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Rainfall and temperature affect tree species distribution in Ghana
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Abstract: We evaluated the relative importance of annual rainfall, temperature and their seasonality to tree species
distribution in Ghana. We used species presence/absence data from 2505 1-ha plots systematically distributed over
Ghana'’s forests. Logistic regression was used to determine species responses to four climatic variables generated from
the Worldclim database. The distribution of 95% of 20 species was significantly associated with annual rainfall, 60%
with rainfall seasonality, 45% with isothermality and 40% with temperature seasonality. Annual rainfall explained
on average most of the variation (17%, range = 0.5-52%) in species distribution, followed by rainfall seasonality
5% (range = 0.5-27%), isothermality 4% (range = 0.8—-24%) and temperature seasonality 1% (range = 0.4—4.5%).
Our results suggest that, out of the climatic variables investigated, rainfall is the main factor determining tree species
distribution in Ghana; temperature also influences the distribution of a number of species, although it explains much
less of the variation. The reduction in annual rainfall that prevailing climate-change scenarios predict for the region
will result in a shift in the distribution of most species, whereas the predicted increase in temperature variation is likely
to have little effect.
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INTRODUCTION

Insight into how individual species respond to resources
in tree communities is critical for understanding
how environmental factors influence the distribution,
abundance and coexistence of tropical tree species (Condit
et al. 2013). At a large scale, rainfall has been shown
to influence species richness (ter Steege et al. 2006),
composition (Hall & Swaine 1976) and distribution
(Bongers et al. 1999, Engelbrecht et al. 2007, Swaine
1996, Toledo et al. 2012), whereas at smaller scales
soil fertility, topography and irradiance can affect species
distribution (John et al. 2007, Veenendaal et al. 1996).
Most tropical forests show seasonal variation in rainfall,
and species drought performance and physiological
droughttolerance have therefore been found to determine
the distribution of tropical species (Baltzer et al. 2008,
Engelbrecht et al. 2007).
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A number of studies (Hall & Swaine 1976, John et al.
2007, Toledo et al. 2012) have used composite axes
of multivariate environmental gradients and vegetation
gradients to analyse species distribution, but the use of
such axes does not give insight into how individual species
respond to specific environmental factors (Condit et al.
2013). For example, several species in Ghana (e.g. Khaya
anthotheca and Pericopsis elata) do not follow the main
vegetation gradient that parallels the annual rainfall
gradient, and by inference may not follow the rainfall
gradient (Hawthorne 1995). Studies that have evaluated
the response of tropical tree species to individual
environmental gradients have focused on soil nutrients,
rainfall and water availability, but far less attention has
been paid to the role of temperature. Seasonal variation
in temperature is rather minor across most tropical
forests, but recent studies suggest that small changes
in temperature are likely to affect species distribution
patterns (Wright 2010), although there are still few
data to support this point. Determination of individual
species response curves to a range of climatic variables
is imperative to identify the climatic variables that are
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biologically most relevant to individual plant species, as
they can help to predict the possible consequences of
climate change for tropical forests (Borchert 1998).
Vegetation structure and composition vary continu-
ously along environmental gradients and theoretical
models assume that species show bell-shaped, symmet-
rical responses to gradients (Gauch & Whittaker 1972)
especially when the gradient is long such as the rainfall
gradient in Ghana. However, there is growing evidence
that many species show asymmetrical response curves to
environmental gradients (e.g. Oksanen & Minchin 2002).
In this study, we evaluated the distributions of 20
Ghanaian woody tree species that are economically
important (for timber or non-timber products), have
contrasting distributions within forest types and that differ
in shade tolerance. We described species distributions
using detailed inventory data from 2505 1-ha plots
across a steep rainfall gradient (1100-2000 mm y~!)
in Ghana. We determined the influence of annual
rainfall, temperature and their seasonality on species
presence/absence. The size of this study (2505 plots) is an
order of magnitudelarger than hasbeen studied so far (e.g.
220 plots by Toledo et al. 2012; 72 plots by Condit et al.
2013). Two questions were addressed: First, what is the
relative importance of annual rainfall, temperature and
their seasonality for species distribution? We hypothesized
that annual rainfall, and especially rainfall seasonality
will be stronger drivers of species distribution than
temperature (seasonality). Second, what is the shape
of species response curves along these environmental
gradients? We hypothesized that unimodal response
curves will be more associated with rainfall gradient than
temperature gradient because under relatively benign
conditions environmental resources (such as water)
are more important in shaping species responses than
environmental conditions such as temperature.

