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Abstract

Phenology has long been hypothesized as an avenue for niche partitioning or

interspecific facilitation, both promoting species coexistence. Tropical plant

communities exhibit striking diversity in reproductive phenology, but many

are also noted for large synchronous reproductive events. Here we study

whether the phenology of seed fall in such communities is nonrandom, the

temporal scales of phenological patterns, and ecological factors that drive

reproductive phenology. We applied multivariate wavelet analysis to test for

phenological synchrony versus compensatory dynamics (i.e., antisynchronous

patterns where one species’ decline is compensated by the rise of another)

among species and across temporal scales. We used data from long-term seed

rain monitoring of hyperdiverse plant communities in the western Amazon.

We found significant synchronous whole-community phenology at multiple

timescales, consistent with shared environmental responses or positive interac-

tions among species. We also observed both compensatory and synchronous

phenology within groups of species (confamilials) likely to share traits and

seed dispersal mechanisms. Wind-dispersed species exhibited significant syn-

chrony at ~6-month scales, suggesting these species might share phenological

niches to match the seasonality of wind. Our results suggest that community

phenology is shaped by shared environmental responses but that the diversity
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of tropical plant phenology may partly result from temporal niche partitioning.

The scale-specificity and time-localized nature of community phenology pat-

terns highlights the importance of multiple and shifting drivers of phenology.

KEYWORD S
community assembly, dispersal syndrome, frugivory, functional traits, rainforest,
reproduction, spectral analysis

INTRODUCTION

Species within ecological communities often exhibit
interspecific diversity in the phenology of key life events.
This diversity may represent an axis of niche partitioning
that reflects community assembly and evolutionary history
(Ashton et al., 1988; Bernard-Verdier et al., 2012; Godoy &
Levine, 2013; Gonzalez & Loreau, 2009; Wolkovich &
Cleland, 2011). Species differences in phenology may limit
interspecific competition and promote species coexistence
by causing niche complementarity through time in resource
use or interactions with mutualists like pollinators or
in apparent competition mediated by natural enemies
(Rathcke & Lacey, 1985; Robertson, 1895). Alternatively,
phenological synchrony may be promoted by pulses in
resource supply or periodically harsh environmental
conditions that limit the possible phenological options
(Detto et al., 2018; Gentry, 1974; Rathcke & Lacey, 1985;
Usinowicz et al., 2017; Vasseur et al., 2014). Facilitation
due to enhanced attraction of mutualist animals or predator
satiation may also promote synchronous reproduction
(Janzen, 1974). However, phenology remains a relatively
poorly characterized dimension of functional diversity in
many communities, owing to a lack of long-term monitor-
ing and the multiscale complexity of phenology (Wolkovich
et al., 2014).

Co-occurring plants with similar reproductive phenol-
ogy might be more likely to compete for frugivores
(Saracco et al., 2005) or other resources, given the require-
ments of reproduction (Karlsson & Méndez, 2005). As a
result, those species capable of coexisting might partition
phenological space. Researchers have studied phenological
niches in tropical forests (e.g., Ashton et al., 1988; Gentry,
1974; Jones & Comita, 2010; Poulin et al., 1999; Stiles,
1977; Wheelwright, 1985) and elsewhere (Albrecht et al.,
2015; Botes et al., 2008; Elzinga et al., 2007). Within a com-
munity, phenological niche partitioning might be strongest
among species with shared mutualists or shared resource
requirements (Encinas-Viso et al., 2012), similarities that
often characterize phylogenetically related species (Davies
et al., 2013; Donoghue, 2008; Prinzing et al., 2001;
Robertson, 1895). However, there are simultaneous and
opposing processes interacting with phenology, such as

abiotic seasonality versus resource competition. As a
result, phenological patterns indicative of shared temporal
niches (interspecific synchrony) versus niche partitioning
(interspecific compensation or antisynchrony) may only
emerge at certain timescales or periods of time (Baird,
1980; Keitt, 2008; Lasky et al., 2016; Vasseur et al., 2005).

Tropical plant communities have highly varied phe-
nology, and there are often multiple species reproducing
at any given time of the year (Frankie et al., 1974;
Gentry, 1974; van Schaik et al., 1993), including for the
stage that we study here: seed fall (Chang-Yang et al.,
2016; Detto et al., 2018; Smythe, 1970). The phenological
diversity of tropical plants may be made possible by
favorable temperature and (in rainforests) moisture for
much of the year (Gentry, 1974; Usinowicz et al., 2017).
Despite this potential, tropical plant communities often
do exhibit synchrony among at least a subset of the com-
munity, perhaps due to shared responses to abiotic sea-
sonality (Detto et al., 2018; van Schaik et al., 1993) or
seasonality in frugivory and seed dispersal (Poulin et al.,
1999). It seems likely that different species may be lim-
ited by different conditions fluctuating across the year
(e.g., light, moisture, heat), so diversity in the phenology
of tropical seed fall may be a consequence of distinct
strategies or sensitivities to seasonality in resources
(Lasky et al., 2016). Additionally, positive density-
dependent interactions among species may promote
synchrony, for example, masting that overwhelms seed
predators (Ashton et al., 1988; Jones & Comita, 2010) or
facilitation by frugivore attraction (Carlo, 2005). Abiotic
conditions may control species interactions, such that
synchronous or compensatory reproduction occurs
during periods with specific abiotic conditions (Vasseur
et al., 2005).

We used wavelet analyses to determine whether species
exhibited synchronous or compensatory (antisynchronous)
seed rain (illustrated in Figure 1) (Lasky et al., 2016).
Wavelets are basis functions whose combinations can be
used to characterize signals in data (here, time series of seed
rain). Wavelet transformations decompose signals into pat-
terns at different scales, like other spectral analyses, but
with the added advantage that wavelets can characterize
time-localized and nonstationary patterns, that is, patterns
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that are inconsistent over a time series (Keitt, 2008;
Torrence & Compo, 1998). In the wavelet transformation,
the base wavelet is translated across the time series at vary-
ing scales/frequencies of the wavelet to identify the impor-
tant timescales that contribute to the variability in the
signal (Cazelles et al., 2008). By resolving nonstationary and
scale-specific patterns, we may improve our ability to detect
multiple opposing processes affecting seed rain dynamics
at different temporal scales (scale-specific) or points in
time (nonstationary). For example, while species may all
increase reproduction during once-a-year seasons of high
resource supply (annual-scale synchrony), species may
peak in reproduction at different points within a favorable
season (Figure 1, within-season-scale compensatory
dynamics; Lasky et al., 2016).

We addressed the following questions:

1. Do communities exhibit compensatory patterns or
synchronous patterns of reproduction (seed fall)
through time?

2. Is evidence for compensatory and synchronous dynam-
ics scale-specific or nonstationary (i.e., changing
through time)?

3. Is evidence for niche partitioning of seed fall phenol-
ogy strongest among functionally similar species,
potentially those with the greatest likelihood of inter-
specific competition? Do related species exhibit stron-
ger compensatory dynamics? Or, alternatively, do
morphologically similar or related species exhibit
synchrony?

4. Does community phenology differ between sites and
time periods of contrasting climate, suggesting pheno-
logical niches may be mediated by fluctuations in
environment?

