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Abstract
The future of tropical forests under global environmental change is uncertain, with biodiversity and carbon

stocks at risk if precipitation regimes alter. Here, we assess changes in plant functional composition and

biomass in 19 plots from a variety of forest types during two decades of long-term drought in Ghana. We

find a consistent increase in dry forest, deciduous, canopy species with intermediate light demand and a

concomitant decrease in wet forest, evergreen, sub-canopy and shade-tolerant species. These changes in

composition are accompanied by an increase in above-ground biomass. Our results indicate that by altering

composition in favour of drought-tolerant species, the biomass stocks of these forests may be more resil-

ient to longer term drought than short-term studies of severe individual droughts suggest.
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INTRODUCTION

The risk of longer or more intense drought is one of the most per-

vasive threats faced by tropical forests (Laurance & Peres 2006;

Lewis 2006). Although future climate projections are uncertain, par-

ticularly with regard to West Africa (Christensen et al. 2007), many

IPCC-AR4 models predict reduced precipitation and long-term soil

moisture droughts in some tropical and sub-tropical areas (Sheffield

& Wood 2008). Many forests may therefore be exposed to

increased drought intensity, frequency or longevity. However, few

studies have assessed the response of tropical forests to longer term

drought. Here, we assess the effect of a decadal-scale drought on

the composition and structure of Ghanaian forests.

The effects of long-term reductions in rainfall are more complex

than the impact of short-term droughts, as patterns of mortality

and recruitment may cause a shift in community composition over

time. For example, studies of two large plots in Central America

demonstrated that floristic composition altered to favour deciduous,

compound-leaved, canopy species with high wood density over a

time period which included an episode of low rainfall (Condit et al.

1996; Condit 1998; Enquist & Enquist 2011; Feeley et al. 2011).

Key questions are whether such changes in composition are

observed over larger spatial scales, and how they relate to changes

in overall ecosystem function: if community composition shifts in

favour of drought-tolerant species, forest carbon stocks may be

more resilient to long-term drought than suggested by short-term

studies of single, extreme droughts (Molen et al. 2011).

Monitoring forests over long periods that include droughts may

be the only practical way to address these questions. Widespread

networks of small plots have been effective in demonstrating con-

sistent changes to tropical forest dynamics and structure across mul-

tiple sites (e.g. Lewis et al. 2009a,b; Phillips et al. 2009a). If these

plots suffer a drying trend, they can be used to examine how forest

composition and structure change in response to a long-term reduc-

tion in rainfall.

The results of monitoring can, however, be difficult to interpret,

as many factors may influence the dynamics of the system. In order

to assess whether drought is the dominant process affecting the

composition of tropical forests, it is necessary to consider other

drivers of change, such as anthropogenic disturbance or other fac-

tors that may influence forest structure and composition. This can

be achieved by comparing changes in the functional composition of

communities to the changes that would be expected given different

drivers (e.g. Parmesan & Yohe 2003; Lewis et al. 2009b). For exam-

ple, if disturbances occurred during the monitoring period,

increased light penetration would lead to an increase in the occur-

rence of pioneer species with low wood density (e.g. Verburg &

Eijk-Bos 2003) and a decrease in the occurrence of shade-tolerant

species (e.g. Kariuki et al. 2006). In contrast, if the forests under

study were recovering from disturbances that occurred before moni-

toring began, high wood density, shade-tolerant trees would be

expected to increase (e.g. Chave et al. 2008). Observations from plot

networks have shown that many old growth tropical forests have

increased in biomass in recent decades (Baker et al. 2004a; Lewis

et al. 2009a). Increased atmospheric CO2, fallout of nutrients from

biomass burning or Saharan dust, and changes in solar radiation

have all been suggested as possible causes (Chave et al. 2008; Lewis

et al. 2009b). Such increased resource availability has been hypothes-
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ised to affect species composition by favouring faster growing, can-

opy species that can capitalise on such resource increases (Laurance

et al. 2004). In contrast, multi-decadal drought is likely to result in

an increase in deciduous species that are associated with drier-forest

types (Enquist & Enquist 2011; Feeley et al. 2011). Drought, current

disturbance, past disturbance and increased resource availability are

therefore predicted to have different effects on the functional com-

position of forests (Lewis et al. 2009b). By investigating changes in

the functional composition of a network of forest plots undergoing

drought, we aim to assess whether the reduction in rainfall is the

major driver of change in this system.