MATERIALS AND METHODS
Study site

The study was based on Ghanaian national forest
inventory data summarized by Hawthorne (1995, 1996)
and Hawthorne & Abu-Juam (1995). The study area
was located between latitudes 4.7°-8.0°N and longitudes
3.2°E-0.6°W. Based on floristic composition, the forest
vegetation of Ghana has been classified into seven main
forest types: wet evergreen, moist evergreen, upland
evergreen, moist semi-deciduous, dry semi-deciduous,
southern marginal and south-east outlier forests (Hall &
Swaine 1976). The forests are characterized by a rainfall
gradient which varies from < 750 to > 2000 mm y~'.
Mean annual temperature in the forest zone (1961—
2000) ranges from 26.4-27.2 °C. Over the same period
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mean annual maximum and minimum temperatures in
the forest zone range from 29.3-32.0 °C and 21.8-23.6
°C respectively (Ghana Meteorological Agency records,
22 synoptic weather stations across Ghana). Mean
monthly maximum temperature in the hottest month
(February or March) is 31-33 °C and mean monthly
minimum temperature of the coldest month (August)
is 19-21 °C (Hall & Swaine 1981). Annual rainfall (in
the period 1961-2000) ranges from 1300 mm to 2032
mm in the forest zone (Ghana Meteorological Agency
records, 22 synoptic weather stations across Ghana).
In a recent analysis of data from 77 weather stations
distributed all over Ghana, mean annual rainfall for the
period 1981-2010 ranged from 1000 mm to 1900 mm
in the forest zone (Logah et al. 2013). Means, ranges and
ratios (maximum over minimum) of the four variables
(Worldclim data) for the plots used in the analysis are
provided in Appendix 1.

Forest inventory data

Ghana has a total forest cover of 7665900 ha (FAO
2010) including 214 forest reserves designated for
timber production, watershed protection and biodiversity
conservation. Within these forest reserves, a systematic
forest inventory was carried out between 1986 and
1991 (Hawthorne 1995, 1996; Hawthorne & Abu-Juam
1995). The inventory covered 127 of the forest reserves
which represent most of the forest gradient in Ghana.
These reserves were sampled systematically in a 2 x
2-km grid with 1-ha plots at the grid intersections. In
total, 2505 1-ha plots were inventoried with a nested
design. All trees = 30-cm diameter at breast height
(dbh) were identified over the entire plot. Trees 10-30
cm dbh were identified in 0.1-ha subplots, and trees 5—
10 cm dbh were identified in 0.05-ha subplots. For this
analysis, species abundance data were converted into
presence and absence data. Presence and absence data
were preferred over abundance data because differences
in species abundancesrespond to a wide range of processes
such as competition, and recovery from past disturbances
(Toledo etal. 2012). We selected 20 species based on their
economic importance for society (for timber or as a source
of medicine), distribution in contrasting forest types and
representation of different guilds (Table 1). The forest
types are related to several factors (e.g. soils, topography,
rainfall and temperature) and these together determine
the actual water availability over the year (Swaine 1996).
We recognize that the selection is partly based on rainfall
but emphasize that this is only one factor among several
(Table 1). Therefore we are confident thisisnotinterfering
strongly with our main results. Of the 20 species seven are
pioneers (species require gaps for seedling establishment
and growth); seven are non-pioneer light-demanders
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Table 1. The 20 Ghanaian woody species studied, their family, ecological guild and preference for a different
forest type based on Hall & Swaine (1981), Hawthorne (199 5), Hawthorne & Jongkind (2006) and Hawthorne
& Gyakari (2006). NPLD, Non-pioneer light demander; SB, Shade bearer; P, Pioneer.

Species Abbrev. Family Forest type Guild
Heritiera utilis Sprague Hu Sterculiaceae Wet NPLD
Cynometra ananta Hutch. and Dalz. Ca Caesalpiniaceae Wet SB
Diospyros sanza-minika A. Chev. Ds Ebenaceae Wet SB
Pentadesma butyracea Sabine Pb Caesalpiniaceae Wet SB
Entandrophragma angolense (Welw). DC Ea Meliaceae Moist NPLD
Turraeanthus africanus (Welw. ex C.DC.) Peller Ta Meliaceae Moist SB
Petersianthus macrocarpus (Beauv.) Liben Pm Lecythidaceae Moist P
Piptadeniastrum africanum (Hook.f.) Brenan Pa Mimosaceae Moist NPLD
Ricinodendron heudelotii (Baill.) Pierre ex Pax Rh Euphorbiaceae Dry P
Newbouldia laevis (P.Beauv.) Seeman ex Bureau NI Bignoniaceae Dry P
Mansonia altissima (A.Chev.) A.Chev. Ma Sterculiaceae Dry NPLD
Nesogordonia papaverifera (A.Chev.) R.Capuron Np Sterculiaceae Dry SB
Ceiba pentandra (Linn.) Gaertn. Cp Bombacaceae Dry P
Celtis adolfi-friderici Engl. Ce Ulmaceae Dry P
Albizia zygia (DC.) ].F. Macbr. Az Mimosaceae Dry NPLD
Pericopsis elata (Harms) Van Meeuwen Pe Papilionaceae Dry NPLD
Antiaris toxicaria Leschenault At Moraceae Ubiquitous NPLD
Strombosia pustulata J.Leonard Sp Olacaceae Ubiquitous SB
Terminalia ivorensis A.Chev. Ti Combretaceae Ubiquitous P
Terminalia superba Engl. & Diels Ts Combretaceae Ubiquitous P