METHODS

Study sites

We studied two forest plots in the western Amazon
basin, in Cocha Cashu, Peru, and Yasuní, Ecuador
(Appendix S1: Figure S1). These plots were monitored
across different intervals, from February 2000 to
February 2017 in Yasuní and from September 2002
to January 2011 in Cocha Cashu. The study plot in
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F I GURE 1 Illustration of wavelet modulus ratio (WMR) as a measure of simulated multispecies patterns in reproduction. (A–C)
Two-year time series of reproduction (excerpted from a 20-year series) for three different scenarios for a five-species community (each

species a different colored line). (D–F) WMR for these scenarios across a whole 20-year time series, where WMR is determined by the

variation in total aggregate community reproduction relative to the variation in individual species reproduction. Thick black lines indicate

regions of significantly nonrandom WMR (false discovery rate [FDR] = 0.05). When there is synchrony (A), the aggregate community

variation is similar to the individual species variation, and WMR is high at the relevant scale (1 year). When there are compensatory

dynamics (B), the aggregate community variation is low but the individual species variation is high, and WMR is low at the relevant scale

(1 year). Both synchrony and compensatory dynamics can occur at different scales (C), in this case large-scale synchrony and small-scale

compensation. A small amount of noise was added to each scenario. The cone of influence (white shading in D–F) marks the regions where

the wavelet transforms are affected by the boundaries of the sampling period.
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Ecuador was located in Yasuní National Park at the
Estaci�on Científica Yasuní (0�410 S, 76�240 W), a research
station maintained by Pontificia Universidad Cat�olica del
Ecuador. The Yasuní lowland rain forest is in the wettest
and least seasonal region of the Amazon (Silman, 2007;
Xiao et al., 2006). Mean annual rainfall is 2826 mm, with
no months having <100 mm rainfall on average
(Valencia, Condit, et al., 2004; Valencia, Foster, et al.,
2004). Seed traps were placed within the 50-ha Yasuní
Forest Dynamics Plot (YFDP), established in 1995, where
elevation ranged from 216 to 248 m. In 25 ha of this for-
est plot, 1104 tree species were recorded (Valencia,
Condit, et al., 2004; Valencia, Foster, et al., 2004).

The study plot in Peru is located at Cocha Cashu
Biological Station (11�540 S, 71�220 W), which is situated
at 360 m mean elevation within the core area of Manu
National Park, at the western margin of the Madre de
Dios river basin. The study plot is located in mature
floodplain forest habitat, which comprises over 700 tree
species (Pitman et al., 2002). Annual precipitation ranges
between 2000 and 2500 mm, with a pronounced dry sea-
son from June to October that sees typically less than
100 mm monthly rainfall (Gentry, 1993). In the period
from September and April there is an excess of fruit avail-
able for frugivorous vertebrates (Terborgh, 1986), which
may indicate that plants compete to attract frugivores
during this period.

Seed rain data

In each plot, an array of seed traps was established. At
Yasuní we followed the methods of Wright and Calderon
(1995). In February 2000, 200 seed traps were placed in
the 50-ha YFDP along trails but >50 m from the plot bor-
der. Every 13.5 m along the trails, a trap was placed a
random distance between 4 and 10 m perpendicular from
the trail, alternating left and right. Traps were
constructed of PVC tubes and 1-mm fiberglass mesh,
0.75 m above ground, with an area of 0.57 m2. Twice a
month (median interval = 20 days, SD = 7.0 days) from
February 2000 to February 2017 all reproductive parts in
each trap were counted and identified to species or
morphospecies using a reference collection of seeds and
fruits maintained on site.

At Cocha Cashu, year-round fruit and seed fall were
counted between 2002 and 2011 within a 4-ha plot.
A 17 × 17 array of 289 evenly spaced seed-fall traps was
installed within the central 1.44 ha (120 × 120 m) of the
plot at the beginning of the study. Seed traps consisted of
0.49 m2 (70 × 70 cm) open bags made of 1-mm nylon
mesh sewn to wire frames with 0.5-mm monofilament
line. Corners of the traps were attached to nearby trees

with 1-mm monofilament line so that the traps were
suspended approximately 1 m above the ground. The
contents of the traps were collected approximately every
2 weeks (median interval = 15 days, SD = 3.3 days), and
all seeds, fruit, and fruit parts (e.g., capsules, valves, pods)
were identified to species and recorded.

For fruit counts at both sites we estimated number of
seeds collected by multiplying by the average number of
seeds per fruit. We divided counts by the number of days
in intervals to control for slight variation in intervals.
Further details are available in Appendices S1–S3.

Weather data

We estimated monthly precipitation and minimum tem-
perature at the plot level for each study site. Because local
weather station data contained many missing observa-
tions, we used remotely sensed data. We used a 10-day
precipitation time series estimated on a 0.05� grid by
Funk et al. (2014) using both remote and locally sensed
data. We used European Centre for Medium-Range
Weather Forecasts/ERA-Interim reanalysis 4-h tempera-
ture data at 2 m height estimated on a N128 Gaussian
(~2�) grid (European Centre for Medium-Range Weather
Forecasts, 2011) and calculated daily minimum tempera-
tures and then monthly values.

To estimate the approximate long-term pattern of
wind seasonality in the study region, we used weather
station data. For Cocha Cashu, we calculated average
monthly wind speed from a station 150 km away, within
100 m elevation of Cocha Cashu, for the years 2004–2009
(https://atrium.andesamazon.org/meteo_station_display_
data.php?id=12). For Yasuní, we used a weather station
(http://www.serviciometeorologico.gob.ec/biblioteca/)
115 km away within 70 m elevation of the Yasuní plot
for the years 2005–2012. The Amazon basin in the
region separating our plots from the weather stations
lacks topographic barriers and has consistent seasonal
patterns across large distances. Indeed, the seasonal
wind speed patterns are very consistent between these
two weather stations >1400 km apart (Appendix S1:
Figures S7 and S12): a peak in speed from September
to November, with lower speeds in the earlier part of
the year.

Statistical analysis

Wavelet transformation of seed rain data

For each species, we summed seed rain for each time
point across all traps in the plot, resulting in a single
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time series for each species. Species seed abundance
distributions were extremely right-skewed, with a few
small-seeded species making up most seed counts. For
example, the top five species make up 78% of seeds at
Yasuní (two Melastome species, two Cecropia species, and
Peperomia macrostachya, all small-seeded) and 90% of
seeds at Cocha Cashu (all five were small-seeded Ficus). To
capture broader community patterns, rather than allowing
patterns to be dominated by the few most abundant spe-
cies, we transformed the counts to reduce skew (Lasky
et al., 2016; Vasseur et al., 2005), specifically a natural log
transformation of the counts +1. To explore the sensitivity
of our analyses to transformation, we also conducted all
analyses in parallel without any transformation; however,
we focus our discussion on results from ln(counts +1). In a
subset of our analyses, we also explored how removing
rarer species influenced our results (see Appendices S1–S3,
also for a justification of using 1 as opposed to another con-
stant). Note we did not address within-plot intraspecific
variation in phenology as we were primarily interested in
population- and community-wide phenology and its poten-
tial relationship to seed dispersers (that move across each
plot) and temporal climate fluctuations (that are consistent
within each plot).

We then applied a continuous Morlet wavelet transfor-
mation to each species’ time series (greater detail in
Appendices S1–S3). To characterize individual species’ phe-
nology in relation to the community or group of species,
we calculated the wavelet modulus ratio (WMR). The
WMR quantifies the relationship between the variation in
the aggregate community-wide reproduction relative to
variation in species-level reproduction (Figure 1). When
species seed rain dynamics through time cancel each other
out, aggregate variation is zero (declining seed rain is bal-
anced by increasing seed rain). Thus, at zero, the WMR
indicates compensation: All species-level dynamics are
compensated so that community-level reproduction is con-
stant (Figure 1). At unity, the WMR signifies complete phe-
nological synchrony among the species, as species-level
phenological dynamics are completely reflected at the com-
munity level.

To answer the previously posed Questions 1 and 2, we
calculated the whole-community WMR for all species in
Yasuní (0.10- to 8.5-year periods) and Cocha Cashu
(0.08- to 4.2-year periods). The periods differed between
sites because of the frequency of trap collection and
duration. Trap observation dates were regularized to a
constant interval following Keitt (2014), and the mini-
mum periods were twice the median sampling interval,
limiting artifacts associated with a few days’ difference in
intervals. The maximum scales were calculated as half
the total duration of the study period at each site. We
tested the statistical significance of whole-community

WMR using bootstrapping, where each species had the
phase of their wavelet at a given scale randomly shifted
(Keitt, 2008). This shift in phase has the effect of shifting
where a wave is located in time, resulting in random pat-
terns of among-species phenology. All analyses were run
in R (version 3.3.2). The WMR was calculated using the
mvcwt package (Keitt, 2014; https://github.com/thk686/
mvcwt).

