BIOTROPICA 45(4): 434–440 2013

10.1111/btp.12033

Long-term Changes in Fruit Phenology in a West African Lowland Tropical Rain Forest
are Not Explained by Rainfall
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ABSTRACT
Decreases in rainfall have been proposed to have a negative impact on tropical rain forests, and West Africa is currently experiencing a
decline in rainfall at the multi-decadal scale. Here, we present analyses of a long-term dataset on the plant fruiting status from individuals of 44 species of the tropical rain forest of Ta€ı National Park, C^
ote d’Ivoire. This study includes records of 1401 individuals collected
at monthly intervals for over 12 yr, 984 of which survived throughout the entire study period. The aims of this study were to: (1) quantitate inter-annual trends in species and forest scale fruit presence; and (2) test the importance of rainfall in explaining inter-annual fruit
presence variability. Long-term upward trends in the expected proportion of individuals with fruits were found for the majority of species, while no signiﬁcant downward trends were detected, driving a signiﬁcant upward trend at the community level. Peak production
months of the upward trending species were not associated with the dry or wet season. Signiﬁcant rainfall correlations with the total
proportion of individuals showing fruit were generally negative, with only ﬁve species showing signiﬁcant positive correlations. Taken
together, these results suggest that the observed inter-annual trends and variability of fruit abundance are currently not associated with
rainfall. We discuss several parsimonious and complex alternative explanations.
Abstract in French is available in the online version of this article.
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ANALYSES OF TROPICAL FOREST PLANT COMMUNITY METRICS such
as mortality and recruitment (Phillips & Gentry 1994, Phillips
et al. 2002), aboveground biomass (Lewis et al. 2004b), and
fruit abundance (Chapman et al. 2005) all indicate systems in
ﬂux. Because of their importance for plant reproductive
patterns, and as an indicator of the frugivore resource environment (van Schaik et al. 1993), characterizing short and longterm reproductive effort by plants provides insight into many
aspects of tropical forest ecosystems and clues as to how they
might respond to climate change process as currently impacting tropical forests (Lewis et al. 2004a, Malhi & Wright 2004,
Chapman et al. 2005, Wild et al. 2005, Lloyd & Farquhar
2008).
For primary tropical forests, long-term information on patterns of plant reproductive effort is sparse, as evidenced by a
recent review by Lewis et al. (2009a) which included only two
such studies (of fruits by Chapman et al. 2005 and ﬂowers and
fruits by Wright & Calder
on 2006). This article aims to contribute to the understanding of long-term trends in fruiting patterns
in tropical forests by presenting data and analyses of fruit presence-absence data from individual plants in Ta€ı National Park
(TNP), C^ote d’Ivoire. TNP is the largest contiguous protected
primary lowland tropical rain forest remaining in West Africa,
providing a rare opportunity to examine inter-annual fruiting patterns from mature trees in an undisturbed tropical ecosystem.
Throughout this article, the term trend is used sensu the time serReceived 23 July 2012; revision accepted 26 November 2012.
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ies literature, and in particular we identify a trend as the longterm, persistent change in the probability of observing fruit (see
equation 1 below).
Understanding how causal drivers operate to shape trends
and the dynamics of fruit presence and abundance in tropical
systems is a complex and multifaceted problem. Abiotic factors
impacting plant physiology such as light (Wright & van Schaik
1994, Wild et al. 2005), temperature (Malhi & Wright 2004),
atmospheric carbon (Lloyd & Farquhar 2008) and nitrogen
(Hietz et al. 2011), and rainfall (Lewis et al. 2004a), are all in
ﬂux and can contribute to fruit production effort. In West
African tropical forests there is evidence of increased aboveground woody biomass in recent decades (Lewis et al. 2009b),
and biomass has been shown to positively correlate with
increased fruit production (Chapman et al. 1992). While this
suggests that the predicted increases in biomass for West African forests will translate into increased reproductive effort, the
substantial ﬁne scale spatial variation in fruit production patterns observed by Chapman et al. (2005) reinforces the need
for caution in making predictions about forest response at
small scales.
Laying on top of abiotic determinants are ecological processes such as pollinator and frugivore population dynamics that
also contribute to fruiting presence and abundance patterns
(Rathcke & Lacey 1985, Ims 1990). The mechanistic complexity
determining fruit production is compounded by the possibility of
interactions amongst causal factors, such as between light and
carbon (Ramanathan & Carmichael 2008) or pollination and
regional climate forcing (Satake & Iwasa 2002).
ª 2013 The Author(s)
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METHODS
PHENOLOGY DATA COLLECTION.—Phenology data were collected
within TNP at approximately 5°50′ 47′′ N and 7°18′ 44′′ W by
the Ta€ı Chimpanzee Project (Boesch & Boesch-Achermann
2000) along a network of forest trails. These trails allowed
repeated observations of individually marked trees spread
throughout approximately 30 km2. The fruiting phenology data
used here are essentially the result of continued monitoring of
trees used in the dataset of the phenology study at TNP
reported by Anderson et al. (2005). Species were selected based
on their importance as dietary food items of western chimpanzees (Pan troglodytes verus) (Table S1). A broadly inclusive