Monitoring the long-term effects of drought requires a forest

region that has experienced a decrease in precipitation, a long-term

phytodemographic data set, and extensive ecological knowledge of

the species. Ghanaian forests have these characteristics. West Africa

has experienced drought since the 1970s (Dai 2011), perhaps linked

to increasing sea surface temperatures (Shanahan et al. 2009; Dai

2011). In the forest zone of Ghana, there has been a step-change in

mean annual precipitation: annual rainfall in Kumasi, located within

the forest zone, shows a reduction of c. 250 mm for the period

1980–2000 compared with 1950–1970 (Owusu & Waylen 2009). In

addition, the forest reserves of Ghana contain 600 one-ha perma-

nent sample plots established in the early 1990s (Affum-Baffoe

1996). By continuing to sample a subset of these plots and using an

extensive trait data for Ghanaian forest species (Hall & Swaine

1981; Hawthorne 1995), it is possible to assess two decades of spe-

cies dynamics in a variety of forest types during an extended

drought. Our results show that drought, rather than disturbance or

increased resource availability, is most consistent with recent

changes in the floristic and functional composition of these forests,

and that this trend has been associated with an increase in above-

ground biomass during the study period.

MATERIAL AND METHODS

Study sites

Data were collected from a network of 19 long-term permanent

sample plots of 0.52–1 ha in size from ten forest reserves located

within wet evergreen, moist evergreen and moist semi-deciduous

forest types in Ghana (Table 1, Fig. 2b). Plots were established by

the Forestry Commission of Ghana (FCG) during the early 1990s

in unlogged forests and were re-censused between 2007 and 2010.

Most plots remained undisturbed during the study period. However,

in eight plots some subplots (covering 0.04–0.48 ha per plot) had

been affected by tree felling; these subplots were removed from the

data set. All plots were located at least 150 m from the nearest for-

est edge, with the majority � 1 km within a reserve (Table 1); frag-

mentation effects on forest dynamics are greatest within 100 m of

the forest edge (Laurance et al. 1998) and therefore should not

influence our results. None of the plots included in the study were

known to have been burnt, and at each site this was confirmed by

examination of tree bases for evidence of fire scars. Although the

precise long-term disturbance history of these plots is unknown,

they all occur in old growth forest reserves, the majority of which

were designated before 1940 (with the exceptions of Cape Three

Points and Dadieso, which were established in 1950 and 1977,

respectively). Data from two plots separated on the basis of soil

type in other recent studies were combined to keep plot size as

consistent as possible (see Appendix S1, Supporting Information).

These plots form part of the African Tropical Forest Observation

Network (AfriTRON), and are stored in the ForestPlots.net data

repository (Lopez-Gonzalez et al. 2011a).

In order to examine compositional changes since the onset of the

drought (c. 1970), we also used data from two long-established one ha

permanent sample plots at the University of Ghana Kade Agricultural

Research Station (Swaine et al. 1987), where many censuses were com-

pleted between 1968 and 2010. The Kade data set was analysed sepa-

rately for three reasons: first, to make use of the multiple censuses

associated with these plots, second, because this data set extends to

the beginning of the drought period and third, because the plots are

located in a 12.4 km2 fragment adjacent to a Forestry Commission

reserve; the Kade plots have therefore been subject to higher anthro-

pogenic disturbance than those in the plots in the main analysis.

Precipitation trends

Using the WorldClim data set, recent long-term annual precipitation

for each plot ranges from 1288 to 1928 mm (Hijmans et al. 2005;

Fig. 2b). Rainfall is highest along the southwest coast and decreases

inland. The rainfall pattern is bimodal; the main dry season (months

<100 mm precipitation) begins in November or December and ends

in February, with an additional dry month in all sites in August.

