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ABSTRACT

We compared flowering times predicted by six possible proximate cues involving seasonal changes in rainfall and irradiance and flower-
ing times observed over 30 years of weekly censuses for 19 tree and liana species from Barro Colorado Island (BCI), Panama. Hypothe-
ses concerning variation in the timing and intensity of rainfall failed to predict flowering times in any species. In contrast, 10 to
12 weeks of consistent high levels of irradiance predicted flowering times well for eight species, and six or seven weeks of rapidly
increasing levels of irradiance predicted flowering times well for two species. None of the six possible proximate cues predicted flower-
ing times adequately for the nine remaining species. We conclude that high and increasing levels of irradiance are the proximate cues for
flowering in many BCI species. The seasonal movements of the Intertropical Convergence Zone cause strong seasonal changes in cloud
cover, atmospheric transmissivity, and irradiance reaching the BCI forest. Inter-annual variation in the timing of movements of the
Intertropical Convergence Zone is the most likely cause of inter-annual variation in the timing of flowering in these species. Much work
remains to be done as the physiological mechanisms linking flowering and irradiance are unknown and the proximate cues for flowering
remain to be identified for many other BCI species.

Abstract in Spanish is available with online material.
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THE PROXIMATE ENVIRONMENTAL CUES THAT INITIATE FLOWERING

are well documented at temperate and boreal latitudes but remain
a matter for conjecture and hypotheses at tropical latitudes. At
temperate and boreal latitudes, proximate cues for flowering
include seasonal changes in photoperiod, winter vernalization and
growing degree days; genetic mechanisms that link these cues to
flowering are well documented in model organisms; and models
that relate climate change scenarios and the genetic responses that
control flowering are now possible (Satake et al. 2013). In con-
trast, a limited number of experiments and a welter of mostly
vague hypotheses relate flowering and proximate environmental
cues in the tropics.

Classical experiments conducted in the tropics demonstrate
that proximate cues for flowering can include changes in pho-
toperiod of just 10 min in rice (Njoku 1959), short temperature
dips associated with rainstorms in orchids (reviewed by Wycher-
ley 1973) and irrigation following drought in coffee (reviewed by
Carr 2001) and several other forest plants (Augspurger 1982,
Reich & Borchert 1982). Similar experiments are rarely possible
for the large trees and lianas that dominate tropical forest cano-
pies and are always difficult to interpret because many environ-
mental parameters change simultaneously in nature and these
simultaneous changes have not been recreated experimentally at
the large spatial scales of forest trees. We are left with long-term

observational studies and correlations between the timing of
flowering and hypothesized proximate cues.

Long-term observational studies have related the timing of
flowering to short temperature dips (e.g., Ashton et al. 1988, Tutin
& Fernandez 1993), seasonally sufficient levels of moisture avail-
ability (e.g., Reich & Borchert 1984), prior drought followed by rain
(e.g., Sakai et al. 2006), levels of solar irradiance at the forest canopy
(van Schaik et al. 1993, Wright & van Schaik 1994, Yeang 2007),
levels of solar insolation at the top of the atmosphere (Calle et al.
2009, 2010, Borchert et al. 2015), and photoperiod (reviewed by
Wycherley 1973). The specific proximate cue—the required level
and duration of the environmental signal—is rarely, if ever known
because observational studies tend to be short, flowering tends to
be infrequent, and too few flowering events are observed to refine
understanding of the proximate cue. As one example, Yeang (2007,
p. 288) wrote: “The specific attributes of high solar radiation that
are critical to synchronous flowering still need to be determined:
whether it is the average solar radiation received that is important
or if it might be, for example, very high radiation on a few cloud-
free days, or the hours of high daily sunshine that are also relevant.”
Our goal is to fill in such specifics.

We have accumulated a 30 yr record (1987 through 2016) of
weekly censuses for the presence of flowers identified to species
in 200 litter traps on Barro Colorado Island (BCI), Panama. Most
flowers last a single day in humid, lowland tropical forests (Pri-
mack 1985), so arrival in litter traps closely represents flowering
times. We will compare observed first flowering dates with
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predictions of seven models structured to represent seven possi-
ble proximate cues involving rainfall, solar irradiance, and pho-
toperiod or top-of-the-atmosphere insolation. We parameterize
rainfall and irradiance models with daily values measured just
above the forest canopy on BCI. We then search parameter space
to identify the model that best predicts observed first flowering
dates. We find evidence consistent with the hypotheses that sus-
tained high levels of solar irradiance or sustained increases in
irradiance at the forest canopy act as proximate cues for flower-
ing in 10 of the 19 species evaluated.

METHODS

STUDY SITE.—BCI (9° 100 N, 79° 510 W) supports tropical moist
forest in the Holdridge Life Zone System. Annual rainfall aver-
ages 2600 mm, with 10 percent of the annual total falling during
a four-month dry season. Temperatures average 26°C for
11 months of the year and 27°C in April, the final month of the
dry season. This study took place in primary, old growth forest
with a 30- to 35-m tall canopy within the 50-ha Forest Dynamics
Plot (Condit et al. 2012). Leigh (1999) further describes BCI.