300
250
200
150
100
50
0

Precipitation (mm)

300
250
200
150
100
50
0

Trend (mm/y)

Time

2000

2010

Mar

May

Jul
Month

Sep

Nov

Mar

May

Jul
Month

Sep

Nov

Mar

May

Jul
Month

Sep

Nov

C

Jan
6
4
2
0
−2
−4
−6
−8
−10

1990

B

Jan
2
1
0
−1
−2
−3

435

A

1980

Trend (mm/y)

Because rainfall is a relatively dynamic covariate at TNP we
are interested in testing whether rainfall correlates with reproductive effort by plant species as measured by fruit presence. While
making speciﬁc predictions about the response of fruits to trends
in rainfall dynamics is challenged by the complexity and diversity
of tropical forests and potential nonlinearity in the response of
plants to other abiotic and biotic changes, some evidence about
the impact of water on tropical forest plant species’ reproductive
effort is available. Wright and Calder
on (2006) found that the
seed production response of a lowland moist tropical forest to El
Ni~
no driven changes in precipitation to depend on its severity,
presumably related to tensions between beneﬁts of increased light
availability and costs of decreased moisture, but otherwise found
no evidence of systematic long-term trends. The long-term study
by Chapman et al. (2005) on fruiting patterns in an east Africa
tropical forest showed that the direction of change in fruit abundance depended on the decade of analysis, with a positive trend
between 1990–2002 and inferentially associated with recent
increasing rainfall. A short-term canopy water addition experiments by Dıaz and Granadillo (2005) also indicated an overall
positive association between water availability and fruit production in three tree species of the tropical dry forests of Venezuela.
At TNP, rainfall is currently showing a long-term decline
over the last 40 yr, matching a regional West African trend identiﬁed in Malhi and Wright (2004), although this decline has
become relatively stable in the C^
ote d’Ivoire region during the
past 10 yr (Fig. 1). At TNP, any persistent effects of rainfall
trends may not be consistent across species even though there is
statistically signiﬁcant fruiting seasonality setting peak fruiting at
the transition between the wet and major dry season for many
species (Anderson et al. 2005). As West Africa gets hotter and
drier, predicting the consequences for short and long-term climate change on forests is aided by trend analyses of fruiting
dynamics. As quantitating intra- and inter-annual fruiting patterns
is a ﬁrst step to identifying plausible and implausible mechanisms
of fruit production and for making cross system comparisons for
comparative research on plant and animal ecology, the aims of
this study were to: (1) to quantitate inter-annual trends in species
and forest scale fruit presence probabilities; and (2) test the
importance of rainfall in explaining inter-annual fruit presence
variability.
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FIGURE 1. Rainfall patterns based on NASA precipitation models. (A)
Monthly rainfall totals as a time series line plot. The dashed line shows the
long-term modeled decline in rainfall. (B) Box plots of rainfall totals by
month summarize the seasonality in rainfall, with the central horizontal line
drawn at the median, the box extending to the interquartile range boundaries,
whiskers extending between the 0.025 and 0.975 quantiles, and points denoting outliers. Panels (C-D) illustrate monthly inter-annual linear trend estimates
of rainfall change (mm/y) with whiskers extending to  one standard deviation for the time periods 1979–2010 (panel C) and using data from January
1998 to October 2010 which coincides with the phenology study (panel D).

