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Lianas are increasing in abundance in many tropical forests. This increase can alter
forest structure and decrease both carbon storage and tree diversity via antagonistic
relationships between lianas and their host trees. Climate change is postulated as an
underlying driver of increasing liana abundances, via increases in dry-season length,
forest-disturbance events, and atmospheric CO2 concentrations; all factors thought to
favour lianas. However, the impact of climate change on liana reproductive phenology,
an underlying determinant of liana abundance, has been little studied, particularly
outside of Neotropical forests. Over a 15-year period (2000–2014), we examined the
phenological patterns of a liana community in intact rainforests of the Wet Tropics
bioregion of Australia; a World Heritage Area and hotspot of floral diversity. Specifically,
we assessed (1) flowering and fruiting patterns of liana species; (2) potential climate
drivers of flowering and fruiting activity; and (3) the influence of El Niño-related climatic
disturbances on liana phenology. We found that flowering and fruiting of the studied liana
species increased over time. Liana reproduction, moreover, rose in apparent response
to higher temperatures and reduced rainfall. Finally, we found flowering and fruiting
of the liana species increased following El Niño events. These results suggest that
liana reproduction and abundance are likely to increase under predicted future climate
regimes, with potentially important impacts on the survival, growth, and reproduction of
resident trees and thus the overall health of Australian tropical rainforests.

Keywords: flowering, fruiting, rainforest, ENSO (El Niño Southern Oscillation), forest disturbance, woody vines

INTRODUCTION

The combined pressures of global climate change and anthropogenic land modification are having
profound impacts on the structure and function of tropical forests (Laurance et al., 2002; Phillips
et al., 2002; Lewis et al., 2004). Losses of old-growth trees and the proliferation of pioneers and
lianas have been documented in degraded and fragmented forests across the tropics (Laurance
et al., 2014; Marshall et al., 2020). However, even fully intact forests may be subjected to changes in
forest structure and composition resulting from large-scale drivers such as global climate change or
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rising atmospheric CO2 levels, as has been observed in the
Brazilian Amazon (Phillips et al., 2002; Laurance et al., 2014).
Natural disturbances such as cyclones and droughts also shape
tropical forest ecosystems by controlling their structure, species
composition, and functional processes (Dale et al., 2001).
Changes to the structure and composition of tropical forests will
have important implications for biodiversity conservation and
ecosystem services (Rice et al., 2004; Hector et al., 2011).

An important driver of forest structure and function is the
change in timing and intensity of floral phenological activity
due to variations in climate conditions (Gray and Ewers, 2021).
Global and regional models of climate change project substantial
change in temperature and rainfall patterns, as well as future
increases in extreme climatic events, such as cyclones and
ENSO, as well as natural disturbance events (IPCC, 2021).
Plant phenology is primarily regulated by climate with current
expectations suggesting a shift in the timing and intensity of
flower and fruit production as a response to climate change
(Menzel et al., 2006; Cleland et al., 2007; Richardson et al.,
2013; Tang et al., 2016). Modification of rainfall patterns and
increases in the frequency of El Niño events will result in
more regular drought events in tropical forests (Cai et al.,
2014) also impacting phenological patterns. Additionally, the
stresses of higher ambient temperatures will result in more leaf-
shedding events, higher tree mortality rates, and an increase in
tropical forest fires (Cochrane and Laurance, 2008). Disruption
to phenological patterns, as well as natural disturbances, may
favour the proliferation of early successional tree species and
other disturbance-adapted plant guilds such as lianas.