METEOROLOGICAL VARIABLES.—We measured rainfall manually with
a rain gauge (NovaLynx 26-2510, Auburn, CA, USA) in the labo-
ratory clearing and electronically with a tipping bucket (Li-Cor
1400-106, Lincoln, NE, USA) mounted on a tower above the
forest canopy. We used manual daily rainfall, filling holes with
prorated values recorded by the tipping bucket. We measured glo-
bal solar irradiance with a pyranometer (Li-Cor Silicon Pyranome-
ter, Lincoln, NE, USA) mounted on top of the same tower. We
recorded solar radiation (W/m2) every 15 min and integrated to
daily totals (MJ/m2). There were 319 missing daily totals between
1 January 1986 and 9 March 2017. We filled these missing values
with seven-day running means (Fig. 1) calculated using mean val-
ues for each day of the year. The tower was extended from 42 m
to 48 m in 2006. The top of the forest canopy was more than
2 m below the sensors before 2006 so the move should not have

affected measurements. Detailed information about instrumenta-
tion, calibration, and location changes can be found at https://
repository.si.edu/handle/10088/29560 (https://doi.org/10.5479/
data.stri/10088/29560).

PHENOLOGICAL CENSUSES AND THE RESPONSE VARIABLE.—We identi-
fied all plant reproductive structures captured in 200 passive traps
to species, each week, from 5 January 1987 through 27 Decem-
ber 2016. We recorded the presence of flowers starting with the
fifth census (3 to 9 February 1987). Each trap had a surface area
of 0.5 m2 composed of a loose, 1-mm mesh bag of plastic-
coated fiber glass window screen suspended 80 to 100 cm above
the ground from a PVC frame. The traps were located at 13.5-m
intervals on alternating sides and 4 to 10 m from pre-existing
trails. Wright and Calderon (1995, 2006) provide further details.

Our response variable was the median first census traps
recorded flowers for each species-specific phenological year. We
chose median first censuses because individuals occasionally pro-
duce small numbers of flowers at unusual times on BCI (Fig. S1),
and medians are relatively insensitive to these rare events. Spe-
cies-specific phenological years began on the date that corre-
sponded to the minimum of 365 variances obtained by
linearizing flowering dates to a 1 to 365 scale, moving day 1 to
each of the 365 possible days of the year, and calculating a vari-
ance of flowering dates for all 365 possible values of day 1. The
midpoint was chosen when consecutive days of the year had
identical flowering variances. In practice, the species-specific phe-
nological years begin near the midpoint of those consecutive days
of the calendar year lacking flowers (see Figs 2 and S1).

First flowering times always risk a late bias. To minimize late
bias, we excluded species with fewer than 1500 flower records,
where each species-trap-census combination constitutes a flower

FIGURE 1. Total daily irradiance (red line) and rainfall (blue line) on Barro

Colorado Island, Panama. Daily mean values were calculated for each day of

the calendar year, using records from 1 January 1986 to 9 March 2017. Lines

represent seven-day running averages of these daily mean values.

FIGURE 2. The seasonal timing of flowering of Gustavia superba. The black

line represents the number of litter traps that captured flowers for each day

of the calendar year summed over 1561 weekly censuses (9 February 1987

through 27 December 2016). The colorful open symbols represent median

first flowering censuses for 28 years. Figure S1 presents the same information

for all 19 study species.
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record. To ensure that many flowering individuals were under
study, we also excluded species recorded from fewer than 30
traps. We evaluated histograms of flower records by day of year
over the entire record (Figs 1 and S1) for species that met these
two criteria and excluded species that flowered continuously or
with multiple peaks because our response variable, median first
flowering census, lacks meaning for continuously and multiple
flowering species. A final minimum sample size requirement con-
cerned the number of different traps for each species in each
phenological year (Fig. S2). We set this final requirement at 10
traps; however, we had to relax this final requirement occasionally
because flowering levels vary widely among years on BCI (Wright
& Calderon 2006) and several species with otherwise rich flower-
ing data nearly failed to flower in one or two years (see Results:
Phenological censuses).

PHENOLOGICAL HYPOTHESES AND ANALYSES.—We will predict the
first flowering census for each species for each species-specific
phenological year for seven hypothesized proximate cues. Our
censuses are numbered linearly (1 to 1561) so that the circular
nature of time (i.e., 1 January follows 31 December) is not an
issue. We now describe how each hypothesis generates predicted
first flowering censuses.

The simplest model hypothesizes that flowering begins on a
critical day of the calendar year (DOYcrit). Both photoperiod and
top-of-the-atmosphere insolation vary seasonally but not inter-
annually and, as proximate cues for flowering, should be associated
with flowering near a particular day of the year. The day-of-year
model predicts flowering is initiated on DOYcrit each year, with
flowers developing and falling into traps on a fixed date each year.

