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Abstract

Flowering and fruiting phenology have been infrequently studied in the

ever-wet hyperdiverse lowland forests of northwestern equatorial Amazonía.

These Neotropical forests are typically called aseasonal with reference to cli-

mate because they are ever-wet, and it is often assumed they are also aseasonal

with respect to phenology. The physiological limits to plant reproduction

imposed by water and light availability are difficult to disentangle in seasonal

forests because these variables are often temporally correlated, and both are

rarely studied together, challenging our understanding of their relative impor-

tance as drivers of reproduction. Here we report on the first long-term study

(18 years) of flowering and fruiting phenology in a diverse equatorial forest,

Yasuní in eastern Ecuador, and the first to include a full suite of on-site

monthly climate data. Using twice monthly censuses of 200 traps and >1000

species, we determined whether reproduction at Yasuní is seasonal at the com-

munity and species levels and analyzed the relationships between environ-

mental variables and phenology. We also tested the hypothesis that seasonality

in phenology, if present, is driven primarily by irradiance. Both the

community- and species-level measures demonstrated strong reproductive sea-

sonality at Yasuní. Flowering peaked in September–November and fruiting

peaked in March–April, with a strong annual signal for both phenophases.

Irradiance and rainfall were also highly seasonal, even though no month on

average experienced drought (a month with <100 mm rainfall). Flowering was

positively correlated with current or near-current irradiance, supporting our

hypothesis that the extra energy available during the period of peak irradiance

drives the seasonality of flowering at Yasuní. As Yasuní is representative of

lowland ever-wet equatorial forests of northwestern Amazonía, we expect that

reproductive phenology will be strongly seasonal throughout this region.
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INTRODUCTION

Seasonality is a ubiquitous feature of life on Earth.
Organisms synchronize the timing of major life events to
match suitable environmental conditions. At temperate
and boreal latitudes, reproduction is delimited by a distinct
moist and warm growing season with more daylight hours
(Delpierre et al., 2016; Morellato et al., 2013; Staggemeier
et al., 2020). In contrast, seasons in the tropics are usually
defined by variation in rainfall between dry and wet
periods (Leigh et al., 1985; Reich, 1995; Richards, 1952; van
Schaik et al., 1993; von Humboldt, 1850). Seasonal varia-
tion in water and light availability both impose physiologi-
cal limits on plant phenology in lowland tropical forests
because of the turgor pressure needed to expand growing
cells and the energy required to fuel photosynthesis (van
Schaik et al., 1993; Wright, 1996; Zimmerman et al., 2007).

The search for the drivers of reproductive phenology
in the tropics is plagued by the challenge of separating
drivers (ultimate causes) of phenology from the cues
(proximate causes) used to time reproduction, by tempo-
ral correlations among the most likely environmental
variables such as water and irradiance, by the incom-
pleteness of climate data, and by the short-term nature of
most studies. In addition, the different stages of reproduc-
tion (phenophases), from flowering through fruit devel-
opment, seed dispersal, seed germination, and seedling
establishment, may respond to different environmental
or biotic drivers. For example, long periods of heavy rain-
fall might impede insect pollination but promote seed
germination. Later phenophases are dependent on the
success of previous phases.

A recent review of 218 phenological studies in the
Neotropics (Mendoza et al., 2017) found that most studies
were conducted in seasonal sites with a distinct dry sea-
son that places physiological limits on plant activity and
leaves the role of irradiance underappreciated. Most stud-
ies were also short term (only 10 included >10 years of
observations), which may have missed subtle seasonal
patterns if they are hidden by interannual variation. In
short-term studies of seasonal sites, it is difficult to sepa-
rate the relative effects of irradiance, daylength, and
water availability because they are highly correlated.
Importantly, only seven of the reviewed studies measured
irradiance, a proposed key driver of reproduction
(Mendoza et al., 2017).

Examining the phenology of lowland ever-wet forests
at low latitudes can help to disentangle potential

environmental drivers that are correlated elsewhere. First,
ever-wet forests lack a distinctive and predictable dry sea-
son, so precipitation should always exceed potential evapo-
transpiration (Whitmore, 1984), lessening the physiological
constraints of water limitation on phenology (Wright,
1996). Second, equatorial forests isolate the effect of irradi-
ance (the intensity of solar radiation) from daylength (the
duration of solar radiation). Daylength varies by only a few
minutes on the equator and thus has a negligible effect on
seasonal variation in daily radiation in equatorial forests.
In addition, given the minimal seasonal change in
daylength, it is unlikely to be a major proximate cue for
reproduction (unlike its role at higher latitudes), making it
easier to identify the ultimate drivers of phenology.
Top-of-atmosphere irradiance varies seasonally, depending
on the angle and distance from the Sun at each latitude,
and is bimodal at equatorial latitudes (McGregor &
Nieuwolt, 1998), making it a potentially important driver
and proximate cue of reproduction. What plants experi-
ence, however, is the irradiance received at the Earth’s
surface or top of the forest, which is lower than
top-of-atmosphere radiation due to impacts of clouds, dust,
and pollution. The modality of top-of-forest irradiance will
depend on the seasonality of cloudiness.

The few long-term studies of tropical phenology that
measured irradiance have suggested that reproduction
tracks the seasonality of top-of-forest irradiance
(Chang-Yang et al., 2013; Zimmerman et al., 2007).
Extreme El Niño dry seasons produce prolonged periods of
reduced cloudiness that increase tree reproduction (Ashton
et al., 1988; Wright & Calder�on, 2006) and alter growth pat-
terns (Hogan et al., 2019). However, the driest months do
not always coincide with the period of greatest irradiance:
in much of western tropical Africa light availability actually
peaks during the rainy season due to cloudy dry seasons
(Wright & van Schaik, 1994). Photosynthesis in some tropi-
cal trees is often limited by light (Graham, 2003; Huete
et al., 2006; Wu et al., 2017), which might select for growth
or reproduction during seasons of higher irradiance.

