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Figure 1. Fazendinha Protected Area, located on the banks of the River Amazon in the state of Amapa, Brazil.

made fortnightly, using binoculars (Bushmaster R2050,  the inflorescence and ends when the flowers begin to open,
with 20x magnification) during the period from October  ii) flowering (open flowers), which is the phase in which the
2009 to October 2011. corolla opens, observed either in the tree canopy, on the

The phenophases observed were: i) flowering (flower  forest floor or in litter and seed traps installed underneath
buds), which begins when small reproductive buds appearin  the canopy, iii) , fruiting (unripe fruits), which begins
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when it is possible to see the first fruits on the stem of the
inflorescence, iv) fruiting (ripe fruits), when fruits fall to
the forest floor, v) leaf flush, which begins with the eruption
of small reddish-coloured leaflets at the tips of the stems,
and ends when the leaflets turn green, and vi) leaf fall, in
which the leaves change colour from green to yellow and fall
easily, leaving gaps in the canopy. These phenological phases
follow the classification used by Morellato et al. (2000).

In order to confirm that the species in the study area is
indeed C. guianensis, specimens including fertile material
were sent to the IAN herbarium at Embrapa Amazonia
Oriental (Belém, Par4, Brazil). The identification report
was released on 13™ May 2013, with the material registered
under the number 189029.

Climate data

Monthly rainfall (mm) data were recorded at the Macapa
weather station, located 1km from the study area (Instituto
Nacional de Metereologia 2015). Maximum daily flood level
data for the Amazon River were obtained from the tidal
monitoring station at the Port of Santana 6 km from the
study area, and were averaged across the month (Centro
de Hidrografia da Marinha 2016).

Data analysis

The proportion of trees expressing signs of each
phenophase was calculated for each fortnightly sample.
These values were then averaged to give a single value for
each month of the 25 month study period, which was used
as the response value for the analyses.

The relationships between proportion of trees in each
phenophase and total monthly rainfall (mm), and between
the proportion of trees with ripe fruits and river water levels,
were verified using univariate Generalised Linear Models
(GLMs) with quasi-binomial errors in the programming
language R (R Core Team 2015). The relationship between
the proportion of trees with ripe fruits and river water levels
was modelled to test the hypothesis that fruiting peaks
coincide with peak water levels in order to facilitate long-
distance dispersal via hydrochory. The relationship between
water levels and the other phenophases was not tested as
there was no theoretical basis upon which to hypothesise
that the seasonal changes in river level, and subsequent
inundations of the forest, would affect the phenology of
other ecological processes.

To estimate synchrony in the phases of flowering and
fruiting, Augspurger’s (1983) index of population synchrony
(Z) was calculated as follows:

n
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Where: n is the total number of individuals in the
sample and Xi is the synchrony between individual i and
its conspecifics, calculated using the following formula:

o) L,

j=1

Where: fi is the number of months in which individual
i flowered or fruited and ej is the number of months in
which individuals i and j flowered or fruited at the same
time (where i#j).

The intensity of synchrony was categorised on the
following scale: O - absence of synchrony; 0.1 to 0.27 -
minimal synchrony; 0.28 to 0.45 - low synchrony; 0.46 to
0.69 - medium synchrony; 0.70 to 0.99 - high synchrony;
and 1 - perfect synchrony.

Results

September, October and November were the driest
months, and the wettest months were from January to June
(Fig. 2 - INMET 2015). Tidal flooding occurs daily, reaching
its maximum amplitude in March and April, coinciding
with the equinox and the period of most intense rainfall
(Pereira et al. 2002).

In the following sections the results relating to the
phenophases of flowering, fruiting and leaf flush and fall
are reported.

Flowering

During the study period there were three peaks in
flowering (flower buds), firstly in November and December
2009 (83 % of trees), then in September and October of 2010
(90 % of trees), and finally in September of 2011 (100 %
of trees). There were also three peaks in flowering (open
flowers), in November of 2009 (52 % of trees), October of
2010 (76 % of trees), and finally in September of 2011 when
flowering peaked at 100 % of trees (Fig. 2). The peaks of
flowering (both buds and open flowers) coincide with the
driest months of the year (Fig. 2).

There is a significant negative relationship between the
proportion of trees flowering (flower buds - GLM: § =-0.017;
SE =0.0037; p<0.001), and flowering (open flowers - GLM:
B =-0.016; SE = 0.0043; p = 0.0011) and the total monthly
rainfall (Tab. 1, Fig. 3).