The six remaining models hypothesize that flowering begins
Nd days after the first time an environmental signal accumulated
over the previous Ne days exceeds a threshold (T) during each spe-
cies-specific phenological year. Nd and Ne capture the time flowers
take to develop and the window of time over which an environ-
mental signal accumulates, respectively. We use Nd, Ne, and BCI
meteorological records (see Methods: Meteorological variables) to calcu-
late environmental signals (Ed) for each of the 10,921 days between
our first and final censuses. Meteorological years began on fixed
dates as often used in thermal time models for temperate and bor-
eal plants (Linkosalo et al. 2008). For rainfall, meteorological years
began in early January, which marks the beginning of the dry season
(Fig. 1). For solar irradiance, meteorological years began in late
October, which is the cloudiest time of year (Fig. 1). If high or
increasing levels of rainfall break drought and this triggers flower-
ing, those rains must occur during or after the dry season (i.e., after
early January). If high or increasing levels of irradiance relieve light
limitation and this triggers flowering, the improving irradiance must
follow the annual maximum in cloud cover and minimum in irradi-
ance (i.e., after late October) in the strictly annually flowering spe-
cies considered here.

The definition of Ed distinguishes three rainfall and three
irradiance hypotheses. For each hypothesis, flowering is predicted
to begin during the first census for which Ed exceeds T for
each species-specific phenological year. We evaluated three

environmental signals for irradiance and for rainfall. The three
signals concern mean levels, maximum levels, and directional
change of the environmental signal. For mean and maximum
levels, we calculate Ed as follows:

Ed ¼
Xt¼d�Nd

t¼d�Nd�Ne

Vt

 !
=Ne

where Vt is the value of rainfall (mm) or total irradiance
(MJ/m2) on day t and Ed is the mean value of Vt between days
d-Nd and d-Nd-Ne. For each census, we calculated mean and
maximum values of Ed from the day of the previous census to
the day before the current census. Hypotheses concerning mean
and maximum levels differ because flowering is predicted to
begin during the first census for which the census-specific mean
or maximum value of Ed exceeds T, respectively. In practice, the
mean and maximum values of Ed tend to converge for large val-
ues of Ne (because Ed is a mean over Ne days), but can be very
different for small values of Ne.

For the directional change hypothesis, we calculate the envi-
ronmental signal for each day as follows:

Ed ¼
Xt¼d�Nd

t¼d�Nd�Ne

Vt �V
� �� t � tð Þ=

Xt¼d�Nd

t¼d�Nd�Ne

t ��tð Þ2

where V and t are mean values over the relevant days and Ed is
the slope of the relationship between the environmental signal
and Julian day. Note that Julian day is on a linear scale, which
technically started on 1 January 4713 BC (https://en.wikipedia.
org/wiki/Julian_day). Flowering is predicted to begin during the
first census for which the mean of the daily values of Ed exceeds
T, where the mean is again calculated from the day of the previ-
ous census to the day before the current census.

Parameter sets included all combinations of Ne, Nd, and T
for the six hypotheses concerning rainfall and solar irradiance.
Nd took all integer values between 1 and 210 days for all six
hypotheses. This range of Nd values allows flowers to develop in
a single day, which might occur if the proximate cue triggers
anthesis of resting buds, or in seven months, which might occur
if the proximate cue triggers differentiation of reproductive buds.
We capped Nd at seven months because, for most BCI species
and all 19 study species, inflorescences develop distal to the new-
est leaves (see photographs in Croat 1978, SJW, personal obser-
vations), new leaves are produced at the transitions from dry-to-
wet and wet-to-dry seasons (Leigh & Windsor 1982, Aide 1993),
and this caps Nd at four and seven months for dry- and wet-sea-
son flowering species, respectively. In practice, all reasonable fits
between predicted and observed flowering times were associated
with values of Nd ≤ 107 days (Tables 2 and 3).

Ne took all integer values between 1 and 125 days for
hypotheses concerning mean and maximum values and between
1 and 60 days for hypotheses concerning directional change of
environmental signals. The range of Ne values for hypotheses
concerning mean and maximal values allows Ed to exceed T in a
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single day, which might occur if the proximate cue was a heavy
dry-season rain, or in four months, which might occur if the
proximate cue was irradiance over the entire dry season or rain-
fall over the first half of the rainy season. In practice, all reason-
able fits between predicted and observed flowering times were
associated with values of Ne ≤ 98 days for hypotheses concerning
means and maxima (Tables 2 and 3). The range of Ne values for
hypotheses concerning directional change had a hard upper
bound of 60 days because directional change in rainfall and irra-
diance is never sustained for more than 60 days on BCI (Fig. 1).

T took the following hypothesis-specific values:

1. between 15 and 21.75 with 0.25 MJ/m2 steps for mean irra-
diance, where 15 MJ/m2 is larger than mean values during
the cloudy, rainy season and 21.75 MJ/m2 is the largest mean
value observed (Fig. 1),

2. between 16 and 22.25 with 0.25 MJ/m2 steps for maximum
irradiance, where 16 and 22.25 MJ/m2 span the range of sus-
tained maximum irradiance observed early and late in most
dry seasons,

3. between 0.08 and 0.22 with 0.01 MJ/m2/d steps and between
0.25 and 1.00 with 0.05 MJ/m2/d steps for directional
change in irradiance, where 0.08 and 1.00 MJ/m2/d span the
range of increasing irradiance observed for different values of
Ne,

4. between 5.0 and 11.1 mm with 0.1 mm steps for mean daily
rainfall, where 5 mm approximates daily evapotranspiration
and 11.1 mm approximates mean daily rainfall in the rainy
season (Fig. 1),

5. between 5 and 20 mm with 1 mm steps and between 22 and
80 mm with 2 mm steps for maximum daily rainfall, where
5 mm approximates daily evapotranspiration and 80 mm cap-
tures >99 percentage of rainfall events, and

6. between 0.2 and 4.0 with 0.1 mm/d steps for directional
change in rainfall, where 0.2 and 4.0 mm/d span the range of
increasing rainfall observed for different values of Ne.

