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Abstract. Understanding reproductive phenology in tropical rainforests is important for predicting forest dy-
namics, ecosystem processes, and forest vulnerability. Long-term plant phenology datasets from tropical rain-
forests are relatively rare, particularly in Oceania. Here, canopy observations collected by a single observer using
a forest gondola system generated a 15-year weekly flowering and fruiting dataset of 132 species in the Wet Trop-
ics of Queensland, Australia. Using this dataset, we investigated seasonal and long-term reproductive phenology
at the community and species level. At the community level, flowering was strongly seasonal and concentrated in
the wet season, while fruiting showed weaker seasonality and was generally concentrated in the dry season. The
timing of peak flowering and fruiting activity differed between abiotic and biotic groups. Over the 15-year study
period, some species advanced or delayed flowering and fruiting. Flowering timing was largely stable across
both biotically and abiotically dispersed species, with most species showing no significant change. Changes in
fruiting timing were more common among biotically dispersed species, including both advances and delays,
whereas most abiotically dispersed species showed no significant change. Annual cycles were most common in
flowering, whereas supra-annual cycles were predominant in fruiting. At the species level, reproductive activity
occurred throughout the year but varied markedly in timing, with many species displaying supra-annual flow-
ering and fruiting. Supra-annual flowering was more likely in biotically dispersed species, while supra-annual
fruiting was more likely in species with larger seeds. Finally, we present the first comprehensive phenological
calendar for 81 tree species in the Wet Tropics rainforests of Queensland. These findings provide a foundation
for future ecological research and restoration practice in the region.

1 Introduction

Knowledge of plant phenological patterns is essential for un-
derstanding the ecology of forest ecosystems. Reproductive
phenological patterns shape recruitment rates, local species
abundance, vegetation composition, and structure, and drive
the availability of vital resources for nectivores and frugi-
vores throughout the year. Despite their importance, phe-
nological studies require significant investment in terms of
resources and time. Consequently, long-term phenological
studies are rare in the tropics, particularly in the tropical re-
gion of Oceania. In addition to a low number of long-term
studies, the high species diversity in the tropics makes un-
derstanding phenological patterns more challenging, as it is

difficult to distinguish phenological patterns at the species
level from community patterns due to the low density of in-
dividuals of many species (Morellato et al., 2010; Newstrom
et al., 1994; Sakai, 2001; Mendoza et al., 2017). Long-term
phenological studies at both the community and species level
are of considerable importance for unravelling the complex
ecological processes that occur in tropical forests, as well as
for providing baseline data for modelling forest responses to
climate change.

Globally, the majority of the world’s vascular plant species
are found in humid tropical forest biomes (Eiserhardt et al.,
2017), and these species exhibit a wide range of complex
phenological patterns. Examples of these complex phenolog-
ical patterns include community masting events (Numata et
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al., 2013; Chen et al., 2018; Numata et al., 2022), commu-
nities with high diversity in phenological reproductive inter-
vals, and communities where species flower and fruit multi-
ple times a year (van Schaik et al., 1993, Newstrom et al.,
1994; Adamescu et al., 2018; Mendoza et al., 2018). The
high biodiversity of tropical rainforests often presents di-
verse, out-of-phase phenological patterns, which align with
the concept of temporal partitioning to mitigate competition
for resources.

Biotically and abiotically dispersed species are expected to
present different phenology as different size, shape, and mass
seeds and fruits require different environmental conditions
to aid fruit development and seed dispersal. For example, in
some tropical regions, wind-dispersed species disperse their
seeds during the dry season due to increased wind speeds
and, depending on the forest type and location, a reduced
canopy leaf area in this season (Janzen, 1967; van Schaik
et al., 1993; Griz and Machado, 2001). Wind-dispersed seed
production has been reported to present greater inter-annual
variation than animal-dispersed fruit production (Janzen,
1974). In contrast, species that present animal-dispersed fruit
require increased water availability and higher temperatures
for fruit maturation and the maintenance of attractiveness
(Chen et al., 2017). Because of the different drivers and
the potential for divergent changes in phenological activity
over time, we have explored patterns of abiotically and bioti-
cally dispersed species separately at both the community and
species level. In some tropical forests, synchronised supra-
annual flowering has been linked to pollinator availability
or behaviour, with higher floral resource density resulting
in increased pollinator attraction and the likelihood of plants
using generalist pollinators (Janzen, 1974; Schemske, 1981;
Ashton et al., 1988; de Jong et al., 1992; Sakai et al., 1999;
Curran and Webb, 2000; Momose et al., 1998).

Ecosystem and plant performance have been shown to be
linked to functional traits (Migliavacca et al., 2021; Bru-
elheide et al., 2018). Studies in non-tropical biomes have
found evidence that interspecific variations in plant phe-
nology are influenced by species’ functional traits (Wang
et al., 2022; Sun and Frelich, 2011; Craine et al., 2012;
Wolkovich and Cleland, 2014; Bucher et al., 2018; König
et al., 2018; Bucher and Römermann, 2020; Segrestin et al.,
2020; Liu et al., 2021). In tropical forests, however, very lit-
tle is known about the relationship between plant traits, en-
vironmental change, and patterns in reproductive phenology
(Peìrez-Ramos et al., 2020).

The Wet Tropics World Heritage area in Queensland is a
global hotspot of biodiversity, with a high rate of endemism
(Williams et al., 2011). The forests found in the region are
considered highly sensitive to the climatic changes expected
over the next century (Hughes, 2003; IPCC, 2021) but are
expected to be resilient in terms of persistence of the rain-
forest biome type (Staal et al., 2020). Although phenolog-
ical research in the region is scarce, reported studies have
demonstrated the importance of long-term datasets (Boul-

ter et al., 2006; Edwards et al., 2018; Vogado et al., 2022).
Through the analysis of long-term data, phenological pat-
terns of flowering and seed reproduction were identified for
the black palm (Normanbya normanbyi), which provided in-
sight into resource availability at the species level for this
endemic tropical rainforest palm (Vogado et al., 2020). At
the community level, baseline phenology is critical to under-
stand natural forest dynamics, regeneration, and how external
drivers (climate change, land cover change, pests) are affect-
ing forests in the region (Vogado et al., 2023), as well as to
understand changes in plant–animal distributions and inter-
actions.

