoviak et al., 2008). Butterflies reached higher
abundance in secondary forest, but species with the smallest
ranges showed a preference for near-primary forest (Bobo et al.,
2006a). The species richness of frogs was reduced in secondary for-
est, with the loss of some forest species and an influx of farm-bush
species such as Afrixalus dorsalis (Ernst and Rodel, 2005, 2008).
Most bird guilds had similar species richness in secondary forest
and near-primary forest, but terrestrial insectivores and large foli-
age-gleaners declined (Waltert et al., 2005).

The age of secondary forests, and their proximity to mature for-
ests that can act as colonisation sources influence the extent and

rate of recovery of their biodiversity value (Deblauwe and Dekon-
inck, 2007; Makana and Thomas, 2006). Where ages were given,
we included secondary growth of less than 10 years as fallow
(see below), but some studies pooled data from forests of 5-
50 years, or gave no information on age.

3.2.3. Fallow

Fallow land is essentially young secondary growth, but it will
only develop into secondary forest if it is released from the cycle
of cultivation and temporary abandonment (Carriere et al., 2002).
Across all taxa, fallows generally had lower species richness, and
shared fewer species with baseline forest, than secondary forest
(Fig. 3), although more species of flying beetles were caught in
traps in fallow than in near-primary forest (Lawton et al., 1998).
Fallow is typically dominated by herbaceous pioneer plant species,
and remnant non-native species such as papaya Carica papaya and
cocoa can be abundant (Hall and Okali, 1979; Zapfack et al., 2002).
Nematode species richness was significantly higher in a fallow plot
than in an annual crop plot, suggesting some recovery of soil
microfauna after abandonment (Bloemers et al., 1997). Bird species
richness was greatly reduced in fallows, and most of the species
that did occur were generalists, with secondary forest species
becoming more common in older fallows (Blankespoor, 1991; Karr,
1976; Lawton et al., 1998).

3.2.4. Tree plantations

While natural forest has declined across West Africa, planta-
tions, often but not always of non-native species, have been estab-
lished to help meet increased demand for timber, fuelwood and
pulp. Clearly, such plantations are of limited value for native tree
species, and species richness in other taxa was also typically lower
relative to baseline forests (Fig. 3). If established near to mature
forests, tree plantations can provide more suitable habitat than
savannah for some forest plant species, especially if protected from
fire, undergrowth weeding and herbicides (Loumeto and Huttel,
1997). Species richness of many invertebrates was similar in tree
plantations to that in baseline forests (Bloemers et al., 1997; Eggle-
ton et al,, 2002; Lachat et al., 2006a, 2007; Lawton et al., 1998;
Stork et al., 2003) but reduced in others (Fermon et al., 2000; La-
chat et al., 2006b). The method of land preparation makes a large
difference: plantations established by partial manual clearance
rather than complete mechanical clearance held greater diversity
of a range of taxa (Eggleton et al., 2002; Lawton et al., 1998; Watt
et al., 2002). Reduced species richness of saproxylic beetles in non-
native tree plantations was associated with a paucity of dead wood
in plantations, as a result of firewood collecting by local people
(Lachat et al., 2006b).

3.2.5. Perennial crops

Perennial crops are a mainstay of West African agriculture, and
there is a worrying possibility that some might start to replace
Central African forests on a large scale (Fitzherbert et al., 2008).
The studies we reviewed included assessments of biodiversity in
cocoa, oil palm, coffee, coconut Cocos nucifera, plantain and avo-
cado Persea americana farms. Management practices, such as the
extent to which native trees are retained, probably affect biodiver-
sity more than the crop per se (Holbech, 2009), but we found insuf-
ficient studies to examine this issue in detail. Some studies failed
even to state whether crops were grown under shade or not.
Assessments of the effects of changing management practices are
important, because there are economic incentives for farmers to
switch to unshaded systems, or systems where shade is provided
by a small number of useful tree species (Sonwa et al., 2007).

Diverse agroforestry systems, where crops are grown in the
shade of forest trees, are recognised as supporting relatively high
species richness relative to unshaded systems (Bisseleua et al.,
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2009; Herve and Vidal, 2008). Cocoa farms supported more plant
species overall, but fewer tree species, than open-canopy forest
(Attua, 2003). Other studies found that while cocoa and coffee
agroforests supported a greater species richness and abundance
of trees than unshaded cocoa, they still had many fewer species
and individual trees than baseline forests (Bobo et al., 2006b;
Oke and Odebiyi, 2007). Cocoa agroforests supported about 70%
of the tree densities and basal area as near-primary forests, but
very few small-sized trees, suggesting limited recruitment (Walt-
ert et al., 2005).