DOYcrit is the only parameter for the day-of-year hypothesis
and took all 365 possible values.

We calculated the population root-mean-square error
(RMSE) between predicted and observed census numbers for
each parameter set, where

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
y

py � oy
� �2

=n

s
;

n is the number of years and py and oy are the predicted and
observed first census numbers for year y, respectively. There was
no predicted census number for year y if Ed failed to exceed T.
We calculated RMSE for all parameter sets, but only consider
parameter sets with predicted census numbers in 27 or more
years for these strictly annually flowering species. RMSE units are
census intervals, which correspond closely to weeks (see Results:
Phenological censuses). The interpretation of our results hinges on
minimum RMSE values and whether the associated parameter

values are biologically reasonable. An RMSE value of 1.5
indicates that 69 percent of predicted first flowering dates fall
within 1.5 censuses or approximately 1.5 weeks of observed first
flowering dates. We will take this as strong evidence that a
hypothesized proximate cue is consistent with observed flowering
times and consider RMSE values up to 2 as weak evidence.
Finally, we evaluated the hypotheses associated with the 1000
smallest RMSE values for each species.

RESULTS

PHENOLOGICAL CENSUSES AND STUDY SPECIES.—We recorded
264,988 flower records in 1561 weekly censuses. Nineteen focal
species fulfilled the criteria described in Methods: Phenological cen-
suses and the response variable, although the requirement that each
species was captured in 10 different traps in each phenological
year, was relaxed for 13 of 547 combinations of species and phe-
nological year involving eight of the 19 focal species (see Fig. S2
for details).

The 19 study species include a representative cross section
of the more abundant woody species of central Panama. They
include 16 families, 17 genera, 12 evergreen and seven deciduous
species, four liana species, and 15 free-standing species ranging
from understory shrubs and treelets to the largest canopy trees
(Table 1). Median first flowering dates occur one, two, and six to
eight months after last being deciduous for Alseis blackiana, Dip-
teryx oleifera, and the five remaining deciduous species, respec-
tively. All 19 species are locally abundant as reproductive adults,
although several light-demanding species are poorly represented
as juveniles and have relatively few individuals in the 50-ha plot
for this reason (Wright et al. 2003).

We recorded 66,751 flower records for the 19 focal species
(Table 1). We discarded the first and final phenological year if
any trap first captured a species within four censuses of the first
or final censuses conducted on 9 February 1987 and 27 Decem-
ber 2016, respectively. For this reason, we recorded 28, 29, or 30
flowering phenological years for different focal species (Table 1).

Census interval length affects the interpretation of RMSE
values. Census interval lengths (number of intervals) were 4 (3), 5
(29), 6 (259), 7 (982), 8 (247), 9 (35), 10 (3), 12 (1), 14 (1), and
17 (1) days. The longest, 17-day interval occurred while BCI was
evacuated when the United States invaded Panama in 1989. The
remaining 4-day and 10- to 14-day intervals coincided with
planned holidays or unexpected illnesses. We will interpret RMSE
units as weeks because 95.3 percent of census intervals were
from 6 to 8 days, which corresponds closely to weekly intervals.

PHENOLOGICAL HYPOTHESES.—Tables 2 and 3 present minimum
RMSE values and associated parameter values for each species
for the seven phenological hypotheses. Species-specific minimum
RMSE values rarely differ by more than one unit for the day-of-
year hypothesis and the three irradiance hypotheses (Table 2). All
minimum RMSE values were much larger for the three rainfall
hypotheses (Table 3).
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Our analyses for the day-of-year hypothesis recreated popu-
lation-level standard deviations of median first flowering censuses
(r2 = 0.9991, Fig. S3). We had not anticipated this result, but, in
retrospect, it is inevitable because the fixed day of the year that
coincides most closely with the overall median first census must
minimize RMSE. For this reason, analyses of long-term pheno-
logical records cannot provide evidence for fixed photoperiodic
control of phenological events unless the prediction constrains
the time of year. The RMSE values calculated for our uncon-
strained day-of-year hypothesis equal observed population stan-
dard deviations of first flowering censuses. Small discrepancies
remain between RMSE values and observed population standard
deviations (Fig. S3) because years do not have an even number
of seven-day census intervals (and many of our census intervals

were not seven days) so that census intervals begin and end on
different days of the year in different years and occasionally a
fixed day of the year will fall one census interval earlier or later
than expected.