botanical study on species rarity found most plant species in the
survey area to be relatively rare, with the dietary species of
chimpanzees to be amongst the most abundant species. Two
exceptions of relatively abundant species not included in this
study are Corynanthe pachysceras and Diospyros canaliculata, but
overall the species included here generally represent the most
common woody fruiting species of TNP.
Observations of marked individuals for each species were
made using binoculars to assign monthly fruit rank scores. Individual plants were given rank values of 0, 1, 2, 3, and 4, where 0
corresponds to no fruits observed, and 1, 2, 3, and 4 corresponds to 1–25 percent, 26–50 percent, 51–75 percent, and
76–100 percent of tree crown ﬁlled with fruits, respectively. Monitored individuals were selected based on evidence of reproductive maturity and a species-speciﬁc diameter at breast height
(dbh) threshold (Table S1). In general, individuals as large as possible were chosen to ensure data were collected from mature and
typically productive trees.
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PHENOLOGY DATA PRE-PROCESSING.—Rank score data were converted to presence-absence data. Categorical rank score data are
difﬁcult to statistically analyze under the aims and models of this
study but bivariate data are not. This conversion also facilitates
graphical comparison with the other comparatively long-term
fruit African tropical phenology study reported in Chapman et al.
(2005). By treating the rank scores as ratio scale data and shifting
the ordinal scales to the midpoints of each bin, we observed
graphically that the intra-annual ﬂuctuations and the inter-annual
trend of these means were comparable to the bivariate data
graphs presented in Figure 2. Figure 2 illustrates several different
summary plots of the proportion of individuals with fruit at the
forest community level of aggregation, and shows a clear longterm upward trend between years (Fig. 2B) as well as intra-annual
seasonality (Fig. 2C). The Inter-annual trend model described
below quantitates the signiﬁcance of this trend and those of each
species while controlling for seasonal periodicity and individual
heterogeneity in fruit production effort.
For analyses involving rainfall data used to test relationships
between cumulative rainfall and the whether an individual i of
species s showed fruit in year t, some care is needed in binning
monthly samples into an indicator variable on the yearly fruit
bearing state. For example, if an individual is identiﬁed as showing fruit for several months before and after the peak fruiting
event during a particular year t, it would not be correct to deﬁne
the year break point at the peak fruiting month and attribute the
observed nonzero fruiting presence score following this month
to a positive fruiting presence status for year t + 1. Observation
error and missing data presented further difﬁculty in identifying
clear sequences of fruit presence associated with each speciﬁc
year. Thus, we proceeded as follows. First, the peak fruiting
month for each species was obtained as the month with the highest mean number of individuals showing fruit. Then for each year
t, each individual plant i of the species was recorded as showing
fruit if it showed fruit at least once during the continuous time

Proportion

Data collection was initiated in 1997 and is ongoing, with
trees that died or were lost (political instability resulted in several
extended periods of research discontinuities) generally being
replaced to maintain sample sizes. We selected the subset of time
from January 1998 until October 2010 for the data analysis here
based on a goal to obtain the greatest number of individuals continuously living over the longest time period while minimizing the
proportion of missing data values related to political instability.
This resulted in 1401 individuals representing 44 species, with
average total study duration from ﬁrst to last observation of
approximately 140 mo per individual. Because plants may change
their typical reproductive strategies toward the end of life, we also
carried out all analyses presented here using the subset of data
that included only individuals that survived throughout the study.
This ﬁlter retained 984 individual plants from the 44 species, of
which 39 species were represented by at least ﬁve individuals
(whose species level estimates are assumed to be more reliable).
Analyses of this subset of individuals found no differences from
the analyses of the full dataset presented here.
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FIGURE 2. The proportion of individuals from the forest community bearing fruit are shown as time series data (A), yearly means (B), and monthly
means (C); bars extend to the mean and vertical lines extend from the mean
to 1 SD.