With regards to flowering (both buds and open flowers),
most individuals (80 % of trees) showed medium synchrony,
and most of the rest (16.6 % of trees) showed high synchrony.
The population as a whole showed intermediate synchrony
with regards to flowering (Z = 0.66; Tab. S1 in supplementary
material).
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Figure 2. Proportion of trees flowering (flower buds — diamonds, and open flowers - squares) within the study population of Carapa
guianensis in the Fazendinha Protected Area — Macap4, Amapa, Brazil, shown in relation to total monthly rainfall (bars) throughout

the study period (October 2009 to October 2011).

Table 1. Effect sizes (B), standard errors (SE) and significance levels (*significant at 0.05, **significant at 0.01, **significant at 0.001,
NSnot significant) of the relationships between phenological phases and rainfall (rain) and river water level (water), based on GLMs

with quasi-binomial error structures. NT = not tested.

Responsevarisl I O IO WO -

% trees flowering (flower buds) -0.017**
% trees flowering (open flowers) -0.016**
% trees fruiting (unripe fruit) 0.0091**
% trees fruiting (ripe fruit) 0.016 ***
% trees in leaf flush -0.0008"%
% trees in leaf fall 0.0014%s

Fruiting

During the study period there were three peaks in
fruiting (unripe fruits), firstly in March 2010 (93 % of
trees) and then in January 2011 (100 % of trees), with
a smaller peak occurring again from March to May 2011
at a level of 93 %. There were two peaks in fruiting (ripe
fruits), between March and May 2010 (93 % of trees) and
between March and May 2011 at a level of 93-97 % (Fig. 4).
The peaks of fruiting (both unripe and ripe fruits) coincide
with the wettest months of the year (Fig. 4).

There is a significant positive relationship between the
proportion of trees with unripe (GLM: § = 0.0091; SE =
0.0031; p = 0.008), and ripe (GLM: B = 0.016; SE = 0.0041;
p < 0.001) fruits and the total monthly rainfall (Tab. 1, Fig.
5). The relationship between the proportion of trees with
ripe fruits and river water level was also significant and
positive (GLM:  =10.16; SE = 2.96; p = 0.0023; Tab. 1, Fig. 6)

All but two individuals produced fruits during the
study period, and showed high synchrony in the fruiting
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0.0037

0.0043 NT NT
0.0031 NT NT
0.0041 10.16** 2.96
0.0019 NT NT
0.0020 NT NT

phases, contributing to overall high synchrony of fruiting
at the population level (Z = 0.85; Tab. S2 in supplementary
material).

Leaf Flush and fall

Budding of new leaves (leaf flush) and leaf fall occurred
concurrently, and there was no clear seasonal pattern in
peaks throughout the study period (Fig. 7). There was also
no significant relationship between leaf flush or leaf fall,
and rainfall (Tab. 1).

Discussion

There is clear seasonal variation in the production of
flowers and fruits of Carapa guianensis in the study region.
Peaks of flowering occur between September and December,
the driest months of the year, and the proportion of trees
flowering is strongly and significantly negatively related to
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Figure 3. Relationship between proportion of individuals in the population of Carapa guianensis flowering (flower buds) — closed
circles, solid line, and flowering (open flowers) — open circles, dashed line, and rainfall (mm) in the Fazendinha Protected Area —
Macapd, Amap4, Brazil.
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Figure 4. Proportion of trees fruiting (unripe fruits - diamonds, and ripe fruits — squares) within the study population of Carapa
guianensis in the Fazendinha Protected Area — Macap4, Amapa, Brazil, shown in relation to total monthly rainfall (bars) throughout
the study period (October 2009 to October 2011).
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Figure 5. Relationship between proportion of individuals in the population of Carapa guianensis with unripe (closed circles, solid
line) and ripe fruits (open circles, dashed line), and rainfall (mm) in the Fazendinha Protected Area— Macapa, Amapa, Brazil.
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Figure 6. Relationship between proportion of individuals in the population of Carapa guianensis with ripe fruits and river water level
(m) in the Fazendinha Protected Area— Macapa, Amap4, Brazil.
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Figure 7. Proportion of trees with changing leaves (new leaves -diamonds, and leaf fall - squares) within the study population of Carapa
guianensis in the Fazendinha Protected Area — Macap4, Amapa, Brazil, shown in relation to total monthly rainfall (bars) throughout

the study period (October 2009 to October 2011).

total rainfall. Conversely, peaks of fruiting occur between
January and May, the wettest months of the year, and the
proportion of trees fruiting is strongly and significantly
positively related to total rainfall. Leaf flush and fall occur
concurrently, and did not show a strong seasonal pattern.