Hypotheses concerning temporal variation in rainfall fared
poorly (Table 3, Figs. S8–S10). The species-specific mismatch
between predicted and observed flowering times averaged four
censuses larger for hypotheses involving rainfall than for
hypotheses involving irradiance (cf, RMSE values in Tables 2 and
3).

Ten species had minimum RMSE ≤ 2 for one or more of
the irradiance hypotheses, and six of these had minimum RMSE
≤ 1.5 (Table 2). For five of these species, predictions from
hypotheses concerning irradiance also improved on baseline

TABLE 1. Descriptions of the 19 focal species, sample sizes, and inter-annual ranges of first flowering dates.

Code Speciesa Family Leaf habitb Life formc Stems per 50 had

Sample size this studye

Median first

flowering day-

of-yearf

Record Traps Years First Last

ALSB Alseis blackiana Rubi- DF T 8,263 2,322 123 30 90 145

BEIP Beilschmiedia pendula Laur- E T 2,140 1,823 61 29 321 4

CORA Cordia alliodora Boragin- DF T 146 3,407 175 29 47 81

CORB Cordia bicolor Boragin- DF M 653 2,217 67 28 34 73

CORL Cordia lasiocalyx Boragin- DB U 1,163 2,136 80 29 50 77

DIPP Dipteryx oleifera Fab- DB T 51 6,898 124 30 139 205

FARO Faramea occidentalis Rubi- E U 26,121 7,797 174 29 101 170

GUSS Gustavia superba Lecythid- E U 762 2,692 37 28 47 102

HIR1 Hiraea reclinata Malpighi- E L 354 2,926 177 28 9 130

HYBP Hybanthus prunifolius Viol- E S 30,208 1,898 129 29 66 124

JACC Jacaranda copaia Bignoni- DB T 279 4,411 123 29 31 99

LUE1 Luehea seemannii Tili- DF T 185 4,517 95 28 356 43

MARP Maripa panamensis Convolvul- E L 2,961 3,532 130 29 47 92

PRIA Prionostemma asperum Celastr- E L 3,213 3,421 100 29 26 80

SIMA Simarouba amara Simaroub- E T 1,482 1,929 61 29 27 66

TABA Tabernaemontana arborea Apocyn- E T 1,620 7,278 87 28 26 106

THIM Thinouia myriantha Sapind- E L 1,398 2,608 119 29 5 51

TRIC Triplaris cumingiana Polygon- E M 240 1,848 62 29 43 77

VIR2 Virola surinamensis Myristic- E T 184 3,091 64 28 276 13

aNomenclature follows Garwood and Tebbs (2009).
bLeaf habits are evergreen (E), brevideciduous (DB), and facultatively deciduous as the dry season develops (DF).
cLife forms are liana (L), shrubs (S, maximum heights < 5 m), understory treelets (U, <10 m), midstory trees (M, <20 m), and canopy and emergent trees (T,

>20 m).
dNumber of rooted individuals in the 50-ha Forest Dynamics Plot in 2007 for lianas and 2005 for free-standing life forms (Condit et al. 2012, Schnitzer et al.

2012).
eSample size records is the total number of trap–census combinations for each species. Sample size traps is the number of different traps that captured each spe-

cies, with a maximum of 200. Sample size years is the number of species-specific phenological years between 9 February 1987 and 27 December 2016 (see Results:

Phenological censuses and the response variable).
fMedian first flowering dates are calculated as the median day of first flower records over species-specific phenological years and converted to a common day-of-

year scale. First and last median first flowering dates refer to the phenological years with earliest and latest flowering, respectively. First, day-of-year dates are larger

than last day-of-year dates for three species because their range of median first flowering dates spans the end of the calendar year.
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inter-annual variation in flowering time (Table 2, RMSE values
associated with an irradiance hypothesis are smaller than RMSE
values associated with the day-of-year hypothesis).

We will use Gustavia superba to compare irradiance hypothe-
ses and illustrate sensitivity to model parameters. Gustavia superba
flowers in the dry season, with median first flowering censuses
falling between February 16 and April 12 (Fig. 2, Table 1). The
1,000 smallest RMSE values are for hypotheses concerning mean
and maximum irradiance, with no clear reason to prefer one
hypothesis over the other (Fig. 3). RMSE values are highly sensi-
tive to values of Ne, Nd, and T (Fig. 4). Minimum RMSE values
occur when large mean irradiance values of 17 to 18 MJ/m2 (T)
are maintained for 80 to 120 days (Ne) shortly before median
first flowering dates (Table 2; Fig. 4, lower panels for Nd = 1
and Nd = 10). The predictions of the mean and maximum irra-
diance hypotheses converge when Ne is large, and it is not sur-
prising that they cannot be distinguished for Ne values between
80 and 120 days. Figures S1 and S4–S10 present the same infor-
mation for all 19 species for all six rainfall and irradiance
hypotheses.

Just two of the six models concerning rainfall and irradiance
hypotheses were associated with RMSE ≤ 2. The hypothesis that
increasing irradiance cues flowering was consistent with observed
flowering times for Luehea seemannii and Thinouia myriantha. For
both species, flowers develop in about two weeks (Nd) after six
or seven weeks (Ne) of sustained rapid increase in irradiance of
0.13 or 0.15 MJ/m2/d (Table 2).