We evaluated the long-term change in precipitation since the early

20th century using the Climate Research Unit (CRU) 1901–2006
TS 3.0 data set (Mitchell & Jones 2005). To assess the accuracy of

this global data set for Ghanaian forests, we compared it to

monthly data from four weather stations within the forest zone:

Axim (data available for years 1961–2007), Kumasi (1961–2007) and
Sunyani (1970–2007) from the Ghana Meteorological Agency, and

Kade (1980–2009) from the University of Ghana. Correlations of

monthly precipitation between the weather stations and CRU data

sets were high (Axim: r = 0.802, Kumasi: r = 0.797, Sunyani:

r = 0.771, Kade: r = 0.630), but wet season precipitation was under-

estimated by CRU, especially for Axim which is located on the very

wet southern coast. The CRU data were therefore used only to

assess temporal trends, rather than spatial patterns, in rainfall.

In all 10, 0.5 degree CRU grid cells containing the study sites,

annual precipitation was significantly higher for years pre-1970 than

post-1970 (Table S1), decreasing by 165 mm when averaged across

all 10 grid cells. This value is lower than the reduction of 250 mm

presented by Owusu & Waylen (2009). The calculations, however,

are not directly comparable as Owusu & Waylen (2009) calculated

their value for a different time period (excluding data from 1970 to

1980) and for a single location (Kumasi). The annual rainfall anom-

aly (averaged across all grid cells containing study sites) from the

1901–2006 mean clearly shows reduced rainfall after 1970 (Fig. 1).

This decrease occurs all year round, with a higher absolute reduc-

tion during the wet season, but a proportionally higher reduction

during the main dry season (22.8% reduction compared with aver-

age pre-1970 dry season precipitation, compared with a 10.2%

reduction during the wet season). All sites experienced similar pro-

portional reductions in precipitation.

Measurements

Initial plot set-up and measurements were performed following Alder

& Synnott (1992) and re-measurements followed similar standard
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protocols (Lewis et al. 2009a; Phillips et al. 2009b). Each stem

� 10 cm D (diameter at breast height; 1.3 m or above buttresses)

was given a metal reference tag, and D and species identity were

recorded. Of 10 224 recorded stems, 97.3% of trees were identified

to species-level, 2.04% to genus-level only, 0.03% to family-level only

and 0.58% were unidentified. Identification was carried out by

employees of FCG for the initial census and by K.P. Duah and Y.

Nkrumah (FCG), supplemented by J. Dabo of the Forestry Research

Institute of Ghana (FORIG) and the use of the FORIG herbarium

for the recent census. Species names follow Hawthorne (1995) and

were checked against the African Plant Database (CJB & SANBI

2011).

Functional trait data set

We collated data on species’ habitat preferences, wood density, leaf

phenology, adult canopy position and successional status. Habitat

score was based on a detrended correspondence analysis (DCA,

with rare species down-weighted) of an extensive independent data

set on 1550 vascular plant species found in 155, 0.0625 ha plots

(Hall & Swaine 1976, 1981) and 552 inventory lists (Hawthorne &

Abu Juam 1995) from across the forest zone of Ghana. The first

axis of this ordination (eigenvalue = 0.36, gradient length = 4.38,

total inertia = 6.68) shows a clear relationship with the wet to dry

gradient across the forest zone (t = �37.6, d.f. = 701, r = �0.82,

P < 0.0001, Pearson’s correlation; Fig. S1). Soil fertility covaries

with rainfall due to a long history of leaching under higher precipi-

tation regimes. However, overall the first axis scores are more

strongly correlated with rainfall than soil fertility (see Swaine 1996

for further details). The value for each species along this axis was

used as the habitat score for that species, with higher numbers

referring to drier-forest species. The full range of species scores

from the original ordination was �259 to 687, and for species

included in the plot network the range was �166 to 503. A habitat

score was available for 97.1% of species and 99.1% of stems.

Wood density, ρ, was taken from the ForestPlots.net database

(Zanne et al. 2009; Lopez-Gonzalez et al. 2011a,b), assigned to stems

at species level where possible, or given the genus- or family-level

mean as appropriate (Baker et al. 2004b; Flores & Coomes 2011).