(seedlings are present in the shaded understorey but
require light environment to reach adult size); and six
are shade tolerant (species that are able to establish and
continue to grow in forest shade; Hawthorne 1995).

Climate data

Nineteen climatic variables were obtained from the
Worlclim database (Hijmans et al. 2005). The data
were derived from a compilation of monthly averages
of climatic variables measured from a large number of
weather stations across the globe, mostly between the
periods 1950-2000 (Hijmans et al. 2005). These data
were interpolated using ANNUSPLIN to create a global
climate dataset meaningful for ecological analysis. The
dataset has a 1-km resolution and consists of 19 climatic
variables. For details see Hijmans et al. (2005). We
used plot coordinates and in some cases forest reserve
coordinates to estimate the values of each of the 19
climatic variables for the study locations. We consider
the Wordclim data to be of sufficient resolution for our
study. Fauset et al. (2012) have shown that habitat
scores on the ordination axis 1 of Hall & Swaine (1976,
1981) and Hawthorne & Abu-Juam (1995) are strongly
correlated with precipitation data from the Worldclim
data. This same axis is also correlated with rainfall data
(data from 5 y prior to 1963) from 170 weather stations
in Ghana used in the classification of forest types by Hall
& Swaine (1976). In the Worldclim database variation in
the density of climatic stations was taken into account
in the generation of the bioclimatic variables (details in
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Hijmans et al. 2005). Our plots were located inside forest
reserves and their microclimate is relatively less disturbed,
although past disturbance may have led to increased
dryness of the forest and to an increase in the presence
of light-demanding species.

Selection of climatic variables

A principal component analysis (PCA) (Appendix 2) was
conducted to evaluate how all 19 climatic variables
were associated for the 2505 plots. The first two PCA
axes explained 81% of the variation. We selected four
climatic variables that described the two main axes of
climatic variation and that were relatively independent
from each other; annual rainfall and rainfall seasonality
(the coefficient of variation of mean monthly rainfall,
in %), temperature seasonality (calculated as standard
deviation of mean monthly temperature x 100, in
°C), and isothermality (the ratio of mean diurnal
temperature range and annual temperature range x
100, in %). An isothermality value of 100 represents a
site where the diurnal temperature range is equivalent
to the annual temperature range. Values less than
100 indicate a smaller level of diurnal temperature
variability (mean of monthly (maximum-minimum
temperature)) relative to the temperature variability
in a year (maximum temperature of the warmest
month-minimum temperature of the coldest month). The
selection of the four variables was also based on the fact
that they reflected a resource (rainfall) and an important
condition (temperature) that physiologically affects the
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growth of plants (Pausas & Austin 2001), and are
predicted to change with climate change. Seasonality may
represent a bottleneck for plant performance (Clark et al.
2010). Isothermality has been shown to influence plant
height growth across latitudes though the relationship
is weak (Moles et al. 2009). Temperature seasonality
is important for species growth and hence for their
distribution because most annual net primary production
of trees in seasonal forests is concentrated in the months
with high rainfall and growth is likely to be most sensitive
to temperature variability during this time of the year
(Vlam et al. 2014). All four variables were moderately
to highly correlated with one of the first two PCA axes.
The first axis of the PCA explained 46% of the variation
and showed a strong Pearson correlation with annual
rainfall (r = 0.93), temperature seasonality (r = 0.66)
and isothermality (r = 0.73). Rainfall seasonality also
was moderately correlated with the second axis (r =
0.50) that explained 35% of the variation. We tested
for multicollinearity among the four variables using
collinearity statistics. The variance inflation factor was
< 3 indicating that all four variables could be included
in a regression analysis (Zuur et al. 2010). Correlations
among the four variables are shown in Appendix 3.