The hypothesis that a sustained period of high irradiance
triggered flowering was consistent with observed flowering times
(i.e., RMSE ≤ 2) for eight species. The three species of Cordia
exemplify this outcome. Flowers of all three Cordia species
develop in just 1 to 5 days (Nd in Table 2) after 75 to 83 days
(Ne) in which mean and maximum irradiance were very high
(>16.5 MJ/m2 for C. bicolor and >17.75 MJ/m2 for C. alliodora
and C. lasiocalyx, cf Fig. 1). Gustavia superba, Maripa panamensis, Pri-
onostemma asperum, Simarouba amara, and Triplaris cummingiana have
similar values of Nd, Ne, and T, with the very large flowers of
Gustavia taking slightly longer to develop (Table 2). The predic-
tions of the mean and maximum irradiance hypotheses converge
for large Ne (see Methods: Phenological hypotheses and analyses), and
our interpretation is that sustained high irradiance cues flowering
for these eight species. We also infer that the sustained high levels
of irradiance release resting reproductive buds because flower
development times are consistently short in these eight species.

DISCUSSION

We used median first flowering observations recorded from
30 years of weekly censuses of 200 passive traps and concurrent
meteorological measurements to evaluate six possible proximate
cues for flowering in 19 annually flowering species. Inter-annual
variation in first flowering times differed widely among species
(Table 1, Fig. S1). Over the 30 years of observation, median first
flowering dates spanned just 27 and 29 calendar days for Cordia

TABLE 2. The smallest root-mean-square-error (RMSE) values and associated parameter values for each species for hypotheses concerning day of the year and maximum, mean, and

directional change of irradiance. The smallest RMSE value is bolded for each species, and RMSE values within 1 unit of the smallest, species-specific RMSE value are

italicized. Units are days for Nd and Ne, MJ/m2 for T for maximum and mean irradiance and MJ/m2/d for T for directional change in irradiance.

Species

Day of year Maximum irradiance Mean irradiance Directional change in irradiance

RMSE DOYcrit RMSE Nd Ne T RMSE Nd Ne T RMSE Nd Ne T

ALSB 1.82 113 2.42 49 93 17.75 2.47 40 88 18.50 4.44 111 49 0.15

BEIP 1.76 340 5.56 10 14 17.00 4.38 1 2 17.50 2.72 2 36 0.10

CORA 1.13 58 1.36 2 83 17.75 1.39 1 80 17.75 1.91 44 52 0.13

CORB 1.27 51 1.89 1 79 16.75 1.88 5 75 16.50 2.07 34 59 0.11

CORL 0.94 56 1.18 1 82 17.75 1.26 1 78 17.75 1.87 43 55 0.12

DIPP 1.77 168 2.29 107 82 17.75 2.30 104 83 17.75 4.72 155 53 0.13

FARO 2.55 140 3.19 78 68 18.50 3.18 74 70 18.50 5.22 128 60 0.11

GUSS 1.75 79 1.65 17 87 17.75 1.59 20 79 17.75 2.24 54 60 0.11

HIR1 4.37 69 4.95 24 14 20.25 4.80 48 1 19.50 4.76 65 52 0.13

HYBP 2.43 89 2.96 38 54 19.00 2.82 59 7 19.50 4.55 54 60 0.11

JACC 1.89 73 2.22 9 98 17.25 2.26 11 89 17.00 3.16 54 60 0.11

LUE1 1.59 15 2.04 2 31 17.00 2.19 1 28 16.75 1.65 14 40 0.15

MARP 1.62 58 1.50 2 93 17.25 1.55 3 92 17.00 2.18 43 55 0.12

PRIA 2.11 45 1.54 1 77 16.75 1.50 2 72 16.50 2.09 37 50 0.14

SIMA 1.24 46 1.63 1 77 16.50 1.57 1 71 16.50 1.79 35 57 0.11

TABA 3.07 55 3.81 22 7 20.25 3.73 17 4 20.00 3.88 44 52 0.13

THIM 1.62 18 1.60 2 32 17.00 1.60 3 31 16.75 1.16 15 49 0.13

TRIC 1.20 58 1.18 1 89 17.00 1.20 5 79 16.75 1.62 41 60 0.11

VIR2 4.26 330 8.25 10 14 17.00 7.06 13 1 16.50 4.45 11 17 0.17
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lasiocalyx and Simarouba amara, respectively; 55 days for the med-
ian species; and 102 and 121 days for Virola surinamensis and
Hirea reclinata, respectively (Table 1, Fig. S1). The large inter-
annual variation observed for the timing of the onset of flower-
ing suggests that photoperiodic cues are unlikely to control the
timing of flowering in most species.