In this study, we characterised the phenology of a large
number of tree species in the lowland tropical rainforest of
the Wet Tropics, analysing seasonal and long-term patterns
of flowering and fruiting. We present 15 years of phenology
collected at the same site (Skyrail) by the same observer ev-
ery week, using a canopy gondola system over a 7.5 km tran-
sect to report reproductive activity in 132 tree species (81
species presented activity in more than 10 subplots over the
course of the study and were analysed at the species level).
Previous work at the Skyrail site has included liana phenol-
ogy (Vogado et al., 2022), leafing phenology of Davidsonia
pruriens (Vogado and Liddell, 2025), and a multi-site com-
parative phenology study of the species Cardwellia sublimis
(Vogado et al., 2025). Due to the spatial scale of Skyrail,
species coverage, and length of the study, this work pro-
vides baseline information on phenological patterns for the
rainforests of this region. We further explore the influence
of functional traits on both annual and supra-annual pheno-
logical activity. We also tested for changes in phenological
timing and if they were related to functional traits. Finally,
we have provided a phenological calendar for each studied
rainforest tree species. These calendars will provide a re-
source facilitating research on ecosystem function, as well
as informing seed collection and restoration planning.

2 Methods

2.1 Study area

Phenological observations of a tropical rainforest canopy
were conducted for 15 years (2000–2014 inclusive) using the
Skyrail Rainforest Cableway (https://www.skyrail.com.au,
last access: 30 May 2026), a 7.5 km scenic gondola cableway
running above Barron Gorge National Park. Barron Gorge
National Park comprises part of the Wet Tropics World Her-
itage Area of Australia (16.84° S, 145.64° E), whose listing
was partially due to its recognition as a hotspot of plant and
animal biodiversity. The vegetation community of the park,
part of the traditional lands of the Djabugay people, is com-
posed of a closed-canopy mesophyll/notophyll vine forest
(Tracey, 1982). The study region experiences climatic sea-
sonality, with a drier season from June to November and a
wetter season from December to May.

Web Ecol., 26, 175–192, 2026 https://doi.org/10.5194/we-26-175-2026

https://www.skyrail.com.au


N. O. Vogado et al.: Reproductive phenology in the Wet Tropics 177

2.2 Phenological observations

Flowering (open flowers) and fruiting (unripe and ripe fruits
combined) activity were recorded weekly from January 2000
to December 2014 by the same observer (Vogado et al., 2022,
2025). The observer scored phenology from above using
a maintenance gondola. Although the Skyrail gondola pro-
vided excellent above-canopy visibility, it moved continu-
ously along the transect at ∼ 5 m s−1. As a result, there was
insufficient time for the observer to score flowering or fruit-
ing intensity or assign unique identifiers to individual trees.
Instead, only the presence or absence of flowers and/or fruits,
species identity, and an approximate location (subplot) were
recorded. Visual identification of species from the gondola
was cross-checked against ground-collected plant samples
(vegetative and reproductive traits) identified using the Aus-
tralian Rainforest Key (Zich et al., 2018). To quantify ob-
servational records, the total area sampled was divided into
10 subplots of ∼ 100 m width and ∼ 25 m length, between
each pair of 33 towers, for a total of 320 subplots (Vogado et
al., 2022; Vogado and Liddell, 2025). The total area sampled
using the 320 subplots was estimated to be approximately
80 ha. We recorded the presence or absence of flowering and
fruiting activity in each subplot for all 132 tree species in the
tree community (see Table 1 in the Supplement). For more
details on the site, see Vogado et al. (2022), and Vogado and
Liddell (2025).

We considered the presence of phenological activity (open
flowers or fruits) of a single species in a subplot as a sin-
gle observation. To avoid missing dates, we binned the ob-
servations into fortnightly, using the presence or absence of
activity for the fortnight. Because each subplot observation
recorded ≥ 1 active individual, our response variable repre-
sents subplot occupancy by a phenophase. This subplot oc-
cupancy cannot be converted into the number of flowering
or fruiting individuals or used to estimate the intensity of ac-
tivity. As a result, the reported “peak flowering and fruiting
dates” reflect the maximum spatial occurrence of species-
level activity along the transect rather than the maximum
number of active individuals or the greatest intensity of flow-
ering or fruiting. To calculate the maximum possible activity,
we first identified the number of subplots that ever reported
any phenological activity for each species and used this as the
maximum possible activity for that species. We then summed
the maximum possible activity values for all species included
in the analysis and considered this the maximum possible ac-
tivity for the community. We similarly calculated the com-
munity activity (absolute) at any given period as the total
activity records for all species (across all subplots) for that
time. For each species, we converted absolute activity to rel-
ative activity by dividing the number of active subplots for
that species at the measurement date by that species’ maxi-
mum possible activity. Analysis of temporal patterns, i.e. sea-
sonality and long-term patterns, was conducted using gener-
alised additive models (GAMs) (detailed in Sect. 2.3). For

this analysis, we used community-level absolute activity (the
number of total observations per fortnight), whereas for the
circular statistics, we used species-level relative activity as
a percentage (the calculated proportion multiplied by 100).
Community-level activity was converted from absolute to
relative (%) by dividing community activity by the maximum
possible community activity.

For species-specific analyses, we used only species that
presented activity in a minimum of 10 subplots over the
course of the study (i.e. ≥ 10 subplot sampling units that
had ≥ 1 active individual at some time), totalling 73 species
for flowering and 76 for fruiting. This 10-subplot threshold
reduces instability in occupancy-based phenology estimates
for rare or low-occurrence species. However, apparent activ-
ity may still be inflated by high local stem density, because
locally common species are more likely to be observed and
may therefore appear to have longer flowering or fruiting du-
rations than less common species. The difference in the num-
ber of species assessed for flowering and fruiting is due to
species that do not flower, such as the gymnosperms Agathis
robusta and Podocarpus grayae. For the species of Ficus,
flowering and fruiting syconia were recorded as fruiting ac-
tivity. In addition, species that were not recorded with pheno-
logical activity at any point in time, either due to uncertainty
in identifying phenological activity or due to assessment dif-
ficulty from the gondola, were excluded from the analyses.
Species were assigned to the abiotic functional group if their
seeds were dispersed by wind, water, or gravity (generally
dry fruits) and to the biotic functional group if seeds were
dispersed by animals (generally fleshy fruits) (Engert et al.,
2020). All phenological assessments conducted in this study
are summarised in Table 1 for clarity.