Previous studies have shown that liana abundance is
increasing in intact tropical forests in response to large-scale
drivers (Laurance et al., 2001a; Schnitzer and Bongers, 2002,
2011; Schnitzer, 2005; Campbell et al., 2015, 2018). Climate-
related changes in the phenology and reproduction of lianas and
trees could further influence their relative abundance in tropical
forests. For example, increasing reproduction of liana species has
been observed in Panama (Wright and Calderón, 2006, 2018;
Chapman et al., 2018) and Mexico (Cortés-Flores et al., 2015),
and may relate to rising levels of atmospheric CO2 (Granados
and Korner, 2002), dry-season intensity, or temperature (Marvin
et al., 2015). Additionally, lianas have structural and physiological
adaptations that make them resilient to, and allow them to
benefit from, many types of disturbances (Oliveira et al., 1997;
Laurance et al., 2006, 2011; Schnitzer and Carson, 2010; Paul
and Yavitt, 2011; Ledo and Schnitzer, 2014). Schnitzer et al.
(2021), for example, proposed that the ability of lianas to
increase and capitalise on forest disturbance and the spiralling
interaction between disturbance and climate change, could be
behind increasing liana abundance in Neotropical forests. As
such, predicted increases in the rates of disturbance and drier
conditions pantropically will likely increase liana abundances
relative to old-growth trees and other plant species adapted to
undisturbed tropical forests.

Potential increases in liana abundance are important for forest
management and conservation as the proliferation of lianas can
have a detrimental impact on host trees (Schnitzer and Bongers,
2002). Lianas are a structural parasite of trees and compete for

nutrients, water, and sunlight; severely impacting tree growth
and survival (Putz, 1984; Laurance et al., 2001a). Increased liana
loads have been found to negatively impact tree reproduction
in Uganda (Babweteera et al., 2018), Brazil (Kainer et al., 2006),
Panama (Wright, 2005; García León et al., 2018), and Malaysia
(Wright et al., 2015). Evidence also indicates that lianas may
have higher comparative pollination success when compared
to trees (Boulter et al., 2009). Hence, a proliferation of lianas
could lead to both higher mortality and reduced recruitment of
tropical trees, with important implications for forest biodiversity
and carbon storage.

Here we present a long-term phenological study of the liana
community found across an elevational gradient (ca. 5–540 m
elevation) in the Australian wet tropics, as well as an analysis
of the relationship between climate drivers and liana phenology.
Specifically, we examined: (1) flowering and fruiting patterns
and seasonality of the liana community; (2) the potential climate
drivers of these flowering and fruiting patterns; and (3) assessed
how liana phenology was responding to observed changes in
temperature and rainfall through time, with the aim of projecting
future changes in phenological timing and duration for the liana
species assemblage we studied.

MATERIALS AND METHODS

Study Area
Phenological observations of the canopy of a tropical rain forest
were conducted for 15 years (2000–2014 inclusive) using the
Skyrail Rainforest Cableway,1 a 7.5 km scenic gondola cableway
running above the Barron Gorge National Park (Figure 1).
Barron Gorge National Park comprises part of the Wet Tropics
World Heritage 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 Djabugandji people (traditional
owners), is composed of a closed-canopy mesophyll/notophyll
vine forest (Tracey, 1982).

The study region experiences climatic seasonality, with a
drier season from June to November and a wetter season from
December to May (Figure 1). The forests in the Wet tropics
are frequently subjected to disturbances including cyclones and
El Niño-related droughts and heat-waves; making them highly
vulnerable to climate change impacts (Hughes, 2003; Turton,
2012). Climatic information for the study area was obtained
through the Australian Bureau of Meteorology (BOM) for the
Kuranda Railway Station weather station (BOM, n.d., station
numbers 031036 and 031011) (Figure 2) located at the upper end
of the cableway.

Phenological Observations
Flowering and fruiting activity along a 7.5 km transect of the
Skyrail gondola were recorded weekly from January 2000 to
December 2014 by the same observer. The observer scored
phenology from above using a maintenance gondola with

1https://www.skyrail.com.au
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FIGURE 1 | Location and mean annual climate for the study region. (A) Wet Tropics World Heritage Area extent with phenology transect located in Barron Gorge
National Park, Far North Queensland, Australia. (B) Monthly general meteorological patterns of rainfall (mm), maximum temperature (Tmax ◦C), minimum
temperature (Tmin ◦C), and mean temperature (Tmean ◦C) from January 2000 to December 2014, and (C) View from the forest canopy as seen from the gondola.

unimpeded visual access to the canopy. To quantify observation
records, the total area sampled was divided into 10 subplots of
∼100 m width and ∼25 m length, between each pair of towers,
for a total of 320 subplots. The total area sampled using the
320 subplots was estimated to be approximately 0.75 km2. We
recorded presence or absence of flowering and fruiting activity
within each subplot for the conspicuous liana community,
composed of 17 species (Supplementary Table 1).