There is an additional reason to doubt one class of photope-
riodic cue. Solar insolation at the top of the atmosphere is
hypothesized to serve as a proximate cue for tropical plant phe-
nology and, like photoperiod, is controlled by solar declination
(Calle et al. 2009, 2010, Borchert et al. 2015). It is unclear how
plants sense solar insolation at the top of the atmosphere. At the
latitude of BCI (9° 100 N), top-of-the-atmosphere insolation has
two annual maxima with similar irradiance (�433 W/m2) near
the equinoxes, a minor minima near the summer solstice
(422 W/m2) and an overall minima near the winter solstice
(361 W/m2). The seasonality of solar irradiance experienced by
the BCI forest (Fig. 1) bears no resemblance to the seasonality of
top-of-the-atmosphere insolation because atmospheric transmis-
sivity varies seasonally. The seasonal movements of the Intertrop-
ical Convergence Zone bring alternating cloudy and sunny
seasons to BCI and to most tropical forests. Clouds absorb pho-
tosynthetically active radiation, and alternating cloudy and sunny
seasons cause differences in atmospheric transmissivity that

TABLE 3. The smallest root-mean-square-error (RMSE) values and associated parameter values for each species for hypotheses concerning maximum, mean, and directional change of

rainfall. Not one RMSE value falls within 1 unit of the smallest species-specific RMSE values observed for hypotheses concerning day of the year and maximum, mean, and

directional change of irradiance (see Table 2). Units are days for Nd and Ne, mm for T for maximum and mean daily rainfall, and mm/d for T for directional change in

rainfall.

Species

Maximum daily rainfall Mean daily rainfall Directional change in rainfall

RMSE Nd Ne T RMSE Nd Ne T RMSE Nd Ne T

ALSB 7.10 179 17 17 7.39 209 125 9.2 5.70 6 32 0.3

BEIP 3.73 92 115 5 3.73 54 58 5.6 20.6 18 60 0.2

CORA 4.74 116 4 28 8.32 201 125 9.1 4.17 142 8 1.6

CORB 4.28 114 2 36 9.02 210 125 8.5 3.60 116 27 0.3

CORL 4.79 116 4 28 8.15 201 125 9.1 4.14 143 5 1.8

DIPP 11.2 10 1 62 11.0 206 125 9.7 7.38 5 32 0.4

FARO 8.83 180 17 17 8.96 210 123 9.3 6.06 6 32 0.3

GUSS 6.61 115 5 24 7.68 210 125 8.5 5.35 186 8 1.6

HIR1 7.68 115 2 36 7.94 210 125 8.5 5.86 186 8 1.6

HYBP 6.50 166 16 17 6.54 209 124 9.1 6.94 172 8 1.9

JACC 6.03 116 4 28 7.20 210 125 8.5 4.90 142 8 1.6

LUE1 4.22 111 2 34 10.4 209 122 6.0 2.68 124 2 0.9

MARP 5.15 116 4 28 8.16 201 125 9.1 4.31 142 8 1.6

PRIA 5.29 111 4 28 9.41 207 124 8.8 4.02 93 18 0.4

SIMA 4.59 111 4 28 9.02 201 125 9.1 3.41 143 5 1.4

TABA 5.21 115 2 34 7.98 210 125 8.5 4.78 116 27 0.3

THIM 5.47 111 4 28 9.97 209 124 5.9 2.39 127 1 1.6

TRIC 4.96 116 4 28 8.31 207 124 8.8 4.08 143 5 1.8

VIR2 6.59 145 53 5 6.41 103 93 7.1 19.4 24 44 0.3

FIGURE 3. For Gustaiva superba, the 1000 smallest root-mean-square-error

(RMSE) values were for phenological models concerning mean (red) and

maximum (orange) irradiance. Figure S4 presents the same information for all

19 study species.
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overwhelm seasonal differences in top-of-the-atmosphere insola-
tion for many tropical forests. This is particularly true at low lati-
tudes where seasonality of top-of-the-atmosphere insolation is
limited. As an example, the single-day maximum top-of-the-atmo-
sphere insolation is only 19.9 percent larger than the single-day
minimum at 9° 100 N; yet, the BCI forest averages 49.9 percent
more solar irradiance for 50 consecutive dry-season days (from
17 February through 6 April) than for 178 consecutive wet-sea-
son days (from 1 June through 30 November) (Fig. 1). We con-
clude that the timing of flowering on BCI is insensitive to top-
of-the-atmosphere insolation (Zimmerman et al. 2007).

The large inter-annual variation in the timing of the onset of
flowering (Table 1, Fig. S1) offers ample opportunity to evaluate
relationships with inter-annual variation in potential environmen-
tal cues. We documented consistently poor matches between
inter-annual variation in the timing of flowering and the timing
of rainfall seasonality (Table 3, Figs. S8–S10). This is consistent
with an earlier experimental study and extends the interpretation
of that experiment. The timing of leaffall and flowering was

unaffected for many of the same species in a forest irrigation
experiment that maintained soil water potentials at field capacity
(i.e., above �0.05 MPa) for 2.25-ha plots for five consecutive dry
seasons (Wright & Cornejo 1990a,b). Although the irrigation
treatment successfully eliminated soil drought, relative humidity in
the upper canopy was unaffected and the possibility that canopy
species responded to atmospheric drought but not soil drought
could not be discounted (Wright & Cornejo 1990a,b). The pre-
sent study now allows us to discount atmospheric drought. Inter-
annual variation in the timing of rainfall seasonality affects mois-
ture availability in both the atmosphere and the soil and does not
predict the timing of flowering in the 19 BCI species studied
here.