Seed dispersal mechanisms

We grouped species into different dispersal syndromes to
test for nonrandom WMR within each syndrome, using
slightly different approaches for each site depending on
available data. At each site we conducted two separate
classification efforts, one for all species and another more
granular classification focused on tree species (excluding
lianas, herbaceous, and woody shrubs).

At both sites for all plants we first focused our analy-
sis on classifications as animal (Yasuní, N = 741, Cocha
Cashu N = 174) or wind (Yasuní N = 139, Cocha Cashu
N = 48) dispersed. Species with fruit that contain pulp or
aril were considered animal-dispersed, while those with
fruits or seeds adapted for flight were considered
wind-dispersed. For details of the dispersal syndrome
classification of only tree species, see Appendices S1–S3.

For all analyses on the taxonomic and dispersal
groups, we only included groups that had at least five
species. We did not use a lower threshold on the number
of records for inclusion of a species, as species contribu-
tions to groupwide phenological dynamics are weighted
by number of seeds in the following analyses.

Taxonomic and seed dispersal groups

To investigate whether species that are closely related
share or partition phenological niches (Question 3 above),
we focused on taxonomic groups. Our analyses were
done at the family level to ensure sufficient sample size.
Confamilials often share characteristics hypothesized to
be associated with evolutionary niche conservation or
character displacement (Burns & Strauss, 2011; Strong
et al., 1979). Similarly, groups with shared dispersal
mechanisms might be more likely to exhibit nonrandom
phenology (Question 3), so we separately tested the
groups of species sharing dispersal syndromes.

For these grouped analyses (family or dispersal syn-
drome), we first calculated WMR (as with the
whole-community analyses above) for each taxonomic or
dispersal group averaged across the time series. We
excluded WMR values within one scale unit of the
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beginning and end of time series to reduce boundary
artifacts (i.e., the cone of influence). To test the hypothe-
sis that species within a group exhibited more synchro-
nous seed fall or compensatory seed fall than the greater
community, we generated a null distribution of each
group’s WMR using permutations. We permuted species
labels over the entire community while maintaining the
number of species in each group, calculated WMR for the
members of the permuted group, and then repeated this
permutation 1000 times. If the observed WMR of a group
averaged across time points was above the 97.5th percen-
tile of the permutation-based null distribution, we con-
sidered it as nominally significant synchrony relative to
the rest of the community; if the observed WMR of a
group averaged across time points was below the 2.5th
percentile of the null distribution, we considered it as
nominally significant compensation relative to the rest of
the community. We calculated two-tailed p-values from
permutations and implemented false discovery rate
(FDR) control across the multiple hypothesis tests using
the method of Benjamini and Yekutieli (2001).

Climatic association with synchrony versus
compensatory dynamics

To determine whether climatic fluctuations might influ-
ence phenology among community members (Question
4 above), we investigated the association of local
temperature and precipitation with whole-community
WMR calculated earlier. We calculated monthly average
climate data and aggregated seed rain data to monthly
average seed counts. We then calculated the WMR for
Yasuní (2- to 70-month scales) and Cocha Cashu (2- to
50-month scales). We used wavelet transformation of
the climate variables at the specific scales so that
we could calculate their relationship with community
WMR. Specifically, at each scale, we calculated the
Pearson correlation coefficient between community
WMR and the wavelet-transformed minimum tempera-
ture or precipitation. Null distributions for correlations
were generated by permuting the starting point of
the wavelet-transformed climate time series while
maintaining periodic boundaries (i.e., adding climate
values from before the randomly chosen staring points
to the end of the permuted climate series) and calculat-
ing the Pearson correlation between the randomized
climate wavelet and the WMR (n = 1000, with 70 or
50 unique possible values for Yasuní and Cocha Cashu,
respectively, and ignoring observations within one
period of the boundary). The wavelet transform of
climate was done in the WaveletComp R package
(Rösch & Schmidbauer, 2016).

RESULTS

Community-wide phenology

At the ever-wet site Yasuní we found a general trend of
strong whole-community synchrony in transformed seed
counts at scales of less than ~50 days, while larger
subannual periods were weaker (significant at FDR = 0.05,
Figure 2A). At the annual scale we also found significant
synchrony for most of the study, and we found significant
synchrony at scales greater than ~2 years, strongest at
~3.9 and 7 years (FDR = 0.05). These patterns were largely
consistent (stationary) across the period of the study,
especially the pattern of strong synchrony at ~50 days.
However, there was a weakening of annual-scale synchrony
from 2012 to 2015. For untransformed seed counts, we
found significant synchrony only at ~50 days and ~4 years
(FDR = 0.05, Appendix S1: Figure S2).

In contrast to Yasuní, at the seasonally dry Cocha
Cashu site we found weaker whole-community synchrony
in transformed counts at the subannual timescales before
2006, but for 2006 into early 2008 we found significant
community-wide synchrony across a wide range of tempo-
ral scales (FDR = 0.05, Figure 2B). Additionally, there was
consistent significant synchrony at the ~1- and ~2-year and
>3-year scales across the duration of the study, indicating
some shared annual, biannual, and multiyear dynamics
among species (FDR = 0.05). However, for untransformed
seed counts we found almost no evidence of nonrandom
WMR patterns at Cocha Cashu (Appendix S1: Figure S2).
Species-specific time series are included in supplemental
material (Appendices S2 and S3).

Phenology among confamilials

At Yasuní among the 28 families analyzed, we
found that species of some families exhibited significant
compensatory dynamics of transformed seed rain at
subannual timescales (Figure 3A). Note that the null
model for confamilials and dispersal groups was the com-
munity background, so significance indicates a stronger
pattern than the rest of the community. In particular, spe-
cies in the Annonaceae, Euphorbiaceae, Malpighiaceae,
Myristicaceae, and Urticaceae families exhibited signifi-
cantly greater compensatory dynamics than expected at
different timescales up to 8 months (FDR = 0.05). That
is, species that declined in reproduction over a few
months tended to be replaced by other species in the same
family, increasing in reproduction over that timescale.
Additionally, we found significant compensatory dynamics
at the longer timescales (e.g., ~2.9 years) for Annonaceae.
By contrast, at Cocha Cashu among the 27 studied families,
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some families exhibited synchrony and other families com-
pensation, compared to the rest of the community. That is,
confamilial species often showed significant synchrony or
significant compensation, especially at subannual time-
scales (Figure 3B). For untransformed data, we found only
significant compensatory patterns within families, some of
which (Annonaceae, Menispermaceae, Malpighiaceae)
were also significantly compensatory in the analyses of
transformed counts (FDR = 0.05, Appendix S1: Figure S3).

We found some consistency of family patterns across
sites. Annonaceae at Cocha Cashu exhibited significant
compensatory dynamics at subannual timescales (1–4
months) similarly to Yasuní (transformed counts).
Additionally, Myristicaceae at both sites showed nomi-
nally significant compensatory dynamics at scales of

1–3 months (though these were not significant after
controlling for FDR at Cocha Cashu). By contrast,
Fabaceae species showed nominally significant syn-
chrony for subannual to annual timescales at both sites
(though these were not significant after controlling for
FDR at Yasuní, transformed counts).