Cocoa agroforests supported as many butterfly species as did
forests, but had few butterflies with narrow geographical ranges
(Bobo et al., 2006a). Cocoa agroforests supported fewer than half
as many termite species as primary forest (Eggleton et al., 2002).
One-quarter of the millipede species recorded in baseline forests
were not found at all in any of three different perennial crops near-
by, but other species increased in abundance by as much as two or-
ders of magnitude in perennial crops (Bourdanne, 1997). Dung
beetle species richness was lower in perennial crops, and forest
species were largely replaced by species typical of savannas (Davis
and Philips, 2005). In contrast, a high proportion of forest bird spe-
cies were found in semi-shaded coconut and cocoa farms located in
or near forests (Holbech, 2009). In cocoa agroforests, groups of
birds such as ant-followers, insectivores and biome-restricted spe-
cies declined, while flower-visitors (sunbirds) increased (Waltert
et al., 2005).

3.2.6. Annual crops

A variety of more-or-less annual crops are grown in West and
Central Africa, often in small mixed farms for domestic consump-
tion. The studies we reviewed included farms containing a wide
diversity of crop species, including cassava, maize Zea mays,
groundnuts Arachis hypogaea, taro/cocoyam and vegetables as well
as scattered forest and fruit trees (Basset et al., 2008b; Bobo et al.,
2006b). In a farm-fallow mosaic in Cameroon, species richness of
trees was only one-fifth of that in nearby closed canopy forest,
but there were more than twice as many understorey plant species
(Bobo et al., 2006b). Other studies found much lower diversity of
vascular plants in mixed food crops relative to that in forests (Attu-
a, 2003; Zapfack et al., 2002). Very few plant species were shared
between forests and annual crop farms.

Invertebrate species richness in annual crops ranged from less
than half that in forests (Bloemers et al., 1997; Bobo et al,
2006a; Eggleton et al., 2002) to 1.3 times that in old forest (Basset
et al., 2008b). Bird species richness was lower in annual crop farms
relative to that in forest, and some groups of species, such as ant-
followers, insectivores, bulbuls and medium and large foliage-
gleaners were largely replaced by others, including granivores,
sunbirds and non-breeding visitors (Blankespoor, 1991; Waltert
et al., 2005). The retention of isolated forest trees in farms helped
to maintain higher species richness of some ants and beetles rela-
tive to farms without trees (Dunn, 2000).

3.2.7. Clearcut

Assessments of the biodiversity value of completely cleared
land came from multiple studies of the same two 1 ha plots in
southern Cameroon, and give an indication of the capacity of a
range of species to recolonise from adjacent forests. The plots were
bulldozed to remove all vegetation and dead wood, removing top-
soil and causing compaction (Lawton et al., 1998). After 1-5 years,
they had less than half as many soil nematode species as near-pri-
mary forest: a similar level of species richness to that in an annual
crop field (Bloemers et al., 1997). The plots were planted with Ter-
minalia ivorensis, and sampled for termites when the trees were 1-
2 m high: one-fifth as many species were found as in near-primary
forests (Eggleton et al., 2002). More species of flying beetles, fewer

canopy beetle species and slightly fewer leaf-litter ant species
were collected from the clearcut plots than from near-primary for-
est (Lawton et al., 1998). Sampling of butterflies about a year later
found reduced abundance but similar species richness relative to
near-primary forest (Stork et al., 2003).

3.3. Forest fragmentation

Although West African forests are among the most highly frag-
mented in the world, there have been surprisingly few studies of
the impacts of fragmentation on forest species. Large fragments
held more species of trees, and also a higher proportion of rare spe-
cies, than smaller fragments (Hill and Curran, 2003). Butterfly com-
munities in forest fragments were affected by edges to a distance
of at least 100 m; large fragments supported more forest species,
but small fragments also held considerable species richness and
facilitated dispersal (Bossart and Opuni-Frimpong, 2009; Bossart
et al., 2006). One study of birds found fewer species in smaller frag-
ments, but no effect of isolation, while another found no effect of
fragment area, but significant losses in more isolated fragments
(Beier et al., 2002; Manu et al., 2007): the discrepancy probably re-
sults from the different ranges of fragment sizes and isolation dis-
tances included in each study. A study of leaf-litter frogs found
reduced species richness and altered community composition in
fragments, which were attributed to habitat degradation consis-
tent with edge effects, rather than area or isolation effects per se
(Hillers et al., 2008).

4. Discussion
4.1. Biodiversity and forest loss

The picture in West Africa is one of highly modified tropical for-
est landscapes, with the remaining dense forest often degraded
and fragmented. Much of the tree cover in these landscapes is part
of a forest-agriculture mosaic (Fig. 1; Table 2), which is changing
from shifting cultivation systems to short-fallow and permanent
crops. Tree cover, in both dense forest and the agricultural mosaics,
is lost as a result. This is a complex socio-ecological system in
which the fate of biodiversity is intimately linked to the way peo-
ple use land, particularly for agriculture.