period from 7 mo prior to 4 mo subsequent to the peak fruiting
months, inclusive. This ensured that any individual who showed
fruit at least once during the year associated with the species
deﬁned peak fruiting time was marked as having shown fruit for
that year but not to the subsequent year t + 1.
RAINFALL DATA.—TNP rainfall averages between 1700–2100 mm
per year (Kasparek 2000) from 3 to 7 relatively dry months per
year. As such, TNP is a relatively dry tropical rain forest based
on the classiﬁcation scheme of Reich (1995). Although monthly
cumulative rainfall data were taken at a research camp adjacent to
the phenology study site from August 1987 to July 2009 by the
Ta€ı Chimpanzee Project (Boesch & Boesch-Achermann 2000), in
addition to occasional months of unreliable data collection most
months during 2003–2005 were not recorded. We obtained rainfall data from NASA’s rainfall archives (http://disc2.nascom.nasa.
gov/Giovanni/tovas/) from 1979 to October 2010 at
2.5° 9 2.5° resolution. Absolute total rainfall varies substantially
across TNP (Kasparek 2000) and the NASA-derived monthly
rainfall estimates were generally substantially less than observed
rainfall totals collected on site. The NASA-derived estimates were
well correlated with the available site collected rainfall data (Pearson correlation 0.72), so that the NASA-derived data can be
safely assumed to be fairly accurate rainfall proxy needed in the
regression analyses. A parallel analysis relying on the site collected
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rainfall data revealed similar results compared with the ones presented here, but with more species showing a nonsigniﬁcant relationship with rainfall as would be expected with reduced sample
sizes.
Detrending analysis of the rainfall data based on model
equation 1 (described next) using an identity link function for g
revealed a signiﬁcant decline over the period 1979–2010 (trend
coefﬁcient = 0.04, std. error = 0.02, P-value = 0.03). This
downward trend diminished over the years 1998–2010 (trend
coefﬁcient = 0.01, std. error = 0.06, P-value = 0.91). Figure 1
summarizes the rainfall dynamics at TNP, and based on the median monthly rainfall patterns, we deﬁne here the major long dry
season to be from November to February, a short dry season
during July and August, and the wet seasons during March to
June and September to October.
INTER-ANNUAL TREND MODELS.—Because the onset and duration
of fruit presence results from, amongst other factors, the convolution between timing and synchrony in ﬂowering and fruit maturation times, characteristics such as the peakedness in curves
describing the seasonality of fruit presence probabilities can in
theory be quite variable across species and scales of biological
aggregation. At TNP, dissertation work by Zoro Gone Bi found
that species can exhibit aseasonal, annually seasonal, and supraannual production. Anderson et al. (2005) also identiﬁed a signiﬁcant annual seasonal fruiting cycle in the percentage of individuals
with fruits at the forest community scale using regression on trigonometric functions. Here, to control for diverse patterns of seasonal variation in a uniﬁed way across species while estimating
the direction and signiﬁcance of inter-annual trends, we used a
semi-parametric generalized additive model framework (Hastie &
Tibshirani 1986, Wood 2006).
Speciﬁcally, let yi,t be a bivariate random variable indicating
fruit presence for each individual i at month t. The semi-parametric model
gðE½yi;t Þ ¼ b0 þ b1 xt þ sðmt Þ þ bi