To help illustrate the patterns identified, we present
one family with synchrony among species and one family
with compensatory dynamics among species (again
compared to the other species in the community). At
Cocha Cashu, Bignoniaceae shows strong synchrony at
~0.5- and 1-year scales, which corresponds to a strong
twice yearly peak in seed fall of multiple species and
many times of year with no seeds at all (Figure 4A,B).
At Yasuní, Urticaceae showed significant compensatory
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F I GURE 2 Whole-community wavelet modulus ratio (WMR) of natural log-transformed seed counts (A, B) at Yasuní (1059 species) and

Cocha Cashu (654 species), and time series of total species in traps (C, D) and total estimated seeds in traps (E, F, natural log) in each sampling

period. In panels (A) and (B), red indicates high WMR, while blue indicates low WMR. When WMR is greater than the null expectation, this is

significant synchrony, and when WMR is lower than expected, we term this significant compensation. Insets in A and B show WMR averaged

across the time series (gray ribbon is null distribution, the line indicates observed average WMR, with yellow being scales where WMR is

significantly different than the null). (A, B) The thin dashed contour lines bound the points in time and scale (years) when the WMR was

nominally significant (p < 0.05) based on bootstrapping, while thick black lines bound regions significant with FDR = 0.05. Nearly all

significant regions in the plot are high WMR (yellow to red). The cone of influence (white shading, A, D) marks the regions where the wavelet

transforms are affected by the boundaries of the sampling period. Note the null distribution of WMR values changes with scales.
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dynamics at scales of ~0.34–0.52 years, which corresponds
to a family-wide pattern where multiple species are
typically releasing seed at any given point in time, and
while some annual synchrony was evident, different
species were often reproductive at different times of year,
so that seed counts never reached zero (Figure 4C,D; also
see WMR figures for all families in Appendices S1–S3).

Phenology among species sharing dispersal
modes

Among the species with shared dispersal syndrome, we
found significant synchrony in transformed counts at
multiple scales at the ever-wet Yasuní (Figure 5C,D).

When considering all growth forms, we found that
animal-dispersed species exhibited significant synchrony
at ~4-month scales but no significant compensatory
dynamics (FDR = 0.05). For wind-dispersed species,
we found nominally significant (p < 0.05) synchrony at
~6-month scales that did not pass FDR control. For only
trees, we did not find significantly nonrandom phenology
for groups of species with similar size fruits or similar
abiotic dispersal mechanisms (though some were nomi-
nally significant at p < 0.05, Appendix S1: Figure S5).
Untransformed seed counts generally did not show sig-
nificantly different WMRs within dispersal groups at
Yasuní (Appendix S1: Figures S4 and S6).

At seasonally dry Cocha Cashu, we found significant
synchrony among transformed seed counts for dispersal

Violaceae (6) 
Urticaceae (13) 

Siparunaceae (6) 
Sapotaceae (33) 

Sapindaceae (31) 
Rutaceae (7) 

Rubiaceae (54) 
Olacaceae (7) 

Nyctaginaceae (11) 
Myrtaceae (25) 

Myristicaceae (13) 
Meliaceae (29) 

Melastomataceae (26) 
Marcgraviaceae (6) 
Malpighiaceae (22) 

Lauraceae (34) 
Lamiaceae (5) 

Fabaceae (103) 
Euphorbiaceae (17) 

Elaeocarpaceae (10) 
Cucurbitaceae (16) 
Convolvulaceae (6) 
Combretaceae (8) 
Boraginaceae (7) 

Arecaceae (24) 
Annonaceae (36) 

0
.1

0
−

0
.1

2

0
.1

4
−

0
.1

6

0
.1

8
−

0
.2

0

0
.2

2
−

0
.2

4

0
.2

6
−

0
.2

8

0
.3

0
−

0
.3

2

0
.3

4
−

0
.3

6

0
.3

8
−

0
.4

0

0
.4

2
−

0
.4

4

0
.4

6
−

0
.4

8

0
.5

0
−

0
.5

2

0
.5

4
−

0
.5

6

0
.5

8
−

0
.6

0

0
.6

2
−

0
.6

4

0
.6

6
−

0
.6

8

0
.7

0
−

0
.7

2

0
.7

4
−

0
.7

6

0
.7

8
−

0
.8

0

0
.8

2
−

0
.8

4

0
.8

6
−

0
.8

8

0
.9

0
−

0
.9

2

0
.9

4
−

0
.9

6

0
.9

8
−

1
.0

0

Scale (year)

1
.0

−
1
.2

1
.4

−
1
.6

1
.8

−
2
.0

2
.2

−
2
.4

2
.6

−
2
.8

3
.0

−
3
.2

3
.4

−
3
.6

3
.8

−
4
.0

4
.2

−
4
.4

4
.6

−
4
.8

5
.0

−
5
.2

5
.4

−
5
.6

5
.8

−
6
.0

6
.2

−
6
.4

6
.6

−
6
.8

7
.0

−
7
.2

7
.4

−
7
.6

7
.8

−
8
.0

8
.2

−
8
.4

Urticaceae (10) 
Ulmaceae (8) 

Solanaceae (7) 
Sapotaceae (20) 

Sapindaceae (20) 
Salicaceae (13) 
Rubiaceae (22) 
Primulaceae (5) 

Nyctaginaceae (8) 
Myrtaceae (8) 

Myristicaceae (8) 
Moraceae (39) 

Monimiaceae (5) 
Menispermaceae (18) 

Meliaceae (15) 
Malvaceae (16) 

Malpighiaceae (21) 
Lauraceae (14) 
Icacinaceae (5) 
Fabaceae (81) 

Euphorbiaceae (7) 
Cucurbitaceae (11) 
Combretaceae (9) 

Chrysobalanaceae (5) 
Celastraceae (10) 

Burseraceae (5) 
Boraginaceae (5) 

Bignoniaceae (60) 
Arecaceae (13) 

Araceae (6) 
Apocynaceae (16) 
Annonaceae (34) 

0
.0

8
−

0
.1

0

0
.1

2
−

0
.1

4

0
.1

6
−

0
.1

8

0
.2

0
−

0
.2

2

0
.2

4
−

0
.2

6

0
.2

8
−

0
.3

0

0
.3

2
−

0
.3

4

0
.3

6
−

0
.3

8

0
.4

0
−

0
.4

2

0
.4

4
−

0
.4

6

0
.4

8
−

0
.5

0

0
.5

2
−

0
.5

4

0
.5

6
−

0
.5

8

0
.6

0
−

0
.6

2

0
.6

4
−

0
.6

6

0
.6

8
−

0
.7

0

0
.7

2
−

0
.7

4

0
.7

6
−

0
.7

8

0
.8

0
−

0
.8

2

0
.8

4
−

0
.8

6

0
.8

8
−

0
.9

0

0
.9

2
−

0
.9

4

0
.9

6
−

0
.9

8

1
.0

−
1
.2

1
.2

−
1
.4

1
.4

−
1
.6

1
.6

−
1
.8

1
.8

−
2
.0

2
.0

−
2
.2

Scale (year)

Compensatory Synchrony 
A. 

B. 

Y
a

s
u

n
í

C
o
c
h
a
 C

a
s
h
u

F I GURE 3 Averaged wavelet modulus ratio of families at Yasuní (A) and Cocha Cashu (B) at the subannual (left) and interannual

(right) scales compared to community-wide null (natural log-transformed counts). The number in parentheses represents the number of

species analyzed within the family. Colored points represent nominally significant (p < 0.05) synchronous (red) or compensatory (blue)

dynamics at the timescale. Thick borders around the points indicate significant points at a false discovery rate of 0.05.

8 of 15 PAK ET AL.

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4022 by Pennsylvania State U

niversity, W
iley O

nline L
ibrary on [28/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



groups of all growth forms (Figure 5). Wind-dispersed
species exhibited strong and significant synchrony at ~1-,
~6-, and ~12-month timescales (FDR = 0.05, Appendix S1:

Figure S9). Wind variation also showed a peak in
variability at ~12-month scales (and ~6 months, depending
on the metric; Appendix S1: Figure S7). Animal-dispersed
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shown as a different colored line. Bignoniaceae (A, B) at Cocha Cashu (60 species) shows more synchrony than expected at scales of ~0.3–0.6
and ~0.8–1.2 years, with multiple species rising and falling in reproduction together in concert at these scales and many times where no

species are releasing seed. By contrast, Urticaeae (C, D) at Yasuní (13 species) shows more compensatory dynamics than expected from the

community-wide null at scales of ~0.3–0.5 years. Although there is some synchrony, the most abundant Urticaeae species peak at different

parts of the year, and even as some species decline in reproduction over these scales, others replace them, so that there is always substantial

reproduction by some members of the family (D).
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species showed significant synchrony at ~1- to 3-month
scales (FDR = 0.05). For only tree species, we did not find
nonrandom phenology for species with similar dispersal
syndromes, except for ~1- to 2-month synchrony for large
vertebrate-dispersed species (FDR = 0.05, Appendix S1:
Figure S8). Untransformed seed counts within dispersal
groups were not significantly different from the null, with
the exception of animal-dispersed species of all growth
forms at ~1.7-year scales (Appendix S1: Figures S10
and S11).