Species response to climatic variables

For each of the species, we conducted a forward multiple
logistic regression analysis of presence/absence on the
four climatic variables and their quadratic terms. To be
able to construct bell-shaped responses both the simple
and quadratic terms for each climatic variable were
included. We also included interaction terms but the
interactions contributed little to the variation (data not
shown). For each species the regression model with
the lowest deviance (—2 log likelihood) and highest
Nagelkerke R? was selected (Field 2009). Area under
the curve (AUC) of a receiver operating characteristic
curve (ROC) (Metz 1978) was used to measure the overall
model accuracy (Pearce & Ferrier 2000). We interpreted
AUC using the scale proposed by Swets (1988): good
= AUC > 0.9; useful = 0.9 > AUC > 0.7 and poor
AUC < 0.7. The partial variation contributed by each
environmental variable was calculated as the increase
in variation when the variable was included in the
model. Parameters (Appendix 4) derived from the species-
specific regression models were used to calculate the
probability of occurrence for each species for all four
environmental variables using the formula: P = 1/ (1
+ Exp (=by—bixi1—=bax? ........... —byx4—bgx3)),
where P = probability of occurrence, Exp = exponential,
b, =aconstant, X;_4 =the four bioclimatic variables used,
b;—bg = coefficients for the four bioclimatic variables and
their quadratic terms.
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We constructed the response curves for each species
against the individual climatic variables using the
calculated probabilities, while keeping the other three
climatic factors constant. When we kept the other three
environmental variables constant, we used their mean
values across all 2505 plots in Ghana. Using constant
values for the other variables is the only way to directly
compare the response curves of different species to
an individual climatic variable. We acknowledge that
individual species may have their peak occurrence in
different parts of the climate space for the other three
climatic variables than the mean values for Ghana that
we used, which may lead to over- or underestimations
of the responses at some part of the climatic gradient
for a particular species. The mean values used were
1514 mm y~! for annual rainfall, 53% (coefficient of
variation) for rainfall seasonality, 72% for isothermality
and 1028 °C for temperature seasonality (temperature
seasonality being calculated as standard deviation of
mean monthly temperature x100). The temperature
data were in units of °C x10. Hence this means that
in normal degrees the average temperature seasonality
for the plots is 1.028 °C. Species rainfall optimum (Rp)
and range (Rrange) were derived from the species response
curves. Rainfall optimum was the value at which species
occurrence reached the maximum (ecological optimum).
Rrange Was the range of rainfall conditions under which
the species occur computed as the difference between the
minimum rainfall (rainfall at the 10th percentile) and
the maximum rainfall (rainfall at the 90th percentile)
(Maharjan et al. 2011). All statistical analyses were
conducted using Predictive Analytics Software (PASW)
statistics for windows version 18.0 (SPSS Incorporated,
Chicago, IL).

RESULTS

Relative importance of climatic variables for species
distribution

Species showed different responses to the four climatic
variables studied. Most of the selected regression models
(75%) had AUC > 0.7 (Appendix 4) indicating that
the models are useful for predicting the occurrence of
species using the four climatic variables and presence-
absence data. Most of the 20 woody species (95%)
showed a significant response to rainfall, followed by
rainfall seasonality (60%), isothermality (45%) and
temperature seasonality (40%). The logistic regression
models explained on average 28% (range = 3-60%
across species) of the variation in species occurrence.
On average, 17% (range = 0.8-52%) of the variation
in species occurrence was explained by annual rainfall,
5% (range = 0.5-27.5%) by rainfall seasonality,
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Figure 1. Bar graph displaying variation in species occurrence explained by four climatic variables in multiple logistic regression models for 20
Ghanaian woody tree species. Climatic variables included are: RAN, annual rainfall; RSEAS, rainfall seasonality; ISO, isothermality; TSEAS,
temperature seasonality. The species are ordered based on the variation explained by annual rainfall. At, Antiaris toxicaria; Az, Albizia zygia; Ca,
Cynometra ananta; Ce, Celtis adolfi-friderici; Cp, Ceiba pentandra; Ds, Diospyros sanza-minika; Ea, Entandrophragma angolense; Hu, Heritiera utilis; Ma,
Mansonia altissima; Ni, Newbouldia laevis; Np, Nesogordonia papaverifera; Pa, Piptadeniastrum africanum; Pb, Pentadesma butyracea; Pe, Pericopsis elata;
Pm, Petersianthus macrocarpus; Rh, Ricinodendron heudelotii; Sp, Strombosia pustulata; Ta, Turracanthus africanus; Ti, Terminalia ivorensis; Ts, Terminalia

superba.

4% (range = 0.8—24%) by isothermality and 1% (range =
0.4-4.5%) by temperature seasonality. For 12 of the 20
species annual rainfall explained, amongst the four factors
studied, most of the variation in occurrence (Figure 1).
Examples of species affected by annual rainfall are:
Heritiera utilis and Pentadesma butyracea, which are typical
wet-forest species; Mansonia altissima, which is a typical
dry-forest species; and Terminalia superba, which is found
in all main (wet, moist and dry) forest types in Ghana
(Figures 1 and 2). For six of the species rainfall seasonality
explained most of the variation of the four factors studied
and these were mostly species with peak occurrence
in moist forests such as Entandrophragma angolense and
Turraeanthus africanus (Figures 1 and 2). For two of
the species (Strombosia pustulata and Piptadeniastrum
africanum), isothermality explained most of the variation
in occurrence with reference to the four factors studied.
Temperature seasonality did not explain the most (of four
factors studied) important variation in the occurrence for
any of the 20 species studied (Figure 1).