Data on biodiversity in these human-modified landscapes from
the region are patchy, and prone to a number of generic problems
that affect many biodiversity datasets from tropical forests. Never-
theless, our synthesis does reveal some clear patterns (Fig. 3).
Across plant, invertebrate and vertebrate groups, there is a signif-
icant loss of forest species as tree cover is reduced and vegetation
structure simplified (moving from left to right in Fig. 3). Although
in some instances overall species richness increases in modified
habitats (Fig. 3, logged and secondary forest), richness of endemic
species tends to decline. There is considerable species turnover be-
tween modified habitats and baseline forests: non-forest species
and habitat generalists replace many of the original forest species
(grey shaded portions of bars in Fig. 3). The loss of forest species
seems most pronounced for plants, in which species turnover oc-
curs in logged and secondary forests to a greater extent than is
apparent for certain animal groups (i.e. vertebrates). While caution
is required in interpreting this pattern due to data limitations, this
is perhaps not surprising as plant biodiversity is actively managed
in all the land-use systems we reviewed.

While some broad statements about biodiversity patterns can
be made, there are significant gaps in both our knowledge and
understanding. The biodiversity data we do have often consist of
species inventories collected over limited spatial and temporal
scales, and without information on species’ abundances or their
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ecological attributes. The detectability of most taxa varies between
habitat types, and is typically lower in densely vegetated forests
with tall inaccessible canopies than in more open modified habi-
tats with broken, lower canopies (Gardner et al., 2009). Some of
the studies we reviewed used species richness estimators to cor-
rect for this problem, which can help but cannot correct for inade-
quate sampling design, e.g., failure to sample insects from the
canopy. Landscape context is frequently neglected in study design:
biodiversity in small plots of modified habitat surrounded by forest
are likely to contain many “tourist” species unable to persist in
them (Basset et al., 2008a). Extinction lags are also likely in modi-
fied landscapes: some species, such as shade tolerant trees, can
persist as remnants for decades or centuries in farmed landscapes,
but cannot complete a reproductive lifecycle there. Estimates of
beta diversity, which is often high in tropical forests, require con-
siderable sampling effort and are often neglected (Baselga, 2010).
Most biases, therefore, are likely to be in the direction of overesti-
mating the biodiversity value of modified habitats, a point that
should be borne in mind when interpreting Fig. 3.

Basic species inventory data from key habitats are limited, par-
ticularly from the forest canopy and below ground. The latter in
particular is an important issue given the role of soil biodiversity
in key ecosystem processes such as decomposition and nutrient cy-
cling; our limited understanding of how soil biodiversity and eco-
system functioning respond to land-use change; and the
implications this might have for soil health and the sustainability
of farming systems in the medium to long-term. This functional
perspective is important because with the exception of the tradi-
tional uses of forest plants, we have a very rudimentary under-
standing of the functional role of biodiversity in modified
tropical forest landscapes. While some basic patterns are beginning
to emerge from studies elsewhere (Klein et al., 2006; Ricketts,
2004), this issue is virtually unexplored in a West African context.
Taken together, these limitations mean we increasingly need to
collect biodiversity data from replicated landscape-scale studies
in which we explore the interaction between land-use and land-
scape context simultaneously across a range of biodiversity groups
(Gardner et al., 2008, 2009; Norris, 2008). Such descriptive studies
need to include a deeper understanding of the causes of species
turnover patterns, together with work on the functional impor-
tance of biodiversity in these landscapes.

4.2. Multi-functional landscapes

The fact that all biodiversity groups show species loss and turn-
over as intact forest is converted to other land-uses implies that
the protection of intact, dense forest has to be part of any biodiver-
sity conservation strategy in the region designed to protect forest
biodiversity. Improved management of forests that are already
used for logging and hunting could additionally benefit many spe-
cies (Clark et al., 2009; Malcolm and Ray, 2000). In areas that have
been largely deforested, forest fragments can have considerable
biodiversity value, and cultural institutions that protect these frag-
ments (e.g., as sacred groves) (Decher, 1997) potentially have a role
to play. In farmed lands, efforts to quantify the trade-offs and syn-
ergies between the strategies of intensification to spare forests and
agroforestry interventions to boost on-farm biodiversity are still at
an early stage (Green et al., 2005; Norris, 2008). What is clear is
that opportunities to increase yields with minimal impact on bio-
diversity, and those to improve forest protection with minimal im-
pact on livelihoods, need to be identified and developed. The
complex interplay between conservation efforts and issues such
as land tenure, rural livelihoods, farming, governance, commodity
markets and the local environment is beyond the scope of our re-
view, but will have implications for biodiversity and its protection
in the future.

There is an increasing trend towards considering human-modi-
fied landscapes as multi-functional ecosystems that deliver a range
of services that in turn affect human well-being (Fisher et al., 2006;
Kareiva et al., 2007; Naidoo et al., 2006; Norris, 2008). In the con-
text of forest landscapes, this ecosystems-approach is potentially
important because it attempts to recognise and value the range
of services provided by tree cover and other land-uses, and hence
has the potential, at least in principle, to re-shape the drivers of
land-use change. For example, forest and agro-forestry systems
producing crops like cocoa store significant amounts of carbon
(Albrecht and Kandji, 2003; Lewis et al., 2009). If this carbon could
be brought to market for sale as carbon credits then this could pro-
vide farmers with a financial incentive to replant or retain tree cov-
er in the landscape, thereby protecting other ecosystem services
and biodiversity, at least to some extent. Whether such a mecha-
nism would work in practice, the scale at which it should be con-
sidered, and the extent, to which it is capable of delivering wider
benefits for the environment and biodiversity, remains to be seen.
We have a limited understanding of carbon stocks in different
land-use types above and below ground, and how these change
through time; the potential socio-economic impact of carbon pay-
ments; the mechanisms required for successfully linking rural
communities to carbon markets; and the policy instruments
needed at national level. Nevertheless, it seems likely that pilot
projects within the region will be established within the next
few years to explore these issues in more detail, and their outcome
could have profound implications for biodiversity conservation in
the future.