Visual identification of species from the gondola was cross-
checked against plant ground samples (flowers, fruits, and leaves)
that were identified using the Australian Rainforest Key (Zich
et al., 2018), developed by the Australian Tropical Herbarium.
The botanical observer was trained by professional botanists
(Australian Tropical Herbarium, Cairns Regional Council) and
independent verification of plant identification was carried out
using plant samples collected on the ground. In addition high
resolution digital photographs (Sony DSLR α-700P 12MP) were
collected along the 7.5 km transect and these were then examined
against the Australian Rainforest Key to further cross-check
the ability of the observer to correctly identify liana activity to
the species level from the gondola. We considered presence of
phenological activity (flowers or fruits) in a single subplot as
a single observation. We then calculated, for each week and
month, the mean percentage of phenological activity for the
transect. To calculate the percentage activity for the transect,

we found, for each species, the maximum number of subplots
(from a total of 320) presenting phenological activity at one
time. We then summed these maximum values to estimate
the potential maximum activity for the entire transect, and
calculated the percentage activity by comparing the total activity
at each time point to this maximum value (Figure 2). Percentage
activity was calculated using the weekly observations of the
original records, and aggregated to monthly values by taking the
maximum percentage.

Species-specific phenological patterns were assessed for the
eight most dominant species, which together accounted for 80%
of the phenological records. We assessed the long-term weekly
patterns for each species individually and the summed percent of
weekly activity. The most dominant species were: Austrosteenisia
blackii (F.Muell.), Austrosteenisia stipularis (C.T.White) Jessup,
Cissus penninervis (F.Muell.) Planch, Dichapetalum papuanum
(Becc.) Boerl, Embelia caulialata S.T.Reynolds, Faradaya
splendida F.Muell., Neosepicaea jucunda (F.Muell.) Steenis, and
Parsonsia latifolia (Benth.) S.T.Blake.

Statistical Analysis
To assess year-to-year phenological patterns and seasonality,
we conducted circular statistical analyses using the monthly
percentage of activity for flowering and fruiting. To calculate
the circular statistical parameters, months were converted to
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FIGURE 2 | Time series of long-term phenology and climate. (A) Weekly proportion of plots with flowering and fruiting activity for the studied period (2000–2014) in
Barron Gorge National Park, Far North Queensland, Australia, (B) Time series for weekly rainfall (mm) and cyclones (grey bars), (C) Mean daily temperature (◦C), and
(D) Mean daily solar irradiance (W/m2).

angles, where the first month, January, is transformed into angle
0◦ and subsequent months are added in intervals of 30◦ until
December at 330◦ (Morellato et al., 2010). We then calculated
the mean angle, circular standard deviation (SD), and vector
length (r). Vector length (r) indicates the degree of seasonality,
varying from 0 (aseasonal) to 1 (seasonal) (Zar, 1996), while the
circular standard deviation can be an indicator of season length
(Ting et al., 2008). To determine if phenological patterns were
significantly seasonal, we used Rayleigh tests (Zar, 1999).

We assessed long-term patterns of flowering and
fruiting using generalised additive models (GAMs) with
monthly phenology (maximum weekly percentage of
activity for the month) as the response variable and date,
temperature, rainfall, and solar radiation as the explanatory
variables. Phenological and climate time series were
detrended in order to remove the intra-annual seasonal
and random components using the R package “forecast”
(Hyndman et al., 2021).
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FIGURE 3 | Fitted GAM-smoother for long-term relationship between monthly mean and maximum phenological activity and time (months since first observation),
for the liana community in Barron Gorge National Park, Far North Queensland, Australia.