Species response to climatic variables

Species showed different response curve types to the four
climatic variables studied: unimodal response (Figure 3a),
decreasing response (Figure 3b), increasing response
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(Figure 3c¢), and flat response, indicating no response.
On average 31% (25 of 80) of the response curves were
unimodal and such responses were mostly found with
respect to the rainfall gradient (12 out of 20 species)
and least with respect to isothermality (4 of 20 species).
Decreasing response was mostly found with respect to
rainfall seasonality (7 of 20 species) and least with respect
to isothermality (4 of 20 species). Increasing response
was mostly associated with temperature seasonality
(3 of 20) and least with rainfall (1 of 20 species).
Flat response was mostly associated with temperature
seasonality (12 of 20 species) and isothermality (11
of 20 species) (Table 2). Examples of species that
showed different response curves are Diospyros sanza-
minika, which showed a unimodal response to annual
rainfall (Figure 2a) but an increasing response to rainfall
seasonality and isothermality (Figure 2b, d). Strombosia
pustulata (Sp) showed an increasing response curve to
annual rainfall (Figure 2a) but unimodal response to
isothermality (Figure 2d).

DISCUSSION

We analysed the environmental response curves of
20 important Ghanaian timber species and determined
the relative importance of rainfall and temperature to
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Figure 2. Species response curves showing the probability of occurrence of 20 tropical woody tree species of Ghana in relation to annual rainfall,
rainfall seasonality, isothermality and temperature seasonality. Curves give the results of fitted logistic regression models (Appendix 4). The
temperature data were in units of °C x 10. Hence temperature seasonality values have been multiplied by 1000. At, Antiaris toxicaria; Az, Albizia
zygia; Ca, Cynometra ananta; Ce, Celtis adolfi-friderici; Cp, Ceiba pentandra; Ds, Diospyros sanza-minika; Ea, Entandrophragma angolense; Hu, Heritiera utilis;
Ma, Mansonia altissima; Ni, Newbouldia laevis; Np, Nesogordonia papaverifera; Pa, Piptadeniastrum africanum; Pb, Pentadesma butyracea; Pe, Pericopsis
elata; Pm, Petersianthus macrocarpus; Rh, Ricinodendron heudelotii; Sp, Strombosia pustulata; Ta, Turraeanthus africanus; Ti, Terminalia ivorensis; Ts,
Terminalia superba. Annual rainfall (a), rainfall seasonality (coefficient of variation) (b), temperature seasonality (calculated as standard deviation of
mean monthly temperature x 100) (c), and isothermality (ratio of mean diurnal temperature range and annual temperature range x 100) (d).

their distribution. Species showed differential responses
to the climatic variables but the distributions of most
species were more strongly influenced by rainfall than
by temperature.

Importance of annual rainfall, temperature and their
seasonality for species distribution

Rainfall. This study focused on the relative importance
of annual rainfall and its seasonality, temperature
seasonality and isothermality for species occurrence and
tested the hypothesis that most of the species will respond
to annual rainfall and especially rainfall seasonality. We
found that nearly all (95%) species were significantly
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affected by annual rainfall and that annual rainfall
explained more (on average 17%) of the variation in
species occurrence than the other three factors evaluated
(Figure 2). Other studies also found that rainfall was the
main driver of large-scale distribution patterns of tropical
plant and tree species (Bongers et al. 1999, Holmgren
& Poorter 2007, Maharjan et al. 2011, Toledo et al.
2011, 2012). It is surprising that rainfall seasonality
explained only 5% of the variation contrary to the widely
held view that it strongly influences species distribution
(Borchert 1998, Kato et al. 2000). In a recent study, dry-
season intensity was found to be among the main drivers
of individual species distribution in Panama (Condit
et al. 2013). The, at first sight, low percentage variation
explained by annual rainfall may have resulted from the
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Figure 3. Examples of different species response curves of three of 20
Ghanaian woody tree species to annual rainfall. Species responses (in
terms of probability of occurrence) are fitted with logistic regression
models. Regression lines show the predicted occurrence in relation
to rainfall, while the three other climatic factors (rainfall seasonality,
temperature seasonality and isothermality) are kept constant. Dots
show the average observed probability of occurrence for rainfall class
intervals of 150 plots. To make sure that each rainfall class contained
150 plots, the rainfall classes had variable widths. Unimodal response
(a), decreasing response (b) and increasing response (c).