Multi-functionality is also being promoted by a range of certifi-
cation schemes (e.g. Rainforest Alliance Certification; www.rain-
forest-alliance.org/). These schemes represent land management
standards that are intended to protect or enhance biodiversity
and other environment values. Certification benefits the land own-
er/manager through premium price payments for produce or ac-
cess to markets in which consumers demand products with a
relatively low environmental impact. Although such schemes
clearly have the potential to benefit biodiversity and the wider
environment, further research is required to quantify the benefits
and risks, assess the scales over which benefits are being and are
likely to be delivered, and to assess the socio-economic implica-
tions for livelihoods and land-use (Perfecto et al., 2005).

4.3. Wider implications

The tropical forest zone in West Africa has experienced centu-
ries of human modification, leading to a substantial decline in for-
est cover and loss of forest biodiversity. In contrast, large areas of
undisturbed, wild forest remain in Central Africa (see Fig. 1),
implying that in this region significant opportunities to protect for-
est biodiversity exist in the absence of extensive human modifica-
tion. The extent to which this opportunity remains depends on
how humans are likely to modify Central African forests in the near
future. Are there parallels between the future of this region and
West Africa? Logging activities in Central Africa are increasing (La-
porte et al., 2007), bringing with them infrastructure (e.g. roads),
which makes the forest interior more accessible. In West Africa,
the opening up of the forest interior through logging concessions
effectively facilitated agricultural expansion to service increasing
food demands from a growing and increasingly urban human pop-
ulation, as well as making forest areas more accessible to bush-
meat hunters. There is growing concern and accumulating
evidence to suggest that comparable processes are likely to drive
deforestation, forest fragmentation and biodiversity loss in the
Congo basin in the near future (Laurance et al., 2006a,b; Wilkie
et al., 2000; Zhang et al., 2006). Industrial-scale agricultural may
also play an important role (Butler and Laurance, 2008). West Afri-
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can forest landscapes are a potent reminder of what might happen
in Central Africa in the near future, but could also provide insights
to inform conservation and development decisions in Central Afri-
ca that may avoid comparable levels of forest loss and degradation.

Acknowledgements

We would all like to thank our institutions, colleagues and
funders for their support in preparing this paper. All authors pro-
vided editorial input into the paper; K.N. was co-ordinating lead
author; B.P. was lead author on the biodiversity section with input
from A.A. and B.C.; J.G. was lead author on the causes of forest loss
and degradation. Many thanks to Erle Ellis for producing Fig. 1.

References

Abalaka, ].I, Manu, S., 2007. Factors affecting forest bird diversity and recent
avifaunal changes in the degrading Kagoro-Nindam forest reserves, Kaduna,
Nigeria. Ostrich 78, 233-238.

Albrecht, A., Kandji, S.T., 2003. Carbon sequestration in tropical agroforestry
systems. Agriculture Ecosystems and Environment 99, 15-27.

Attua, E., 2003. Land cover change impacts on the abundance and composition of
flora in the Densu basin. West African Journal of Applied Ecology 4, 27-33.
Baselga, A., 2010. Partitioning the turnover and nestedness components of beta

diversity. Global Ecology and Biogeography.

Basset, Y., Missa, O., Alonso, A., Miller, S.E., Curletti, G., De Meyer, M., Eardley, C.,
Lewis, O.T., Mansell, M.\W., Novotny, V., Wagner, T., 2008a. Changes in
arthropod assemblages along a wide gradient of disturbance in Gabon.
Conservation Biology 22, 1552-1563.

Basset, Y., Missa, O., Alonso, A., Miller, S.E., Curletti, G., De Meyer, M., Eardley, C.L.,
Lewis, O.T., Mansell, M.W., Novotny, V., Wagner, T., 2008b. Choice of metrics for
studying arthropod responses to habitat disturbance: one example from Gabon.
Insect Conservation and Diversity 1, 55-66.

Beier, P., Van Drielen, M., Kankam, B.O., 2002. Avifaunal collapse in West African
forest fragments. Conservation Biology 16, 1097-1111.

Belshaw, R., Bolton, B., 1993. The effect of forest disturbance of the leaf-litter ant
fauna in Ghana. Biodiversity and Conservation 2, 656-666.

Bisseleua, D.H.B., Missoup, A., Vidal, S., 2009. Biodiversity conservation, ecosystem
functioning and economic incentives under cocoa agro-forestry intensification.
Conservation Biology.

Blankespoor, G.W., 1991. Slash-and-burn shifting agriculture and bird communities
in Liberia, West Africa. Biological Conservation 57, 41-71.