Temperature, precipitation, and
community-wide phenology

There was a significant relationship between temperature
(but not precipitation) and community-wide WMR for
transformed seed counts (FDR = 0.05; Appendix S1:
Figures S13 and S14). Yasuní had a positive temperature–
WMR relationship most strongly at ~1.5- and 2-year scales,
indicating periodic increases in among-species seed rain
synchrony with warming temperatures. At the seasonally
dry Cocha Cashu at ~1.3-year scales, there was a significant
positive correlation between the WMR and minimum

temperature, similar to Yasuní. Unexpectedly, there was
no increase in synchrony at Cocha Cashu during wet or
dry periods. Some similar patterns were observed in
the untransformed counts’ WMR–climate correlations
(Appendix S1: Figures S15 and S16).

DISCUSSION

Ecological communities harbor extensive phenological
diversity among member species, especially in tropical
wet forests (Frankie et al., 1974). This phenological diver-
sity might help explain species coexistence within com-
munities if phenology is a key axis of niche partitioning
among species. Despite this great phenological diversity,
there are well-known examples of strong synchrony in
tropical wet forests that lack strong seasonality (Ashton
et al., 1988). However, temporal traits (e.g., aspects of
phenology) remain lesser-known dimensions of diversity
in ecological communities.

We found evidence that Amazonian plant communi-
ties frequently exhibit significant reproductive synchrony
at certain timescales at the whole-community level,
suggesting that shared responses to environment or
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positive interactions among species structure community
phenology. However, groups of species sharing dispersal
mechanisms or related groups of species sometimes
exhibited compensatory (anti-synchronous) and some-
times synchronous dynamics.

Do communities exhibit synchronous or
compensatory reproduction?

Overall, we found many cases of strong synchronous
dynamics in seed rain at the whole-community level,
where across the whole community species tended to rise
and fall in seed rain in concert. We found almost no
significant whole-community compensatory dynamics.
The synchrony we observed suggests whole-community
dynamics are driven by shared responses to fluctuations
in environmental (abiotic or biotic) conditions such
as rainfall or frugivore abundance, or by positive
heterospecific interactions such as enhanced frugivore
attraction or natural enemy satiation (van Schaik et al.,
1993). Note that in our study we were only able to observe
patterns deviating from our permutation-based null
model. Processes that influence the shape (but not the
phase, which we randomized to generate our null, see
Figure 2A,B insets) of the phenology of the species pool
are outside our scope of detection (Case et al., 1983).

The ecological forces shaping phenology of fruiting
and seed release are also tied to other developmental
stages. Flowering, leaf emergence and senescence, and
seed germination all can interact with abiotic and biotic
conditions. Future research will benefit from an integra-
tive understanding of how full life-cycle phenology inter-
acts with environment (Borchert, 1996).

Are compensatory and synchronous
dynamics scale-specific or nonstationary?

At both sites, synchronous seed fall was strongest and most
consistent at scales of approximately 1–2 months, 1, and
>3 years. The fastest scale of synchrony at ever-wet Yasuní
(~1.5–2 months) may represent shared and rapid commu-
nity responses to relatively brief cloudless periods of high
radiation alternating with cloudy periods, similar to what
was observed in response to rainfall in a seasonally dry for-
est (Lasky et al., 2016). However, we did not find a correla-
tion between temperature or rainfall and WMR at the
~1-month scale and inconsistent correlations at larger time-
scales. At both sites, the yearly and superannual patterns of
synchrony were fairly consistent throughout the study.
Clear annual peaks were visible even in the raw species
or seed counts over time, highlighting the strength of

synchrony at this scale, despite the presence of many
reproductive species year-round (Figure 2C–F).

At seasonally dry Cocha Cashu, we observed strong
nonstationarity, in particular a shift from approximately
random to synchronous phenology, across all timescales
<1 year, with a peak in WMR in 2008 (Figure 2B). The
ecological explanation for this shift is unclear, but in
2008 there was the lowest nadir in species and total seed
counts followed shortly by the highest peak in species
number (Figure 2D,F). The decrease followed by a high
peak in reproduction might indicate multiple species
were accumulating resources synchronously (reducing
reproduction) in order to subsequently invest a large
amount in reproduction, akin to bursts of reproduction
in masting species (Ashton et al., 1988; Janzen, 1974).

Is evidence for phenological partitioning
strongest among ecologically similar
species?

In contrast to our findings at the whole-community level,
we often found significant compensatory dynamics within
focal groups of species (confamilials and species with simi-
lar animal seed dispersers), regardless of whether or not we
transformed seed counts. Whole-community patterns may
obscure phenological niche partitioning that occurs within
groups of closely interacting species. This hypothesis is con-
sistent with findings of ecological character displacement
among closely related species in a wide variety of taxa
(Dayan & Simberloff, 2005; Robinson & Wilson, 1994),
including in time series of phytoplankton populations
(Barraquand et al., 2018). Previous studies that showed
evidence for such partitioning largely focused on groups
of closely related species hypothesized to be closely
interacting due to shared pollinators or mutualists (Ashton
et al., 1988; Botes et al., 2008; Gentry, 1974). Future efforts
might also identify these species based on scale-specific,
nonrandom phenological patterns instead of relying on
prior ecological or phenotypic knowledge. Annonaceae
species showed similar patterns of compensatory seed fall
for within-year timescales at both sites, perhaps indicating
consistency in phenological niche partitioning among spe-
cies in this family. Many Annonaceae species have a simi-
lar form of a multicarpelled fruit with fleshy stipitate
monocarps, that is, a cluster of single-seeded stalked fruits
attached to a central axis. If these species target the same
vertebrate dispersers, then phenological niche partitioning
might promote coexistence.

It is challenging with our approach to determine the
specific mechanisms behind any phenological niche
partitioning. An example of a misleading scenario is
where species share dispersal mechanisms but also other
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traits, of which the latter lead to resource competition
that is ameliorated by phenological niche partitioning. To
demonstrate niche partitioning with respect to animal
dispersers at our sites requires additional evidence. For
example, Botes et al. (2008) showed how species that
deposit pollen on the same location on pollinators’ bodies
(suggesting competition or interference) exhibited com-
pensatory flowering, but species depositing pollen on dif-
ferent body locations did not.

Synchrony among species sharing dispersal
mode or related species

We found that among all growth forms, wind-dispersed
species exhibited strong synchrony of seed rain com-
pared to the whole community, particularly at time-
scales indicative of shared abiotic niches. At both sites
we found some degree of ~6-month synchrony among
wind-dispersed species (as well as the wind-dispersed
family Bignonicaceae at Cocha Cashu), consistent with
the twice-yearly peaks in wind speed observed at nearby
weather stations (Appendix S1: Figures S7, S9, and S12).
Near Cocha Cashu there is a strong peak in wind speed
in September (Appendix S1: Figure S7), also consistent
with the synchrony at this site observed among
wind-dispersed species at ~1-year periods (Figure 5 and
Appendix S1: Figure S9). Near Yasuní the wind had a
broad peak in average speed from September to
November with a small peak in April (Appendix S1:
Figure S12). The tendency for wind-dispersed tropical
species to synchronously release seed during windy sea-
sons has been reported in the literature (Detto et al.,
2018; Frankie et al., 1974; Janzen, 1974) and can be con-
sidered a positive control for our approach.