We identified the potential climate drivers of liana phenology
based on both seasonal patterns (prior to detrending) and
long-term trends (post detrending). As relationships between
phenological activity and drivers are often reported as being
non-linear, we used Generalised Additive Models for Location,
Scale and Shape (GAMLSS) to model relationships (Hudson
et al., 2010). We used GAMLSS as they accommodate
unconventional distributions and the temporal autocorrelation
inherent to phenological series. Model distributions were chosen
to maximise fit of each model. We assumed a Beta distribution,
however, the model fit and residuals were substantially better
when a Gaussian distribution was used for both flowering
and fruiting (with a log link function). We developed the
GAMLSS models using a cubic spline smoothing function,
and included an auto-regressive AR(1) correlation structure
for the response variable (term of 1 month). Collinearity
between explanatory variables was assessed with concurvity, a
generalisation of collinearity appropriate for GAMs. Proportion
of individual subplots in flowering or fruiting activity were
used as response variables, and monthly rainfall (mm), monthly
mean temperature (◦C), monthly mean photoperiod (h/day), and
monthly mean solar radiation (W/m2) were used as predictor
variables. Optimal models were selected using the Aikaike
Information Criteria (AIC).

To assess possible influence of climatic disturbance events,
ENSO variation and cyclones, as well as inter-annual influence
of climate variables on phenological activity, we conducted
cross-correlation analyses against the phenological activity time

series. We decomposed the phenological activity time series
and removed the seasonal component prior to cross-correlation
using the “stl” function in base R. Influence of ENSO was
modelled using the multivariate ENSO index (MEI) and cyclones
were treated as a discrete event with values of 1 for months
when cyclones occurred and 0 when they did not occur. Time
series analysis was conducted using the “timeSeries” R package
(Wuertz, 2020). All analyses have been conducted in R studio (R
Core Team, 2019).

RESULTS

We identified a long-term increase in flowering activity of
the liana community in the study area and two supra-annual
peaks in fruiting activity, in November 2004 and January 2011
(Figure 2). Overall visualisation of annual total rainfall and
mean maximum temperature showed that although rainfall may
be variable in the region, temperature has been increasing
since 1950 (Supplementary Figure 3). The studied period was
not anomalous to the general trends and patterns. Time in
number of months since first observation was found to have a
significant positive effect on both flowering and fruiting activity
(F = 31.74, P < 0.0001 and F = 38.54, P < 0.001, respectively)
as assessed using GAMs performed on seasonally detrended
data (trend component of time series) of monthly maximum
values. Long-term patterns of flowering noted a continuous
increase through time, but fruiting increased, decreased and
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FIGURE 4 | Partial effects of GAMLSS explanatory variables on flowering and fruiting seasonal trends in a liana community (17 species) (Cox Snell R2 0.48 and R2

0.26, respectively), in Barron Gorge National Park, Far North Queensland, Australia. The shaded areas indicate the 95% confidence intervals. GAMLSS-smoother
terms for total monthly rainfall (mm), mean monthly temperature (◦C), and mean monthly solar radiation (MJ/m2) were significant for flowering (P < 0.05) whereas
mean temperature (◦C) and mean monthly solar radiation (MJ/m2) were significant for fruiting. T-values and significance (***P < 0.001) are presented within
parenthesis in x-axis title.

increased again, forming two peaks (Figure 3) when assessing
the data visually. Rainfall showed a linear decrease, while mean
temperature showed a linear increase over time (Supplementary
Figure 4). Additionally, mean temperature (flowering: F = 5.62,
P < 0.001, and fruiting: F = 3.58, P < 0.01), rainfall (flowering:
F = 2.85, P < 0.01 and fruiting: F = 7.32, P < 0.0001), solar
irradiance (flowering: F = 9.01, P < 0.0001 and fruiting: F = 5.61,
P < 0.001), and MEI (flowering: F = 4.41, P < 0.01 and fruiting:
F = 22.46, P < 0.0001) all influenced long-term flowering and
fruiting trends.

When analysing intra-annual patterns, GAMLSS
smoothers for temperature, rainfall and solar radiation
were significant (P < 0.001) for flowering activity (Figure 4
and Supplementary Table 3). Conversely, smoothers for
temperature and solar radiation were significant for fruiting
activity (Figure 4 and Supplementary Table 3). The seasonal
peak of fruiting activity was significantly related to higher
mean temperatures and low levels of solar radiation
(Figure 4). Similarly, flowering activity increased with an
increase in temperature, peaking when the temperature
was between 28 and 30 degrees Celsius. Additionally,
flowering activity was negatively correlated with rainfall

(Figure 4). Fruiting presented a negative relationship with
solar radiation, peaking at the minimum levels of solar
radiation (Figure 4).