Bloemers, G.F., Hodda, M., Lambshead, P.].D., Lawton, J.H., Wanless, F.R., 1997. The
effects of forest disturbance on diversity of tropical soil nematodes. Oecologia
111, 575-582.

Bobo, K.S., Waltert, M., Fermon, H., Njokagbor, J., Muhlenberg, M., 2006a. From
forest to farmland: butterfly diversity and habitat associations along a gradient
of forest conversion in southwestern Cameroon. Journal of Insect Conservation
10, 29-42.

Bobo, K.S., Waltert, M., Sainge, N.M., Njokagbor, J., Fermon, H., Muhlenberg, M.,
2006b. From forest to farmland: species richness patterns of trees and
understorey plants along a gradient of forest conversion in southwestern
Cameroon. Biodiversity and Conservation 15, 4097-4117.

Bossart, J.L., Opuni-Frimpong, E., 2009. Distance from edge determines fruit-feeding
butterfly community diversity in afrotropical forest fragments. Environmental
Entomology 38, 43-52.

Bossart, J.L., Opuni-Frimpong, E. Kuudaar, S., Nkrumah, E., 2006. Richness,
abundance, and complementarity of fruit-feeding butterfly species in relict
sacred forests and forest reserves of Ghana. Biodiversity and Conservation 15,
333-359.

Bourdanne, D.K., 1997. Influence of human activities on the diplopod populations irt
the region of Abidjan, Ivory Coast. Entomologica Scandinavica, 245-249.

Butler, R.A., Laurance, W.F.,, 2008. New strategies for conserving tropical forests.
Trends in Ecology & Evolution 23, 469-472.

Carriere, S.M., Letourmy, P., McKey, D.B., 2002. Effects of remnant trees in fallows on
diversity and structure of forest regrowth in a slash-and-burn agricultural
system in southern Cameroon. Journal of Tropical Ecology 18, 375-396.

Chapman, H.M., Olson, S.M., Trumm, D., 2004. An assessment of changes in the
montane forests of Taraba State, Nigeria, over the past 30 years. Oryx 38, 282-
290.

Chomitz, K., Buys, P., de Luca, G., Thomas, T., Werner-Kanounnikoff, S., 2006. At
Loggerheads: Agricultural Expansion, Poverty Reduction and Environment in
Tropical Forests. World Bank, Washington DC.

Clark, CJ., Poulsen, J.R., Malonga, R., Elkan, P.W., 2009. Logging concessions can
extend the conservation estate for central African tropical forests. Conservation
Biology 23, 1281-1293.

Davis, A.L.V,, Philips, T.K., 2005. Effect of deforestation on a southwest Ghana dung
beetle assemblage (Coleoptera: Scarabaeidae) at the periphery of Ankasa
conservation area. Environmental Entomology 34, 1081-1088.

Deblauwe, 1., Dekoninck, W., 2007. Diversity and distribution of ground-dwelling
ants in a lowland rainforest in southeast Cameroon. Insectes Sociaux 54, 334-
342.

Decher, J., 1997. Conservation, small mammals, and the future of sacred groves in
West Africa. Biodiversity and Conservation 6, 1007-1026.

Demenou, A., 1997. La place de bois de feu dans un systeme agroforestier. CIFOR &
[ITA, Younde, Cameroon.

Dunn, R.R., 2000. Isolated trees as foci of diversity in active and fallow fields.
Biological Conservation 95, 317-321.

Eggleton, P., Bignell, D.E., Hauser, S., Dibog, L., Norgrove, L., Madong, B., 2002.
Termite diversity across an anthropogenic disturbance gradient in the humid
forest zone of West Africa. Agriculture Ecosystems and Environment 90, 189-
202.

Ellis, E.C., Ramankutty, N., 2008. Putting people in the map: anthropogenic biomes
of the world. Frontiers in Ecology and the Environment 6, 439-447.

Ernst, R., Rodel, M.O., 2005. Anthropogenically induced changes of predictability in
tropical anuran assemblages. Ecology 86, 3111-3118.

Ernst, R., Rodel, M.O., 2008. Patterns of community composition in two tropical
tree frog assemblages: separating spatial structure and environmental
effects in disturbed and undisturbed forests. Journal of Tropical Ecology
24, 111-120.

Fa, ].E., Currie, D., Meeuwig, J., 2003. Bushmeat and food security in the Congo Basin:
linkages between wildlife and people’s future. Environmental Conservation 30,
71-78.

Fairhead, ]., Leach, M., 1998. Reframing Deforestation. Routledge, London.

Fermon, H., Waltert, M., Larsen, T.B., Dall’Asta, U., Muehlenberg, M., 2000. Effects of
forest management on diversity and abundance of fruit-feeding nymphalid
butterflies in south-eastern Cote d’Ivoire. Journal of Insect Conservation 4, 173-
189.

Fisher, B., Turner, R.K., Morling, P., 2006. Defining and classifying ecosystem services
for decision making. In: Valuing Wild Nature Workshop. Norwich, England, pp.
643-653.