The idea that tropical rain forests are stable environ-
ments with a climate that does not vary in predictable
annual patterns (Borchert et al., 2015; Calle et al., 2010)
persists in a large part because there is a dearth of local cli-
mate information from locations thought to be the least
seasonal (Neill & Jørgensen, 1999). Only four of
the 218 Neotropical studies reviewed by Mendoza et al.
(2017) were from the equatorial forests of northwestern
Amazonía. In the lowland Amazon basin, the equatorial
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northwest is considered the wettest and least seasonal
region, whereas equatorial sites further east have distinct
dry seasons and single annual peaks of high rainfall, and
nonequatorial sites to the southwest have lower but
bimodal rainfall (Espinoza Villar et al., 2009; Leigh Jr.,
2004; Silman, 2011; Sombroek, 2001; Xiao et al., 2006).
Whether subtle seasonal changes in environmental param-
eters in the least seasonal Amazonian sites drive seasonal
reproduction is largely unexplored. Understanding cli-
matic effects on reproduction in this region is essential for
predicting changes in reproduction as climate changes.

To disentangle the effects of light and other environ-
mental variables on tropical phenology, we initiated a
study in 2000 in the equatorial lowland tropical rain
forest of Yasuní National Park, Ecuador (Persson, 2005),
located in the wettest and least seasonal region of the
Amazon basin (Silman, 2011; Xiao et al., 2006). Yasuní
receives ~3000 mm of rainfall annually, no month on
average is dry (<100 mm rainfall), and seasonal tempera-
ture fluctuations are small, based on a 53-month record
(Pitman, 2000; Valencia, Condit, Romoleroux, et al.,
2004; Valencia, Foster, Villa, et al., 2004). Daylength
varies by just 9 min over the year, but irradiance had
never been measured. Here we present an 18-year-long
community-level phenological dataset of flowering and
fruiting, which includes more than 1500 taxa from
diverse lifeforms, coupled with on-site climate data,
including top-of-forest irradiance, over the same period.
We addressed four questions concerning the relationships
between phenology and environmental variables. (1) Is
there predictable seasonal variation in the reproductive
activity of plants in an ever-wet equatorial forest?
(2) What is the amplitude and seasonality of potential
environmental drivers in such sites? (3) Does variation in
reproductive activity track variation in the potential envi-
ronmental drivers, specifically top-of-forest irradiance?
(4) Do flowering and fruiting phenophases track the
same or different drivers? We expected some level of sea-
sonality of irradiance and phenology and predicted that
reproductive activity at Yasuní would be greatest during
periods of high top-of-forest irradiance.

METHODS

Study site

Estaci�on Científica Yasuní (ECY, 0�410 S, 76�240 W),
administered by Pontificia Universidad Cat�olica del
Ecuador, lies within Yasuní National Park. The park
and the adjacent Huaorani Ethnic Reserve together
represent the largest conserved area (1.6 m ha) of mature
forest in the Ecuadorian Amazon (Valencia, Condit,
Romoleroux, et al., 2004). The park has an elevation

~200 m above sea level (asl). The dominant vegetation
type is evergreen terra firme forest, with a canopy height
of 15–30 m and emergent trees reaching 50 m (Valencia,
Foster, Villa, et al., 2004).

We worked in the 50-ha Yasuní Forest Dynamics Plot
(YFDP), established in 1995, wherein all trees ≥1 cm
diameter at 1.3 m height are mapped, tagged, measured,
and identified approximately every 5 years (Valencia,
Condit, Romoleroux, et al., 2004; Valencia, Foster, Villa,
et al., 2004). The YFDP is hyperdiverse, with 1104 species
recorded in the initial census of the first 25 ha (Valencia,
Condit, Romoleroux, et al., 2004), and has high
familial and generic tree diversity, with more than 40 spe-
cies of Inga (Fabaceae) and Miconia (Melastomataceae)
and 16 species of Myristicaceae coexisting in this plot
(Queenborough et al., 2007; Valencia, Condit,
Romoleroux, et al., 2004). See Valencia, Condit,
Romoleroux, et al. (2004), Valencia, Foster, Villa, et al.
(2004) for further information on the YFDP and Netherly
(1997) for paleohistory.

The climate of Yasuní has been described as
“aseasonal” (Perez et al., 2014; Valencia, Condit, Foster,
et al., 2004) because mean annual rainfall (3081 mm) and
mean monthly rainfall (174–412 mm) are high, no month
on average is dry (i.e., <100 mm), and the mean monthly
minimum (21.2–23.4�C) and maximum (33.7–36.6�C)
temperatures are relatively constant (Valencia, Condit,
Foster, et al., 2004). Rainfall in the wider region, how-
ever, does vary throughout the year, with an April–May
peak larger than an October–November peak (Pitman,
2000; Valencia, Foster, Villa, et al., 2004).

Reproductive data

We monitored community-level flowering and fruiting
activity using the methods of Wright and Calder�on (1995)
for Barro Colorado Island, Panama, and a network of
200 traps that caught any plant material that fell from
above. Each trap is a 0.75 × 0.75 m2 (0.57 m2) of 1 mm
fiberglass wire mesh, supported by PVC and raised
0.75 m off the ground. Traps were stratified along the trail
system throughout the YFDP (see Appendix S1: Section
S1 for a description of the 200 traps and their position).

Traps were examined approximately every 2 weeks
(a “census”) from February 2000 to February 2018 (cen-
suses 1–435). In each census, all reproductive parts in traps
were counted individually and identified (Garwood et al.,
2023). For this study, we used only species presence data.
Thus, we defined a flower or fruit record as the presence
of any number of plant parts of one species in one trap in
one census. For this analysis, hermaphroditic, female, or
male flower records were combined into a single “flower
presence” record for each trap, census, and species.

ECOLOGY 3 of 15
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Similarly, mature seeds, mature fruit, or mature fruit seg-
ments (e.g., capsule valves) were combined into a single
“fruit presence” record for each trap, census, and species.

Each morphospecies was assigned a unique code and
identified as taxonomic species whenever possible, using
local reproductive adults and our permanent reference
collection. Approximately 1550 morphospecies were
recorded across all censuses. Many of these were rare,
but 563 species occurred in ≥5 traps and had ≥10 records
in 18 years and are the focus of our analyses. Taxa
include canopy trees, subcanopy trees, shrubs, lianas,
vines, hemi-epiphytes, epiphytes, and terrestrial herbs, so
the data provide a sample of the entire forest community.