We found significantly greater synchrony for several
speciose families at ~1 year scales or subannual
scales for Arecaceae, Euphorbiaceae, Fabaceae, and
Solanaceae (in addition to aforementioned Bignoniaceae
at Cocha Cashu). Given the dominance of climate varia-
tion at 1-year scales (Appendix S1: Figures S13 and S14),
the ~1-year synchrony in these families may be tied to
shared responses to abiotic fluctuations, although there
are no clear ecological similarities among these ecologi-
cally distinct families. Our finding may partly indicate
greater power to detect patterns in more speciose groups.

Community phenology and abiotic
fluctuations

Gentry (1974) hypothesized that phenological diversity of
communities was promoted by permissive abiotic

conditions and longer growing seasons compared to sea-
sonally harsh environments, where the range of potential
phenologies is narrower. We saw mixed evidence for this
hypothesis based on fluctuations in climate at our sites. At
both sites, subannual WMR was only weakly
(if significantly) associated with temperature. Supra-annual
WMR showed some strong associations with temperature,
in particular at Yasuní where we found at >4.5-year scales
higher synchrony in warmer periods. Similarly, at Barro
Colorado Island in Panama, community-wide peaks in
seed rain occur during El-Niño Southern Oscillation events
(Detto et al., 2018), presumably as trees had shared (syn-
chronous) responses to increased light during these dry
and warm periods (Wright & Calder�on, 2006). However,
we also found lower WMRs in warmer periods at ~3.3-year
scales at Yasuní, leaving our conclusions unclear.

We did not observe differences between ever-wet
Yasuní and seasonally dry Cocha Cashu that could be
easily explained by the sites’ precipitation seasonality.
Even though Yasuní may represent the most climatically
favorable site, the whole community still showed strong
synchrony. Furthermore, there was no link between pre-
cipitation and the strength of synchrony at seasonally dry
Cocha Cashu. While we found temporal associations with
climate, we had too few sites to ask whether spatial cli-
matic differences were associated with whole-community
differences in synchrony and compensation. Also note
that the larger area covered by traps at Yasuní and the
longer time series may have increased the precision of
our estimates of population phenology and our power to
detect nonrandom patterns, compared to Cocha Cashu.

CONCLUSION

Here we showed how whole-community phenology in
diverse plant communities is largely characterized by syn-
chrony. However, we also found that groups of related or
ecologically similar species often show compensatory pat-
terns of seed rain, indicating potential phenological axes of
niche partitioning that might promote species coexistence.
Our results highlight the scale-specific and sometimes
nonstationary characteristics of community phenology that
may arise from the multiple opposing drivers of phenology.
These changing patterns across temporal scales are similar
to those observed in trait-based tests of community assem-
bly across spatial scales, where researchers have found that
trait diversity patterns can reverse across scales, indicating
potentially opposing community assembly forces acting at
different scales (Swenson & Enquist, 2009). Flexible
multiscale analyses may reveal evidence of scale-specific
niche partitioning and environmental filtering and suggest
the mechanisms that structure communities.

12 of 15 PAK ET AL.

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4022 by Pennsylvania State U

niversity, W
iley O

nline L
ibrary on [28/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ACKNOWLEDGMENTS
This manuscript benefited from the comments of Tom�as
Carlo, Kathryn Cottingham, and two anonymous
reviewers. Work at Yasuní was supported by funding
to Nancy C. Garwood and collaborators from the Andrew
W. Mellon Foundation, Natural Environment Research
Council (GR9/04037), British Airways, Department of
Botany, Natural History Museum, and the National
Science Foundation (DEB-0614525, DEB-1122634,
DEB-1754632, DEB-1754668). We thank the Ecuadorian
Ministerio del Ambiente for permission to work in Yasuní
National Park (Nos. 014-2019-IC-PNY-DPAO/AVS, 012-
2018-IC-PNY-DPAO/AVS, 008-2017-IC-PNY-DPAO/AVS,
012–2016-IC-FAU-FLO-DPAO-PNY, 014-2015-FLO-MAE-
DPAO-PNY, and earlier permits). We very gratefully thank
Milton Zambrano for collecting most of the Yasuní trap data
from 2002 to 2017. We also thank Viveca Persson for help
initiating the censuses in 2000–2002, with assistance from
Zornitza Aguilar, Paola Barriga, and Matt Priest, and Gorky
Villa, Alvaro Perez, and Pablo Alvia for help identifying
species. Data collection at Cocha Cashu was supported by
funding from the Andrew W. Mellon Foundation and the
National Science Foundation (DEB-0742830). We thank the
Peruvian authorities INRENA and SERNANP for permis-
sion to work in Manu National Park (Nos. 020-CC-2008-
INRENA-IANP, 05-CC-2009-SERNANP-PNM, 010-2010-
SERNANP-JPNM, and earlier permits). More than 25
Peruvian undergraduate students assisted with data collec-
tion from 2002 to 2011. Vishnu Viswanathan provided assis-
tance digitizing weather records.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Code and data (including compiled seed trap data) are
provided in Pak (2023) in Zenodo at https://doi.org/10.
5281/zenodo.7618537. Raw trap counts (Garwood et al.,
2023) are available in the EDI Data Portal at https://doi.
org/10.6073/pasta/5e6cb3d7ff741fd9d21965c4a904bc1f.
Temperature data included in Pak (2023) in Zenodo were
downloaded from the European Centre for Medium-Range
Weather Forecasts (https://apps.ecmwf.int/datasets/data/
interim-full-daily/levtype=sfc/) by searching for 2 m tem-
peratures for every 6 h across the course of the study.
Ten-day precipitation data included in Pak (2023) in
Zenodo were downloaded from CHIRPS version 1.8
(https://data.chc.ucsb.edu/products/CHIRPS-1.8/). Weather
station data for Peru provided in Pak (2023) in Zenodo were
obtained from https://atrium.andesamazon.org/meteo_
station_display_data.php?id=12. Weather station data for
Ecuador were originally obtained from the Meteorological
Service of Ecuador at http://www.serviciometeorologico.

gob.ec/biblioteca/ (accessed on 13 February 2021); how-
ever, this page no longer exists and data are archived in
Zenodo in Pak (2023).

ORCID
Damie Pak https://orcid.org/0000-0002-8335-110X
Margaret R. Metz https://orcid.org/0000-0002-4221-
7318
S. Joseph Wright https://orcid.org/0000-0003-4260-5676

REFERENCES
Albrecht, J., V. Bohle, D. G. Berens, B. Jaroszewicz, N. Selva, and

N. Farwig. 2015. “Variation in Neighbourhood Context Shapes
Frugivore-Mediated Facilitation and Competition among
co-Dispersed Plant Species.” Journal of Ecology 103: 526–36.

Ashton, P. S., T. J. Givnish, and S. Appanah. 1988. “Staggered
Flowering in the Dipterocarpaceae: New Insights into Floral
Induction and the Evolution of Mast Fruiting in the Aseasonal
Tropics.” The American Naturalist 132: 44–66.

Baird, J. W. 1980. “The Selection and Use of Fruit by Birds in an
Eastern Forest.” The Wilson Bulletin 92: 63–73.

Barraquand, F., C. Picoche, D. Maurer, L. Carassou, and I. Auby.
2018. “Coastal Phytoplankton Community Dynamics and
Coexistence Driven by Intragroup Density-Dependence, Light
and Hydrodynamics.” Oikos 127: 1834–52.

Benjamini, Y., and D. Yekutieli. 2001. “The Control of the False
Discovery Rate in Multiple Testing under Dependency.”
Annals of Statistics 29: 1165–88.

Bernard-Verdier, M., M.-L. Navas, M. Vellend, C. Violle, A. Fayolle,
and E. Garnier. 2012. “Community Assembly along a Soil
Depth Gradient: Contrasting Patterns of Plant Trait
Convergence and Divergence in a Mediterranean Rangeland.”
Journal of Ecology 100: 1422–33.