MEI (ENSO index) had a significant influence on both
flowering and fruiting activity (as assessed using cross-correlation
analyses), and a significant influence of cyclones on flowering.
Flowering increased at a lag of 19 months following increased
MEI values, indicating an El Niño event (r = 0.20), and fruiting
activity was found to decrease 4 months after an El Niño
event (r = −0.18), and then increased 9 months after an El
Niño event (r = 0.24). As the relationship between phenological
activity and MEI was related to increases in MEI, the results
suggest the relationship was caused by El Niño events. In
tropical Australia, El Niño events lead to dry, hot weather,
and this relationship is supported by cross-correlation analyses
between MEI and rainfall, temperature, and solar radiation
(Table 1A). Moreover, these cross-correlation analyses between
MEI and climate variables indicated that solar radiation increased
4 months before increase in MEI, with mean temperature
increasing 4 months after increase in MEI. MEI and rainfall
had concurrent changes, with lag of 0 being the significant one,
indicating a significant decrease in rainfall (Table 1A). Flowering
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TABLE 1 | Cross correlations among monthly values of flowering and fruiting activity (percentage of subplots showing phenological activity) on Barron Gorge National
Park, Far North Queensland; (A) Between three indices of the El Niño Southern Oscillation and climate variables (rainfall, mean temperature, and solar irradiance)
recorded the study area, and (B) Between climate variables, including El Niño Southern Oscillation index and cyclone, and phenological activity (flowering and fruiting).

(A)

Temperature Rainfall Solar irradiance

r Lag† (months) r Lag† (months) r Lag† (months)

MEI 0.25 −4 −0.23 0 0.18 4

ENSO122 n.s. n.s. n.s.

ENSO342 0.3 −5 −0.22 −1 n.s.

(B)

Flowering Fruiting

r Lag (months) r Lag (months)

MEI 0.20 −19 −0.18 −4

ENSO122 n.s. n.s.

ENSO342 0.18 2 0.24 −12

Rainfall 0.22 5 0.32 3

Cyclone −0.27 4 n.s.

Mean Temperature 0.20 8 0.20 −3

Solar Radiation n.s. −0.18 0

†Negative lags indicate that the variation in phenological activity occurred after variation in local climate or the El Niño Southern Oscillation Index. Results show the highest
significant cross-correlation coefficient (P < 0.05).

activity was also found to significantly decrease 4 months
before a cyclone (r = -0.27), while fruiting was not significantly
affected (Table 1B).

In general, the studied liana community presented intra-
annual seasonality, with a peak of flowering activity at the end
of the dry season (October) and a peak of fruiting activity in the
middle of the wet season (January) (Supplementary Figure 1)
when the weekly circular phenological data was analysed over
the whole study period. Seasonal phenological patterns were
consistent among species, and community patterns were not
dependent on any dominant species (Figure 5). A general
pattern of increase in flowering was found for the community
with five out of the eight species presenting an increase.
Further, the majority of species increased fruiting activity. Two
clear exceptions were present, however, with Parsonsia latifolia
presenting a decrease in fruiting activity and Cissus penninervis,
displaying a decrease in activity of both phenophases over time.
Flowering at community level was seasonal in all years, and
fruiting was mostly seasonal years with the exception of 2000
and 2009 (Rayleigh test P < 0.05; Supplementary Table 2) as
determined through assessing the weekly phenological data using
circular statistics.

Although presenting clear seasonality in the flowering and
fruiting activity for most years (Supplementary Table 2), the
synchronicity of activity was low (below 20%). However, the
percentage of flowering activity occurred in supra-annual
peaks–activity above 15%, in October 2007 (23.3%), November
2008 (21.8%), November 2011 (15.1%), and November
2013 (18%). When comparing differences among years,
fruiting showed increased activity in 2003 (2.04-fold) and in
2011 (1.6-fold).

We found a significant delay in timing of flowering for the
years of 2001, 2010, 2011, and 2012 with delays of 18, 33, 25,
and 25 days, respectively, when comparing mean dates from
each year to the general mean date for the whole studied period.
The years of 2010 and 2011 endured concurrent La Niña and
cyclones events. Fruiting activity was highly variable, but mean
dates were mainly found to occur between late November and
January (Supplementary Table 2).

