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The cool temperate rainforests of eastern Australia are at risk from
anthropogenic climate change with predicted changes in temperature, rainfall,
severe weather, basal cloud layer, and droughts. Phenology and litter production
are fundamental reproductive and growth processes to document in any
ecosystem, yet very few long-term studies exist in Australian rainforests. In this
study, long-term datasets are used to describe different phenological and litter
production behaviours of tree species in a Nothofagus cool temperate rainforest
in New South Wales (NSW), Australia, analysing seasonal and inter-annual climate
drivers. Leaf fall at the community level was mostly influenced by Nothofagus
moorei, driven by temperature and wind speed, and Ceratopetalum apetalum,
driven by temperature, rainfall, and solar radiation. Mean dates of leaf fall at the
community level were found to be advancing, correlated with an advance in solar
radiation. We also analysed in detail the flowering behaviour of the dominant
canopy tree species, N. moorei, which masts with a mean inter-flowering period
of 3—4 years in 65% of flowering events. Three of the studied species presented
mast flowering, C. apetalum, N. moorei, and Orites excelsus; however, they did
not mast in the same years. All species presented strong seasonality in their
phenological activity, but seasonality peaked in different months, and were driven
by varied climate variables. Supra-annual peaks of flowering and fruiting did not
occur at the same time for all species, and climate drivers of inter-annual
phenological behaviour were different for each species. Our results show that
projected changes in climate will affect species from cool temperate rainforests
differently, affecting not only biomass production, but also species reproductive
output and forest dynamics.
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Introduction

Plant communities are expected to suffer from changes in their
range, composition, and abundance due to climate change.
Predicting and understanding these expected changes are essential
to the management of ecosystem functions (Matsui et al., 2018).
Cool temperate rainforests are known to stock the highest amount
of aboveground living biomass carbon among all forest types (Keith
et al,, 2009). A key aspect of biomass accumulation in forests and,
therefore, carbon cycle is the amount of litterfall that can add about
one-third of annual carbon uptake to the soil (Grace, 2004; Zhao
and Running, 2010; Malhi et al., 2011). Carbon stock in forest floor
and soil can vary greatly due to the interaction of C input by
litterfall and C output due to decomposition in soils (Neumann
et al,, 2018). Changes to litterfall patterns in these forests may affect
not only the carbon cycling, but also reproduction due to changes in
seed production and seedling survival. Species response to climate,
therefore, will enable us to understand how forests are being affected
in ecological processes and structure and how they may change in
the future.

Phenology of cool temperate rainforests of the Southern
Hemisphere has been found to be affected by temperature
(Smith-Ramirez and Armesto, 1994; Schauber et al., 2002;
Richardson et al., 2005; Kelly et al, 2013), El Nifio-Southern
Oscillation (ENSO) (Schauber et al.,, 2002), and rainfall (Smith-
Ramirez and Armesto, 1994). Although phenology in some
temperate rainforests has been found to be driven by climate
variables, long-term reproductive data in Australian rainforests is
scant (Wright et al, 2022) and no long-term study has been
conducted and published in cool temperate rainforests of
Australia. Consequently, understanding the phenological long-
term patterns and their climate drivers is of high importance, as
cool temperate rainforests of Australia are expected to be affected by
the changes in temperature, rainfall, storm activity, and basal cloud
cover (Worth et al, 2015). Additionally, the fire-sensitive cool
temperate forests of eastern Australia, which typically occupy fire-
protected refuges, are becoming more frequently subject to
unplanned fire (Worth et al,, 2015; Baker et al., 2022; Peacock
and Baker, 2022). Changes to the phenology may lead to shifts in
species reproduction success, as well as decrease in resources for
frugivorous and folivorous animals. In New Zealand, it is in years
when native beech (Nothofagus spp.) reproduces mast fruiting that
the parrot kaka, Nestor meridionalis, attempts to reproduce. They
commence to nest before and when the trees are flowering, 6
months before seed fall (Wilson et al., 1998). Beginning nesting
prior to and during the trees’ flowering, approximately 6 months
before seed release, they rely on the developing green seeds of
Nothofagus for nourishment when the nestling peak happens
(Wilson et al,, 1998; White, 2011). In the northern New South
Wales forests, the Crimson Rosella is known to predate on the
flowers and fruits of Nothofagus species (Handbook of Australian,
New Zealand & Antarctic birds (HANZAB), 1990).

Species from cool temperate rainforests have been found to
present masting behaviour (Wright et al., 2022). Mast seeding,
which refers to the irregular, occasional, and synchronised
production of flowers and seeds within a population, emerges
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from a complex interplay of multiple functional limitations and
evolutionary pressures (Kelly, 1994; Kelly and Sork, 2002; Rees
et al,, 2002). Masting activity in New Zealand tree species has been
found to be potentially driven by warm dry summers from the
previous year (Wardle, 1984; Allen and Platt, 1990; Schauber et al.,
2002). Masting activity in Nothofagus species from the Southern
Hemisphere has been mostly studied in South America and New
Zealand, with only the closely related species Nothofagus
cunninghamii studied in Australia to date (Howard, 1973; Hickey
et al,, 1982; Hickey and Wilkinson, 1999). Out of the 21 studies
found on Nothofagus species phenology, one has tested for climate
drivers in New Zealand (Schauber et al., 2002) and four in South
America (Smith-Ramirez and Armesto, 1994; Richardson et al.,
2005; Kelly et al., 2013 and Torres et al., 2015). Two metanalyses
testing climate drivers of masting on species from temperate
rainforests, including multiple species of Nothofagus, have found
that mast flowering or seeding was highly influenced by
temperature, including La Nifia effects on summer temperature
(Schauber et al, 2002; Kelly et al., 2013). In Australia, however,
there is a great knowledge gap in how cool temperate forests behave
phenologically, and what climate drivers influence these processes.

