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ABSTRACT

The phenology of 568 trees of 49 species producing fleshy fruits was studied in a montane forest in Rwanda berween
January 1991 and January 1993. Fruiting peaked during the major wet season in March~May, but remained high
during the major dry season in July~August. A period of reduced fruiting occurred in the beginning of each calendar
year during the minor dry period.

Leaf flushing peaked during the major dry season in July—August, whereas flowering peaked in the beginning of
each calendar year. These observations were inconsistent with the general pattern predicted by an “insolation-limitation
hypothesis” that community-wide flowering and leaf flushing in tropical forests should be closely related in time and
that both phenophases reach their peaks during the period of the most intense insolation.

When species were grouped by seed size, the large-seeded group displayed a greater temporal variation in fruit
abundance (greater fruiting seasonality) than the small-seeded group. When species were examined individually, how-
ever, seed size was not related to either fruiting duration or within-species fruiting synchrony, two attributes deter-
mining the degree of fruiting seasonality of a species. Fruiting patterns manifested by a group thus could not be
explained by attributes from species constituting the group. Different degrees of fruiting seasonality displayed by
different seed-sized groups may be due to different degrees of within-group interspecific fruiting synchrony.

RESUME

La phénologie de 568 arbres de 49 espéces avec fruits charnus fut étudiée dans une forét montagneuse tropicale au
Rwanda entre janvier 1991 et janvier 1993. Lintensité de fructification acheva un pic lors de la principale saison des
pluies (mars-mail), mais néanmoins resta importante pendant le cours de la principale saison séche (juillet-adut). Une
période de fructification réduite fut arteint lors de la moindre saison séche en décembre-janvier.

Le pic de feuillaison fut observé durant la principale saison séche (juillet-abut), tandis que la floraison fut
maximale en décembre-janvier. Ces observations viennent contredire les prédictions faites par I'hypothése “d'insolation-
limitation” ot1 on attend une synchronisation entre la floraison et la feuillaison, avec un paroxisme lors de la période
d’insolation maximale.

En groupant les espéces selon la taille des graines, nous avons observé une plus forte variation temporelle en
P'abondance de fruits (une plus forte saisonalité de fructification) chez le groupe dont les graines sont les plus grandes.
Cependant, si les espéces sont examinées individuellement, aucune corrélation n'est observée entre la taille des graines
et la durée de fructification d’une part, et la synchronisation de la période de fructification entre individus de la méme
especes d’autre part: deux attributs qui caractérisent amplitude de la seasonalité de fructification des especes.

Ces derniéres analyses montrent que l'on ne peut expliquer les différences observées dans la seasonalité de
fructification parmi les ensembles d’espéces selon des attributs spécificiques individuels. IT semblerait donc que les
differences en saisonalité de fructification proviennent essentiellement de différentes synchronisations du cycle de
fructification entre especes dans chaque groupe.

Key words:  Africa; fruiting seasonality; montane forest; phenology; Rwanda; seed size; tropical forest.
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THIS PAPER DESCRIBES TEMPORAL VARIATIONS of leaf,
flower, and fruit production in a montane forest in
Rwanda, Africa. It is well-documented thar flower
and fruit abundances in tropical forests display
considerable temporal variation (e.g., Sabatier
1985, Terborgh 1986). Although exceptions
abound, the phenologies of many moist tropical
forests share a general pattern: flowering tends to
peak during the dry season, whereas fruiting often
peaks in the rainy season, or during the wettest
period where the climate is aseasonal (e.g., Hilty
1980, Sabatier 1985). The phenology of tropical
woody plants may be affected by both abiotic and
biotic factors. However, abiotic factors often appear
to be more pervasive (van Schaik er 2l 1993).