Environmental data

We compiled our climate data from several different envi-
ronmental monitoring efforts at Yasuní (Garwood et al.,
2023). All equipment was located in the laboratory clearing,
away from buildings and vegetation, and placed at a height
of 1.5–3 m. These open-sky data from the laboratory clear-
ing are reasonable estimates of top-of-forest conditions, as
the average canopy height is ~30 m. We use the term
“top-of-forest irradiance” to distinguish our measurements
from top-of-atmosphere irradiance, which is measured
~100 km above the surface (https://earthobservatory.nasa.
gov/images/7373/the-top-of-the-atmosphere).

First, we measured temperature, rainfall, and solar
radiation at ECY from May 2000 to February 2012 with
two Li-Cor LI-200S pyranometers (calibrated for the day-
light spectrum, 400 to 1100 nm), an LI-1400-102 air tem-
perature sensor, an LI-1400-106 tipping bucket, and an
Li-1400 data logger (Li-Cor, Inc., Lincoln, Nebraska,
USA). These data were recorded at hourly intervals. This
equipment was replaced in 2012 by ECY staff as part of a
TEAM (Tropical Ecology Assessment and Monitoring)
project. They installed a Campbell Scientific CR1000 data
logger, two Vaisala HMP45C and one Rotronic HC2-S3
temperature/relative humidity sensors, a Hydrological
Services TB4 precipitation gauge, two LI-COR LI-200X
pyranometers (calibrated for the daylight spectrum,
400–1100 nm). This second effort was recorded at 5-min
intervals from January 2012 until February 2018. All sen-
sors were calibrated before use and replaced with cali-
brated sensors when needed to ensure consistency. Daily
rainfall data were also collected with a manual rain
gauge from 2012 to 2018 by the TEAM project.
Appendix S1: Section S2 provides details on data collec-
tion, compilation, and cleaning.

We examined regional rainfall using 13 sites in east-
ern Ecuador to determine whether rainfall seasonality
measured at ECY was similar to that of other stations in
the region (Appendix S1: Figure S9). These data had

record lengths between 6 and 55 years and were used to
calculate the mean (±SE) monthly rainfall and annual
total rainfall. Last, we compared climate data from ECY
to modeled climate data using CRU Ts 4.04 (Climatic
Research Unit gridded time series, Version 4.04) for the
0.5 × 0.5 degree pixel that includes the ECY
(Anderson-Teixeira et al., 2020; Harris et al., 2020; see
Appendix S1: Figures S10–S12).

Data analysis

Reproductive phenology

To document reproductive activity over the 18-year
period, we created the phenology time series by counting
the total number of species observed across all 200 traps
in each month for each phenophase. To summarize
community-level phenological activity, we calculated the
mean number of species flowering and fruiting for each
of the 12 months throughout the year. We also examined
temporal patterns in community-level reproductive phe-
nology at Yasuní over the full 18-year time series by test-
ing for autocorrelation at monthly lags for flowering and
fruiting. We cross-correlated monthly numbers of species
flowering and fruiting over 18 years to examine expected
links between flowering and fruiting. Autocorrelations
and cross-correlations were conducted on the total num-
ber of species present per month using Systat Version
13.1 (Systat Software Inc., 2009).

At the species level, we summarized each species’
reproductive phenology using vector algebra, looking at
the distributions of vector angles as well as binning these
angles into counts of reproductive activity per month
(Chang-Yang et al., 2013; Morellato et al., 2010;
Zimmerman et al., 2007). Linear analyses are not appro-
priate for most phenology studies because the seasonal
timing data are circular (Batschelet, 1981; Staggemeier
et al., 2020). The angle and length of the mean vector of
each species were calculated using the software Oriana
4.02 (Kovach, 1994) using the presence (not abundance)
of a species in each trap, pooling data from all years
together. Angle of the mean vector represents the mean
date of reproductive activity (where 0� represents
1 January). The mean vector length (0 to 1) measures the
clustering of records around the mean date (where 0 rep-
resents continuous reproductive activity and 1 represents
highly synchronized reproductive activity occurring on
the same calendar day each year). This analysis included
only species found in ≥5 traps and represented by ≥50
records (see Appendix S1: Figures S17 and S18 for results
of using other cut-off points for sample size).
Morphospecies that might include multiple species
(e.g., “Piperaceae spp.”) were also excluded. To estimate
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fruit development time, we determined the midpoint
between flowering and seed dispersal by calculating the
difference (in days) between the angles of the mean
flowering and mean fruiting vectors for species that had
≥50 records for both phenophases. This will underesti-
mate development time in species that require >1 year to
complete development.

We analyzed distributions of these vector data in two
main ways to detect seasonality in reproduction: (1) at
the species level, we compared distributions to a null
hypothesis of uniform reproductive activity throughout
the year; and (2) at the community level, we examined
the distribution of species’ mean dates of phenological
activity. We asked if reproductive activity departed from
the null hypothesis of temporal uniformity using a
Rayleigh test (Kovach, 1994; Morellato et al., 2010).
Departure from uniformity occurs due to intra-annual or
interannual sources of variance that produce many possi-
ble distributions around peak periods of reproduction
(e.g., unimodal or multimodal distributions), and these
departures affect vector lengths. One common potential
unimodal distribution indicating a consistent annual
peak in reproductive activity is the circular normal
(or von Mises) distribution, which we examined for each
species using a Kuiper test (Kovach, 1994; Morellato
et al., 2010). Other departures from both the uniform and
the circular normal distribution (i.e., significant Rayleigh
and Kuiper tests) occur through bimodal or multimodal
peaks in phenology, a skewed distribution with a long
tail, interannual variation in the calendar date of peak
reproductive activity, among other possibilities, which we
did not explicitly test for. We binned species into four
groups according to the results of the Rayleigh and
Kuiper tests. The Rayleigh and Kuiper tests were carried
out in Oriana 4.02 (Kovach, 1994, 2013). We examined
the community-level distribution in mean dates of phe-
nological activity by counting the number of species
whose mean reproductive date (i.e., mean vector angle)
fell within each calendar month, weighting all species
equally, and producing a histogram. Finally, we calcu-
lated a single community-wide mean vector angle by cal-
culating the mean vector angle of all the species’ mean
vector angles. We also calculated a mean of species
means for subsets of species whose phenology fit a circu-
lar normal and/or nonuniform distribution.