Fitzherbert, E.B., Struebig, M.J., Morel, A., Danielsen, F., Brulh, C.A., Donald, P.F.,
Phalan, B., 2008. How will oil palm expansion affect biodiversity? Trends in
Ecology & Evolution 23, 538-545.

Gardner, T.A., Barlow, J., Araujo, LS., Avila-Pires, T.C., Bonaldo, A.B., Costa, ]J.E.,
Esposito, M.C., Ferreira, L.\V., Hawes, ]., Hernandez, M.L.M., Hoogmoed, M.S.,
Leite, R.N., Lo-Man-Hung, N.F., Malcolm, J.R., Martins, M.B., Mestre, L.A.M.,
Miranda-Santos, R., Overal, W.L., Parry, L., Peters, S.L., Ribeiro, M.A., da Silva,
M.N.F,, Motta, C.D.S., Peres, C.A., 2008. The cost-effectiveness of biodiversity
surveys in tropical forests. Ecology Letters 11, 139-150.

Gardner, T.A., Barlow, J., Chazdon, R., Ewers, R.M., Harvey, C.A., Peres, C.A., Sodhi,
N.S., 2009. Prospects for tropical forest biodiversity in a human-modified world.
Ecology Letters 12, 561-582.

Green, RE., Cornell, SJ., Scharlemann, J.P.W., Balmford, A., 2005. Farming and the
fate of wild nature. Science 307, 550-555.

Hall, J.B., Okali, D.U.U., 1979. Structural and floristic analysis of woody fallow
vegetation near Ibadan, Nigeria. Journal of Ecology 67, 321.

Hall, J.S., Harris, D.J., Medjibe, V., Ashton, P.M.S., 2003. The effects of selective
logging on forest structure and tree species composition in a Central African
forest: implications for management of conservation areas. Forest Ecology and
Management 183, 249-264.

Hawthorne, W.D., 1993. Forest regeneration after logging: findings of a study in the
Bia South Game Production Reserve, Ghana. ODA Forestry Series.

Herve, B.D., Vidal, S., 2008. Plant biodiversity and vegetation structure in traditional
cocoa forest gardens in southern Cameroon under different management.
Biodiversity and Conservation 17, 1821-1835.

Hill, J.L., Curran, P.J., 2003. Area, shape and isolation of tropical forest fragments:
effects on tree species diversity and implications for conservation. Journal of
Biogeography 30, 1391-1403.

Hillers, A., Veith, M., Rodelt, M.O., 2008. Effects of forest fragmentation and habitat
degradation on West African leaf-litter frogs. Conservation Biology 22, 762-772.

Holbech, L.H., 2005. The implications of selective logging and forest fragmentation
for the conservation of avian diversity in evergreen forests of south-west Ghana.
Bird Conservation International 15, 27-52.

Holbech, L.H., 2009. The conservation importance of luxuriant tree plantations for
lower storey forest birds in south-west Ghana. Bird Conservation International
19, 1-22.

Holmgren, M., Poorter, L., 2007. Does a ruderal strategy dominate the endemic flora
of the West African forests? Journal of Biogeography 34, 1100-1111.

Kareiva, P., Watts, S., McDonald, R., Boucher, T., 2007. Domesticated nature: shaping
landscapes and ecosystems for human welfare. Science 316, 1866-1869.

Karr, J.R., 1976. Within-habitat and between-habitat avian diversity in African and
Neotropical lowland habitats. Ecological Monographs 46, 457-481.

Klein, A.M., Steffan-Dewenter, 1., Tscharntke, T., 2006. Rain forest promotes trophic
interactions and diversity of trap-nesting hymenoptera in adjacent
agroforestry. Journal of Animal Ecology 75, 315-323.

Kouame, F.N., Bongers, F., Poorter, L., Traore, D., 2004. Climbers and logging in the
Foret Classee du Haut-Sassandra, Cote-d’Ivoire. Forest Ecology and
Management 194, 259-268.

Lachat, T., Attignon, S., Djego, J., Goergen, G., Nagel, P., Sinsin, B., Peveling, R., 2006a.
Arthropod diversity in Lama Forest reserve (South Benin), a mosaic of natural,
degraded and plantation forests. Biodiversity and Conservation 15, 3-23.

Lachat, T., Nagel, P., Cakpo, Y., Attignon, S., Goergen, G., Sinsin, B., Peveling, R.,
2006b. Dead wood and saproxylic beetle assemblages in a semi-deciduous
forest in southern Benin. Forest Ecology and Management 225, 27-38.



2350 K. Norris et al./Biological Conservation 143 (2010) 2341-2350

Lachat, T., Peveling, R., Atignon, S., Goergen, G., Sinsin, B., Nagel, P., 2007. Saproxylic
beetle assemblages on native and exotic snags in a West African tropical forest.
African Entomology 15, 13-24.

Laporte, N.T., Stabach, J.A., Grosch, R, Lin, T.S., Goetz, S.J., 2007. Expansion of
industrial logging in Central Africa. Science 316, 1451.