DISCUSSION

Reproductive Activity of Lianas Is
Increasing Through Time
Reproductive activity (flowering and fruiting) of lianas in our
study site in the Australian wet tropics showed an increase
over the study period from 2000 to 2014. Species-specific
patterns, although variable, suggest community patterns were
not significantly influenced by any individual species. In fact,
five of the eight dominant species showed an increase in
flowering activity over the examined time. However, one species,
Cissus penninervis, displayed a decrease in both flowering
and fruiting activity. Moreover, the species Parsonsia latifolia,
displayed an interesting sharp increase in flowering activity,
but a decrease in fruiting. These finding suggest, that at least
in part, some responses to climate and climate change may
be species dependent, though whether the responses are due
to physiological or ecological limitations (or a synergism of
the two) requires further investigation. Overall, an increase
in liana phenological activity over time, particularly flowering,
has also been found in other tropical regions such as Panama
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FIGURE 5 | (A) Fitted GAM-smoother for monthly mean percentage of overall flowering and fruiting trends for each of the dominant species and (B) Summed
monthly mean activity of flowering and fruiting for the dominant species in Barron Gorge National Park, Far North Queensland, Australia.

(Wright and Calderón, 2006; Pau et al., 2018). This increase may
be linked to an increase in temperature, seasonality, or higher
fertilisation of plant species from rising atmospheric CO2 levels
(Granados and Korner, 2002; Körner, 2009), as suggested by
Manzanedo et al. (2018) and Pau et al. (2018). Additionally,
both fruiting and flowering activity in liana species increased
with higher temperatures, both between and within years. This
fertilisation response, coupled with rising mean temperatures
due to apparent climate change (Australia has warmed by
1.44 ± 0.24◦C since 1910; Commonwealth of Australia, 2020),
may be triggering faster growth and reproduction of lianas in the
Australian wet tropics.

Our findings also demonstrate that increased flowering
activity of liana species was associated with lower rainfall, both
between and within different years. In Ghana, Swaine and
Grace (2007) found that liana richness was higher in drier
forests, suggesting an adaptation of lianas to habitats with
high evapotranspirative demand. Cai et al. (2009) and Medina-
Vega et al. (2021) likewise found that physiological and trait
differences give lianas an adaptive advantage over trees in more
seasonal and drier forests. Australia’s Wet tropics region is
expected to see higher mean temperatures and an increase in
rainfall seasonality, and hence altered dry-season length and drier
conditions, under climate change (IPCC, 2021). These results
suggest liana reproductive activity and abundance are likely to
continue increasing in the Australian wet tropics (Syktus et al.,
2020), and presumably elsewhere in the global tropics as well.

Phenological Activity Related to
Cyclones and El Niño Disturbances
Supra-annual variations in liana reproduction, with fruit
production increasing in specific years, suggests they may be

responding to disturbance events such as El Niños and cyclones
(Laurance and Curran, 2008). El Niños and cyclones both
occur with some regularity in tropical Australia (Turton and
Stork, 2009), making it difficult to untangle the influence of
such events on plant phenology without multi-decadal studies.
Despite this challenge, we were able to identify an increase in
both liana fruiting and flowering following El Niño events—
observations that align with findings in the Neotropics and
African tropics (e.g., Panama: Wright and Calderón, 2006; Puerto
Rico: Zimmerman et al., 2007; Uganda: Chapman et al., 2018).

Various studies have demonstrated that increasing forest
disturbances, tree mortality, and forest turnover lead to an
increase in liana abundance (Putz, 1984; Schnitzer and Bongers,
2011; Hogan et al., 2017; Umaña et al., 2019). As El Niño events
often increase tree mortality and leaf shedding by drought-
stressed trees, they can increase canopy openness and allow lianas
to rapidly colonise forests (Laurance et al., 2001a) via their seeds,
advance regeneration, or lateral growth. This facilitates large-
scale recruitment of lianas in disturbed forests, which is then
followed by fast vertical growth towards the canopy (Ingwell
et al., 2010; Schnitzer and Bongers, 2011). There is also evidence
that lianas are more physiologically capable than trees under
drier conditions (Medina-Vega et al., 2021). Increasing liana
reproduction related to disturbance events, coupled with their
strong ability to colonise disturbed forests, is expected to increase
liana abundance in tropical forests under climate change.