small plot size (1-ha) used. The smaller plot size, however,
allowed more replicates, and thus a higher statistical
power to detect independent variation of various climatic
variables affecting the distribution of the species.
Recently, Fauset et al. (2012) evaluated the effects of
drought on changes in plants’ functional composition
and biomass over a 20-year period in a variety of forest
types in Ghana. They found that during this period
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wet-forest evergreen and subcanopy shade-tolerant
species decreased in abundance, whereas dry-forest
deciduous and canopy species increased in abundance.
It is possible that these changes are not only driven by an
increase in drought, but also by general increasing levels
ofdisturbance in the forest zone of Ghana over the sampled
period. Drier climate coupled with other human activities
may result in incidence of fire which leads to further
changes in forest composition. Experimental studies (field:
Engelbrecht et al. 2007, Nepstad et al. 2007; greenhouse:
Deines et al. 2011) showed that seasonal drought has a
strong effect on growth and survival of individual tree
species, and that drought tolerance is a good predictor
of species distribution along the rainfall gradient (Baltzer
et al. 2008, Engelbrecht et al. 2007, Sterck et al. 2014).
Repeated incidental (E1Nifio) drought alsoresulted in high
mortality of especially trees with low wood density in the
Amazon forest (Phillips et al. 2010). Additionally, in an
Amazonian forest an experimental drought caused a rapid
and strong decline in above-ground wood production
(Brandoetal. 2008).In combination, these studies suggest
that species drought tolerance is a major determinant
explaining species distribution along the rainfall gradient.
However, other associated factors such as soil fertility,
herbivory and pathogens, and perhaps most significantly,
natural and human-induced disturbances such as forest
fire, large wind blows and selective logging, can also co-
influence species distribution along the rainfall gradient.
Disturbance (and density of light-demanding species) also
increases with dryness of forest type (Hawthorne 1996).
In addition, dispersal limitation may also influence the
distribution of species (Duncan et al. 2009). In general,
soil fertility declines with increasing rainfall in Ghana
and Panama (Brenes-Arguedas et al. 2008, Swaine 1996,
Veenendaal & Swaine 1998), probably because soils
in wetter areas are more leached as has been shown
for Ghana (Swaine 1996). Controlled experiments that
evaluated species growth responses to different wet-,
moist- and dry-forest soils in Ghana (L. Amissah et al.
unpubl. data, Veenendaal et al. 1996) found that the
growth of very few species was significantly affected
by these soil differences. Planted seedlings in Panama
showed a higher overall growth in soils from the drier
part of the Isthmus than in soils from the wetter part.
Insect herbivore damage and pathogen mortality were
more associated with wet forest than dry forest in
Panama, suggesting an increasing pest pressure along
the rainfall gradient (Brenes-Arguedas et al. 2009).
However, no significant differences in pest attack levels
of wet-forest species and dry-forest species were found.
Brenes-Arguedas et al. (2009) concluded therefore, that
seasonal drought was a stronger determinant of species
distribution than pests.

Although the projection of future climate for West
Africa is not unequivocal (Christensen et al. 2007),
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Table 2. Number of Ghanaian forest tree species (n = 20) that show different types
of response curves, in response to four climatic factors.

Response curve shape

Climatic factors Unimodal Increasing Decreasing No response
Annual rainfall 12 1 6 1
Rainfall seasonality 4 1 7 8
Isothermality 4 1 4 11
Temperature seasonality 5 3 0 12

Sheffield & Wood (2008) found several IPCC models
(IPCC-Assessment Report 4) predicting a reduction in
precipitation and increased frequency in long-term soil
drought for some subtropical and tropical regions,
including West Africa. Furthermore, the precipitation
trend in West Africa shows reduction in rainfall (Malhi
& Wright 2004) and increasing seasonality (Borchert
1998). Annual rainfall over the past two decades in
some forest types in Ghana shows a 22.8% reduction
in dry-season rainfall compared with pre-1970 levels
(Fauset et al. 2012). Additionally, rainfall is predicted to
be reduced by 20% in 2050 in Ghana (Government of
Ghana 2011). Most forest species are likely to shift their
distribution in response to these trends and predictions.
In particular for Ghana the distribution of species such as
Heritiera utilis and Pentadesma butyracea that are sensitive
to experimental drought (L. Amissah unpubl. data) may
shift towards currently wetter forest areas in the south-
west of the country.