Leafing and flowering phenologies in tropical
forests have often been found to correlate with
changes in rainfall or temperatures (e.g., Opler er
al. 1976, van Schaik 1986, Ashton ez 2/ 1988). An
insolation-limitation hypothesis, proposed by Van
Schaik et al. (1993) and supported by empirical
data predicts that, unless limited by water avail-
ability, community-wide leafing and flowering
peaks in tropical forests should coincide with the
period of maximal insolation. However, tempera-
tures and photoperiod appear not to affect the leaf-
ing and flowering of trees in a Neotropical dry for-
est (Reich & Borchert 1984). Instead, Borchert
(1983, 1992) argues that the timing of leafing and
flowering of tropical forest trees is determined by
an endogenous rthythm, resulting from periodic leaf
replacement, entrained by changes in the water sta-
tus of individual plants. A computer simulation
model based on this hypothesis predicted synchro-
nized leaf flushing and flowering peaks of trees in
tropical dry forests (Borchert 1992). This result is
in accord with the prediction of a water-limitation
hypothesis supported by empirical evidence: leafing
and flowering peaks in seasonally dry forests tend
to fall within one month of the onset of the rainy
season (van Schaik er 2/ 1993).

Fruiting phenologies, in contrast, do not show
any clear pattern, and the relationship between
fruiting and climatic factors is less clear (Rathcke
& Lacey 1985, van Schaik ez 2/, 1993). In a Neo-
tropical moist forest Smythe (1970) found distinct
peaks and troughs in the fruit abundance of large-
seeded species, whereas the fruit abundance in
small-seeded species lacked temporal variation. He
proposed that seasonal and synchronous fruiting
among large-seeded species prevents high densities
of seed predators from building up and encourages
rodents to cache (and thus disperse) excessively
abundant seeds. Foster (1982), however, did not
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find similar patterns in the same forest. While some
studies in Neotropical and African forests support-
ed Smythe’s finding (Chatles-Dominique ez 4/,
1981, Jackson 1981, Sabatier 1985), others did not
(Gautier-Hion er a/. 1985). The temporal variation
of community-wide fruiting phenology in a forest
is the outcome of cumulative phenologies of indi-
vidual plants of all species constituting the forest.
In most of these studies only community patterns
are presented, so it is difficult for others to examine
mechanisms underlying the observed patterns.

In this paper we describe temporal variation
in the community-wide leaf, flower, and fruic pro-
duction in a montane forest in Rwanda, Africa. We
examine the temporal relationship between leafing
and flowering at the community level. In addition,
we examine, from both species and community
perspectives, how seed size may affect the degree of
fruiting seasonality.

METHODS

Stupy sites.—The Nyungwe Natural Forest Re-
serve is a 950 km? montane forest located in south-
western Rwanda, Africa (2°17'-2°50'S and
29°07'-29°26'E). The general topography of the
forest is highly dissected, with steep slopes and few
level areas. A paved highway traverses the forest,
dividing it into southern and northern halves. Our
research camp was located along the road 19 km
from the west border of the reserve at 2450 m
altitude. Access to various habitats was possible by
over 50 km of trail systems in our two study sites.
The site to the south of the road encompassed an
area of approximately 2.5 km?, extending from
2500 m to 1950 m in elevation. The site to the
north of the road encompassed an area of approx-
imately 1.5 km?, extending from 2400 m down to
2200 m in elevation.

Meteorological data have been recorded at the
research camp since 1988. Based on four years of
data between 1988 and 1993, the annual rainfall
averages 1744 mm. A major dry season occurs be-
tween July and August, and a minor dry period
occurs in December or January, lasting for two to
five weeks. Daily temperatures fluctuate little
throughout the year, with average maximum and
minimum temperatures at 19.6°C and 10.9°C, re-
spectively (Fig. 1).

As part of a frugivore-seed dispersal study, this

papér focuses on tree species producing fleshy fruits

attractive to vertebrate fruit-eaters. Forty-nine spe-
cies, including 46 trees, one strangling fig (Ficus
oreodryadum), one liana (Schefflera goetzenii), and
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FIGURE 1. The climaric diagram of the Nyungwe for-

est based on meteorological data collected between 1988
and 1993. The area of vertical hatching indicates periods
when the precipitation exceeds potential evaporation rate
calculated from temperatures. Where the precipitation ex-
ceeds 100 mm, the rainfall scale is reduced to 1/10 of the
original, and the precipitation is represented by the black
area. The dotted area indicates the period when precipi-
tation is below potential evaporation rate, a potential pe-
riod of negative water balance (method follows Walter