A second irrigation experiment provides a counter-example
and a cautionary note for the interpretation of the results of the
present study. Continuous irrigation supplied from the end of the
rainy season suppressed dry-season flowering in Hybanthus pruni-
folius while, after eight rainless weeks without irrigation, a single
application of as little as 5 mm of water stimulated flowering

FIGURE 4. Contour plots of base 10 logarithms of root-mean-square-error (RMSE) values over parameter sets defining the phenological model relating inter-

annual variation in the timing of flowering to changes in mean levels of irradiance for Gustavia superba. The model predicts first flowering occurs Nd days after

the first time cumulative irradiance over the prior Ne days exceeds a threshold level T each year. Each panel presents a single value of Nd (1, 10, 50 or 100 days),

all integer values of Ne between 1 and 125, and all values of T between 15 and 21 MJ/m2 with 0.25 MJ/m2 steps. Blank, white regions to the right of each panel

correspond to large values of Ne and T that occurred in fewer than 27 years and are therefore excluded. Figure S5 presents the same information for all 19 study

species. Figures S6–S10 present the same information for the five remaining environmental hypotheses and all 19 study species.
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(Augspurger 1982). A similar prior drought stress is required
before rain or irrigation can successfully stimulate flowering in
Coffea arabica (Carr 2001) and might play a role in the general
flowering phenomenon that characterizes the aseasonal Diptero-
carp forests of South-East Asia (Sakai et al. 2006). Our analyses
failed to detect an association between flowering and rainfall in
H. prunifolius (Table 3, Figs. S8–S10) because our phenological
models omitted a prior drought stress requirement and predicted
early flowering near the beginning of the dry season in most
years. The forest irrigation experiment described in the previous
paragraph provided continuous irrigation from the end of the
rainy season and did not alter flowering times; however, H. pruni-
folius was not studied in the forest irrigation experiment (Wright
& Cornejo 1990a,b). We conclude that rain following dry-season
drought cues flowering in H. prunifolius, but not in the remaining
18 species studied here.

Hypotheses concerning inter-annual variation in irradiance
predicted flowering times successfully for 10 of the 19 study spe-
cies (see Results: Phenology hypotheses). For eight species, flowering
follows quickly after 10 to 12 weeks of consistent, high levels of
irradiance at the forest canopy. For the two remaining species,
flowering follows two weeks after six or seven weeks of sustained
increases in irradiance at the forest canopy. The timing of first
flowering correlates well with the timing of sustained seasonal
increases in irradiance in these 10 species. We conclude that sea-
sonal changes in irradiance are the proximate cues for flowering
for these and possibly other BCI species. The physiological mech-
anisms linking levels of irradiance and flowering are unknown,
but might involve threshold levels of carbohydrate reserves. Our
next steps will be to build new phenological models to explore
additional hypotheses, for example, a prior drought requirement,
and to build new types of models able to address the many spe-
cies that flower continuously or with multiple modes within a
year in moist tropical forests.
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FIGURE S1. The seasonal timing of flowering for 19 study
species identified by bold four letter codes.

FIGURE S2. Box plots of annual values of numbers of traps
that captured flowers for each phenological year for the 19 study
species.

FIGURE S3. The relationship between the population-level
standard deviation of observed median first flowering censuses
and the root-mean-square error calculated for first flowering cen-
suses predicted by the day-of-year hypothesis and observed med-
ian first flowering censuses.

FIGURE S4. The 1000 smallest root-mean-square-error val-
ues for 19 study species identified by bold four letter codes.

FIGURE S5. Contour plots of base 10 logarithms of root-
mean-square-error values over parameter sets defining the pheno-
logical model relating changes in mean levels of irradiance to the
timing of flowering for 19 study species identified by bold four
letter codes.

FIGURE S6. Contour plots of base 10 logarithms of root-
mean-square-error values over parameter sets defining the pheno-
logical model relating changes in maximum levels of irradiance to
the timing of flowering for 19 study species identified by bold
four letter codes.

FIGURE S7. Contour plots of base 10 logarithms of root-
mean-square-error values over parameter sets defining the pheno-
logical model relating directional changes in levels of irradiance to
the timing of flowering for 19 study species identified by bold
four letter codes.

FIGURE S8. Contour plots of base 10 logarithms of root-
mean-square-error values over parameter sets defining the pheno-
logical model relating changes in mean levels of daily rainfall to
the timing of flowering for 19 study species identified by bold
four letter codes.

FIGURE S9. Contour plots of base 10 logarithms of root-
mean-square-error values over parameter sets defining the pheno-
logical model relating changes in maximum levels of daily rainfall
to the timing of flowering for 19 study species identified by bold
four letter codes.

FIGURE S10. Contour plots of base 10 logarithms of root-
mean-square-error values over parameter sets defining the pheno-
logical model relating directional changes in daily rainfall to the
timing of flowering for 19 study species identified by bold four
letter codes.
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