Species-, genus- and family-level values were used for 65.4, 23.5 and

8.3% of stems, respectively; in total, 97.2% of stems were allocated a

wood density value. Data on leaf phenology, adult canopy position

and successional guild were collated from Hawthorne (1995), Hall &

Swaine (1981) and Poorter et al. (2004). Leaf phenology was classi-

fied as deciduous or evergreen (classification possible for 78.2% of

species and 91.8% of stems). Where deciduousness was ambiguous

(for instance where a species was stated as ‘sometimes deciduous’), it

was classified as deciduous (17 species). Adult tree canopy position

was classified as understorey (<10 m), sub-canopy (10–30 m) or can-

opy (>30 m) (classification possible for 92.2% of species and 97.8%

of stems). Successional guilds were defined as pioneer (unable to

establish in closed forest shade), shade-tolerant (able to establish in

closed forest shade) or non-pioneer light demander (NPLD – seed-

lings are present in the shaded understorey but require higher light

environments to reach adult size) following Hawthorne (1995) (clas-

sification possible for 91.5% of species and 97.4% of stems).

Changes in biomass

To investigate changes in biomass stocks, annualised rates of biomass

change were calculated using the moist forest allometric equation

based on diameter and species wood density from Chave et al. (2005):
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Figure 2 Location of plots and biomass changes. (a) Histogram of annual rates

of above-ground biomass change (Mg ha�1 yr�1). (b) Mean annual precipitation

(mm) of southern Ghana from WorldClim (Hijmans et al. 2005) with plot

locations (approximate) and annual rates above-ground biomass changes (arrows,

size determines rate of biomass change, direction increasing or decreasing

biomass, Mg ha�1 yr�1), dashed line shows approximate edge of the forest zone.

© 2012 Blackwell Publishing Ltd/CNRS

Letter Drought-induced floristic shifts in Ghana 1123



Aboveground biomass ¼ q� expf�1:499þ 2:148lnðDÞ
þ 0:207½lnðDÞ�2 � 0:0281½lnðDÞ�3g

to calculate biomass at each census. Of the tropical biomass equa-

tions available, the Chave et al. (2005) moist forest equation was

most suitable; further justification and methods to calculate biomass

change are provided in Appendix S1.

Plot-level trait shifts

To assess changes over time in the plot-level trait values, we used

a similar bootstrapping method to Feeley et al. (2011). This method

involved three steps: calculating plot-level trait values for each plot

at each census, calculating the rate of change in each trait for each

plot and finally determining if the mean rate of change across all

plots was significantly different from zero. First, for each continu-

ous trait (habitat score, wood density) the plot-level trait score, xj,

for each census, j, was calculated as xj ¼ Rs
i¼1 pi � qi where S is

the total number of species in the plot, pi is the abundance of spe-

cies i (based on stems or biomass) and qi is the trait score of spe-

cies i. For categorical variables (leaf phenology, adult canopy

position and guild), xj was simply calculated as the percentage of

stems or biomass in each category. For example, for successional

guild, the percentage of pioneers was calculated, followed by the

percentage of non-pioneer light demanders and then the percent-

age of shade-tolerant. Thus, each category was treated separately.

Species with a missing trait value were excluded from the analysis

of that trait. Second, the annual rate of change of each trait was

calculated as (x2�x1)/t, where x1 is the initial plot-level trait score,

x2 is the final plot-level trait score and t is the census interval

(years). Third, to test if the mean rate of change of a trait across

the 19 sampled plots was significantly different from zero, we ran-

domly selected, with replacement, 19 plots 5000 times, and calcu-

lated the mean rate of change of the trait, weighted linearly by

plot size (Appendix S1), for each bootstrap. If the 95% confidence

intervals (CI) from the distribution derived from the bootstrapped

data (125 and 4875th ranked mean rate of change) did not overlap

zero, we considered that the change in that trait was significant (at

the P < 0.05 level). For categorical variables, the method was per-

formed twice, the second time using change in absolute numbers

of stems or biomass in each category rather than change in per-

centage.

We also assessed which species significantly increased or

decreased in abundance across the plot network to assess whether

species that showed similar changes in abundance also shared simi-

lar functional traits (Appendix S1).

RESULTS

Changes in forest structure

Above-ground live biomass of plots increased significantly during

the census interval (mean interval 17.1 years; Fig. 2, Table S2) with

a plot-size weighted mean increase of 1.78 Mg dry mass ha�1 yr�1

(bootstrapped 95% CI = 1.09–2.48). Basal area also increased signif-

icantly during the census interval (Table S2) with a plot-size

weighted mean increase of 0.12 m2 ha�1 yr�1 (bootstrapped 95%

CI = 0.063–0.18). Changes in stem density differed markedly among

plots and did not change significantly overall (plot-size weighted

mean 0.032 stems ha�1 yr�1, bootstrapped 95% CI = �1.81–1.49,
Table S2). The increase in biomass observed is therefore likely due

to the increase in basal area.