2.3 Temporal patterns

We used generalised additive models (GAMs) to identify
seasonal and long-term patterns, and to quantify temporal
changes in community-wide activity for both biotic and abi-
otic reproductive phenology (Polansky and Robbins, 2013).
We assessed the number of observations with flowering and
fruiting activity as a function of fortnight, and fortnight
since first observation (time since first observation in fort-
nights) over the full 15-year period for both biotic and abi-
otic communities separately. GAMs were utilised as they ac-
commodate non-linear and non-monotonic patterns. We de-
veloped the models with a negative binomial family and a
log link function. Models were computed using the “mgcv”
package in R (Wood, 2017). Residuals were assessed with
the “DHARMa” package (Hartig, 2022). Periods of signif-
icant increase and decrease in both seasonal and long-term
smoothers were then assessed through first derivatives us-
ing the package “gratia” (Simpson, 2024). Additionally, we
extracted the peak value (maximum monthly number of ob-
servations) of flowering and fruiting for each year and cal-
culated the coefficient of variation (CV) values across years
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Table 1. Reproductive phenological assessments conducted in this study and related coverage in the methods and results.

Assessment Description Methods Results

Temporal patterns Identify seasonal and long-term patterns in re-
productive phenology for biotically dispersed
and abiotically dispersed tree communities

Sect. 2.3;
generalised additive
models (GAMs)

Sect. 3.1; Fig. 1;
Fig. S2

Seasonality Statistically assess seasonality and mean activ-
ity date for trees at the species level

Sect. 2.4;
circular statistics

Sect. 3.2; Fig. 2;
Table S1

Change in seasonality Assess if mean date of reproductive activity is
changing through time for biotically dispersed
and abiotically dispersed tree communities

Sect. 2.4;
circular-linear
regression

Sect. 3.3; Fig. 3;
Fig. 4;
Table S1

Reproductive interval Determine if tree species present sub-annual,
annual, or supra-annual reproductive activity

Sect. 2.5; Newstrom
et al. (1994) method;
Fourier transform
analysis

Sect. 3.4; Fig. 5;
Table S1

Functional traits
driving reproductive
interval

Assess if tree species functional traits determine
if a species presents supra-annual reproductive
activity

Sect. 2.6; logistic
regression

Sect. 3.5; Fig. 6

Phylogenetic signal in
reproductive interval

Assess if supra-annual reproductive activity in
a tree species has a phylogenetic signal

Sect. 2.6;
D statistic

Sect. 3.5; Fig. 7

of activity for each species. We then compared the CV val-
ues between biotically and abiotically dispersed species us-
ing one-way ANOVA.

2.4 Seasonality analyses

We assessed the degree of phenological seasonality for com-
munities and species using circular statistics (Morellato et al.,
2010). We calculated the mean date (mean angle), circular
standard deviation (SD, indicating season length), and mean
vector length (r , indicating degree of seasonality) (Morel-
lato et al., 2010). Species were considered seasonal when the
Rayleigh test was significant (p<0.05), and r values were
above 0.2 to avoid low r values due to a large sample size
(Morellato et al., 2010; Valentin-Silva et al., 2018). Mean
date was calculated from the fortnightly percentage of activ-
ity based on a generalised dispersal mode. To assess whether
species exhibited longer seasons depending on seed-dispersal
group or season of activity, we used a linear model with sea-
son length (in fortnights) as the response variable, and seed-
dispersal group, season of activity, and their interaction as
explanatory variables. Model residuals were assessed using
the “DHARMa” package (Hartig, 2022).

We compared mean dates across years for each group for
both flowering and fruiting to investigate if, and how, the
mean dates changed over time. For the across-years analysis,
we used circular-linear regression analysis, with mean angle
as the response variable and year as the independent variable.
In circular-linear regression analysis, a negative estimate in-
dicates advancement while a positive estimate indicates de-
lay (Pabon-Moreno et al., 2020). In the regression analysis,

we included species that were represented by at least 10 sub-
plot sampling units and presented at least 7 years of obser-
vational data. For each species in our analysis, we only used
years in which the Rayleigh test indicated significant season-
ality (p<0.05). Two circular analyses and two circular-linear
regression analysis were conducted, one for flowering and
one for fruiting, using the R package “circular” (Agostinelli
and Lund, 2023).

For abiotic and biotic flowering and fruiting, we applied
a Savitzky–Golay density filter to the time series (Cai et al.,
2017) and then extracted the peak of activity for each year.
We then calculated the difference, in fortnights, between the
peak of flowering and peak of fruiting for each functional
group community. Finally, to test if the interval between
flowering and fruiting peaks changed over time, which would
indicate a shortening or lengthening of fruit development
time, we assessed the correlation between the flowering-to-
fruiting peak interval and year using Spearman’s rank corre-
lation.

2.5 Identifying sub-annual, annual, and supra-annual
patterns

We identified species that presented sub-annual, annual, or
supra-annual phenological patterns following the approach
developed by Newstrom et al. (1994). Species that present
sub-annual phenological patterns (including continual) show
more than one phenological event per year or continuous ac-
tivity with a few brief interruptions. Annual species present
only one major cycle per year, and supra-annual species
present multi-year cycles (when at least 50 % of years pre-
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sented no activity). To quantitatively confirm the phenolog-
ical pattern, we used Fourier transform analysis (Chapman
et al., 1999; Datta et al., 2025). The median length of the
phenological cycle was estimated for all species, with activ-
ity recorded in at least 10 subplots over the study period.
To perform the Fourier transform analysis, we first applied
a Daniell filter to smooth the raw periodogram to an effec-
tive bandwidth of around 0.1 (Bush et al., 2017; Datta et al.,
2025). Flowering and fruiting cycles were classified as sub-
annual if their length was less than or equal to 10 months, an-
nual if it was between 10 and 14 months, and supra-annual if
it was greater than or equal to 14 months (Datta et al., 2025).
When the Newstrom and Fourier methods did not agree, we
considered the more frequent phenological pattern the more
likely, and we visually re-examined the time series to confirm
this decision. We then compared the percentage of species in
each phenological pattern in abiotic and biotic communities
for both flowering and fruiting using a chi-square (χ2) test.