(1)

was used to model fruiting presence for individuals at the species
level for each species separately and for the entire forest community. The model given in equation (1) consists of: the logit link
function g of the expected value E[yi,t] of yi,t; a linear parametric
trend b0+b1xt with parameters bj, j = 0, 1, that is a function of a
cumulative time index xt; a nonparametric smooth periodic function s(mt) of the month of the year mt at time t, with period of
12 mo; and individual random effects bi in the intercept of the
trend component with which are normally distributed with mean
0 and standard deviation to be estimated. Residuals rt are
assumed to be independent and normally distributed with mean
zero and variance-covariance matrix Σ.
Several potential shortcomings of the models described by
equation (1) that we considered are the following. The most obvious one is the lack of including temporal autocorrelation in the
residuals rt. For models of the type represented by equation (1),
current software that facilitates inclusion of autocorrelation uses
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older model ﬁtting methods based on penalized quasi-likelihood,
which make signiﬁcance testing difﬁcult, can lead to biased estimates for bivariate response data, and sometimes lead to numerical stability issues (Wood 2008). To assure that temporal
autocorrelation did not bias trend estimates, we compared trend
results from a model allowing temporal autocorrelation in the
residuals to the random effects models presented here (see section Model ﬁtting and output for an overview and references on the
code used). Comparing trend terms between models with and
without autocorrelation indicated practically no difference in these
estimates, and hence we chose to proceed a model that allows
more recent numerical ﬁtting techniques to allow for classical null
hypothesis testing of parameter signiﬁcance (Wood 2006).
A second limitation for some species is the choice of ﬁxing
the smooth function s(mt) to a cyclic period of 12 mo. Changing
this from, for example, 12 mo to 24 mo still produced annual
periodic smooths for species that based on graphical examination
would best be classiﬁed as having supra-annual production patterns (e.g., Diospyros mannii, shown in Fig. S1); these species seem
to have enough nonzero production during the intermediate years
between the supra-annual fruiting events to drive estimates of s
(mt) toward a bimodal function over a 24-mo domain. In general,
specifying a 12-mo rather than a 24-mo period for the cyclic
smooth s(mt) showed stronger convergence between the smooth
functions and the peak fruiting patterns when compared against
raw plots of the data.
INTER-ANNUAL VARIABILITY AND RAINFALL MODELS.—We tested
whether cumulative rainfall based on the 11 mo prior to and
including the species deﬁned peak production time impacted the
number of individuals showing fruit for each year using a generalized linear mixed model (GLMM) framework (Bolker et al.
2009). These models were implemented following the guidelines
of the 2011 updated supplementary material in Bolker et al.
(2009). Let pi,t,s be the bivariate response variable of fruit presence or absence for individual i during year t of species s (as
described in the Phenology data pre-processing section above), and
denote the rainfall covariate indice by rt . The model is
gðE½pi;t;s Þ ¼ b0 þ b1 rt þ bi

(2)

where g is the logit link function, b0 and b1 are the ﬁxed effects,
and bi are the random intercept terms for each individual plant
and are assumed to be normally distributed with mean 0 and
standard deviation to be estimated. Our interest is in inference
about the ﬁxed effect parameter b1, and in particular its sign and
signiﬁcance, the signiﬁcance of which was tested using a likelihood ratio test between a model with and without this term
(Table S1).
MODEL FITTING AND OUTPUT.—All models were ﬁt using the R
v.2.14.1 programing environment (R Development Core Team
2012). The trend models given by equation (1) were ﬁt using the
gamm4 function in the gamm4 package v. 0.1–6 (Wood 2011a,b)
based on maximum likelihood methods. Models with temporal
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FIGURE 4. (A) Inter-annual trend coefﬁcients on a linear scale by peak fruiting month. Signiﬁcant (points) or nonsigniﬁcant (crosses) trends are based
on a 0.05 P-value signiﬁcance threshold. (B) Counts of the number of species

RESULTS

with peak fruiting times by month.