Temperature. Isothermality co-explained the distribution
of only 10% of the species. Mansonia altissima and
Newbouldia laevis, for instance, showed steep decline
in response to an increase in isothermality suggesting
that the probability of occurrence of the species may
be reduced with larger temperature variability within
an average month relative to the year. This seems
to contrast sharply with the results from a study in
lowland Bolivia, where 72% of the 100 studied species
showed a significant response to temperature (Toledo
et al. 2012). Temperature may have an indirect effect
on plant growth. Short-term leaf-level measurements
in a number of tropical forest regions showed that net
carbon assimilation declines with an increase in daytime
temperatures (Doughty & Goulden 2008). Similarly,
eddy-flux towers in Brazil and Costa Rica showed a
reduced net carbon uptake in the warmest daytime period
(Doughty & Goulden 2008, Goulden et al. 2004, Loescher
et al. 2003). Field studies in tropical forests in Costa Rica,
Malaysia and Panama also showed negative correlation
between tree growth and temperature (Clark et al. 2003,
Feeley etal. 2007). In many countries (like Ghana) where
seasonal variability in temperature is large compared
to daily variation, predicted increases in temperature
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may affect the distribution of limited number of species.
However, in areas with larger temperature variation,
such as the southern edge of the Amazon where cold
winds from Patagonia penetrate for short spells, increases
in temperature are likely to shift the distribution of more
species (Toledo et al. 2012).

Shapes of species response curves to environmental
gradients

We hypothesized that unimodal response curves will
more often be found in relation to the annual rainfall
gradient than to the temperature gradient, because under
relatively benign conditions environmental resources
(such as water) are more important in shaping
species responses than environmental conditions such
as temperature. Most species (60%) indeed showed a
unimodal response to rainfall, whereas 30% of the
species showed decreased and 5% increased occurrence
with rainfall across Ghana. In contrast, only 20-25%
of the species exhibited a unimodal response curve to
isothermality and temperature seasonality. This could
have been attributed to effects of shorter gradient length
for temperature, but in our study this was not the
case: in fact the gradients were similarly long with 1.5-
fold variation for temperature and 1.7-fold variation for
rainfall (Appendix 1). Other studies on tropical tree species
found a similar or lower number of unimodal response
curves; 56% of the studied species along a rainfall gradient
in West Africa (Maharjan et al. 2011), 42% of the species
along a soil-fertility gradient in North-West Amazonia
(Duque 2004), and 25% and 10% along a rainfall and
temperature gradient respectively in Bolivia (Toledo et al.
2012). We acknowledge that these results are not directly
comparable as they are also dependent on the species
number and selection criteria and on the length and the
type of the gradient used.

The shape of a species response curve is determined by
the length of the gradient and species-specific properties
such astolerance and the position of the optimum (Austin
& Smith 1989, Rydgren et al. 2003). Generally if the
gradient is long, unimodal curves are expected (Gauch
& Whittaker 1972, Oksanen & Minchin 2002), but if the
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optimum of the species is close or beyond the extreme end
of the gradient truncated curves are expected (Rydgren
et al. 2003, ter Braak & Looman 1986). Few unimodal
response curves were found for temperature seasonality
and isothermality and 55-60% of the species showed
no response. Other environmental factors may drive the
shape of the response curve for these species (Austin &
Gaywood 1994, Duque 2004), overruling temperature
seasonality and isothermality. In sum, this study shows
that annual rainfall and seasonality are the main climatic
factors influencing distribution of individual tree species
in Ghana, though temperature influences the distribution
of some species. Predicted increases in frequency and
severity of drought may cause shifts in the distribution of
speciesthat occur at the wetter side of the rainfall gradient.
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Appendix 1. Mean, range and ratio (maximum divided by the minimum)
of climatic variables of 2505 forest plots of Ghana. The mean, range and
ratio are based on climatic data obtained from the Worldclim database
(Hijmans et al. 2005).

Parameters Mean Range Ratio
Annual rainfall (mm) 1510 1160-1940 1.66
Rainfall seasonality (%) 53 44-73 1.37
Temperature seasonality (°C) 1030 816-1210 1.48
Isothermality (%) 72 66-77 1.16
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Appendix 2. Principal Components Analysis (PCA) on 19 climatic
variables for 2505 forest sitesin Ghana. The first and second axes explain
respectively 46% and 3 5% of the variation. RAN, annual precipitation;
TSEAS, temperature seasonality; RSEAS, precipitation seasonality; ISO,
isothermality; TAM, annual mean temperature; TDIU, temperature
mean diurnal range; TMAX, max temperature of warmest month;
TMIN, min temperature of coldest month; TRANGE, temperature
annual range; TWET, mean temperature of wettest quarter; TDRY,
mean temperature of driest quarter; TWARM, mean temperature
of warmest quarter; TCOLD, mean temperature of coldest quarter;
RMAX, precipitation of wettest month; RMIN, precipitation of driest
month; RWET, precipitation of wettest quarter; RDRY, precipitation
of driest quarter; RWARM, precipitation of warmest quarter; RCOLD,
precipitation of coldest quarter. The climatic variables were obtained
from the Worldclim database (Hijmans et al. 2005).