The fact that temperature has been previously found to be a
major trigger of phenological activities in temperate rainforests
raises concern, as these forests are expected to continue warming
and becoming drier in the future (IPCC, 2021; Worth et al., 2015).
Nothofagus species was found to be sensitive to even slight shifts in
its climate conditions, especially at the edges of its habitat (Worth
etal, 2015). Therefore, the future response of Nothofagus species to
climate change will be determined by their ability to adapt to the
hotter and drier conditions, along with the heightened risk of
exposure to fires (Baker et al., 2022). Species from these forests,
within the climate change context, may be vulnerable to extinction
processes in the future (Worth et al., 2015).

Here, we present 20 years (1962-1967, 2009-2022) of litterfall
data from a cool temperate Nothofagus rainforest in NSW,
Australia. We used monthly collections of leaf, flowers, and fruits/
seeds testing for seasonal and inter-annual climate drivers of total
litterfall, leaf fall, and reproductive activity for 16 years (2009-
2022). Understanding drivers and constraints on phenological
activity is of high importance to better understand and predict
forest responses to climate change. In addition, we also analysed 64
years of Nothofagus moorei flowering, showing mast flowering
activity and developing an understanding of the drivers of inter-
annual flowering phenology. This is the first time the long-term
phenology of N. moorei is described in Australia.

Methods

Litterfall trapping was conducted from November 1961 to
December 1967 in a 3.2-ha study area within a large
homogeneous stand of Nothofagus cool temperate rainforest in
Mount Boss State Forest (now Willi Willi National Park) at latitude
-31.15597, longitude 152.3702 1,120 m GDA2020 Geographic. The
single trap in this early study consisted of a 0.836-m* section of
canvas held approximately 0.91 m above the forest floor in a steel
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rod frame with a central collecting device funnelling the material
into a gauze-bottomed metal container. The trap design was based
on Cunningham (1957). Litterfall samples were collected
approximately monthly and the vegetative components bulked
(leaves, twigs up to 25 mm in diameter, and other fragments) and
oven dried at 70°C for 48 h and weighed. Litterfall reproductive
material was sorted into the following components: N. moorei was
sorted into bracts, male and female flowers, buds, capsules, and two-
and three-winged seed, and for Ceratopetalum apetalum, whole
flowers. Trace amounts of reproductive material of other tree
species were detected and are not reported here. Both vegetative
and reproductive components of the litterfall are expressed as dry
weight (grams) per m> per month. Monthly accession rates were
calculated assuming 30.42 days per month to account for variation
in sample collection dates.

Litterfall trapping was conducted from March 2009 to 2023
using a network of 12 traps distributed randomly within the same
3.2-ha study area. The number of litterfall traps deployed in the
rainforest stand (n = 12) was based on convention (e.g., Starr et al.,
2005; Saarsalmi et al., 2007; Turner and Lambert 2002) rather than
strict sampling design criteria such as the coefficient of variation of
mean monthly litter dry weights. Each trap consisted of a single
sprung collapsible plastic gardening bag with a diameter of 450 mm
and a depth of 600 mm. Commercially available gardening bags
were utilised because they provided a cost-effective option
compared to a specially manufactured apparatus.

Litterfall samples were collected approximately monthly, oven
dried at 70°C for 48 h and weighed. Monthly collection of litter fall
traps was adopted to maintain consistency with the 1960’s
collections. Litterfall material was sorted by litter trap into leaves,
fronds, buds, scales, and bracts (all by species), reproductive parts
(flowers, flower parts, fruits, seeds, and panicles by species), twigs
(up to 25 mm diameter), bark and wood, epiphytic bryophytes (by
species), and lichens. Undifferentiated miscellaneous material,
which was typically insect frass and unidentifiable leaf fragments,
was additionally sorted and weighed. Total biomass is the monthly
sum of all of these litter components.

The study area

The vegetation of the study area is cool temperate rainforest,
classified as N. moorei-C. apetalum sub-alliance (Floyd, 1990),
located in the altitudinal range 900-1,240 m. The Gondwana
Rainforests of Australia, a World Heritage serial property reserve
system, protects the most extensive areas of subtropical rainforest in
the world, large areas of warm temperate rainforest, and nearly all of
the Antarctic beech N. moorei (F. Muell.) Krasser in existence
(Peacock and Baker, 2022). The reserve consists of ancient
vegetation and plant lineages that play a significant role in
describing the evolutionary history of these rainforests and for
biodiversity conservation. The climate of the study area is cool
temperate, with a mean annual rainfall of 2,200 mm and a mean
annual temperature of 14.2°C. Relative humidity usually exceeds
90% with afternoon mists common all year. The hottest months are
December and January and the coolest months are July and August
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(Figure 1A). Rainfall decreases to below 100 mm in July, August,
and September (Figure 1B). October to December are the months
with the highest incidence of solar radiation, while lowest values
occur between April and August (Figure 1C). The area presents four
seasons, with spring from September to November, summer from
December to February, autumn from March to May, and winter
from June to August (BOM).