Larsen, T.B., 2008. Forest butterflies in West Africa have resisted extinction so far
(Lepidoptera: Papilionoidea and Hesperioidea). Biodiversity and Conservation
17, 2833-2847.

Laurance, W.F.,, Alonso, A., Lee, M., Campbell, P., 2006a. Challenges for forest
conservation in Gabon, central Africa. Futures 38, 454-470.

Laurance, W.F.,, Croes, B.M., Tchignoumba, L., Lahm, S.A., Alonso, A., Lee, M.E,,
Campbell, P., Ondzeano, C., 2006b. Impacts of roads and hunting on central
African rainforest mammals. Conservation Biology 20, 1251-1261.

Lawton, J.H., Bignell, D.E., Bolton, B., Bloemers, G.F., Eggleton, P., Hammond, P.M.,
Hodda, M., Holt, R.D., Larsen, T.B., Mawdsley, N.A., Stork, N.E., Srivastava, D.S.,
Watt, A.D., 1998. Biodiversity inventories, indicator taxa and effects of habitat
modification in tropical forest. Nature 391, 72-76.

Lewis, S.L., Lopez-Gonzalez, G., Sonke, B., Affum-Baffoe, K., Baker, T.R., Ojo, L.O.,
Phillips, O.L., Reitsma, .M., White, L., Comiskey, J.A., Djuikouo, M.N., Ewango,
C.E.N,, Feldpausch, T.R., Hamilton, A.C., Gloor, M., Hart, T., Hladik, A., Lloyd, ]J.,
Lovett, ].C., Makana, J.R., Malhi, Y., Mbago, F.M., Ndangalasi, H.J., Peacock, ]., Peh,
K.S.H., Sheil, D., Sunderland, T., Swaine, M.D., Taplin, ]., Taylor, D., Thomas, S.C.,
Votere, R., Woll, H., 2009. Increasing carbon storage in intact African tropical
forests. Nature 457. 1003-U1003.

Loumeto, ]J., Huttel, C., 1997. Understory vegetation in fast-growing tree
plantations on savanna soils in Congo. Forest Ecology and Management 99,
65-81.

Makana, J.R.,, Thomas, S.C., 2006. Impacts of selective logging and agricultural
clearing on forest structure, floristic composition and diversity, and timber tree
regeneration in the Ituri Forest, Democratic Republic of Congo. Biodiversity and
Conservation 15, 1375-1397.

Malcolm, J.R., Ray, J.C., 2000. Influence of timber extraction routes on central African
small-mammal communities, forest structure, and tree diversity. Conservation
Biology 14, 1623-1638.

Manu, S., Peach, W., Cresswell, W., 2007. The effects of edge, fragment size and
degree of isolation on avian species richness in highly fragmented forest in
West Africa. Ibis 149, 287-297.

Mattison, E.H.A., Norris, K., 2005. Bridging the gaps between agricultural policy,
land-use and biodiversity. Trends in Ecology & Evolution 20, 610-616.

Mayaux, P., Bartholomé, E., Massart, M., Van Cutsem, C., Cabral, A., Nonguierma,
A., Diallo, 0., Pretorius, C., Thompson, M., Cherlet, M.M., Pekel, ].-F., Defourny,
P., Vasconcelos, M., Di Gregorio, A., Fritz, S., De Grandi, G., Elvidge, C., Vogt, P.,
Belward, A., 2003. A Land Cover Map of Africa. European Commission,
Brussels.

Michalski, F., Peres, C.A., Lake, L.R., 2008. Deforestation dynamics in a fragmented
region of southern Amazonia: evaluation and future scenarios. Environmental
Conservation 35, 93-103.

Naidoo, R., Balmford, A., Costanza, R., Fisher, B., Green, R.E., Lehner, B., Malcolm, T.R.,
Ricketts, T.H., 2006. Global mapping of ecosystem services and conservation
priorities. In: Valuing Wild Nature Workshop. Norwich, England, pp. 9495-
9500.

Ndoutoume-Ndong, A., Mikissa, B., 2007. Impact of the ant Wasmannia
auropunctata (Roger 1863) (Hymenoptera: Formicidae) on the other ants
species in the Lope Nature reserve (central Gabon). Annales De La Societe
Entomologique De France 43, 155-158.

Norris, K., 2008. Agriculture and biodiversity - opportunity knocks. Conservation
Letters 1, 2-11.

Oates, J.F., Abedi-Lartey, M., McGraw, W.S., Struhsaker, T.T., Whitesides, G.H., 2000.
Extinction of a West African red colobus monkey. Conservation Biology 14,
1526-1532.

Ojo, L.O., OlaAdams, B.A., 1996. Measurement of tree diversity in the Nigerian
rainforest. Biodiversity and Conservation 5, 1253-1270.

Oke, D.O., Odebiyi, K.A., 2007. Traditional cocoa-based agroforestry and forest
species conservation in Ondo State, Nigeria. Agriculture Ecosystems and
Environment 122, 305-311.