2.6 Functional traits and phylogenetic signal

We assessed whether the probability of a species exhibiting
supra-annual periodicity was linked to particular functional
traits, including sexual system (binary as 1 for dioecious, 0
for monoecious/hermaphrodite), tree height (m), seed size
(mm), seed-dispersal mode (binary as 1 biotic, 0 abiotic),
δ13C (a proxy for water-use efficiency), SLA, and wood den-
sity as the independent variables. Species sexual systems
were extracted from Gross (2005), and Russell-Smith and
Lee (1992). Other traits were extracted from AusTraits (Fal-
ster et al., 2021). We postulated that supra-annual species,
requiring a rapid recharge of plant resources post reproduc-
tion, would rely on high carbon gain between reproductive
events and therefore would present lower wood density, more
negative leaf δ13C (lower intrinsic water-use efficiency), and
higher SLA (thinner leaves). We also expected supra-annual
species to be taller and more common among abiotically dis-
persed species. While comparable studies are limited, Qin
and Yi (2024) reported in their analysis of a global dataset
that taller tree height was associated with higher mast seed-
ing intensity, with a stronger effect among wind-pollinated
species. We expected that supra-annual flowering or fruit-
ing could be more common in canopy species (Kang and
Bawa, 2003) represented by higher maximum height, as
these species would benefit from large, visually conspicu-
ous displays and have more storage capacity. In addition,
we expected supra-annual species to show greater seed size
as larger seeds can take longer to produce and mature. To
carry out this assessment, we used logistic regressions (one
for flowering and one for fruiting), with species presenting
supra-annual patterns given a value of 1 and other patterns
given a value of 0. Logistic regression was conducted us-
ing the package “glmmTMB” in R with a binomial family
and logit link function (Brooks et al., 2017; McGillycuddy et
al., 2024). Collinearity was assessed using variance inflation

factors (VIFs) calculated with the R package “car” (Fox and
Weisberg, 2019), and model residuals were assessed with the
R package “DHARMa” (Hartig, 2022).

Further, we tested whether the presence of the supra-
annual periodicity had a significant phylogenetic signal
across species. To carry out this analysis, we generated the
community phylogeny using the package V.PhyloMaker (Jin
and Qian, 2019), using the largest dated vascular plant back-
bone GBOTB.extended, assembled from seed (Smith and
Brown, 2018) and angiosperm (Zanne et al., 2014) metaphy-
logenies of all families of extant vascular plants, which in-
cludes 74 531 species. Because this vascular plant backbone
tree is dated, we did not carry out further time calibration in
our analysis. Using the single community phylogenetic tree
(operational regional pool; n= 81 species), we assessed the
phylogenetic signal for each phenophase separately using the
Fritz and Purvis’ D statistic, implemented with phylo.d (per-
mut= 1000) from package “caper” (Orme et al., 2023). We
resolved community polytomies using fix.poly from package
“RRphylo” (Castiglione et al., 2020). For each phenophase,
tips lacking trait data were pruned prior to analysis, using 73
and 76 species for flowering and fruiting, respectively. We
built 10 fully resolved phylogenetic trees for flowering and
fruiting, and tested for the phylogenetic signal in each. We
then calculated and reported the result distribution (median
and 95 % confidence interval) of the 10 phylogenetic test re-
sults.

2.7 Phenological calendar

Finally, we constructed a phenological calendar for each of
the studied species, presenting their overall phenological pat-
tern (sub-annual, annual, or supra-annual), type of seed dis-
persal (biotic or abiotic), coefficient of variation in activ-
ity across years, season of activity, and mean date of activ-
ity (month) (Table S1). We also added whether the timing
of activity of a species was changing through time, and, if
so, the direction of the change (advancing or delaying) (Ta-
ble S1). The intent of providing a phenological calendar for
each species was to aid future scientific research on species
in the Wet Tropics and to provide baseline information on
timing for seed collection as well as information for restora-
tion ecology.

3 Results

3.1 Community-level temporal patterns

For flowering and fruiting, in the biotic and abiotic groups,
we modelled the seasonality (smoother fortnight of the year)
and the long-term trend (smoother fortnight of study); both
smoothers were significant for each dispersal group (Fig. 1).
Plots of modelled predictions against observations showed
that each of the model predictions aligned closely with the
observational data (Fig. S1). The explanatory power of the
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models (R2) was moderate to high: 0.43 for abiotic flower-
ing, 0.57 for biotic flowering, 0.62 for abiotic fruiting, and
0.56 for biotic fruiting.

GAMs indicated that flowering across the community
peaked at around the beginning and end of the wet season
in both biotic and abiotic groups, with the abiotic species
peaking earlier than the biotic species. The primary abiotic
peak occurred in December, whereas the primary biotic peak
occurred in March (Figs. 1a, S2a, b). Across years, flower-
ing varied considerably in both groups. In the abiotic group,
long-term peaks occurred in March 2002, May 2006, De-
cember 2008, August 2012, and December 2014. In the bi-
otic group, long-term peaks occurred in September 2003,
September 2006, June 2009, September 2011, and Decem-
ber 2014 (Figs. 1b, S2c).

GAMs indicated that fruiting activity in both biotic and
abiotic groups was concentrated in the dry season. Seasonal
fruiting in the abiotic group showed a major peak in July
and a secondary peak in December, whereas the biotic group
peaked in August (Figs. 1c, S2a, b). Across years, long-
term abiotic fruiting peaked in December 2000, February
2006, May 2009, and December 2013, whereas long-term bi-
otic fruiting peaked in February 2005, June 2008, December
2011, and December 2014 (Figs. 1d, S2c,d).