Nothofagus moorei is a key canopy species of these forests,
forming an open canopy 25-40 m tall over a dense 15- to 25-m sub-
canopy of C. apetalum, Orites exselsus, and Doryphora sassafras.
The stand basal areas (70-130 m? ha%, mean 83 m? ha™'; Table 1
and Figure 2) are some of the highest recorded in any NSW forest
type and are substantially higher than those found in other
rainforest types (Baur, 1989). More than half of the stand basal
area is made up of Nothofagus trees, although they represent only
17% of the total number of stems. Stand structures are un-even aged
or multi-aged, typical of the structures observed in the N.
cunninghamii forests of north-western Tasmania (Hickey and
Felton, 1987) and the Central Highlands of Victoria (Simkin and
Baker, 2008). Stand structures suggest that regeneration is both
continuous and episodic. Further information on rainforest
structure and condition is provided in Peacock and Baker (2022).

The study area’s soils are derived from acid volcanic and
sedimentary parent material and are infertile, highly acidic, and
high in soil exchangeable aluminium. The litter layer both conserves
essential plant growth nutrients and accumulates high levels of
aluminium, typical of rainforests with aluminium accumulator
species such as C. apetalum, Orites excelsus, Shizomeria ovata,
and Quintinia species (Webb, 1959; Webb et al., 1959).

Studied species

We conducted statistical analyses in all species that have been
found in at least 10 traps throughout the period 2009-2022. They are C.
apetalum, Cryptocarya foveolata C.T. White & W.D. Francis,
Cryptocarya meissneriana Frodin, D. sassafras Endl, Elaeocarpus
reticulatus Sm., Eucalyptus laevopinea R.T. Baker, Marsdenia rostrata
R.Br., N. moorei (F. Muell.) Krasser, O. excelsus R.Br., Persoonia media
R.Br., Quintinia sieberi A.DC., Quintinia verdonii F. Muell,, and
Schizomeria ovata D. Don. C. apetalum, N. moorei, O. excelsus, and
E. laevopinea have dry fruits dispersed by wind. P. media and S. ovata
are the only fleshy fruit species, dispersed by vertebrates (Atlas of Living
Australia website at http://www.ala.org.au. Accessed 5 December
2023). N. moorei is assumed to be wind pollinated. Seed dispersal
distances in the closely related species N. cunninghamii are limited
(Hickey and Felton, 1987).

Climate data

Site climate data were obtained through a combination of
nearby Bureau of Meteorology (BOM) observations and modelled
data. Rainfall data were sourced from the BOM (www.bom.gov.au)
decommissioned station 060068 Yarras (Camerons Forestry
Camp), latitude —310 11’ 52.23”, longitude 1520 24’ 1.34”, altitude
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Climate variables of the study area in the Nothofagus forest, NSW: (A) Monthly mean temperature (°C) from 2010 to 2022 on the right, and seasonal
monthly mean temperature, SE (n = 13), on the left; (B) monthly total rainfall (mm) from 2010 to 2022 on the right and seasonal monthly mean
rainfall (mm), SE (n = 13), on the left; (C) monthly mean solar radiation (W/m?) from 2010 to 2022 on the right, and seasonal monthly mean solar

radiation, SE (n = 13), on the left

862 m for the period 1959 to 1981. Station 060068 is no longer in
commission; however, at 5.4 km from the study area, it is the closest
source of meteorological data. Daily 9 a.m. and 3 p.m. observations
of air temperature and relative humidity were sourced from archival
records held by Forestry Corporation of New South Wales Sydney
for the same meteorological station. In 2009, new instrumentation
was established at the site of the decommissioned station 060068
which logs rainfall, temperature, relative humidity, and solar
radiation at an interval of 30 min.

Rainfall, mean temperature, and mean solar radiation from
1990 to 2022 were obtained from BOM station 60068 in northern
NSW, Australia. The mean temperature was the average of the
minimum and maximum for each day, averaged monthly, while the
solar exposure is the total solar energy (W/m?), measured from
midnight to midnight. High values of solar radiation indicate clear
sun conditions, while low values indicate cloudy or shorter days
(BOM). Rainfall was the total sum of rainfall for each day
and month.

Statistical analyses

Species with not enough data, i.e., Schizomeria ovata’s fruiting,
were excluded from the analyses. All other species were analysed
with the following analytical procedures. Visualisation of
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seasonality for presence of leaves, flowers, and fruits was
conducted using circular plots with mass of leaves, flowers, and
fruits in the r-axis and month in the 6-axis of the polar
coordinate system.