Increased Liana Reproduction and
Changing Tropical Forests
The observed increase in liana reproduction may contribute
to changes in forest composition and structure in the future.
An increase in abundance of vines and lianas has already
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been observed in the Amazon (Laurance et al., 2014) and
other Neotropical forests (Schnitzer et al., 2014) and in
Southeast Asia (Wright et al., 2015). However, long-term
studies on the competitive balance between trees and
lianas in Australia are lacking. These results may provide
preliminary evidence of increasing liana abundance in the
tropical forests of Australia.

A greater abundance of lianas, and the associated increase in
mortality of infested trees may result in important compositional
and structural changes in tropical rainforests, including reduced
tree diversity and forest-carbon storage (Laurance et al., 2001b).
Moreover, an increase in liana abundance at the expense
of climax tree species in Australian rain forests may have
cascading impacts such as an increase in insect diversity
(Odell et al., 2019) and a reduction in fruit resources for
keystone species such as the southern cassowary – due to a
proportionate increase in wind-dispersed seeds and decrease
in per unit area fruit production (Zich et al., 2020). Liana
species are often more adept than trees at responding to
large-scale disturbance events, such as cyclones and El Niño
droughts, and small-scale disturbances such as tree falls (Putz,
1984; Schnitzer and van der Heijden, 2019). The ability of
lianas to grow faster and use water more efficiently than
trees, particularly during the dry season (Schnitzer, 2005;
Cai et al., 2009), facilitates their colonisation of treefall
gaps after disturbance. Additionally, physiological adaptations
such as higher hydraulic conductivity, maximum carbon-
assimilation rate, increased water-use efficiency and decrease
susceptibility to cavitation in the dry season (Zhu and Cao,
2010), could provide liana species further advantages under
higher temperature and rainfall seasonality expected due
to climate change.

Changes in Seasonality
The period 2010–2012 endured concurrent cyclones and La
Niñas, and presented a significant delay in mean flowering
date (33, 25, and 25 days, respectively). Contrastingly, years
when El Niños occurred had an advance in the mean date
of flowering when compared to the mean date for the study
period. In regions where multiple extreme events can occur
at the same time, as is the case for the Wet Tropics, it
can be challenging to determine which event is the main
influence. However, our results suggest that extreme events
in the region may cause changes to the mean dates of
flowering periods.

Changes to timing of flowering or fruiting may constitute
a change to resource availability for pollinators and
frugivores. Mismatches in activity can happen between
flowering plants and their pollinators, which can decrease
fruiting (Morellato et al., 2016), and resource availability
for pollinators and nectivores. Hence, the delays in
the timing of liana flowering observed in relation to
extreme events might also have adverse impacts on
forest communities.

Observed liana fruiting activity was generally low, a pattern
previously observed in liana species in Africa (Ley and
Claßen-Bockhoff, 2013) and Asia (Nakonechnaya et al., 2021).

Interestingly, the supra-annual peaks we observed for flowering
were not accompanied by a proportional increase in fruit
availability. Previous work in tree and shrub species has shown
that reduced fruit set in relation to flower production may
be due to resource limitation or reduced pollinator activity
(Rathcke, 2000; Cunningham et al., 2020). When combined
with the observed overall increase in liana activity and
potential changes to floristic composition and structure, these
extreme events are also unlikely to provide any benefit to
frugivore communities.

CONCLUSION

We found that liana reproductive activity has been increasing
through time (2000–2014) in rainforests of the Australian wet
tropics. The increased activity was associated with increases
in temperatures, rainfall seasonality, and climatic disturbances
such as El Niño events. The observed increase in liana fruiting
was also coupled with a change in timing and contraction
of fruiting-season duration. Such changes may mitigate any
potential advantages for frugivore species associated with
increased liana fecundity. These results suggest that liana
reproduction, and hence abundance, is likely to increase in
the Australian wet tropics region in response to future climate
change, negatively impacting resident tree species and degrading
forest structure.
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