3.2 Species-level temporal patterns

We found that the majority of the species exhibited sig-
nificant seasonality in both flowering and fruiting phenol-
ogy. Of the 72 species with enough data to be analysed
with circular statistics for flowering, 63 (87.5 %) of the
species presented high seasonality (r vector≥ 0.7); and out
of the 59 species with enough data to be analysed for
fruiting, 29 (49.2 %) presented high seasonality (r vec-
tor≥ 0.7). Annual coefficient of variation (CV) was not sig-
nificantly different between abiotic and biotic species as per
ANOVA (abiotic= 0.92± 0.126, biotic= 1.18± 0.117). At
the species level, there was no clear distinction in the sea-
sons of flowering and fruiting between seed-dispersal type,
which led to flower and fruit availability throughout the
year (Fig. 2). The majority of species (>50 % species) in
the abiotic community had mean flowering dates in April
(23 %), June (13 %), October (10 %), and November (10 %),
with fruiting mean dates in July (22 %), September (17 %),
and November (13 %) (Table S1). Meanwhile, species in
the biotic community had mean flowering dates in Jan-
uary (14 %), March (14 %), October (14 %), and Novem-
ber (12 %), and had mean fruiting dates in May (18 %),
September (13 %), October (13 %), and November (10 %)
(Table S1). Seasonality was significant in 61 of the stud-
ied species (83.6 %) for flowering and in 50 of the species
for fruiting (65.8 %) (Rayleigh test, p<0.05, r value> 0.2).
Species with no significant seasonality in flowering were Al-
phitonia petriei, Cryptocarya hypospodia, Dysoxylum gau-
dichaudianum, Dysoxylum papuanum, Emmenosperma cun-

ninghamii, Grevillea baileyana, Litsea leefeana, Neonauclea
gordoniana, Pseudoweinmannia lachnocarpa, Sloanea aus-
tralis, and Syzygium luehmannii. Species with no significant
seasonality in fruiting were Alphitonia petriei, Dysoxylum
gaudichaudianum, Dysoxylum papuanum, Emmenosperma
cunninghamii, Ficus destruens, Ficus virens, Neonauclea
gordoniana, Sloanea australis, and Syzygium luehmannii
(Table S1). Of the species without significant seasonality in
fruiting, only one species used abiotic seed dispersal. The
length of activity was not significantly different among dis-
persal groups and seasons for flowering but was signifi-
cantly lower in the wet season for fruiting (F value= 5.3448,
p<0.05, Fig. S2).

3.3 Changes in seasonality

In total, 56 species had sufficient data to assess timing change
in flowering and/or fruiting. We found that 13 species had ad-
vanced flowering (27.1 %), 7 species indicated delayed flow-
ering (14.6 %), and 28 showed no significant change (58.3 %)
(Fig. 3, Table S1). Analysis of timing shifts in fruiting
demonstrated 13 species advanced fruiting (43.3 %), 4 de-
layed fruiting (13.3 %), and 13 species showed no significant
change (43.3 %) (Fig. 3, Table S1). Among the 23 species
assessed concomitantly for both flowering and fruiting, 5
(21.7 %) showed advances in both flowering and fruiting,
7 (30.4 %) presented no changes in either phenophase, and
11 (47.8 %) presented opposite directions of timing change
or phenophase-specific change (i.e. flowering advancing but
fruiting delaying, flowering delaying and fruiting advancing,
or change in only one phenophase). When comparing the
proportion of species presenting changes to timing between
biotic and abiotic communities (whether they advanced or
delayed, or if no change was found), we found no significant
difference between biotic and abiotic for flowering, but more
biotically dispersed species were advancing and delaying ac-
tivity for fruiting (chi-squared test χ2

= 57.19, p<0.0001).
When assessing changes in peak-to-peak dates over the

study period, results varied between dispersal methods and
reproductive phases. For the biotic group, the peak-to-peak
lag between flowering and fruiting declined over time (R2

=

0.28, p = 0.051) (Fig. 4), indicating that the interval between
flowering and fruiting was decreasing. Conversely, for the
abiotic group, there was no significant change in the peak-to-
peak lag through time.

3.4 Phenological patterns

Overall, flowering was dominated by annual patterns, while
fruiting was dominated by supra-annual patterns. Out of the
73 species analysed for flowering, 42 displayed an annual
flowering pattern (57.5 %), 26 were supra-annual (35.6 %),
and 5 were sub-annual (6.9 %). Of the 76 species analysed for
fruiting, 41 were annual (53.9 %), 28 supra-annual (36.8 %),
and 7 were sub-annual (9.2 %) (Fig. 5a). Annual flowering
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Figure 1. Marginal effects of fitted GAMs to (a) seasonal and (b) long-term abiotic (orange) and biotic (purple) flowering, (c) seasonal
and (d) long-term abiotic (orange) and biotic (purple) fruiting (dashed line) at the Skyrail rainforest site fortnightly from January 2000 to
December 2014. Shades indicate 95 % confidence interval. Light-grey areas indicate wet season and dashed vertical lines the beginning of
each year.

was most common in both seed-dispersal groups – abiotic
(70 % of the species) and biotic (48.8 %). In contrast, supra-
annual fruiting was dominant in both the abiotic (55.3 %) and
biotic (51.7 %) groups (Fig. 5b, c). Although the fruiting pat-
terns were similar across groups, supra-annual flowering was
more prevalent in the biotic group (44.2 %) than in the abiotic
group (23.3 %).

3.5 Supra-annual patterns, functional traits, and
phylogenetic signals

The logistic regression testing for the influence of functional
traits on the probability of supra-annual pattern identified
the type of seed dispersal (biotic vs abiotic) as a predictor
of increased probability of supra-annual flowering activity
(z= 2.083, p<0.05), with increased probability of supra-
annual flowering occurring in biotic species (Fig. 6a, Ta-
ble S2). Seed size (mm) was found to be the best predic-
tor of increased probability of supra-annual fruiting activ-
ity (z value= 2.3, p<0.05), while δ13C was marginally sig-
nificant (z=−1.82, p = 0.07) (Fig. 6b, c, Table S2). No

other functional trait was associated with the probability of
a species presenting supra-annual flowering or fruiting. Be-
cause the subplot-based presence/absence approach may be
influenced by local stem density, we tested whether species
density differed among reproductive interval classes using a
generalized linear model (GLM). Species density did not dif-
fer among annual, sub-annual, and supra-annual classes, sug-
gesting that local density effects did not strongly influence
the reproductive interval classification (Fig. S3).