To understand climate drivers of seasonal phenological activity
of leaf fall, flowering, and fruiting, we conducted generalised
additive models as they can accommodate non-linear and non-
monotonic relationships between variables (Wood, 2017). Models
were developed using negative binomial as the family; this family
was chosen based on the underlying data distribution. Model
selection was done following significance of variables plus
selection using “dredge” using AIC (Akaike Information
Criterion), a function of the package “MuMin” (Barton, 2023).
Residuals were assessed using the DHARMa package, which is a
package to assess Residual Diagnostics for Hierarchical (Multi-
Level/Mixed) Regression Models (Hartig, 2022).

To understand inter-annual phenological patterns, we assessed
both the general patterns through time (multi-year) and the
relationship between phenological patterns and annual climate
variables (rainfall, temperature, and solar radiation). To identify
changes through time, we fitted polynomial linear regressions with
mean phenological activity as the response variable and the year as
the predictor. Similarly, to assess the relationship between
phenology and inter-annual changes in climate, we built
univariate linear regressions using the annual sum of presence of
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Species . . i i Deviance
p VETETIE family (Rain) (Solrad) (MEI) (Templagl) Speed) (Rainlagl) (Solradlagl) MEllagl
Phenophase xz XZ XZ
Leaves Community Leaves nb(link="log”) 8.424 n.s. 3.903 n.s. 9.611 n.s. 10.696 22.573 n.s. 0.44 | 51.40%
Ceratopetalum
apetalum Leaves nb(link="log”) 107.2 n.s. n.s. n.s. 4.0 6.9 n.s. n.s. n.s. 0.6 71.2%
Cryptocarya
foveolata Leaves nb(link="log”) n.s. n.s. n.s. n.s. n.s. n.s. 7.5 39.8 12.9 0.2 28.9%
Crypti
"plocarya e 9.6 66 03 | 67.3%
meissneriana Leaves nb(link="log”) 26.2 n.s. n.s. n.s. 10.9 n.s. n.s.
Doryphora
sassafras Leaves nb(link="log”) n.s. n.s. n.s. n.s. 66.9 5.4 4.5 n.s. n.s. 0.4 52.5%
Elaeocarpus
reticulatus Leaves nb(link="log”) n.s. 16.8 14.8 n.s. 21.3 n.s. n.s. n.s. n.s. 0.3 31.7%
Eucalyptus
laevopinea Leaves nb(link="log”) n.s. n.s. n.s. 28.6 n.s. 6.3 n.s. n.s. n.s. 0.2 40.9%
Marsdenia
rostrata Leaves nb(link="log”) n.s. 37.3 n.s. n.s. 434 n.s. 4.8 n.s. 25.7 0.6 60.7%
Nothofagus
moorei Leaves nb(link="log”) 15.1 n.s. n.s. n.s. n.s. n.s. 12.1 14.4 n.s 0.4 37.9%
Orites excelsus Leaves nb(link="log”) 11.6 n.s. 7.1 n.s. 27.3 n.s. n.s. n.s. n.s 0.6 63.5%
Persoonia
media Leaves nb(link="log”) n.s. n.s. 4.6 18.0 n.s. n.s. n.s. 8.2 17.9 0.3 27.4%
Quintinia
sieberi Leaves nb(link="log”) n.s. 11.5 11.1 9.1 n.s. n.s. n.s. n.s. 11.9 0.3 36.9%
Quintinia
verdonii Leaves nb(link="log”) n.s. n.s. n.s. n.s. 11.0 n.s. n.s. 24.1 16.2 0.1 23.1%
Schizomeria
ovata Leaves nb(link="log”) 9.1 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.0 17.6%
Ceratopetalum nb
Flowering apetalum Flowers (link="inverse”) = 5.2 n.s. n.s. 5.2 n.s. n.s. n.s. 5.2 n.s. 1.0 77.7%
Nothofagus
moorei Flowers nb(link="log”) n.s. n.s. 8.4 n.s. 12.6 n.s. n.s. 135 117.0 04 53.3%
Orites excelsus Flowers nb(link="log”) 25.7 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -0.3 | 382%
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each phenological activity as the response variable and the average
value for each climate variable for current year, previous year, and 2
years prior as predictors. Specifically, the following climate variables
were used: rainfall; rainfall from the previous year; rainfall from 2
years before; solar radiation; solar radiation from the previous year;
solar radiation from 2 years before; mean temperature for the
current year, the past year, and 2 years before; temperature of
summer from the current year, the year before, and 2 years before;
and the difference in summer temperature from 2 years before and
the previous year (t_, minus t ;). We added the difference in
summer temperature from ft_, minus t_; as per the model
presented by Kelly et al. (2013), which found that this
temperature difference was the main driver of mast seedings in
the studied temperate forest. Model residuals were assessed using
the DHARMa package (Hartig, 2022).

In addition, we extracted the seasonal component of all
measured time series and conducted cross-correlation analyses.
These analyses of the de-seasonalised data allow us to understand
inter-annual behaviour monthly, and we developed appropriate lags
with climate variables where relationships were found. Positive lags
indicate that phenological activity preceded change in climate
variable, while negative lags indicate that change in climate
variable occurred before change in phenology. For subsequent
analyses, the most significant lag was chosen, and R-values are
presented. To examine the effect of the ENSO cycle, we also carried
out cross-correlation analyses against the Multivariate El Nifio/
Southern Oscillation index (MEI), which is already an aseasonal
time series, obtained at the NOAA ESRL website (http://
www.esrl.noaa.gov/psd/enso/mei/). MEI scales vary from high
positive values for El Nifio events, and low negative values for La
Nifia events.