Climate seasonality

We calculated two seasonal variables for Yasuní that are
nearly invariant across years (Appendix S1: Section S2.1):
solar angle and daylength. The cosine of the solar zenith
angle is an indirect measure of potential top-of-atmosphere
solar radiation, the driver of global and local climate

(Hartmann, 2015). We present daylength, a cue widely
used by plants to initiate reproduction in nonequatorial
regions, to demonstrate that it scarcely varies throughout
the year at Yasuní.

Then we established the observed variation in
top-of-forest irradiance, rainfall, temperature, and
humidity at Yasuní using the open-sky daily environmen-
tal data described above. From the daily Yasuní climate
data, we calculated mean monthly values for all climate
variables and the correlations among all variables for the
18-year study period based on actual data of months with
at least 15 days of data. Sample sizes for individual
months were less than the maximum possible
(18 months; N = 11–16 for irradiance, N = 11–15 for
rainfall and temperature, and N = 6–9 for humidity,
which was first recorded in 2008) because of equipment
problems. To create a continuous monthly climate record
for auto- and cross-correlation analysis, missing monthly
data were replaced by the calculated mean for that
month based on actual data from 2000 to 2018 (see
Appendix S1: Figure S5 which shows actual recorded
data and estimated data). As noted above, the dearth of
directly observed climate data (and complete lack of irra-
diance data) from elsewhere in this region makes it
impossible to estimate missing data from nearby weather
stations or satellite-modeled data (Appendix S1:
Sections S3.4 and S3.5).

To detect annual trends in environmental factors at
Yasuní, we autocorrelated each factor in the continuous
data set (2000–2018), which includes the estimated
monthly values for missing monthly data, at monthly lags
using Systat 13.1 (Systat Software Inc., 2009). Significant
autocorrelation at lag 1 indicates that the value in that
month is highly correlated with the value of the previous
month; significant autocorrelation at lag 12 indicates that
the value in each month is highly correlated with the
same month the previous year.

Linking climate and phenology

To test if community-level phenology tracks environmen-
tal correlates at Yasuní, we ran cross-correlation analyses
between the study-long time series for both flowering
and fruiting and each environmental variable in Systat
13.1 (Systat Software Inc., 2009). Two variables with
strong annual signals are expected to be significantly
cross-correlated; the analysis identifies whether the
highest correlations occur in the same time period
(lag = 0) or following lags of one or more months. If light
levels limit community-wide reproduction, we predicted
that the number of species reproducing each month
would be positively related to top-of-forest irradiance at
short time lags. If moisture availability limits
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community-wide reproduction, we predicted that the
number of species exhibiting peak reproductive activity
would track rainfall.

At the species level, we used contingency table analy-
sis to compare the number of species whose vector angle
fell in four 3-month irradiance periods. Using our mea-
sured irradiance data, we identified periods of highest
irradiance (August–October), intermediate irradiance
(November–January) and low irradiance (February–April
and May–July). We tested the distribution of species
against a uniform distribution, calculating the
log-likelihood ratio (G-statistic sensu Sokal & Rohlf,
1995) and carried out a posteriori comparisons using crit-
ical values of the chi-square distribution based on Šid�ak’s
multiplicative inequality (Table E in Rohlf & Sokal,
1995). We used contingency table analysis to determine
whether the midpoints of fruit development time fell in
the period of maximum irradiance (August–October).

RESULTS

Strong seasonality in flowering and
fruiting patterns

The plant community at Yasuní showed strong and con-
sistent annual patterns in the timing of reproduction in
both the total number of species per month across the
18 years of the study (Figure 1) and the mean number of
species per month (Figure 2a). Autocorrelations of the
number of species flowering and fruiting (Appendix S1:
Figure S3) over 18 years were positive and significant at
12-, 24- and 36-month intervals; only coefficients at very

short time lags (1–2 months) were higher than these
annual signals. This annual peak in activity for each
phenophase clearly demonstrates a strong seasonal com-
ponent to reproduction in this ever-wet “aseasonal” equa-
torial forest.

In the annual cycle of peaks and troughs in flowering
and fruiting (Figures 1 and 2a), the peaks had nearly 50%
more species than the troughs (Figure 2a). Yet, there
were also many species flowering or fruiting every month
(Figures 1 and 2a). For flowering, the lowest mean num-
ber of species flowering occurred in April (82 ± 6.1 spe-
cies, mean ± SE), and May (82 ± 4.4), and the highest in
September (137 ± 5.7) and October (147 ± 5.1). (Each
mean is based on N = 18 months, i.e., 18 Aprils, in the
18-year reproductive data set.) For fruiting, the lowest
mean number of species fruiting occurred in September
(99 ± 4.7) and October (100 ± 2.6) and the highest in
March (144 ± 6.0 species) and April (140 ± 5.5). This pat-
tern was also illustrated by individual species, such as
Otoba glycycarpa, that consistently flowered during the
community-level peak each year and fruited some
months later (Appendix S1: Figure S16).

The vector analysis of species-level mean dates of
reproduction across all species (Figure 3) also showed
distinct annual patterns in reproduction at the commu-
nity level (Garwood et al., 2023). For flowering (224 spe-
cies), the greatest number of mean vector angles (the
average time of reproduction) occurred in October and
November (Figure 3b), overlapping the period identified
as peak flowering in the species-count community analy-
sis above (August–October; Figure 2a). For fruiting
(271 species), the greatest number of mean vector angles
occurred in February and March (Figure 3e), again

F I GURE 1 Community-level reproductive activity at Yasuní. Total number of species reproducing per month from February 2000 to

February 2018 in all 200 traps. (a) Flowers and (b) seeds and/or mature fruit. Dashed line is the Lowess fit to the data.
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overlapping the period identified in the community anal-
ysis (March–April; Figure 2a). Patterns in these temporal
distributions did not change qualitatively with different
minimum sample sizes, indicating patterns were not

simply due to differences in commonness or rarity among
species in this hyperdiverse forest (see Appendix S1:
Figures S17 and S18).