INTER-ANNUAL TRENDS.—Twenty-nine species showed signiﬁcant
positive trends at the 0.05 signiﬁcance level, while the six species
with a negative trend coefﬁcient all had P-value estimates greater
than 0.05 (Fig. 4A; Table S1). The months of peak fruiting times
for species showing positive slope estimates in the inter-annual
trend term of equation (1) were distributed throughout the year.
Months with the most peak fruiting events (coinciding with the
transition from wet to dry seasons) showed higher proportions of
upward trending species (Figs. 2B and 4; Table S1) than other
months. All species showed a signiﬁcant intra-annual smooth
term describing either regular annual or biannual ﬂuctuations in
fruiting presence (Fig. S1). With the exception of Dialium guineense
(sample size Ns = 3) and Elaeis guineensis (sample size Ns = 4),
random effects standard deviation estimates were well away from
zero (mean = 9.327, min = 0.130, max = 35.052), highlighting
the role of individual heterogeneity.

Intra−annual cyclic smooth

0.025
Trend coefficient

autocorrelation were ﬁt using the gamm function in the mgcv
package version 1.7–19 (Wood 2004). Cyclic cubic basis functions
were used for estimating s, with a maximum of eight knots
(Wood 2006, 2011b). The rainfall models given by equation (2)
were ﬁt by maximum likelihood using the lmer function from the
lme4 package version 0.999999–0 (Bates et al. 2012). Rainfall
covariate data were transformed to a standard normal deviate to
facilitate numerical stability. Both trend and rainfall model results
were not correlated with sample sizes across species.
For all models our main interest is about inference on the
ﬁxed effect parameter b1 which captures the effect and signiﬁcance of trends and rainfall, respectively. The models and analyses conducted here, however, provide considerably more output
of biological interest (e.g., differences in the smooth term estimates across species and random effects reﬂecting intraspeciﬁc
heterogeneity). For each species, extensive model output details
and summary data plots as in Figs. 2 and 3 are provided in
Figure S1.

Number of species
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FIGURE 3. Estimated intra-annual periodic function s(mt) of equation (1) for
the forest community (solid line), with approximate 95 percent Bayesian credible intervals delimited by dashed lines on the linear predictor scale of model
equation (1). This shows that while forest wide fruit production is seasonal
with a single primary peak in November, the underlying shape of this function is driven by the multimodal distribution of peak fruiting times at the
species level (Fig. 4B) and hence is not symmetric about this peak.