To test for inter-annual climate drivers of total biomass, we
conducted multiple linear regressions with yearly total biomass as
the response variable, and yearly rainfall, rainfall (lag 1), mean
temperature, mean temperature (lag 1), solar radiation, and solar
radiation (lag 1) as the explanatory variables. Statistical analyses
were conducted in R (R Core Team, 2022).

Finally, to understand seasonal changes in leaf fall across the
years, we used circular statistics with mass of leaf fall (as an integer)
against month (transformed into angles). We then calculated the
mean angle, circular standard deviation (SD), and vector length (),
which indicates the degree of seasonality, varying from 0
(aseasonal) to 1 (seasonal). To determine if leaf fall mass was
significantly seasonal, we used Rayleigh tests (Zar, 1999). We
used the same approach to calculate circular statistics for
temperature, rainfall, and solar radiation. We used linear
regression to test for yearly mean date against year, to assess if
the mean date of leaf fall was changing with time. In addition, to
understand if there was a correlation between changes in mean date
for leaf fall and changes in mean date for climate variables, we also
conducted circular statistics for temperature, rainfall, and solar
radiation. We then developed linear models with the mean date
for each year of leaf fall against the mean date for each year of
temperature, rainfall, and solar radiation. For circular statistics, we
used ORIANA 4.0 (Kovach Computing Services).
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FIGURE 2

Time series of (A) flower presence (g/m?), and (B) fruit presence (g/m?) of each studied species in the Nothofagus forest, NSW.

Flowering and masting of
Nothofagus moorei

Flowering event years were identified for N. moorei using
several sources of data. Herbarium species were the primary
source of identifying flowering years, and we set a minimum date
of 1950, which coincided with the period in which the forest road
network was established to support access across the species range.
Herbarium specimens at the National Herbarium of NSW were
examined using their scanned specimen holdings and collection
dates recorded for those in flower or fruit. Additional herbarium
specimen holdings at the Australasian Virtual Herbarium were
examined and specimens recorded as fertile were noted. Fertile
specimens with retained capsules were allocated to the year of
flowering for the previous year on the understanding that flowering
occurs between August and October. Cultivated specimens or
specimens in living collections were excluded. In addition, from
1955 to 1959, we used phenological monitoring of individually
tagged trees at Mt Boss, NSW. Additional sources of data included
author observations and photographic evidence of flowering
provided to the authors by citizen scientists across New South
Wales. Years with specimens that were vegetative only were
allocated to non-flowering years and a small number of years
without any herbarium holdings or other sourced or data were
not attributed as either flowering or non-flowering years. Masting
dates were cross-checked using these independent sources of data
and flowering was found to be synchronous across the species range
in northern New South Wales and southern Queensland.
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We used the long-term time series (1950-2023) to analyse the
climate drivers of inter-annual flowering activity in the species. To
do so, we conducted a logistic regression with 0 (no flowering) and 1
(flowering) as the response variable, and annual total rainfall, mean
temperature, mean solar radiation, and MEI as the explanatory
variables. We also added spring and summer temperatures for the
year before and 2 years before as explanatory variables, as these
variables might be responsible for mast activity in Nothofagus
species (Schauber et al., 2002; Richardson et al.,, 2005; Kelly
et al., 2013).

Results
Seasonality and seasonal climate drivers

Community leaffall occurred throughout the year, being mainly
influenced by N. moorei and C. apetalum (Figure 3). The overall
peak of both total biomass and leaf fall occurred in spring, between
September and November (Figures 3A, B). Overall peaks for the
whole community occurred in September 2019, October 2013, and
December 2019 (Figures 3B, C). At the community level, seasonal
leaf fall was mainly influenced by temperature, rainfall, and solar
radiation from the previous month, and temperature and solar
radiation from the current month (R2 = 0.44, Deviance explained =
51.4%, Table 1), while inter-annual leaf fall was mainly influenced
by temperature, solar radiation from 9 months before, and a
decrease in rainfall 5 months before (Table 2).
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FIGURE 3

Time series of (A) total biomass, (B) total leaf fall (g/m?/month), and (C) species leaf fall (g/m?/month) of each studied species in the Nothofagus

forest, NSW.

Leaf fall was seasonal in all species, with 11 species peaking in
November (Figure 4; Supplementary Figure S1). The exceptions
were N. moorei and S. ovata, which peaked in September, and C.
meissneriana that peaked in January (Figure 4; Supplementary
Figure S1). Leaf biomass was mostly composed of C. apetalum
and N. moorei leaves. Peak of flowering activity occurred in January
(summer), September (spring), and December (summer) for C.
apetalum, N. moorei, and O. excelsius, respectively (Figure 4). Peak
of fruiting activity occurred in February and March for C. apetalum,
January for N. moorei, and May for O. excelsus, which presented
another peak in September (Figure 4). Peak of fruiting occurred in
June for E. laevopinea, January and July for P. media, and May for S.
ovata (Supplementary Figure S1).