The distribution of vector angles (Figure 3b,e) was
significantly different from a uniform distribution but not
significantly different from the circular normal distribu-
tion (Appendix S1: Table S4), indicating that there was a
single unimodal community peak in both flowering and
fruiting. The community mean vector angle (i.e., the
mean of species-level mean dates of reproduction, whose
angles are shown in Figure 3b,e, weighing all species
mean vectors equally) for flowering fell in October and
that for fruiting in March (Appendix S1: Table S4). These
community mean vector angles fell within the peak
periods identified in the species-count community
(Figure 2a) and the individual species vector (Figure 3b,e)
analyses described above (i.e., August–November for
flowering and February–April for fruiting).

The phenological activity was not uniformly distrib-
uted throughout the year for the overwhelming majority
of species (93% for flowering, 97% for fruiting), indicating
some degree of intraspecific seasonality (Figure 3;
Appendix S1: Table S4; Figures S17 and S18). Of these
nonuniformly distributed species, about half fitted a cir-
cular normal distribution (47% for flowering, 50% for
fruiting; Appendix S1: Table S4), indicating a unimodal
seasonal intraspecific peak in reproduction. The
remaining species with nonuniform but nonnormal dis-
tributions must have had more complex distributions
(e.g., irregular, bimodal, multimodal, or unimodal with
skewness, or kurtosis). About half of the species in this
group had vector lengths >0.5, which usually indicates a
unimodal distribution (Morellato et al., 2010). Thus,
roughly three-quarters of species were likely to have had
unimodal seasonal distributions of flowering and fruiting.
Both groups (circular normal and nonuniform/
noncircular normal) had similar mean vectors (angles
and lengths) to that of the overall community mean vec-
tor (Appendix S1: Table S4), indicating a high degree of
seasonality in the community. In the cross-correlation
analysis of monthly numbers of species flowering and
fruiting over 18 years, the maximum correlations (+0.631
to +0.728) occurred at lags of +4–6 months, indicating
that flowering led fruiting by 4–6 months (Appendix S1:
Figure S3C). A similar lag was seen between the
community-level peaks of flowering and fruiting in terms
of the mean number of species per month (Figure 2a)
and the distribution of vector angles (Figure 3b,e). Fruit
development times of individual species, calculated as
the time between the flowering and fruiting vector angles
of each species, were mostly 2–6 months (N = 145 spe-
cies; Appendix S1: Figure S19). The lower values
(≤3 months) were predominantly species flowering in

F I GURE 2 Monthly phenology and environmental averages

for Yasuní from February 2000 to February 2018. (a) Mean (±SE)

number of species present in all 200 traps with flowers (red) and

seeds and/or fruits (blue) per month. (b) Cos(solar zenith angle

[SZA]) and daylength (solid and dotted lines, respectively); mean of

years 2000, 2009 and 2017 using the midpoint of each month (the

SD is ≤0.0007 and ≤0.003, respectively, and not shown). (c) Total

monthly irradiance (red) and total monthly rainfall (blue);

mean ± SE, N = 11–16 annual measures for irradiance in each

month, N = 11–15 values for rainfall. (d) Mean ± SE monthly

temperatures: average (solid line), minimum (dashed line) and

maximum (dotted line); N = 11–15. (e) Mean ± SE monthly

relative humidity: average (solid line), minimum (dashed line) and

maximum (dotted line); mean, N = 6–9 annual values per month,

2008–2018.
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December–May, after the peak in flowering and nearer
the peak in fruiting.

Annual seasonality in irradiance and
rainfall at Yasuní

We observed consistent and predictable seasonality in sev-
eral environmental variables over 18 years that was proba-
bly a key driver of plant community-level phenology
(Figure 2). We observed only one peak in irradiance in
September–October (128 ± 4.5 kW/m2 [mean ± SE,
N = 12 years] in October; Figure 2c) near the autumnal
equinox (Figure 2b), which was ~30% higher than the lows
seen from February to June (97 ± 4.0 kW/m2 in June,
Figure 2c). There was no similar peak in irradiance in
March and April around the spring equinox, likely caused
by higher cloudiness associated with the higher rainfall in
this period (as seen in the CRU TS4.04 satellite data;
Appendix S1: Figure S10A). Despite no month having
<100 mm mean rainfall, rainfall at Yasuní was almost
double in May–June (367 ± 24 mm [mean ± SE,

N = 14 years] in June) compared with August–September
(186 ± 20 mm [N = 11 years] in August). There was also a
secondary lower peak in rainfall in October. Periods of
high irradiance were accompanied by higher mean and
maximum temperatures and lower mean and minimum
humidity, while average minimum temperatures and max-
imum humidity varied minimally through the year
(Figure 2d,e).

Most variables in our 18-year climate time series at
Yasuní showed strong annual patterns, with significant
positive autocorrelations at a 12-month lag (Appendix S1:
Figures S6 and S7; r = 0.494 for irradiance; r = 0.350 for
rainfall; r = 0.411 for mean temperature; and r = 0.376
for mean humidity), as well as at 24- and 36-month lags,
indicating consistent annual periodicity. Only maximum
humidity lacked significant annual autocorrelations
(Appendix S1: Figure S7E). Most climate variables were
highly correlated (Appendix S1: Table S1), as expected.
Irradiance and mean temperature were strongly
negatively correlated with current rainfall (r = −0.31 and
−0.41, respectively), while mean humidity was most
positively correlated with current rainfall (r = 0.25).

F I GURE 3 (a) Polar graph of flowering vectors (N = 224 species with ≥50 records and found in ≥5 traps) with angle (month) along

perimeter and vector length along radii (0.0–1.0). (b) The distribution of vector angles in each month. (c) Distribution of vector lengths. (d–f)
Similar polar graphs and distribution for species with seeds and fruit (N = 271). Colors denote four nonoverlapping groups of species with

distributions determined by the Kuiper (circular normal/nonnormal) and Rayleigh tests (uniform/nonuniform). Dark blue: nonuniform/

circular normal distributions; light blue: nonuniform/nonnormal distributions; gray: uniform/nonnormal distributions; and white: other.