Borchert, R. 1996. “Phenology and Flowering Periodicity of
Neotropical Dry Forest Species: Evidence from Herbarium
Collections.” Journal of Tropical Ecology 12: 65–80.

Botes, C., S. D. Johnson, and R. M. Cowling. 2008. “Coexistence of
Succulent Tree Aloes: Partitioning of Bird Pollinators by Floral
Traits and Flowering Phenology.” Oikos 117: 875–82.

Burns, J. H., and S. Y. Strauss. 2011. “More Closely Related Species
Are more Ecologically Similar in an Experimental Test.”
Proceedings of the National Academy of Sciences 108: 5302–7.

Carlo, T. A. 2005. “Interspecific Neighbors Change Seed
Dispersal Pattern of an Avian-Dispersed Plant.” Ecology 86:
2440–9.

Case, T. J., J. Faaborg, and R. Sidell. 1983. “The Role of Body Size IN
the Assembly of West Indian Bird Communities.” Evolution;
International Journal of Organic Evolution 37: 1062–74.

Cazelles, B., M. Chavez, D. Berteaux, F. Ménard, J. O. Vik, S.
Jenouvrier, and N. C. Stenseth. 2008. “Wavelet Analysis of
Ecological Time Series.” Oecologia 156(2): 287–304.

Chang-Yang, C.-H., I.-F. Sun, C.-H. Tsai, C.-L. Lu, and C.-F. Hsieh.
2016. “ENSO and Frost Codetermine Decade-Long Temporal
Variation in Flower and Seed Production in a Subtropical Rain
Forest.” Journal of Ecology 104: 44–54.

Davies, T. J., E. M. Wolkovich, N. J. B. Kraft, N. Salamin, J. M. Allen,
T. R. Ault, J. L. Betancourt, et al. 2013. “Phylogenetic Conservatism
in Plant Phenology.” Journal of Ecology 101: 1520–30.

ECOLOGY 13 of 15

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4022 by Pennsylvania State U

niversity, W
iley O

nline L
ibrary on [28/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5281/zenodo.7618537
https://doi.org/10.5281/zenodo.7618537
https://doi.org/10.6073/pasta/5e6cb3d7ff741fd9d21965c4a904bc1f
https://doi.org/10.6073/pasta/5e6cb3d7ff741fd9d21965c4a904bc1f
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://data.chc.ucsb.edu/products/CHIRPS-1.8/
https://atrium.andesamazon.org/meteo_station_display_data.php?id=12
https://atrium.andesamazon.org/meteo_station_display_data.php?id=12
http://www.serviciometeorologico.gob.ec/biblioteca/
http://www.serviciometeorologico.gob.ec/biblioteca/
https://orcid.org/0000-0002-8335-110X
https://orcid.org/0000-0002-8335-110X
https://orcid.org/0000-0002-4221-7318
https://orcid.org/0000-0002-4221-7318
https://orcid.org/0000-0002-4221-7318
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-4260-5676


Dayan, T., and D. Simberloff. 2005. “Ecological and Community-
Wide Character Displacement: The Next Generation.” Ecology
Letters 8: 875–94.

Detto, M., S. J. Wright, O. Calder�on, and H. C. Muller-Landau.
2018. “Resource Acquisition and Reproductive Strategies of
Tropical Forest in Response to the El Niño–Southern
Oscillation.” Nature Communications 9: 1–8.

Donoghue, M. J. 2008. “A Phylogenetic Perspective on the
Distribution of Plant Diversity.” Proceedings of the National
Academy of Sciences of the United States of America 105:
11549–55.

Elzinga, J. A., A. Atlan, A. Biere, L. Gigord, A. E. Weis, and
G. Bernasconi. 2007. “Time after Time: Flowering Phenology
and Biotic Interactions.” Trends in Ecology & Evolution 22:
432–9.

Encinas-Viso, F., T. A. Revilla, and R. S. Etienne. 2012. “Phenology
Drives Mutualistic Network Structure and Diversity.” Ecology
Letters 15: 198–208.

European Centre for Medium-Range Weather Forecast (ECMWF).
2011. “The ERA-Interim Reanalysis Dataset, Copernicus
Climate Change Service (C3S).” https://www.ecmwf.int/en/
forecasts/datasets/archive-datasets/reanalysis-datasets/era-in
termim.

Frankie, G. W., H. G. Baker, and P. A. Opler. 1974. “Comparative
Phenological Studies of Trees in Tropical Wet and Dry Forests
in the Lowlands of Costa Rica.” The Journal of Ecology 62:
881–919.

Funk, C. C., P. J. Peterson, M. F. Landsfeld, D. H. Pedreros, J. P.
Verdin, J. D. Rowland, B. E. Romero, G. J. Husak, J. C.
Michaelsen, and A. P. Verdin. 2014. “A Quasi-Global
Precipitation Time Series for Drought Monitoring.” US
Geological Survey Data Series 832(4): 1–12.

Garwood, N. C., S. J. Wright, R. Valencia, and M. R. Metz. 2023.
Rainforest Phenology: Flower, Fruit and Seed Production from
Biweekly Collections of 200 Traps in the Yasuní Forest
Dynamics Plot, Ecuador, 2000-2018 ver 1. Madison:
Environmental Data Initiative. https://doi.org/10.6073/pasta/
5e6cb3d7ff741fd9d21965c4a904bc1f.

Gentry, A. H. 1974. “Flowering Phenology and Diversity in Tropical
Bignoniaceae.” Biotropica 6: 64–8.

Gentry, A. H. 1993. Four Neotropical Rainforests. New Haven: Yale
University Press.

Godoy, O., and J. M. Levine. 2013. “Phenology Effects on Invasion
Success: Insights from Coupling Field Experiments to
Coexistence Theory.” Ecology 95: 726–36.

Gonzalez, A., and M. Loreau. 2009. “The Causes and Consequences of
Compensatory Dynamics in Ecological Communities.” Annual
Review of Ecology, Evolution, and Systematics 40: 393–414.

Janzen, D. H. 1974. “Tropical Blackwater Rivers, Animals, and
Mast Fruiting by the Dipterocarpaceae.” Biotropica 6: 69–103.

Jones, F. A., and L. S. Comita. 2010. “Density-Dependent
Pre-Dispersal Seed Predation and Fruit Set in a Tropical Tree.”
Oikos 119: 1841–7.

Karlsson, P. S., and M. Méndez. 2005. “1 - the Resource Economy of
Plant Reproduction.” In Reproductive Allocation in Plants,
edited by E. G. Reekie and F. A. Bazzaz, 1–49. Burlington:
Academic Press.

Keitt, T. H. 2008. “Coherent Ecological Dynamics Induced by
Large-Scale Disturbance.” Nature 454: 331–4.

Keitt, T. H. 2014. “mvcwt: Wavelet Analysis of Multiple Time
Series.” https://github.com/keittlab/mvcwt.

Lasky, J. R., M. Uriarte, and R. Muscarella. 2016. “Synchrony,
Compensatory Dynamics, and the Functional Trait Basis of
Phenological Diversity in a Tropical Dry Forest Tree
Community: Effects of Rainfall Seasonality.” Environmental
Research Letters 11: 115003.

Pak, D. 2023. “Pakdamie/Treephenecology.” Zenodo. https://doi.org/
10.5281/zenodo.7618537.

Pitman, N. C. A., J. W. Terborgh, M. R. Silman, V. Núñez, D. A.
Neill, C. E. Cer�on, W. A. Palacios, and M. Aulesti. 2002.
“A Comparison of Tree Species Diversity in Two Upper
Amazonian Forests.” Ecology 83: 3210–24.

Poulin, B., S. J. Wright, G. Lefebvre, and O. Calder�on. 1999.
“Interspecific Synchrony and Asynchrony in the Fruiting
Phenologies of Congeneric Bird-Dispersed Plants in Panama.”
Journal of Tropical Ecology 15: 213–27.

Prinzing, A., W. Durka, S. Klotz, and R. Brandl. 2001. “The Niche
of Higher Plants: Evidence for Phylogenetic Conservatism.
Proceedings of the Royal Society of London.” Series B:
Biological Sciences 268: 2383–9.