1985).

one understory shrub (Galiniera coffeoides) were
studied (see Appendix). The trees included three
wind-dispersed species (Albizia gummifera, Entan-
dophragma excelsum, Newtonia buchananii) whose
fruits were known to be eaten by primates. Al-
though the species sampled here did not represent
all tree species found at the study sites, they in-
cluded most of the common species. Forty-two of
the total 54 tree species present in vegetation plots
{see below) were included in this study. Of the 12
species not included but present in vegetation
plots, 10 belong to the 15 rarest species. Overall,
the tree species sampled here represented 43 of 51
fleshy-fruit species at the study sites. We sampled
reproductively mature (adult) trees whose crowns
could be observed easily from trails. Adult trees
were defined as individuals with at least 20 cm
DBH (diameter at breast height; 1.4 m). For spe-
cies that begin to reproduce at DBH < 20 cm,
adult trees were defined as individuals with DBH
= 15 cm (Appendix). A total of 568 individuals
was sampled, with sample size ranging between 2
and 34 and an average of 11.6 * 7.0 (mean *
SD) trees per species. All sampled trees were
marked with numbered aluminum tags and mon-
itored monthly.

A pilot phenology study surveying 148 trees
of 16 species on two transects at one of our sites
was conducted between November 1989 and Sep-
tember 1990. Because the method used to quantify
flowers and fruits in the pilot study was different
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from this study, results from the pilot study are

Y p Y
presented for comparison only in the community-
wide phenology section.

PuenoLocy.—We began monthly phenology sur-
veys at one site in January 1991 and at the second
site in March 1991. This paper presents data col-
lected between January 1991 and January 1993.
Fach month we estimated the percentages of the
crown occupied with new leaves, flowering buds,
flowers, or fruits in a given tree and recorded them
as scores between zero and four (0 = 0%, 1 = 1-
25%, 2 = 26-50%, 3 = 51-75%, 4 = 76-100%).
The same scoring system was applied to recording
leaffall, which estimated the percentage of bare
crown for each tree. For most species the total
scotes of flowering buds, flowers, and fruits in a
tree may add up to a maximum of 4. However, for
species such as Parinari excelsa that began to flower
while fruits in the previous fruiting episode were
still present, flower and fruit scores may each in-
dependently reach a maximum of 4. At times trace
quantities of new leaves, flowering buds, flowers,
or fruits were found in trees. All these were treated
as zero in the analyses. Throughout this paper
when a tree was in active flowering, fruiting, or
leafing with a score of 1 or more, it was considered
to be in that “phenophase” (following van Schaik
et al. 1993). For some species, fruits of the same
crop ripened asynchronously through an extensive
petiod. Small quantities of fruits ripened constantly
bur were readily taken by animals; ripe fruits were
rarely seen. For some other species, it was difficult
to distinguish between ripe and unripe fruits. Fur-
thermore, different species of animals appear to be
able to exploit fruits of different ripeness. Unripe
and ripe fruits were therefore combined as “fruits”
in the data analyses. Because our phenology survey
took place only once a month, we combined the
flowering buds and flowers as “flowers” in data
analyses to avoid missing flowering events of spe-
cies with short blooming times.

Tree DEnsiTY.—to determine the relative abun-
dances of tree species, we first classified and
mapped 12 different habitats in our study sites,
then placed five to seven 0.1 ha plots within each
habitat type to sample the vegetation. The loca-
tions of all plots were selected by a stratified ran-
dom sampling method. All trees with DBH = 10
cm in each plot were identified to species, and their
DBH was measured. All habitats were mapped on
topographic maps and then digitized to calculate
their relative areas. The density of each tree species



in the study sites was derived from the sum of the
tree density in each habirat, multiplied by the pro-
portion of each habitat in the study sites.

Seep size.—The size of seeds can be described by
their length and width, the two dominant linear
dimensions. In this paper, the size of seeds refers
to their width. The dimensions of seeds collected
from the forest were measured. For the species
whose seeds were not collected, the average or the
mid-point values for the range of seed sizes de-
scribed in Troupin (1982) were used.