The red arrows, marked c in (b, c) and (e), (f), denotes the position of the community-level reproductive vector. The black arrows, marked s

in (c, f), denote the arithmetic mean of the vector angles.
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Cross-correlations of irradiance, mean temperature and
mean humidity with rainfall were highest for current
rainfall (lag = 0 months), but also significant for 12- and
24-month lags (Appendix S1: Figure S8), indicating
strong annual periodicity.

The rainfall seasonality observed at Yasuní was also
consistent with patterns in 14 long-term climate datasets
from elsewhere in Ecuador east of the Andes. All four
lowland sites (185–235 masl), near and including Yasuní
(232 masl), were ever-wet (all months received ≥100 mm
rainfall) and had annual rainfall of ~3000 mm
(Appendix S1: Figure S9). The other 10 meteorological
stations in eastern Ecuador are at higher elevations
(345–1110 masl) than Yasuní; these had considerably
higher annual rainfall, mostly >4000 mm (except for the
three southernmost sites) and were also ever-wet. Most of
the eastern Ecuador sites had a peak in rainfall in
March–May, and many sites had a second lower peak
in September–November as seen at Yasuní (Appendix S1:
Figure S9).

The modeled satellite-based CRU Ts 4.04 data were
significantly correlated with data from Yasuní for rainfall
(r = 0.43, p < 0.0001, N = 162 months that have data from
both sources, February 2000 to February 2018) and mean,
minimum and maximum temperature (r = 0.55, r = 0.47,
r = 0.56, respectively, p < 0.0001 for all, N = 156 months),
but the CRU data substantially overestimated mean and
maximum temperatures, underestimated minimum tem-
peratures, and did not show any rainfall <200 mm/month
(Appendix S1: Figures S11 and S12). Nevertheless, these
data provide qualitative insights into the seasonal relation-
ships of climate variables that we did not measure, such as
cloudiness, vapor pressure and evapotranspiration
(Appendix S1: Figure S10).

Community-level phenology is correlated
with climate variation at Yasuní

Supporting our hypothesis that reproductive activity tracks
irradiance available to the forest canopy, we found signifi-
cant relationships between the seasonality of
community-level flowering and fruiting and the seasonal-
ity of climate variables at Yasuní. Specifically,
community-level flowering (mean number of species per
month) was greatest during the period of high irradiance
(September–November) and lowest during the period of
low irradiance (April–May; Figure 2a,c). The number
of species flowering at Yasuní was positively
cross-correlated with current or recent past irradiance
(lag = 0 and 1 month, r = 0.40 and 0.46, respectively;
Appendix S1: Figure S13), but was also more weakly
negatively correlated with current rainfall (Appendix S1:

Figure S13; lag = 0, r = −0.22). In contrast with flowering,
the number of species fruiting was negatively
cross-correlated with current or near future irradiance
(Appendix S1: Figure S13; lag = 0 or −1 month, r = −0.39
or −0.42, respectively), and more weakly positively corre-
lated with future rainfall (Appendix S1: Figure S13;
lags = −1 to −3 months, r = 0.29 to 0.22). Because
fruiting follows flowering at 4–6 month lags (Figure 2a;
Appendix S1: Figure S19) it is also positively correlated
with irradiance at 4–6 month lags (r = 0. 218 to r = 0.333,
respectively). Flowering and fruiting also show sizable and
significant cross-correlations with mean temperature and
mean humidity (Appendix S1: Figure S14) and daylength
(Appendix S1: Figure S15A,B), but are weakly correlated
with cos(SZA) (Appendix S1: Figure S15C,D), our estimate
of the seasonality of top-of-atmosphere irradiance. (See
Appendix S1: Section S4 for correlation coefficients of
select time lags.)

At the species level, the flower vector angles of more
species fell in the periods of highest and intermediate irra-
diance (August–January) than at other times (Appendix S1:
Table S5), supporting our hypothesis that irradiance is driv-
ing reproduction. However, fewer species than expected
fruited in this period, and fewer species than expected were
midway through fruit development in this period. (Results
were similar if we used only species with significantly
nonuniform distributions; 208 and 264 species for flowering
and fruiting, respectively.)

DISCUSSION

Eighteen years of phenological observations, community
analysis of >1500 plant species and species-specific vector
analyses of >500 species, combined with parallel moni-
toring of environmental variables, revealed significant
annual seasonality in reproductive activity and potential
climate drivers in the hyperdiverse ever-wet tropical low-
land rain forest of Yasuní. That the forests of the north-
western Amazon lack a distinct dry season has led to the
perception that there is small intra-annual variation of
importance in major environmental variables. In con-
trast, we found distinct seasonality in flowering and
fruiting, and in irradiance, rainfall, temperature,
and humidity. Community-level flowering clearly tracked
variation in irradiance. As the climate of Yasuní is similar
to that elsewhere in northwestern Amazonía
(Appendix S1: Figure S9), our results are likely to apply
regionally as well as locally. For example, the Tiputini
Biological Station lies ~30 km east of Yasuní and has sim-
ilar annual rainfall and temperature patterns to Yasuní
(Appendix S1: Figure S9), suggesting similar annual vari-
ation in irradiance. Also, like Yasuní, Tiputini has a peak
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in fruit production in February–March associated with
high rainfall (Snodderly et al., 2019), although this study
measured reproduction differently than we did and sam-
pled only fleshy-fruited animal-dispersed species.

There are few other long-term studies in ever-wet for-
ests with which to compare our results. Most Neotropical
phenology datasets are from clearly seasonal forests, most
are <2 years, and few studies measured irradiance
(Mendoza et al., 2017). The most comparable Neotropical
site, because it uses the same methods, is Luquillo
(18� N) in Puerto Rico (Zimmerman et al., 2007). Like
Yasuní, Luquillo is ever-wet, but it has slightly higher
annual rainfall (3500 mm) and lower floristic diversity.
Luquillo has a broad annual peak in irradiance around
the summer solstice (May–July), and flowering also peaks
during this period.