Plot-level trait shifts

Community composition shifted in favour of drought-tolerant,

deciduous, non-pioneer light demanding species. On a stem basis

and using change in percentage for the categorical variables (Fig. 3,

Table S3), plot mean habitat score increased significantly (with

higher scores reflecting drier species composition) during the study

period (0.387 units yr�1, 95% CI = 0.203–0.565), as did the per-

centage of deciduous trees (0.108 pp yr�1, 95% CI = 0.031–0.197,
pp is percentage point) and the percentage of non-pioneer light

demanders (0.113 pp yr�1, 95% CI = 0.038–0.189). The percentage

of shade-tolerant trees significantly decreased (�0.141 pp yr�1, 95%

CI = �0.247 to �0.045). The percentage of canopy and sub-canopy

trees did not change significantly. Based on absolute rates of stem

change, deciduous trees significantly increased but changes in suc-

cessional guild and canopy position were not significant (Table S3).

On a biomass basis and using change in percentage for the cate-

gorical variables (Table S4), patterns were similar to those based on

stems. Significant increases were found for habitat score (0.429

units yr�1, 95% CI = 0.067–0.770), percentage of deciduous trees

(0.120 pp yr�1, 95% CI = 0.025–0.223), percentage of NPLDs

(0.206 pp yr�1, 95% CI = 0.100–0.318) and percentage of canopy

trees (0.190 pp yr�1, 95% CI = 0.095–0.290). Shade-tolerant

(�0.138 pp yr�1, 95% CI = �0.262 to �0.022) and sub-canopy

trees (�0.153 pp yr�1, 95% CI = �0.230 to �0.079) significantly

decreased. Based on absolute biomass, increases in deciduous trees,

NPLDs and canopy trees were significant but other changes were

not.

In all stem and biomass analyses, changes in wood density, pio-

neer and understorey trees were not significant.

Species significantly increasing in abundance and species signifi-

cantly decreasing in abundance showed significant differences in

traits, with the increasing species group comprised of significantly

more deciduous, NPLD, canopy species than the decreasing species

group (Appendix S1).

Trait shifts at Kade

The data set spanning 1968–2010 of two, one ha plots showed very

similar shifts in species composition to the plot network (Fig. 4).

Most functional traits showed significant changes over time. Habitat

score, percentage of deciduous, NPLD (KAD-01 only) and canopy

trees increased, whilst the percentage of shade-tolerant and sub-can-

opy trees decreased (P < 0.003, r2 = 0.606–0.979, Fig. 4). However,

in contrast to the plot network, understorey trees significantly

increased over time in KAD-01 (but not KAD-02). Pioneer trees

and wood density, which showed no significant change in the plot

network, significantly increased and decreased, respectively, in both

Kade plots.

DISCUSSION

This is the first report from tropical forests of concerted species

compositional shifts in response to drought across a range of sites

and habitat types. Over the past two decades, species composition
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in Ghanaian forests has shifted to favour deciduous, drier-forest

affiliated, canopy species with intermediate light requirements, over

wetter-forest affiliated, evergreen, shade-tolerant, sub-canopy spe-

cies. This suggests that changes to the rainfall regime are impor-

tant in structuring these communities. In addition, the long-term

data set at Kade provides evidence that these functional changes

have been occurring since the onset of the West African drought.

Are widespread compositional changes likely to be caused by

drought or other drivers?

We need to carefully assess the multiple drivers that may have led

to the significant directional shifts in forest composition that we

observed. For example, we hypothesised that disturbance during the

study period would increase the abundance of pioneer and reduce

the abundance of shade-tolerant species, while recovery from distur-

bance prior to monitoring would lead to an increase in shade-

tolerant and a reduction in pioneer species (Chave et al. 2008).

However, although we found a reduction in shade-tolerant species,

there was no change in the abundance of pioneer species, suggest-

ing that neither current disturbance patterns nor recovery from past

disturbance are the dominant drivers of compositional change in

this data set. A second potential explanation is related to increased

resource availability, which has been hypothesised to favour fast

growing, canopy species (Laurance et al. 2004). In our data set, can-

opy species did increase in abundance but there was no trend in

mean wood density, a proxy for diameter growth rate (King et al.