Supra-annual fruiting showed a significant low to
moderate phylogenetic signal (D = 0.677± 0.022 (me-
dian± 95 % CI); P random= 0.036± 0.011 (median± 95 %
CI); P Brownian= 0.001± 0.001 (median± 95 % CI)). For
supra-annual flowering, there was no evidence of phylo-
genetic structure (D = 0.889± 0.021 (median± 95 % CI)
P random= 0.261± 0.035 (median± 95 % CI); P Brown-
ian< 0.001). Species exhibiting supra-annual fruiting were
concentrated within the orders Laurales and Proteales
(Fig. 7).
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Figure 2. Mean dates across all studied years (fortnight with mean (a) flowering and (b) fruiting activity across all years) for each abiotic (A,
orange) and biotic (B, purple) species at the Skyrail rainforest site. Plot shows circular mean date and circular standard deviation. Light-grey
areas indicate the extent of the wet season. Boxplots on the right show the season length (using circular SD as a proxy) in fortnights for
species that flower and fruit in the dry (white) and the wet (light grey) season. Significant differences were found only for fruiting. Seed
dispersal was not significant in the model.

3.6 Phenological calendar

We present a phenological calendar for the 81 study species
in Table S1. Of these species, 50 (61.7 %) are biotically dis-
persed and 31 (38.3 %) are abiotically dispersed. For each
species, the calendar summarises the phenological pattern
(sub-annual, annual, or supra-annual), seed-dispersal type,
coefficient of variation in activity across years, mean date of

activity, season of activity, and any change in timing over the
study period.

4 Discussion

We analysed 15 years of field-collected tree phenology data
from a lowland tropical rainforest in the Australian Wet Trop-
ics to assess seasonal, inter-annual, and species-level varia-
tion in reproductive timing. We examined patterns at both
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Figure 3. Percentage of abiotic (A) and biotic (B) species advanc-
ing, delaying, and with no changes in (a) flowering and (b) fruiting
patterns at the Skyrail rainforest site. No significant difference was
found between biotic and abiotic groups for flowering but they were
significantly different for fruiting.

the community and species level, comparing biotic and abi-
otic dispersal groups. Flowering was strongly seasonal, peak-
ing in the wet season, while fruiting showed weaker season-
ality and generally peaked in the dry season. Despite these
seasonal trends, fleshy fruits occurred year-round due to the
large number of species involved and the amount of variabil-
ity in the timing of fruiting. Long-term dynamics showed
years of increased flowering and fruiting, and changes in
the timing of flowering and particularly fruiting in the com-
munity. Changes in supra-annual fruiting activity varied be-
tween biotic and abiotic groups, suggesting long-term repro-
ductive dynamics differ with dispersal mode. Taken together,
these findings indicate the importance of long-term, species-
level phenological monitoring for tracking changes in for-
est reproduction. For land managers, these data may help to
anticipate future consequences for plant–animal interactions
and assist in restoration and conservation efforts in the Wet
Tropics. To support these applications, we provide a pheno-
logical calendar for the 81 studied species.

4.1 Seasonality

Flowering activity in the abiotic group and peak flowering
dates for both abiotic and biotic groups were concentrated
in the wet season. A similar pattern occurs in the Brazilian
Atlantic rainforest (Morellato et al., 2010; Talora and Morel-
lato, 2000; Cardoso et al., 2019), a region that shares similar
latitude, seasonality, and rainfall patterns with the Wet Trop-
ics. In both regions, climate is strongly influenced by proxim-

ity to the ocean and steep coastal topography (Metcalfe and
Ford, 2008; Kamino et al., 2019). Wet season flowering may
align with higher pollinator activity, higher levels of rain-
fall and temperature that can speed up litter decomposition
and increase nutrient cycling (Pau et al., 2013). In the Aus-
tralian Wet Tropics, a herbarium-based study reported tree
flowering concentrated at the transition from late dry season
to early wet season (Boulter et al., 2006), a period thought to
benefit pollinators as day length and temperatures rise before
heavy rains commence. Our results partially support this pat-
tern: flowering of abiotically dispersed species peaks in the
late dry to early wet season (December) whereas flowering
of biotically dispersed species peaks in the late wet season
(March).

Fruiting peaks were less sharply defined than flowering
and were concentrated in the dry season. This reduced sea-
sonality may be due to our observational definition of fruit-
ing, which includes fruit development and may therefore
broaden the inferred fruiting period. The differences in flow-
ering timing for biotic vs abiotic groups, and dry season
fruiting across both groups suggests different requirements
for fruit production, seed establishment, and development.
In wet forests, light – rather than water – may limit fruiting
activity (van Schaik et al., 1993) as trees still have access
to water in the drier months and may benefit photosyntheti-
cally from higher solar irradiance (Zimmerman et al., 2007).
A study of the endemic black palm, Normanbya normanbyi,
in the Daintree Rainforest of the Wet Tropics bioregion re-
ported dry season fruiting (Vogado et al., 2020), consistent
with our results. Wind-dispersed species are often reported
to fruit during windy periods that facilitate seed dispersal,
although exceptions may occur (van Schaik et al., 1993). In
Cairns, September is the windiest month, overlapping to an
extent with our dry season fruiting peak.

Edwards et al. (2018) reported a wet season increase in
pooled flower and fruit litter in the Daintree Rainforest, but
their methods did not permit a separation of floral and fruit-
ing components. A more recent Wet Tropics study found wet
season flowering and dry season fruiting of the tree commu-
nity in the Daintree Rainforest (Vogado et al., 2023). Taken
together, these findings confirm that the community patterns
we have observed on the Skyrail transect are broadly con-
sistent with the phenology characteristics of humid lowland
forests in the Wet Tropics bioregion.