Flowering of C. apetalum and O. excelsus peaked in the
beginning of summer. Peak of fruiting occurred in summer and
beginning of autumn for C. apetalum, in summer for N. moorei, but
in winter for O. excelsus (Figure 4). Temperature was a significant
term in seasonal models of leaf fall of nine species: C. apetalum, C
meissneriana, D. sassafms, E. reticulatus, M. rostrata, N. moorei, O.
excelsus, S. ovata, and Q. verdonii (Table 1). Rainfall was a
significant influence on leaf fall of C. foveolata, C. meissneriana,
D. sassafras, E. reticulatus, M. rostrata, N. moorei, and Q. sieberi.
Solar radiation was significant on models for leaf fall of C. foveolata,
E. reticulatus, N. moorei, O. excelsus, P. media, Q. sieberi, and Q.
verdonii (Table 1). MEI significantly influenced leaf fall in M.
rostrata, Q. sieberi, and Q. verdonii (Table 1). MEI was a
significant term on leaf fall models of C. foveolata, E. laevopinea,
M. rostrata, P. media, Q. sieberi, and Q. verdonii (Table 1). Wind
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speed had a significant influence on leaf fall of C. apetalum, C.
meissneriana, D. sassafras, and E. laevopinea. Overall, temperature
was the most present influence, and the variable with the most effect
size for six of the species, on seasonal pattern of species leaf fall
(Table 1). Seasonal reproductive phenology varied greatly among
species. The three main species, C. apetalum, N. moorei, and O.
excelcius, presented mast flowering.

Flowering of C. apetalum was correlated with MEI and solar
radiation from the previous month. Flowering of N. moorei was
correlated with solar radiation, both from the current and the
previous month, and temperature and MEI, both from the
previous month (Table 1). Flowering of O. excelsus was only
correlated with temperature (Table 1). Fruiting was mainly
influenced by MEI, whether from the current month or the
previous month, in four of the five species: C. apetalum, E.
laevopinea, N. moorei, O. excelsus, and P. media, followed by
temperature that influenced fruiting of C. apetalum, E. laevopinea,
and N. moorei (Table 1). Fruiting of C. apetalum was also influenced
by wind speed (Table 1).

Inter-annual climate drivers

Inter-annual total biomass was mainly negatively influenced by
rainfall, rainfall from the previous year, and MEI, as per multiple
linear regression (Figure 5). Leaf fall was predominantly influenced
by temperature, with most species exhibiting a positive correlation,
except for P. media, Q. verdonii, and S. ovata (Table 2). Solar
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TABLE 2 Inter-annual climate drivers of phenology as determined by cross-correlation for the Nothofagus forest, NSW.

A)
SolRad
Species
Leaves
Total leaf fall 0 0.255 -9 0.218 5 -0.159 n.s.
C. apetalum 0 0.27 0 0.264 0 -0.178 n.s.
C. foveolata n.s. n.s. 3 -0.174 n.s.
C. meissneriana 0 0.243 -1 0.247 n.s. -11 0.192
D. sassafras -1 0.19 11 0.166 -11 —-0.165 -12 0.229
E. reticulatus -11 0.246 0 0.222 2 -0.205 -4 0.202
-1 0.207
E. laevopinea -12 0.232 -11 0.184 -12 -0.194 n.s.
-4 0.183
M. rostrata -3 0.433 11 0.163 0 -0.322 12 -0.253
N. moorei -6 0.168 -9 0.181 n.s. n.s.
O. excelsus 0 0.372 0 0.289 0 —-0.184 -11 0.224
P. media -6 —-0.182 n.s. n.s. 3 -0.234
Q. sieberi 9 0.491 -11 0.308 -10 -0.214 -2 0.408
Q. verdonii 10 -0.251 n.s. -8 0.266 -5 —-0.304
S. ovata -9 -0.211 2 —0.248 5 0.189 -11 -0.286
5 -0.216 -10 0.168
Flowers
C. apetalum n.s. -1 —-0.206 5 0.212 -4 —-0.221
-3 0.187
N. moorei -12 0.184 3 —0.264 3 0.192 0 -0.215
O. excelsus =22 0.234 -13 0.215 -9 0.175 -24 0.234
Fruit
C. apetalum n.s. 10 0.234 12 -0.199 -24 0.278
E. laevopinea -12 0.198 -19 —-0.198 n.s. n.s.
N. moorei -14 0.217 9 -0.213 n.s. 2 -0.173
O. excelsus -24 0.313 5 -0.246 9 0.268 -10 -0.326
P. media -7 0.305 -2 -0.191 4 0.311 2 -0.228

B)
SolRad

Climate drivers Lag

MEI -4 0.307 -2 0.241 -3 —-0.251

Negative lags indicate the climate variable preceded phenological activity, while positive lags indicate phenological activity preceded climate variable.

radiation had a positive influence on leaf fall for most species, with ~ negative effect for eight of the species, with no significant
the exception of C. foveolate, P. media, and Q. verdonii for whichno  correlation for C. meissneriana, N. moorei, and P. media, and a
correlation was found (Table 2), and for S. ovata, which showed a  positive correlation with Q. verdonii and S. ovata (Table 2). MEI
significant negative correlation (Table 2). Rainfall had a significant  was found to have a significant positive correlation with leaf fall in