Data anaLyses.—Because the same individuals
were sampled repeatedly over time, we used re-
peated measured ANOVA to examine the variation
in each phenophase. Monthly flowering, fruiting,
and leafing scores of individual trees were convert-
ed into percentage values, using the mid-point val-
ue of the percentage range each score represented.
Percentages were then arcsine transformed for
ANOVA analyses. Only data from 23 mo during
which all trees were sampled were included in the
analyses.

COMMUNITY-WIDE PHENOLOGY PATTERNS.— Lhe
community-wide phenology patterns were ex-
pressed as the monthly density of trees (D) in a
given phenophase. D, was calculated with the fol-
lowing equation.

Dm = E Pkm X dk
k=1

where py,, denotes the proportion of sampled trees
in the phenophase in question for species k during
Month m, d, denotes the density (number per ha)
of adult trees for species k, S denote the total num-
ber of tree species.

For each phenophase, the monthly tree den-
sities were first calculated separately for each site
and tested for between-site difference in their tem-
poral patterns (only the period during which both
sites were sampled were compared). None of the
phenophases showed significant between-site dif-
ferences (fruiting, P = 0.98; flowering, 2 = 0.99;
leaf flushing, P = 0.376; Kolmogorov-Smirnov
tests). Data at both sites were therefore combined
for all analyses.

To examine the significance of temporal vari-
ation (month effect) in phenology patterns, we
used Friedman tests, with months as treatments
and species as blocks (Conover & Iman 1981). The
Friedman test is a non-parametric equivalent of
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ANOVA that can be used to analyze within-subject
effects (Potvin & Roff 1993).

We chose the manthly overall tree density as
the unit to present community-wide phenology
patterns. The phenologies of rare species not pres-
ent in vegetation plots (hence no density data avail-
able) were therefore not accounted for. However,
tree density takes into account the relative abun-
dance among tree species and enhances the accu-
racy of depicting the abundance of plant-based re-
sources (Chapman ez al. 1994). To reduce the sam-
pling error, we used only data from species with at
least three individuals in the phenology survey.
Thirty-eight species (among the 49 sampled for
phenology) were included in depicting community-
wide phenology patterns (Fig. 2-6).

Using tree density or species number to depict
phenology patterns allows comparisons between re-
sults from different sites. However, both units ig-
nore the between-species differences in the size dis-
tribution of adult trees and in the intensity of phe-
nological activities and may thus bias our results.
To assess this potential bias, we also present phe-
nology patterns with a phenology index (I,,) that
ook these two factors into account:

S
Im = E kabkdk
k=1

where Fy,, denotes the mean flowering, fruiting, or
leafing score of all sampled individuals in species k
during month m, b denotes the mean basal area
of an adult tree for species k, and di denotes the
density (number per ha) of adult trees for species k.

To determine the number of species in a given
phenophase each month, all species with at least 25
percent of its sampled trees in that phenophase
were counted. The 25 percent cut off point was
arbitrarily chosen and might have biased against
species such as figs whose phenology tends to be
asynchronous. However, preliminary analyses
showed that using cut off points between one per-
cent and 30 percent resulted in very similar com-
munity-wide patterns.

SEED SIZE AND FRUITING SEASONALITY.—Fruiting sea-
sonality can be defined as the degree of temporal
variation in fruit abundance; a high temporal vari-
ation indicates a strong seasonality. The extent of
fruiting seasonality of a species is determined by

. the duration and the synchrony of fruiting events

among conspecific individuals in the population.
Species with extended fruiting durations or with
individuals in a population fruiting asynchron-
uously tend to lack a highly concentrated fruiting
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period. In contrast, species with relatively short
fruiting durations and synchronized fruiting epi-
sodes among conspecific individuals tend to show
a distinct fruiting season and thus strong fruiting
seasonality. For each species, we examined the re-
lationship between seed size and fruiting duration,
and between seed size and fruiting synchrony.