Flowering in the dry season, as shown in this population
of C. guianensis, is a sensible reproductive strategy in tree
species of the Amazonian virzea. Intense rainfall at other
times of the year could cause structural changes to the
flower, potentially affecting pollination through reductions
in viability of the pollen or receptivity of the stigma. This
could be particularly true for C. guianensis which has very
small, delicate flowers. Pires-O’Brien & O’Brien (1995)
further highlight that heavy rainfall could dilute nectar and
thus interfere with attraction and motility of pollinators,
such as micro-lepidoptera and meliponinae in the case of
C. guianensis (Maués 2006). In the Amazon region, the
period of heaviest rainfall is also associated with higher river
levels, and flooding of varzea forest. The concentration of
flowering in the period of lower river levels may therefore
also be part of a strategy to concentrate fruiting during
periods of higher water levels, facilitating hydrochory
(Ferreira & Parolin 2007). We found medium intensity
synchrony of flowering for C. guianensis, and other studies
have previously shown high (Pereira & Tonini 2012) and
no (Maués 2006) synchrony. High synchrony could help to
attract pollinators (Rathcke & Lacey 1985), though it could
also reduce overall movement of pollinators between trees,
potentially reducing genetic diversity. Furthermore, high
synchrony could attract beetles and larvae of lepidoptera,
increasing rates of flower predation.

The occurrence of fruiting during periods of highest
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rainfall, as found in this study, supports evidence from
other phenological studies of C. guianensis, carried out in
other parts of the Amazon, in both terra firme and varzea
(Boufleuer 2004; Plowden 2004; Maués 2006; Klimas et
al. 2012; Pereira & Tonini 2012; Freitas et al. 2013). Here
we show that the probability of fruiting is very low (<0.2)
when precipitation levels are less than 150 mm per month,
and the probability of appearance of ripe fruits increases
markedly when average monthly river water levels rise above
3.2m. This coincidence of fruiting with the rainy season
and high river levels facilitates hydrochoric seed dispersal
as torrential rain and high winds knock ripe fruits from
the trees, and seeds are then carried long distances by the
waters of the Amazon and its tributaries (Scarano et al.
2003). Furthermore, when river levels are higher more of the
varzea is inundated, more individual trees are reached, and
therefore more seeds will be dispersed. In tidal virzea, when
the tide falls, seeds accumulate in lower-lying areas, which
may help to maintain soil humidity and therefore facilitate
plant growth during the Amazonian summer (September to
November) when rainfall is low and the influence of the tides
do not reach as far in to the forest. While, in common with
a large proportion of riparian and wetland plant species,
C. guianensis displays hydrochorous seed dispersal, this
occurs in combination with other dispersal syndromes,
principally zoochory (dispersal by animals). This may help
to explain why synchrony was higher in the fruiting than
flowering phase, as a higher density of fruits may attract
larger numbers of dispersers (Rathcke & Lacey 1985).
Leaf flush and fall occurred simultaneously and gradually
throughout the year. Populations of C. guianensis in Acre,
Para, Roraima and in the south-east of the state of Amapa
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have also been found to show this perennial pattern in both
terra firme and varzea (Schongart et al. 2002; Boufleuer
2004; Maués 2006; Pereira & Tonini 2012). The fact that
the canopies of these trees are always green is advantageous
because it increases the area of photosynthetic uptake, and
therefore carbohydrates available during the reproductive
phase, leading to greater seed production (Farias & Hoppe
2004). Furthermore, it has been suggested that continuous
budding of leaves helps the tree to store greater quantities
of carbohydrates to be used during reproductive phases
(Klimas et al. 2012).

Strong seasonality in flowering and fruiting of C.
guianensis likely represents a reproductive strategy to
maximise pollination and hydrochorous seed dispersal.
The phenological information provided by this study,
particularly the identification of the exact period of highest
seed production, will facilitate the inclusion of crabwood
oil extraction in the management plan for the Fazendinha
PA. Furthermore, the results presented here contribute to
an improved understanding of the reproductive behaviour
of C. guianensis in tidal varzea, essential information for
planning for the sustainable use of this species.
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