At the Skyrail site, lianas exhibit clear seasonality, with
peak flowering in October and peak fruiting in January (Vo-
gado et al., 2022). These peaks differ from those of the tree
community, indicating asynchrony between lianas and trees
in reproductive timing at the site. Similar temporal partition-
ing between lianas and their host trees has been reported
in other forests (Morellato and Leitao-Filho, 1996; Cortes-
Flores et al., 2016).

Although the community phenology at Skyrail is seasonal,
species-level patterns indicate year-round resource availabil-
ity. At the community level, flowering activity was con-
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Figure 4. Differences in flowering (solid line) and fruiting (dashed line) peaks across all studied years at the Skyrail rainforest site for (a)
abiotic (orange) and (b) biotic (purple) functional groups. No significant changes were found for the abiotic group, but the interval between
peak flowering and peak fruiting was found to be decreasing through time for the biotic group as per Spearman’s correlation. The shaded
areas on the correlation plots indicate a 95 % confidence interval, % activity refers to relative community activity.

centrated in the wet season, whereas species-level patterns
showed that many abiotically dispersed species flowered and
fruited in the dry season. Species-level phenology, there-
fore, is essential to pinpoint which resources are available
and when, since species patterns that are providing resources
may be hidden when phenology is assessed at the community
level. Because most plants in the Wet Tropics rely on animals
for seed dispersal (Westcott et al., 2009; Engert et al., 2020),
documenting species-level phenology is crucial for under-
standing the resource continuity that underpins ecosystem
processes (Jordano, 1995). Fleshy fruits were available year-
round at our study site, which is consistent with frugivore-
mediated selection for complementary fruiting that has been
documented in other tropical forests (van Schaik et al., 1993;
Wright and van Schaik, 1994; Morellato et al., 2000).

The interval between peak flowering and peak fruiting de-
creased through time in the biotic group but showed no de-
tectable change in the abiotic group. Species-level timing
analyses indicated that the majority of biotic species were
advancing fruiting activity, while flowering showed only mi-
nor changes in the timing of peak flowering. Taken together,
these results suggest that the decrease in the interval between
the flowering and fruiting peaks is driven primarily by ear-
lier fruiting rather than shifts in the timing of flowering. One
plausible explanation is a shorter period of fruit development
in biotically dispersed species, particularly those produc-

ing fleshy fruits. Several non-exclusive mechanisms could
account for advancing fruiting activity, including changes
in pollinator activity (Forrest, 2015), shifts in environmen-
tal drivers of fruiting (Mendoza et al., 2017), and broader
changes in plant–frugivore interactions (van Schaik et al.,
1993). Fruiting timing may also be linked to the seed ger-
mination strategy. In the Wet Tropics, soft-coated seeds tend
to germinate immediately, whereas seeds with leathery, fi-
brous, or stony endocarps generally show delayed germina-
tion because of mechanical dormancy (Hopkins and Graham,
1987). Although we lacked complete seed trait data, four of
the species showing shifts in fruiting timing are known to be
dispersed by the endangered southern cassowary (Casuar-
ius casuarius johnsonii) in the Wet Tropics. Of these four
species, three exhibited delayed fruiting and one showed ad-
vancing fruiting. Overall, the picture is complex, and targeted
research linking climate drivers, seed traits, dispersal timing,
and recruitment outcomes is needed to uncover the mecha-
nisms involved.

4.2 Long-term patterns

The majority of species assessed in this study flowered an-
nually (57.5 %), with supra-annual and sub-annual flowering
periodicity less common (35.6 % and 6.9 %, respectively). In
contrast, fruiting was largely supra-annual (54.0 %), with an-

Web Ecol., 26, 175–192, 2026 https://doi.org/10.5194/we-26-175-2026



N. O. Vogado et al.: Reproductive phenology in the Wet Tropics 185

Figure 5. (a) Number of species classified as sub-annual, annual,
and supra-annual for flowering and fruiting at the community level;
and percentage of species in each category for the (b) abiotic and
(c) biotic functional groups at the Skyrail rainforest site.

nual and sub-annual fruiting less common (36.8 % and 9.2 %,
respectively). Supra-annual flowering and fruiting patterns
have been reported in other tropical rainforests (Norden et al.,
2007; Chapman et al., 2018; Mendoza et al., 2018; Wright
and Calderon, 2018). Among the species that flower an-
nually (n= 42), 38 % presented supra-annual fruiting. This
pattern is consistent with three non-exclusive hypotheses:
(i) the resources required for fruit development occur less
frequently than those required for flowering, (ii) there are
year-dependent shifts in allocation, with resources diverted
to other processes (e.g. growth), and (iii) intermittent pol-
lination success. Targeted investigations of pollination and
seed-dispersal processes are required to disentangle these al-
ternatives.

Developing an understanding of how fruit morphology and
species functional traits relate to fruiting phenology can help
to clarify the functional roles of tree species in rainforest
ecosystems. At the outset, we expected species with supra-

Figure 6. Logistic regression showing relationship between prob-
ability of supra-annual activity for (a) flowering and seed-dispersal
type, (b) fruiting and seed size (mm), and (c) fruiting and δ13C at
the Skyrail rainforest site. The shaded areas indicate a 95 % confi-
dence interval.

annual patterns to be influenced by functional traits such
as tree height, sexual system, and seed size. However, the
relationship between reproductive phenology and mode of
seed dispersal was not clear. We expected that abiotically
dispersed species would present higher inter-annual varia-
tion. Both biotically and abiotically dispersed groups showed
inter-annual variation in fruiting activity. Although abioti-
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Figure 7. Phylogenetic tree showing species with supra-annual (a) flowering and (b) fruiting at the Skyrail rainforest site. Supra-annual
activity is shown as light-blue points, while annual or sub-annual are shown as dark-blue points. Grey dots indicate phenological information
not available.

cally dispersed species had more pronounced inter-annual
peaks through time, supra-annual fruiting was not clearly as-
sociated with seed-dispersal group, and overall variation in
fruiting activity was similar between biotically and abiot-
ically dispersed species. Supra-annual fruiting activity did
not appear to be highly synchronous among species. This
suggests that inter-annual variation in abiotically dispersed
species may not be primarily driven by coordinated supra-

annual fruiting, and the expectation of greater inter-annual
variation in abiotically dispersed species was not supported
at our study site. Species that displayed supra-annual fruit-
ing tended to have more negative δ13C, suggesting lower in-
trinsic water-use efficiency (iWUE) in these species. Species
with higher iWUE may be able to maintain photosynthetic
activity under conditions of reduced water availability, po-
tentially allowing them to sustain reproductive activity in un-
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favourable years. In contrast, supra-annual species may de-
pend more on years with higher resource availability and
suitable environmental conditions for reproduction.