Frontiers in Ecology and Evolution 09 frontiersin.org


https://doi.org/10.3389/fevo.2024.1358676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Vogado et al. 10.3389/fevo.2024.1358676

C. apetalum N. moorei O. excelsus
12 1
12 1 12 1 500
4000 11 2 5000 1 2 400 2
3000 4000 300
3000
2000, 3 2000 1g 3 20045 3
3 1000 1000 100
o 0 0 0
L]
- 9 4 9 4 9 4
8 5 8 5 8 5
7 6 7 6 7 6
Month Month Month
B
C. apetalum N. moorei O. excelsus
250 12 1 12 1 . 12 1
200 11 2 1500 1 2 1" 5
150 15
1000
100 10
2 10 3 » 500 10 3 » 10 3
g % o & °
2 0 2 0 2 0
o o o
i 9 4 L 9 4 9 4
8 5 8 5 8 5
7 6 7 6 7 6
Month Month Month
C
C. apetalum N. moorei O. excelsus
00 12 1 12 1 12 1
400 1" 2 500 11 2 40 11 2
400 30
300 300 s
200 200
@ 100 10 3 200 1° 3 10 3
=R 0 0
w
9 4 9 4 4
8 5 8 5
7 6 7 6 7 6
Month Month Month

FIGURE 4
Circular plots of seasonal activity (g/m?/month) of the major species in the Nothofagus forest, NSW. (A) Leaf fall, (B) flower fall, and (C) fruit fall
based on litterfall data collected from 2010 to 2022

C. meissneriana, D. sassafras, E. reticulatus, O. excelsus, and Q. Rainfall had a significant positive correlation with flowering for
sieberi, while a negative correlation was found between MEI and leaf  all the species studied. There was also a significant negative
fall for M. rostrata, P. media, Q. verdonii, and S. ovata. There wasno  correlation between MEI and flowering in C. apetalum and N.
significant effect at the community level for C. apetalum, C.  moorei and a positive correlation between MEI and flowering in O.
foveolata, E. laevopinea, and N. moorei (Table 2). excelsus. Temperature was found to have a positive significant
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FIGURE 5
Partial plots of annual climate drivers of annual total biomass in the Nothofagus forest, NSW. The data were tested using linear regression. Individual
climate drivers are presented considering the other model terms in their average (R* = 0.65).
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correlation with flowering in N. moorei and O. excelsus. Solar
radiation had a variable effect that was species dependent, with a
negative correlation with flowering in C. apetalum and N. moorei,
and a positive correlation with O. excelsus (Table 2).

Fruiting was significantly influenced by solar radiation in all
species, with a positive correlation for C. apetalum, and a negative
correlation for the other species. Temperature had a positive
correlation with fruiting of all species, except C. apetalum for
which no significant correlation was found. Rainfall was positively
correlated with fruiting in O. excelsus and P. media, while it was
negatively correlated with fruiting in C. apetalum (Table 2). MEI
had a negative correlation in three of the seven species, N. moorei,
O. excelsus, and P. media, and was positively correlated with C.
apetalum (Table 2).

Linear regressions testing climate drivers of reproductive inter-
annual behaviour showed that each species had a different climate
driver (Supplementary Table SI). Best univariate linear models
showed that the inter-annual behaviour of C. apetalum, N. moorei,
and O. excelsus flowering were, respectively, mean temperature
from 2 years before, mean temperature from the previous year (or
wind speed), and El Nifio from 2 years before (Supplementary Table
S1). Fruiting of C. apetalum was mostly influenced by temperature
from the previous year’s summer, E. laevopinea fruits by summer
temperature from 2 years before, N. moorei fruits by the difference

Leaf fall
2022 ! : - -
I I I
2021 : : : :
2020 : : * :
019 | i . :
2018 ; : : :
| 1 | ]
2017 0 - i
= 1 1 1 1
REICE i - -
] 1 ] I
2015 1 1 T T
] 1 I I
2014 | - -
] 1 ] ]
2013 1 T T
] 1 ] 1
2012 I 1 t T
I 1 I I
2011 1 - -
| 1 ] ]
2010 I 1 ] L[] 1
I 1 I I
Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb
Month
C D
320
12 1
8000 » .
6000 0
4000 &
@ 2000 10 3 s
> &
© 0 2 200
o E
4 9 4 5
5
3 260
8 5
7 6
240
Month

FIGURE 6

2010 2012 2014 2016 2018 2020 2022

10.3389/fevo.2024.1358676

in temperature between 2 years before and the previous year, and O.
excelsus fruits by mean annual temperature from 2 years before
(Supplementary Table S1).

Inter-annual behaviour

Total annual leaf fall per square metre varied with years in both
timing and intensity (Figures 6A, B). High leaf fall years (>4,500 g/
m2) were observed in 2011, 2013, 2016, 2017, and 2019 (Figure 6B);
those 5 years produced 44% of leaf fall collected throughout the
study. Leaf litterfall was seasonal, peaking from September to
November, mostly starting in winter/beginning of spring
(Figures 6A, C). The mean date of leaf litterfall was found to be
advancing through time (Figures 6A, D), as shown by the linear
model (t-value = -2.1, p = 0.06, R?* = 0.29). Leaf fall mean date was
positively correlated with solar radiation mean date (¢-value = 4.51,
p < 0.0001, R* = 0.62), as shown by the linear model (Figure 6D).
Inter-annual pattern showed a peak increase in leaf litterfall in 2019
(Figure 6B). Inter-annual patterns were found to be driven by
temperature and solar radiation (Table 2; Supplementary Table S1).