At the community level, the upward inter-annual trend in
the proportion of individuals with fruit observed in Figure 2B is
highly signiﬁcant (b1 estimate 0.006, SE <0.001, z-value 42.642,
P-value < 0.001). Model predictions of the parametric trend component at the ﬁrst and last time points are 0.147 and 0.307, a
percentage increase of 108.063 percent. The regular intra-annual
oscillations clear by eye (Fig. 2C) are reﬂected by a highly signiﬁcant smooth term s (v2 test statistic 4960, estimated df 6,
P-value < 0.001). This oscillation occurs over a 12-mo period
and peaks at approximately the end of October near the beginning of long dry season (Fig. 3). It is worth noting its asymmetry
driven by the underlying distribution of peak fruiting times
throughout the year at the species level (Fig. 4B), and re-afﬁrming the utility of nonparametric techniques for controlling for seasonality in fruiting presence studies such as these.
FRUITING RELATIONSHIP WITH RAINFALL.—Table S1 and Figure S1
provide extensive results from the rainfall models which we summarize here. Using a P-value threshold of 0.05, cumulative rainfall was signiﬁcantly negatively correlated with annual production
at the species level for 22 species, with ﬁve species showing signiﬁcant positive correlations. Of the ﬁve species with a signiﬁcant positive association with rainfall, three have peak fruiting
during the dry season and two during the wet season. Of the 22
species with a negative association with rainfall, 11 show peak
fruiting during the dry season and 11 during the wet season. For
species with no statistical association with rainfall, four show
peak fruiting during the dry season and 13 show peak fruiting
during the wet season. Taken together, these ﬁndings indicate
that no relationship exists between the presence and direction of
a signiﬁcant rainfall effect and the season of peak fruiting at the
species level.
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DISCUSSION
Our results corroborate and extend the ﬁndings by Anderson
et al. (2005), who also found forest community oscillations in fruiting presence with a 12-mo period, peaking approximately in
November during the end of the short wet season and prior to
the long dry season. Here, by letting the data speak using a nonparametric construction of s(mt) rather than a priori assuming
symmetric trigonometric functions, we found an asymmetric and
somewhat bimodal intra-annual ﬂuctuation (Fig. 3), reﬂecting the
underlying distribution of peak fruiting times throughout the year
(Fig. 4B). Furthermore, we were able to scale up the analysis
from measuring co-oscillation between two monthly resolved time
series to the analyses of inter-annual trends and seasonal impacts
of rainfall. In sum, these analyses quantitatively disentangle seasonal ﬂuctuations from long-term trends while accounting for
individual heterogeneity, and document an upward inter-annual
trend in the proportion of individuals with fruits for most study
species and the forest community despite declining rainfall.
A parsimonious explanation of the observed upward fruiting
trends is that as the plants age, they are simply more capable of
producing fruit. Because the trees included in this study were all
selected based on evidence of reproductive maturity, the trends
observed here under such an explanation would have to be the
result of continued increases in fruit presence, and not solely
because they had matured from nonproducing to producing trees.
The average time until fruit was detected across all individuals
was approximately 17 mo, diminishing the likelihood that individuals reaching reproductive maturity during the course of this
study as the explanation for the observed upward trends. Any
biomass increases related to aging that could produce concomitant increases in fruit seems unlikely given the observed rates of
increase in fruit production, but remains an open possibility.
Another explanation for the source of the inter-annual variability is rainfall, yet the statistical correlations between rainfall and fruit
production tended to be negative, pointing in the opposite direction.
While there is no conceptual uncertainty that at some threshold
declines in rainfall will negatively impact fruit production, whether
because of an immediate lack of the necessary water resources or
because of a multi-year cumulative stress effect, our analyses suggest
this is not currently an overwhelmingly important driver of fruit production and trends at TNP. In fact, the transition months between
the wet to dry seasons and for which the clearest unambiguous
declines in rainfall are observed (Fig. 1D) also show a high proportion of signiﬁcantly upward trending species (Fig. 4A).
The observations made so far in the discussion suggest that
changes in irradiance as a likely explanation for the fruit phenology patterns are observed here. The optimal timing of leaf and
ﬂower production often coincides with seasonal peaks in irradiance in tropical forest species (van Schaik et al. 1993, Wright &
van Schaik 1994). Most upward trending species are reproducing
during the wet seasons when water availability is presumably not
limiting, and any decreased rainfall that is accompanied by
decreased cloud cover could lead to increased irradiance, stimu-
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lating increased levels of photosynthesis. Further supporting the
hypothesis that light is constraining fruit production at TNP is
the observation that peak ﬂowering tends to coincide with the
solar zenith (occurring approximately in late March and September) (Anderson et al. 2005), with subsequent peak fruiting being
offset (Fig. 4B) with the solar zenith. There is also a general positive trend in light availability in tropical forests regions in general
(Wild et al. 2005, Wright 2005); if this trend continues and light
is the limiting factor, we can predict that fruit production should
continue to increase until other factors constrain it.
Persistent changes in ecological factors can also determine
fruit presence changes. Dramatic declines in arboreal frugivore
populations, such as experience by the local chimpanzee population (C. Boesch, unpubl. data) also can explain the observed
increases of fruits. While much remains unknown about the complete frugivore community and the component population trajectories, one could predict that in the short-term fruit presence will
increase as the impact of frugivore consumption declines. Likewise, pollinator community and population dynamics are poorly
documented, yet are also important in the reproductive output
and synchrony of tropical forests (Bawa 1990).
Whether the observed changes in fruiting patterns of the
polycarpous plants studied here are driven by the increases in
CO2 and light on growth and physiology, changes in the community and population densities of pollinators and frugivores, or the
interactions between these, understanding West African tropical
forest fruit production changes will need further ﬁne scale, longterm studies in all these respects.
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