The potential limits on (and cues for) phenology in
equatorial forests such as Yasuní are weaker than in more
seasonal or northern forests: variation in daylength is min-
imal throughout the year (~9 min) and there is no regular
dry season. Weaker did not mean inconsequential, how-
ever: rainfall and irradiance, as well as temperature and
humidity, are highly seasonal. The wettest month receives
about twice the rainfall of the driest month, and the
month of peak top-of-forest irradiance receives 30% more
light than the month with the lowest irradiance.

At Yasuní, flowering at the community level peaks in
the period of highest top-of-forest irradiance, with fruiting
following ~6 months later and peaking just before the
period of highest rainfall. As irradiance fueling photosyn-
thesis is the energy source for plant reproduction, we
interpret this pattern as evidence that top-of-forest irradi-
ance is driving the flowering phenology of this commu-
nity. With these data alone, however, we cannot rule out
that high rainfall might physically limit pollination, per-
haps by depressing pollinator activity. We are only begin-
ning to understand the specific cues for reproduction in
seasonal forests in Central America (Wright et al., 2019;
Wright & Calder�on, 2018) and in the supra-annual general
flowering of Southeast Asia (Chen et al., 2018). Detailed,
long-term records of multiple potential environmental
cues and drivers of phenology as well as mechanistic gene
expression studies (Yeoh et al., 2017) will be crucial to gen-
eralizing our understanding across forest types.

Top-of-forest irradiance is a key driver of
reproductive phenology

Top-of-forest irradiance is emerging as a primary driver
of reproduction in tropical forests (Bendix et al., 2006;
Chapman et al., 2018; Hamann, 2004; Wright &
Calder�on, 2006; Zimmerman et al., 2007), as predicted by

van Schaik et al. (1993) and Wright and van Schaik
(1994). Indeed, experimental augmentation of irradiance
to canopy trees demonstrated that light appears to limit
carbon assimilation and fruit production in at least one
species of canopy tree during the rainy season (Graham,
2003). Yet, only three of 97 analyses of long-term pheno-
logical studies in rainforests (and only four in 39 studies
of seasonal or dry tropical forests) in the Neotropics mea-
sured irradiance (Mendoza et al., 2017). Over much of
the eastern Amazon rainforest, surface irradiance is in
phase with, or leads to, forest greening (leaf flushing),
but rainfall lags behing greening (Bradley et al., 2011).
The signal is less clear in the northwestern Amazon, but
irradiance appears to be in phase with greening and
unrelated to rainfall (Bradley et al., 2011). Further evi-
dence of the role of irradiance is likely to accumulate,
and we echo the emphasis of a recent phenology review
(Mendoza et al., 2017) on the importance of measuring
irradiance as key to our understanding of plant
reproduction.

While irradiance appears to be the major driver of
flowering phenology in the ever-wet forests of Yasuní,
not all species flowered during the peak in irradiance.
The constraints selecting for flowering at what appear to
be energetically suboptimal times are presently
unknown. Lack of water is unlikely to limit reproduction
or growth in this equatorial ever-wet forest, although too
much standing water in low-lying areas might do so, and
too much rain might limit pollination. Nonetheless, the
year-long reproductive season is likely to permit greater
opportunities for phenological niche differentiation in
reproduction, contributing to the maintenance of forest
diversity (Usinowicz et al., 2017).

There is a pronounced peak in the production of
mature fruits and seeds in March–April, which is a period
of low irradiance at Yasuní, and is several months after
peak flowering. This timing may reflect the average time
needed to develop and ripen fruits before dispersal. Most
of the energy for fruit production is needed after fertiliza-
tion but before fruits are finally mature and seeds are dis-
persed. To estimate when energy needs were greatest, we
calculated the midpoint of fruit development time as the
midpoint between mean vector angles of flowering and
fruiting. The midpoint of fruit development time of most
species fell in months with relatively high top-of-forest
irradiance (November–January; Appendix S1: Table S5). If
fruits develop quickly to full size, most development would
occur in the period of peak irradiance (August–October)
or the following energy-rich months (November–January),
supporting the hypothesis that reproduction is limited by
light. If fruits develop slowly, the energy needed for fruit
growth and development must either accumulate more
slowly over longer time periods or come from reserves
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stored from the period of maximum irradiance. Without
knowledge of fruit development dynamics, it is impossible
to choose between these two scenarios. In either case,
compared with seeds dispersed soon after flowering,
delays of 5–6 months (Appendix S1: Figure S19) between
fertilization and dispersal carry other costs that have yet to
be explored at Yasuní. These costs might include
increased predispersal seed predation, countered by
increased chemical or mechanical protection of fruit and
seeds, or increased herbivory on stored energy reserves.

The timing of fruit production and seed dispersal
might also reflect constraints on the other life history
stages, especially seed germination and seedling estab-
lishment. In an ever-wet forest in India, seed dormancy
delayed germination through the wettest part of the year
when the waterlogged soil was a poor germination sub-
strate (Aiyar, 1932). In seasonally dry forests, most spe-
cies germinate early in the rainy season, which
maximizes the length of the first growing season
(Chapman et al., 2018; Escobar et al., 2018; Garwood,
1983). For example, on Barro Colorado Island (BCI),
Panama, most species fruit during the dry season and
germinate quickly with the onset of the rains; many spe-
cies that fruit later in the rainy season have dormant
seeds that delay germination until the beginning of the
next rainy season (Garwood, 1983). The majority of spe-
cies on BCI flower then fruit during the 4-month-long
dry season, with both phenophases utilizing the period of
maximum irradiance (Zimmerman et al., 2007).
Constraints on the timing of seed germination on BCI or
elsewhere may reinforce the selection for reproduction
during the period of highest irradiance or other beneficial
conditions, thereby selecting for particular fruit matura-
tion times (Williamson & Ickes, 2002). At Yasuní, a pre-
liminary 2-year study found no seasonal peak in seedling
emergence (Persson, 2005). This timing suggests that con-
ditions for seed germination and seedling establishment
are adequate throughout the year (neither too wet nor
too dry), and that these stages of the life cycle do not con-
strain the time of fruit maturation and/or seed dispersal.
Without this added constraint, fruit maturation and seed
dispersal need not occur soon after flowering, and species
might vary in the time required for fruit and seed devel-
opment. That the fruiting peak is broader than the
flowering peak (Figure 2), and the minimum number of
species producing fruits per month is higher than for
flowering, also suggests fewer constraints on the seasonal
timing of fruit production compared with flowering.