Rathcke, B., and E. P. Lacey. 1985. “Phenological Patterns of
Terrestrial Plants.” Annual Review of Ecology and Systematics
16: 179–214.

Robertson, C. 1895. “The Philosophy of Flower Seasons, and the
Phaenological Relations of the Entomophilous Flora and the
Anthophilous Insect Fauna.” The American Naturalist 29:
97–117.

Robinson, B. W., and D. S. Wilson. 1994. “Character Release and
Displacement in Fishes: A Neglected Literature.” The
American Naturalist 144: 596–627.

Rösch, A., and H. Schmidbauer. 2016. “WaveletComp 1.1:
A Guided Tour Through The R Package.” http://www.hsstat.
com/projects/WaveletComp/WaveletComp_guided_tour.pdf.

Saracco, J. F., J. A. Collazo, M. J. Groom, and T. A. Carlo. 2005.
“Crop Size and Fruit Neighborhood Effects on Bird Visitation
to Fruiting Schefflera Morototoni Trees in Puerto Rico.”
Biotropica 37: 81–7.

Silman, M. R. 2007. “Plant Species Diversity in Amazonian
Forests.” In Tropical Rainforest Responses to Climatic Change,
edited by M. B. Bush and J. R. Flenley, 269–94. Berlin
Heidelberg: Springer.

Smythe, N. 1970. “Relationships between Fruiting Seasons and
Seed Dispersal Methods in a Neotropical Forest.” The
American Naturalist 104: 25–35.

Stiles, F. G. 1977. “Coadapted Competitors: The Flowering Seasons
of Hummingbird-Pollinated Plants in a Tropical Forest.”
Science 198: 1177–8.

Strong, D. R., L. A. Szyska, and D. S. Simberloff. 1979. “Test of
Community-Wide Character Displacement against Null
Hypotheses.” Evolution 33: 897–913.

Swenson, N. G., and B. J. Enquist. 2009. “Opposing Assembly
Mechanisms in a Neotropical Dry Forest: Implications for
Phylogenetic and Functional Community Ecology.” Ecology
90: 2161–70.

Terborgh, J. 1986. “Community Aspects of Frugivory in Tropical
Forests.” Frugivores and Seed Dispersal: 371–84. https://doi.
org/10.1007/978-94-009-4812-9_32.

Torrence, C., and G. P. Compo. 1998. “A Practical Guide to Wavelet
Analysis.” Bulletin of the American Meteorological Society 79(1):
61–78.

Usinowicz, J., C.-H. Chang-Yang, Y.-Y. Chen, J. S. Clark,
C. Fletcher, N. C. Garwood, Z. Hao, et al. 2017. “Temporal

14 of 15 PAK ET AL.

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4022 by Pennsylvania State U

niversity, W
iley O

nline L
ibrary on [28/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-intermim
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-intermim
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-intermim
https://doi.org/10.6073/pasta/5e6cb3d7ff741fd9d21965c4a904bc1f
https://doi.org/10.6073/pasta/5e6cb3d7ff741fd9d21965c4a904bc1f
https://github.com/keittlab/mvcwt
https://doi.org/10.5281/zenodo.7618537
https://doi.org/10.5281/zenodo.7618537
http://www.hsstat.com/projects/WaveletComp/WaveletComp_guided_tour.pdf
http://www.hsstat.com/projects/WaveletComp/WaveletComp_guided_tour.pdf
https://doi.org/10.1007/978-94-009-4812-9_32
https://doi.org/10.1007/978-94-009-4812-9_32


Coexistence Mechanisms Contribute to the Latitudinal
Gradient in Forest Diversity.” Nature 550: 105–8.

Valencia, R., R. Condit, R. B. Foster, K. Romoleroux, G. Villa
Munoz, J.-C. Svenning, E. Magård, M. S. Bass, E. C. Losos, and
H. Balslev. 2004. “Yasuni Forest Dynamics Plot Ecuador.” In
Tropical forest diversity and dynamism: findings from a
large-scale plot network, edited by E. C. Losos and E. G. Leigh,
Jr., 609–20. Chicago: University of Chicago Press.

Valencia, R., R. B. Foster, G. Villa, R. Condit, J.-C. Svenning,
C. Hern�andez, K. Romoleroux, E. Losos, E. Magård, and H.
Balslev. 2004. “Tree Species Distributions and Local Habitat
Variation in the Amazon: Large Forest Plot in Eastern
Ecuador.” Journal of Ecology 92: 214–29.

van Schaik, C. P., J. W. Terborgh, and S. J. Wright. 1993. “The
Phenology of Tropical Forests: Adaptive Significance and
Consequences for Primary Consumers.” Annual Review of
Ecology and Systematics 24: 353–77.

Vasseur, D. A., J. W. Fox, A. Gonzalez, R. Adrian, B. E. Beisner,
M. R. Helmus, C. Johnson, et al. 2014. “Synchronous
Dynamics of Zooplankton Competitors Prevail in Temperate
Lake Ecosystems.” Proceedings of the Royal Society B:
Biological Sciences 281(1788): 20140633.

Vasseur, D. A., U. Gaedke, and K. S. McCann. 2005. “A Seasonal
Alternation of Coherent and Compensatory Dynamics Occurs
in Phytoplankton.” Oikos 110: 507–14.

Wheelwright, N. T. 1985. “Competition for Dispersers, and the
Timing of Flowering and Fruiting in a Guild of Tropical
Trees.” Oikos 44: 465–77.

Wolkovich, E. M., and E. E. Cleland. 2011. “The Phenology of Plant
Invasions: A Community Ecology Perspective.” Frontiers in
Ecology and the Environment 9: 287–94.

Wolkovich, E. M., B. I. Cook, and T. J. Davies. 2014. “Progress
towards an Interdisciplinary Science of Plant Phenology:
Building Predictions across Space, Time and Species
Diversity.” New Phytologist 201: 1156–62.

Wright, S. J., and O. Calderon. 1995. “Phylogenetic Patterns among
Tropical Flowering Phenologies.” Journal of Ecology 83: 937–48.

Wright, S. J., and O. Calder�on. 2006. “Seasonal, El Niño and Longer
Term Changes in Flower and Seed Production in a Moist
Tropical Forest.” Ecology Letters 9: 35–44.

Xiao, X., S. Hagen, Q. Zhang, M. Keller, and B. M. Iii.
2006. “Detecting Leaf Phenology of Seasonally Moist Tropical
Forests in South America with Multi-Temporal MODIS
Images.” Remote Sensing of Environment 103: 465–73.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Pak, Damie,
Varun Swamy, Patricia Alvarez-Loayza,
Fernando Cornejo-Valverde, Simon
A. Queenborough, Margaret R. Metz,
John Terborgh, et al. 2023. “Multiscale
Phenological Niches of Seed Fall in Diverse
Amazonian Plant Communities.” Ecology e4022.
https://doi.org/10.1002/ecy.4022

ECOLOGY 15 of 15

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4022 by Pennsylvania State U

niversity, W
iley O

nline L
ibrary on [28/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ecy.4022

	Multiscale phenological niches of seed fall in diverse Amazonian plant communities
	INTRODUCTION
	METHODS
	Study sites
	Seed rain data
	Weather data
	Statistical analysis
	Wavelet transformation of seed rain data
	Seed dispersal mechanisms
	Taxonomic and seed dispersal groups
	Climatic association with synchrony versus compensatory dynamics


	RESULTS
	Community-wide phenology
	Phenology among confamilials
	Phenology among species sharing dispersal modes
	Temperature, precipitation, and community-wide phenology

	DISCUSSION
	Do communities exhibit synchronous or compensatory reproduction?
	Are compensatory and synchronous dynamics scale-specific or nonstationary?
	Is evidence for phenological partitioning strongest among ecologically similar species?
	Synchrony among species sharing dispersal mode or related species
	Community phenology and abiotic fluctuations

	CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