FrUITING DURATION.—We defined a “fruiting
event” as a period of fruiting with at least two con-
secutive non-fruiting months (with fruiting 0
score) separating it from other such events. A non-
fruiting month between two fruiting months was
considered sampling error and part of an ongoing
fruiting event. For each species, the mean fruiting
duration was calculated by averaging the durations
of all fruiting events of all sampled individuals be-
longing to that species.

Frurring syncrirony.—The “median date” for each
fruiting event was defined as the midpoint in time
(as month) with equal cumulative fruiting scores
on both sides. The median date values, expressed
as month, were converted into integers (ranging
from 1 to 25), with month X including all median
dates located between X £ 0.50.

Fruiting events that initiated prior to this
study but terminated shortly after our phenology
sampling began tended to have their median dates
congregated at the beginning of the sampling pe-
riod, whereas fruiting events that initiated near the
end of the sampling period but most certainly con-
tinued beyond tended to have their median dates
congregated near the end of the sampling period.
To avoid this artificial aggregation due to sampling
errors, all the observed median dates located in the
first two months and the last two months (mo 1,
2, 24, 25) of the 25 mo sampling period were ex-
cluded from the following analyses for fruiting syn-
chrony.

We used a randomization test to examine the
temporal aggregation (synchronization) of all me-
dian dates of fruiting events within species. For
each species, the average pair-wise distance (in units
of months) of all possible combinations of all fruit-
ing median dates was calculated. The calculation
took into account the annual periodicity (e.g., the
distance between two median dates in the same
month of different years will be zero). An identical
number of hypothetical median dates were com:
puter generated and randomly placed to 21 months
(instead of 25, see explanation above), and their
average pair-wise distance calculated. This simula-
tion process was reiterated 10,000 times to generate
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a frequency distribution of the average pair-wise
distances of randomly distributed median dates.
Temporally aggregated fruiting median dates have
a shorter average pair-wise distance than that of
randomly distributed ones. For each species the
probability (P value) that the average pair-wise dis-
tance of randomly distributed median dates to be
equal or shorter than the observed value can be
calculated using the frequency distribution gener-
ated for that species.

Thirty-seven species were tested, including all
species with more than one fruiting event recorded,
regardless of their sample size in the phenology sur-
vey or whether they appeared in the vegetation
plots. For each species, only fruiting events of 10
months or shorter were included in the analyses.
The mean fruiting durations for species known to
fruit continuously were always longer than 11 mo
(3 of 37 species), whereas fruiting durations for all
other species were shorter than 10 mo. All random-
ization tests were done using the statistical program
SPLUS. To determine which species fruit synchro-
nously, the significance value was adjusted by the
Bonferroni cotrection to reduce the possibility of
accepting a significant result by chance alone. The
species analyzed here and the 38 species included
in depicting community-wide phenology patterns
were selected independently, though many species
were in both groups.

Community-wide fruiting seasonality can be
expressed as the overall magnitude of temporal
variation in the densities of trees in fruit. Thirty-
eight species that were included in depicting com-
munity-wide phenology patterns were divided into
small-, medium-, and large-seeded groups of com-
parable sizes (12, 13, and 13 species, respectively).
The resulting dividing points between small and
medium, and between medium and large seeds
were 3.5 and 7.5 mm, respectively. For each group,
we used a Friedman test to examine the significance
of temporal variation in the densities of trees in
fruit, and calculated the equitability index J' (Krebs
1989) for monthly densities of fruiting trees.

| H/
LTI
where
S
H' = > PIn(P)
=1
H/... = In(s)

S = Number of months, P; = number of trees per
ha (regardless of species) in fruit in month i as the



TABLE 1. Results of repeated measured ANOVA.
Phenophase  Effect df F P
Flowering Month  (22,468) 3.8506 <0.0001
Species  (48,489) 11.11 <0.0001
Site (1,489) 2.20 0.14
Fruiting Month  (22,468) 2.1780 <0.0001
Species  (48,489) 7.90 <0.0001
Site (1,489) 0.26 0.61
Leafing Month  (22,468) 7.6136  <0.0001
Species  (48,489) 9.25 <0.0001
Site (1,489) 4.23 0.04

3 When performing a repeated measured ANOVA, SAS
statistical program uses a multivariate procedure to test
the within-subject effect. The degrees of freedom in the
denominator for testing the month effect were therefore
different from that of testing species or site effect.

proportion of total number of trees per ha in fruit
in all months. The equitability indices were cal-
culated based on a 12 mo annual cycle (S = 12)
and on a 25 mo sampling period (S = 25). To test
whether different ways of dividing seed-size groups
affects the results, we again divided all 38 species
into large- and small-seeded groups (19 species
each) and repeated the same analyses. The dividing
point between small and large seeds was 5.0 mm.