2006). These patterns are partially consistent with this hypothesis,

as is the overall rise in above-ground biomass, suggesting that

increased resource availability may be having a detectable effect on

functional composition. Finally, we hypothesised that the drought

would lead to an increase in both deciduous species and species

associated with drier-forest types. Both of these patterns were

found within our data set (Fig. 3). Overall, considering the consis-

tent trends in habitat score and deciduous species found across the

plot network, drought, rather than disturbance or resource availabil-

ity, appears to have been the dominant driver of compositional

change. Furthermore, the case for drought as the driving force of

changes in functional traits during the census period is supported

by the finding that the traits that increased or decreased over time
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reflect the changes that occur spatially from wetter to drier forests

(Appendix S2). For example, habitat score and the abundance of

canopy trees increase in drier sites, whilst shade-tolerant and sub-

canopy trees increase in wetter sites (Appendix S2).

Despite these broad trends in compositional change across the

plot network, some individual plots show patterns which reflect the

importance of other drivers at smaller scales. For instance, DAD-03

exhibits a large increase in the percentage of pioneer trees

(0.54 pp yr�1) and reductions in biomass and stem density (Tables

S2–4). These result from a strong disturbance during the census

period. Surveying the site, it was considered that the most likely

cause of disturbance was an anomalous flood (S. L. Lewis, pers.

obs.). The plot also shows large increases in drought-tolerant trees,

with an increase in habitat score and one of the largest increases in

the percentage of deciduous trees (0.54 pp yr�1). One explanation

may be that the mortality event has allowed the changes seen in the

other plots to be accelerated, as a greater proportion of trees in

DAD-03 were replaced in the 20-year study period.

Longer term change at Kade

The 40-year data set from Kade shows very similar results to the

plot network: habitat score, deciduous trees, NPLDs and canopy

trees all increased, with a concurrent reduction in shade-tolerant

and sub-canopy trees (Fig. 4). These changes occurred consistently

over time, suggesting that the shifts seen since 1990 across the plot

network have been ongoing since the onset of the West African

drought and steadily continued throughout the census period to

2010. Pioneer species significantly increased and mean wood density

significantly decreased over time suggesting that the Kade plots
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have experienced more disturbance than the majority of sites in the

plot network. This trend is likely to be due to the small fragment

size and possibly higher anthropogenic pressure on the Kade forest.

In contrast to the plot network, understorey trees also increased

over time in KAD-01. This is due to two tree species, Diospyros

canaliculata and Microdesmis puberula, increasing in abundance. Other

understory species remained rare or decreased throughout the study

period. These two species have relatively high habitat scores, above

the 70th percentile of all shade-tolerant species present in the plot.

It is possible that the high drought-tolerance of these particular spe-

cies may be allowing them to increase in abundance at this site.

Effects of long-term and short-term drought

The results presented here and from other long-term drought studies

differ from those focusing solely on short-term, extreme droughts.

Many studies of the impact of short-term droughts on mortality, typi-

cally linked to El Niño Southern Oscillation (ENSO) events, find that

large trees suffer greater mortality than small understorey trees (Con-

dit et al. 1995; Nieuwstadt & Sheil 2005; Phillips et al. 2010). In addi-

tion, results from throughfall exclusion (TFE) experiments have also

reported increased mortality of large trees (Nepstad et al. 2007; da

Costa et al. 2010). In contrast, this study and those from Panama

(Condit et al. 1996; Feeley et al. 2011) and Costa Rica (Enquist & En-

quist 2011) show an increase in abundance of canopy trees and often

a decrease in small trees. One explanation for this may lie in the types

of drought that these studies cover. In TFE experiments, 50% of rain-

fall may be excluded (Nepstad et al. 2007; da Costa et al. 2010) and

ENSO events characteristically reduce pan-tropical rainfall by approx-

imately 30% (Malhi & Wright 2004 p. 321) and often with much

greater reductions at individual sites. Long-term droughts, however,

can be more complex, with long-term reductions in precipitation

which may or may not also be punctuated by stronger drought events.