Appendix 3. Pearson correlations among annual rainfall (RAN),
rainfall seasonality (RSEAS), temperature seasonality (TSEAS) and
isothermally (ISO) and their P values. ***P < 0.001, n = 2505.
The four climatic variables are for 2505 1-ha forest plots in Ghana.
The climatic variables were obtained from the Worldclim database
(Hijmans et al. 2005).

RAN RSEAS TSEAS
RAN(mm)
RSEAS(%) —0.40%**
TSEAS (°C) —0.60*** 0.40%**
1SO (%) 0.80*** —0.60%** —0.60%**
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Appendix 4. Regression models fitted for presence absence data of 20 woody tree species of Ghana, the deviance (—2 log likelihood), Nagelkerke R2,
significant levels, and model accuracy; Area Under the Curve (AUC). RAN, annual rainfall; RSEAS, rainfall seasonality; ISO, isothermality; TSEAS,
Temperature seasonality. Significant levels are at *P < 0.05, **P <0.01, ***P <0.001, ns = not significant.

Coefficient of variables

Constant RAN RAN? RSEAS RSEAS? S0 1S0?
Heritiera utilis —1750%** 0.17%** 0.00005*** 0.29%** - 44 3%+ —0.31%**
Cynometra ananta —490*** 0.40%** 0.00012*** 2.971%** —0.02%** - -
Diospyros sanza-minika —320*** 0.25%** 0.00008*** —0.76™** 0.01*** 0.33%** -
Pentadesma butyracea —490*** 0.33%** 0.00010*** 2.04%** —0.02%** - -
Entandrophragma angolense 43%H* 0.06*** 0.00002%*** - 0.00*** - -
Turraeanthus africanus —50*** 0.08%*** 0.00002%*** —0.84*** 0.01%*** - -
Petersianthus macrocarpus —630*** - - — 1.52%** 0.01%*** 18.6%** —0.13%**
Ricinodendron heudelotii 14m 0.02%** 0.00001%*** —-0.07 - - —0.00**
Newbouldia laevis 140* 0.09*** 0.00003*** - —0.0*** —-5.11* 0.03*
Mansonia altissima 1.2 0.10*** 0.00004*** - - - —0.002***
Nesogordonia papaverifera —5.0m 0.02** 0.00001*** - —0.00%** - -
Ceiba pentandra 220 —0.00*** - —0.07*** - — 5,72%*x 0.04***
Celtis adolfi-friderici —460*** - 0.000%** - —0.00%** 13.2%** —0.09***
Albizia zigyia 4. 3%** - 0.000*** —0.08*** - - -
Pericopsis elata —1080*** —0.02%** - - - 31.8%** —0.23%**
Piptadeniastrum africanum — 57 0.03*** 0.00001*** —0.04* - 0.23%%* -
Antiaris toxicaria 147 - 0.000*** _ — 0.00%** —0.13%** -
Strombosia pustulata —370*** 0.00*** - - 9.90*** —0.07***
Terminalia ivorensis —5.40" 0.03** 0.00001** —0.89** 0.00** 0.12* -
Terminalia superba —19*** 0.03*** 0.00001 - - - -
Species TSEAS TSEAS? Deviance R? AUC
Heritiera utilis - - 1360 0.42 0.89
Cynometra ananta 0.12%** 0.00006*** 880 0.47 0.92
Diospyros sanza-minika 0.21%** 0.00011%*** 1750 0.49 0.88
Pentadesma butyracea 0.30*** 0.00016*** 890 0.60 0.95
Entandrophragma angolense - - 3110 0.18 0.73
Turraeanthus africanus 0.01*** - 2430 0.27 0.78
Petersianthus macrocarpus - - 2680 0.36 0.76
Ricinodendron heudelotii —0.03* 0.00001* 3250 0.11 0.65
Newbouldia laevis - 0.00*** 1830 0.18 0.76
Mansonia altissima —0.12%** 0.00006*** 1880 0.46 0.87
Nesogordonia papaverifera - - 2680 0.28 0.78
Ceiba pentandra - - 3080 0.19 0.70
Celtis adolfi-friderici - - 2810 0.26 0.78
Albizia zigyia - - 2750 0.03 0.60
Pericopsis elata - - 333 0.40 0.95
Piptadeniastrum africanum 0.04* 0.00002*** 2290 0.27 0.77
Antiaris toxicaria - - 3200 0.13 0.68
Strombosia pustulata 0.00** - 2020 0.24 0.74
Terminalia ivorensis - - 1490 0.06 0.65
Terminalia superba - - 3200 0.14 0.68
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