RESULTS

Results from repeated measured ANOVA indicate
that all phenophases show significant among-
month and among-species differences (Table 1).
The between-site difference was significant only for
the leafing phenology.

CoMMUNITY-WIDE PHENOLOGY.— L he temporal pat-
terns of community-wide phenologies expressed as
overall tree density, phenology index, or species
number were similar in the timing of peaks and
troughs (Fig. 2—4). Phenology patterns expressed as
overall tree density or phenology index did not dif-
fer (Flowering, P = 0.872; fruiting, P = 0.872;
leafing, P = 0.427; Kolmogorov-Smirnov tests). In
all years flowering peaked in the minor dry season
in December—January (Fig. 2a, b). Afterward, the
intensity of flowering declined steadily and reached
a trough in May near the end of the major rainy
season. The flowering phenology in the 1989-90
showed a similar pattern (Fig. 2c). The among-
month variation in flowering was significant in
1991-92 but not in 1989-90 (P < 0.0001, P =
0.251, respectively, Friedman tests).
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In both 1991 and 1992, fruiting peaked dur-
ing the major rainy season (March-May) but re-
mained high during the major dry season (July-
August). A fruiting trough appeared in the minor
dry period (January; Fig. 3a, b). The fruiting pat-
tern of 1989-90 was similar to that of 1991-92,
with a low period in January-March (Fig. 3c). The
among-month variation in fruiting pattern was sig-
nificant in 1991-92 but not in 1989-90 (P <
0.0001, P = 0.149, respectively, Friedman tests).

Leaf flushing showed a bimodal pattern in
1991, with peaks in the major rainy season
(March—-May) and again during the major dry sea-
son {July—August). In 1992, increased leaf flushing
merged into one single peak at the wet-dry tran-
sition period and remained high during the July-
August dry season (Fig. 4a, b). Leaf flushing in
1989-90 was hardly noticeable, with only very low
densities of trees producing new leaves (Fig. 4c).
The among-month variation in leaf flushing was
highly significant for 1991-92 but not for 1989—
90 (£ < 0.0001 and P = 0.518, respectively, Fried-
man tests). For all phenophases, the phenologies of
the 1989-90 study showed less distinct patterns
than that of the 1991-92 study.

For some tree species in tropical forests, flower
initiation (emergence of flowering buds) and an-
thesis (blooming) can be separated by a period of
dormancy (Borchert 1983). We compared the
community-wide blooming pattern (represented by
only trees actually in flower as opposed to the pre-
vious flowering patterns which include trees both
in flowering buds and flowers) with the patterns of
leaf flushing and leaffall to further examine the
temporal relation between flowering and leafing
phenologies. The temporal patterns of blooming
and flowering were essentially identical, both
peaked in the beginning of each calendar year dur-
ing the minor dry period (Fig. 2a and 5; both pat-
terns are collectively referred to as “flowering”
thereafter). By contrast, leaf fall in 1991 peaked in
August-September, near the end of the major dry
season. In 1992, increased leaf fall extended from
June to December and lacked a distinct peak. In
both years maximum leaf fall occurred after peaks

of leaf flushing (Fig. 5).

Srecies raTTERNS.—Fourteen out of 37 species
(38%, see Appendix for species) showed significant
temporal aggregation in their fruiting dates (P <
0.0014, after the Bonferroni correction). No sig-
nificant difference in seed sizes (P = 0.719; Mann-
Whitney test) was found between species with syn-
chronized fruiting dates and species with fruiting