Onyekwelu, J.C., Mosandl, R., Stimm, B., 2008. Tree species diversity and soil status
of primary and degraded tropical rainforest ecosystems in south-western
Nigeria. Journal of Tropical Forest Science 20, 193-204.

Perfecto, 1., Vandermeer, J., Mas, A., Pinto, L.S., 2005. Biodiversity, yield, and shade
coffee certification. Ecological Economics 54, 435-446.

Poorter, L., Hawthorne, W., Bongers, F., Sheil, D., 2008. Maximum size distributions
in tropical forest communities: relationships with rainfall and disturbance.
Journal of Ecology 96, 495-504.

Porembski, S., Biedinger, N., 2001. Epiphytic ferns for sale: Influence of commercial
plant collection on the frequency of Platycerium stemaria (Polypodiaceae) in
coconut plantations on the southeastern Ivory Coast. Plant Biology 3, 72-76.

Ricketts, T.H., 2004. Tropical forest fragments enhance pollinator activity in nearby
coffee crops. Conservation Biology 18, 1262-1271.

Ruf, F., 2001. Tree crops as deforestation and reforestation agents: the case of cocoa
in Cote d'Ivoire and Sulawesi. In: Angelsen, A., Kaimowitz, D. (Eds.), Agricultural
Technologies and Tropical Deforestation. CABI, Wallingford, UK.

Sonwa, D.J., Nkongmeneck, B.A., Weise, S.F., Tchatat, M., Adesina, A.A., Janssens,
M.J.J., 2007. Diversity of plants in cocoa agroforests in the humid forest zone of
southern Cameroon. Biodiversity and Conservation 16, 2385-2400.

Steffan-Dewenter, 1., Kessler, M., Barkmann, J., Bos, M.M., Buchori, D., Erasmi, S.,
Faust, H., Gerold, G., Glenk, K., Gradstein, S.R., Guhardja, E., Harteveld, M.,
Herteld, D., Hohn, P., Kappas, M., Kohler, S., Leuschner, C., Maertens, M.,
Marggraf, R., Migge-Kleian, S., Mogea, ]., Pitopang, R., Schaefer, M., Schwarze, S.,
Sporn, S.G., Steingrebe, A., Tjitrosoedirdjo, S.S., Tjitrosoemito, S., Twele, A.,
Weber, R., Woltmann, L., Zeller, M., Tscharntke, T., 2007. Tradeoffs between
income, biodiversity, and ecosystem functioning during tropical rainforest
conversion and agroforestry intensification. In: Proceedings of the National
Academy of Sciences of the United States of America, vol. 104, pp. 4973-4978.

Stork, N.E., Srivastava, D.S., Watt, A.D., Larsen, T.B., 2003. Butterfly diversity and
silvicultural practice in lowland rainforests of Cameroon. Biodiversity and
Conservation 12, 387-410.

Swaine, M.D., Agyeman, V.K., 2008. Enhanced tree recruitment following logging in
two forest reserves in Ghana. Biotropica 40, 370-374.

Tallis, H.M., Kareiva, P., 2006. Shaping global environmental decisions using socio-
ecological models. Trends in Ecology & Evolution 21, 562-568.

van Gemerden, B.S., OIff, H., Parren, M.P.E., Bongers, F., 2003. The pristine rain
forest? Remnants of historical human impacts on current tree species
composition and diversity. Journal of Biogeography 30, 1381-1390.

Walker, K.L., 2006. Impact of the little fire ant, Wasmannia auropunctata, on native
forest ants in Gabon. Biotropica 38, 666-673.

Waltert, M., Bobo, K.S., Sainge, N.M., Fermon, H., Muhlenberg, M., 2005. From forest
to farmland: habitat effects on afrotropical forest bird diversity. Ecological
Applications 15, 1351-1366.

Watt, A.D., Stork, N.E., Bolton, B., 2002. The diversity and abundance of ants in
relation to forest disturbance and plantation establishment in southern
Cameroon. Journal of Applied Ecology 39, 18-30.

White, LJ.T., Oates, J.F.,, 1999. New data on the history of the plateau forest of
Okomu, southern Nigeria: an insight into how human disturbance has shaped
the African rain forest. Global Ecology and Biogeography 8, 355-361.

Wilkie, D., Shaw, E., Rotberg, F., Morelli, G., Auzel, P., 2000. Roads, development, and
conservation in the Congo basin. Conservation Biology 14, 1614-1622.

Yanoviak, S.P., Fisher, B.L., Alonso, A., 2008. Arboreal ant diversity (Hymenoptera:
Formicidae) in a central African forest. African Journal of Ecology 46, 60-66.

Zapfack, L., Engwald, S., Sonke, B., Achoundong, G., Madong, B.A., 2002. The impact
of land conversion on plant biodiversity in the forest zone of Cameroon.
Biodiversity and Conservation 11, 2047-2061.

Zhang, Q.F,, Justice, C.0., Jiang, M.X., Brunner, J., Wilkie, D.S., 2006. A gis-based
assessment on the vulnerability and future extent of the tropical forests of the
Congo Basin. Environmental Monitoring and Assessment 114, 107-121.