Neither rainfall nor irradiance appeared to explain the
timing of peak fruit maturity and seed dispersal at Yasuní.
Climatic factors such as wind, and biological factors such
as lifeforms, phylogeny, seed sizes, dispersal modes, func-
tional traits, or seed germination and seedling emergence

may explain variation in fruiting phenology. Analyses
contrasting species that reproduce during peak times with
those reproducing outside those peaks are also needed.

Predictable seasonality and climate drivers

We expect most northwestern Amazonian forests previ-
ously described as “aseasonal” will, in fact, have seasonality
in precipitation and top-of-forest irradiance that is strong
enough to drive the phenology (and other responses) of the
plants that inhabit this region, as we have demonstrated at
Yasuní. Our findings of a single community peak in
flowering (Figure 2b), strongly correlated with a single
peak in top-of-forest irradiance, is consistent with the
hypothesis that top-of-forest irradiance is the primary
driver of phenology (van Schaik et al., 1993; Wright & van
Schaik, 1994; Yeang, 2007a). Our findings are not consis-
tent with the Borchert hypothesis (Borchert et al., 2005,
2015; Calle et al., 2010) that predicts two flowering peaks
in equatorial forests, corresponding to the two periods of
greatest change in sunrise and sunset or the two peaks in
top-of-atmosphere irradiance, which they posit are the only
predictable environmental factors at equatorial latitudes.
How plants would measure subtle changes in the timing
of sunrise/sunset or top-of-atmosphere irradiance is
unclear, although plants have a diverse array of
wavelength-sensitive photoreceptors that might detect
quantitative or qualitative seasonal changes in irradiance
reaching their leaves (Yeang, 2007b). As interannual varia-
tion in top-of-forest irradiance is clearly higher than varia-
tion in daylength, sunrise, or top-of-atmosphere irradiance,
current irradiance might also be a better predictor of future
environmental conditions than predictable but nearly con-
stant variables such as daylength.

Our ability to predict how climate change will impact
the seasonality of reproduction depends on understand-
ing the determinants of the local climate. We had
expected two annual peaks in top-of-forest irradiance at
Yasuní during the equinoxes (Figure 2b), and hence two
peaks in flowering, but found only one around the
September equinox. The region is cloudiest from March
to June, with cloudiness increasing before rainfall
(Appendix S1: Figure S10). While higher cloudiness
accounts for the lack of a peak in irradiance at the March
equinox (Figure 2c; Appendix S1: Figure S10), the causes
of these seasonal differences are unknown. Local rainfall
can vary widely over short distances due to the interplay
between topography, prevailing winds, and other
regional and continental-scale drivers (Espinoza Villar
et al., 2015; Killeen et al., 2007). Further integration is
needed between on-site measurements of irradiance and
other variables and remotely sensed estimates of
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cloudiness and atmospheric vapor pressure to understand
how much of Yasuní’s climate is driven by what is hap-
pening nearby in the Andes, or elsewhere in the
Amazon, and how much arises from local transpiration
dynamics (Sheil & Murdiyarso, 2009).

The 18-year phenology record also documents consider-
able interannual variation in reproduction at the commu-
nity level (Figure 1) and in climate (Appendix S1:
Figure S5) at Yasuní. Our ability to predict the effects of cli-
mate change on phenology in equatorial forests is limited
because the regional- and continental-scale drivers of
interannual and long-term variation in climate are poorly
understood. The Intertropical Convergence Zone (ITCZ)
does not appear to have a strong annual effect in this
region: on average it reaches its maximum southern extent
in January above the Colombian–Ecuadorian border,
although it plunges deep (15� S) into South America far-
ther east at that time (Yan, 2005). Northward displacement
of the ITCZ causes large interannual variation in rainfall,
but mostly in the eastern Amazon (Panisset et al., 2018).
The El Niño-Southern Oscillation (ENSO) strongly affects
interannual reproduction in the seasonal forest of Panama
(Wright & Calder�on, 2006) and the dipterocarp forests of
Southeast Asia (Ashton et al., 1988; Chechina & Hamann,
2019). In Ecuador, ENSO drives interannual variation in
rainfall in the western lowlands and foothills, but not in
the inter-Andean valleys or eastern slopes and lowlands
(Rossel & Cadier, 2009; Vicente-Serrano et al., 2017), so its
potential effects on reproduction at Yasuní might be mini-
mal. The Northern Atlantic Oscillation (NAO) also drives
interannual climate variation in Amazonía (Yoon & Zeng,
2010), but its effect in eastern Ecuador and Yasuní is
unknown. Satellite imagery and remotely sensed data
showed mixed impacts at Yasuní of the mega-droughts in
Amazonía in 2005, 2010, and 2015, caused by varied inter-
actions between ENSO and the displacement of the ITCZ
(Panisset et al., 2018). Satellite data provide broad coverage,
but this is often imprecise at local scales (see Appendix S1:
Section S3.5, Figures S11 and S12). This imprecision
stresses the importance of expanding the long-term climate
data from Yasuní and the region, especially for predicting
the effects of climate change on these hyperdiverse forests.
In general, the availability of long-term climate data from
ever-wet forests is almost as rare as long-term phenology
data (Mendoza et al., 2017; Morellato et al., 2013).

Conclusions

We have demonstrated strong seasonality in flowering
and fruiting phenology and climate in a hyperdiverse for-
est in Ecuador long referred to as “aseasonal.” Irradiance
appears to be the main factor driving seasonality of

flowering, in that more species flower during the period
of peak irradiance than at other times. These species
maximize the energy available for flower production and
early fruit and seed development. The peak in fruit matu-
rity and seed dispersal occurs 5–6 months later, during a
period of low irradiance but before the peak in annual
rainfall. The advantage of fruiting during this peak, if
any, is still unclear. Furthermore, large numbers of spe-
cies reproduce throughout the year outside these peaks.
Understanding the climatic or biological drivers of phe-
nology for these species, and the cues all species use to
time reproduction, will require further analyses of this
unique long-term dataset.
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