For example, the average decrease in annual rainfall in this study is

11%, with some years experiencing especially low rainfall (Fig. 1).

Precipitation at the site studied by Enquist & Enquist (2011) gradually

decreased over the 20th century and included nine years of extremely

low rainfall during the census period. At the study site in Panama,

annual precipitation declined by 11% from 1965 to 1996 compared

with pre-1965 precipitation (Condit et al. 1996), with a particularly

strong drought during the 1982/83 ENSO event which the forest

may still be responding to (Feeley et al. 2011). Although, over

extended time periods drought strength is likely to vary, rainfall

declines in the long-term data sets are usually weaker than those in

short-term studies of individual extreme natural or experimental

droughts. Increased mortality of large trees may occur when soil water

levels fall below a critical threshold (Nepstad et al. 2007) due to the

high transpiration demand of canopy trees and the distance over

which water must be transported (da Costa et al. 2010), resulting in

hydraulic failure (Phillips et al. 2010). Smaller trees might be suscepti-

ble to drought-induced mortality at less severe reductions in soil water

than canopy trees, possibly due to the higher likelihood of carbon

starvation in a low light environment, or their shorter rooting depths

(Condit et al. 1996). Longer term but less extreme droughts may result

in weaker soil water deficits, sufficient to affect small trees but not

reaching the threshold at which canopy trees face physiological diffi-

culties. Consistent with this, Phillips et al. (2010) found that the rela-

tive risk of mortality for large trees was lower where droughts were

less severe.

Recent evidence shows that intact tropical forests have increased

in biomass over decadal timescales (Baker et al. 2004a; Lewis et al.

2009a) and a variety of potential drivers have been proposed:

increased resource availability from atmospheric CO2, nutrient

enrichment and solar radiation (Lewis et al. 2009b). In contrast,

studies of anomalous short droughts and TFE studies have found

rapid biomass loss over short periods (Nieuwstadt & Sheil 2005;

Phillips et al. 2009a; da Costa et al. 2010) showing that these

extreme droughts can temporarily reverse the processes leading to

increased biomass. Despite the long-term drought, this study found

an increase in biomass of a similar magnitude to other African

(Lewis et al. 2009a) and Amazonian (Phillips et al. 2009a) forests

over recent decades. We hypothesise that the shift in composition

in favour of drought-tolerant species that we detected may play a

key role in allowing the carbon stocks of these forests to be main-

tained during this long-term, low-intensity drought. As the forest

structure is maintained, the driver(s) of widespread biomass increase

may still be able to act on the system, whereas only during extreme

droughts do increases in tree mortality dominate and cause substan-

tial decreases in above-ground biomass.

The results presented here show species compositional change in

response to drought in conjunction with an increase in biomass.

However, scaling-up these results requires extreme caution. This

study only assessed old growth sites and avoided areas with direct

anthropogenic impacts or that had been subject to wildfires; thus,

these sites are not representative of Ghanaian forests which are

typically subject to high levels of human activity and in which

disturbance, or in some areas fire, are likely to play an important

role. Furthermore, extrapolating results to other parts of the tropics

should be done with care. The West African species pool may con-

tain a particularly large proportion of disturbance- and drought-

adapted taxa compared with other tropical forests for three reasons.

First, West African forests may have experienced such droughts as

part of an approximately 40-year wet–dry cycle operating over the

past several thousand years (Shanahan et al. 2009). Second, forests

generally occur in Africa under lower precipitation than in other

tropical areas and have experienced dry periods during glacial-

interglacial cycles (Anhuf et al. 2006). Third, though forests globally

have been subject to some level of human activity for thousands of

years, humans have been present in Africa for a greater time than

other areas of the tropics (Barnosky et al. 2004) and West African

forests have been fragmented and exposed to high levels of anthro-

pogenic disturbance (Fairhead & Leach 1998). Other tropical forest

regions may not be so well-stocked with species adapted to such

changes in the environment.

In conclusion, this study shows the importance of changes in

species composition within a forest stand in determining the

response of tropical forests to long-term drought. While highlight-

ing the sensitivity of tropical forest composition to environmental

change we also demonstrate that the range of strategies represented

within species-rich forests means that low-intensity droughts may

not necessarily reduce forest carbon stocks.
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