Supra-annual flowering was more likely to occur in bioti-
cally dispersed species; however, the mechanism underlying
this relationship remains unclear. Species with larger seeds
were more likely to exhibit supra-annual fruiting, and the re-
lationship between large seeds and supra-annual activity is
expected to be linked to the resource demands of large seeds,
which tend to be more costly to produce and therefore may
require longer time frames to accumulate the energy and nu-
trient reserves necessary for their development (van Schaik
et al., 1993). For such costly seeds, synchronised fruiting
activity may also contribute to the satiation of seed preda-
tors and hence greater seed survival (Kelly, 1994; Kelly and
Sork, 2002). In the Wet Tropics, a study reported that small
seeds are removed or predated more frequently than large
seeds, and large seeds tended to show higher short-term sur-
vival (Osunkoya, 1994). Also in the Wet Tropics rainforest,
the observation that larger seeds are generally removed less
frequently was consistent with a restricted large pool of seed
consumers in this ecoregion (Doust, 2011).

Supra-annual activity (flowering and fruiting) did not oc-
cur in the same years for biotic and abiotic groups, implying
different constraints on reproductive timing among groups
and species. This observation is consistent with the sugges-
tions that general flowering may be the result of biogeo-
graphic history, phylogenetic influences, and evolutionary
conservatism (Ashton et al., 1988; Kurten et al., 2018). We
detected a weak phylogenetic signal in supra-annual fruiting
but not in flowering. This is supported by regional evidence
for phylogenetic clustering by sex and fruit type (Gross,
2005). This interpretation is also compatible with paleo-
evidence that large parts of the Wet Tropics were more sea-
sonal during the last glacial maximum (Kershaw et al., 2007;
Turney et al., 2006; Haberle, 2005; Burrows et al., 2016).
However, further comparative and phylogenetic studies in the
Wet Tropics would be required before evolutionary conser-
vatism can be identified as a major driver of supra-annual
fruiting. Climate triggers such as El Niño-Southern Oscilla-
tion (ENSO) events may also contribute to inter-annual vari-
ation in fruiting, as reported in other tropical rainforests, and
this warrants further investigation in the Wet Tropics biore-
gion (Delage and Power, 2020; Wright et al., 1999, Chapman
et al., 2018; Williamson and Ickes, 2002).

4.3 Calendar and restoration

We have provided species-level phenology calendars for each
of the 81 tree species included in our study in the Wet Trop-
ics in the Supplement. Due to the fragmented nature of much
of the Wet Tropics rainforest bioregion, reforestation plant-
ings have been implemented to enhance connectivity and to
build resilience in the rainforest. These calendars will sup-
port those efforts because a detailed understanding of sea-

sonal as well as long-term phenological dynamics are nec-
essary for successful ecological restoration (Rother et al.,
2022). Given that restoration efforts tend to be concentrated
near nurseries (Engert et al., 2026), phenological calendars
can help to ensure the timing of seed sourcing and planting
schedules are guided by ecological principles rather than be-
ing driven primarily by convenience. In addition, we antic-
ipate that the calendars will be a useful resource for further
studies on climate change impacts and forest ecology in the
Wet Tropics.

4.4 Limitations of this study

The subplot-based presence/absence approach required us to
focus our analysis on transect-scale timing of species- and
community-level activity. As our data describe phenology at
the species (transect-scale) level, they do not allow us to dis-
tinguish population phenology from individual-level period-
icity (Newstrom et al., 1994). We avoided use of the term
“population” as this implies a demographically defined set
of individuals with defined boundaries, which was not estab-
lished along the 7.5 km transect.

Despite this, we suggest that our onset and peak dates
should be interpreted as approximations of true species flow-
ering and fruiting timing for this location, and the phenolog-
ical reproductive intervals should be interpreted as transect-
scale occurrence patterns rather than individual flowering or
fruiting schedules.

A previous study of Cardwellia sublimis found that Skyrail
subplot-based estimates of flowering onset, peak flower-
ing, and fruiting activity were broadly consistent (within
1–2 months) with estimates from a Wet Tropics rainforest
site (Mount Lewis, ∼ 130 km north) where individuals were
monitored (Vogado et al., 2025). While limited to a single
species and using a different site, it supports our premise
that the subplot-based occupancy approach used at Skyrail
can provide reasonable estimates of seasonal timing for at
least some of the species. Future work combining the gon-
dola transect with stem mapping and crown-level intensity
scoring from digital photography has commenced; this will
allow individual-based phenology and abundance-corrected
estimates of activity to be made at Skyrail in the years ahead.

4.5 Conclusions

This study provides a long-term, multi-species baseline of
reproductive tree phenology in the rainforests of the Aus-
tralian Wet Tropics. Flowering was seasonal at the commu-
nity level but heterogeneous at the species level. Flower-
ing was concentrated in the wet season and fruiting in the
dry season, although the interval between peak flowering
and peak fruiting differed between biotically and abiotically
dispersed groups. Over longer timescales, annual flowering
was more common, whereas supra-annual fruiting predomi-
nated, with limited synchrony in supra-annual fruiting activ-
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ity across species. Supra-annual flowering was more likely
in biotically dispersed species, whereas supra-annual fruit-
ing was more likely in species with larger seeds. Differences
between biotically and abiotically dispersed groups indicate
that phenological strategies vary among species in the plant
community and, together with shifts in timing over decadal
periods, may influence plant–animal interactions. Together,
these findings and the phenology calendars provide a founda-
tion for future ecological research, restoration practice, and
the detection of climate-induced phenological change in the
region.
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