General behaviour throughout the years also varied with
species. There was a linear decrease in leaf fall over time for P.
media, C. fovoeolata, C. meissneriana, and S. ovata, while Q.
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Long-term leaf fall data. (A) Mean dates of community leaf fall for each year, with circular standard deviation, in the Nothofagus forest, NSW. Dashed
lines indicate beginning of seasons: autumn in March, winter in June, spring in September, and summer in December. (B) Variation in annual leaf fall,
in comparison to annual rainfall, solar radiation, temperature, and the multivariate ENSO index MEI. (C) Circular plot of monthly leaf fall for the entire
study period (g/m?/study period). (D) Mean date of leaf fall against years, showing an advancement of leaf fall across the years, and mean date of leaf
fall against mean date of solar radiation, showing a significant positive relationship.
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verdonii displayed a more complex polynomial decrease/increase
(Supplementary Figure S3). In contrast, a linear increase in leaf fall
was found for E. laevopinea and M. rostrata, and for D. sassafras
and E. reticulatus. For Q. sieberi, a complex polynomial behaviour
showing an increase followed by a decrease was observed
(Supplementary Figure S3). No significant changes over time in
leaf fall were observed for N. moorei and O. excelsus. Changes in
flowering activity were not significant for the studied species, except
in C. apetalum, where a polynomial decrease/increase in flowering
was found (Supplementary Figure S3). There was also a significant
linear increase in fruiting in P. media and no change in other species
(Supplementary Figure S3).

Masting

Masting activity was found for all species that were studied for
both flowering and fruiting (seven species). This was not general
flowering, however, as the years in which masting occurred were not
the same across species. C. apetalum showed masting behaviour in
2011 and 2021 for flowering and 2018 for fruiting. N. moorei
showed masting behaviour for flowering in 2017 and 2020, and
fruiting in 2011, 2018, and 2020. O. excelsus showed masting
behaviour for flowering in 2017 and 2018 (Figure 2). E.
laevopinea showed mast fruiting in 2019 and 2022. O excelsus
showed mast fruiting in 2021, P. media in 2022, and S. ovata in
2010 (Figure 2). The masting activity was supported by the
coefficient of variation that appears in Supplementary Table S2.

The analysis of 64 years of flowering activity in N. moorei clearly
demonstrated that the species presents mast flowering, with 65% of
the flowering events occurring in intervals of 3 or 4 years

10.3389/fevo.2024.1358676

(Figure 7A). Less commonly, an interval of 2 and 7 years was
found for two mast flowering events, followed by an interval of 5
and 6 years for one subsequent flowering event (Figure 7A). The
binomial regression for N. moorei showed that the probability of
mast flowering is mainly influenced by increased rainfall of the
previous year’s summer, mean temperature of the current year’s
summer, and difference in temperature between 2 years before and
the previous year (t_; minus f_,) (R? Tjur = 0.48, Figures 7A,B),
with the most significant variable being the increase in mean
temperature of the current year’s summer, followed by the
difference in temperature (Figure 7B).

Discussion

Leaf litterfall

Litterfall plays a crucial role in the cycle of nutrients and organic
materials within forest ecosystems (Alley et al, 1998). Litterfall
patterns in this study have been mainly driven by two dominant
species, N. moorei and C. apetalum. The patterns were seasonal,
most influenced by temperature, solar radiation, and MEI at the
seasonal scale, but temperature and solar radiation at inter-annual
behaviour. Litter fall has also been found to be advancing
through years.

Leaf fall behaviour of studied species was concentrated in
spring, a pattern also found for N. fruncata in New Zealand
(Alley et al., 1998). Leaf senescence in winter deciduous species
marks the shift from an active phase to a dormant one, with the aim
to reabsorb nutrients before the leaves drop. The main triggers for
leaf senescence in these species are photoperiod and temperature,
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with water stress adding an extra influence. While photoperiod is
known to regulate leaf senescence in regions with harsh winters,
temperature seems to play a bigger role in forests with milder
winters (Estiarte and Peniuelas, 2015). The idea that leaf senescence
tends to delay with increase in temperature, while drought tends to
hasten it, seems to be accurate for species that drop leaves in winter.
For the species of our study, leaf fall of community level was mostly
influenced by an increase in temperature, followed by an increase in
solar radiation and a decrease in rainfall. This suggests that the
patterns of leaf fall in cool temperate forests of Australia do not
follow some of the patterns found in other temperate forests.

The review on worldwide seasonal patterns of litterfall by Zhang
et al. (2014) showed that, in temperate forests, seasonal pattern is
highly variable, whereas a decrease in temperature may explain
peaks of litterfall in autumn or winter. On the other hand, litterfall
peaks in spring and summer, as found for the community studied in
this paper, would be driven by solar radiation and temperature. This
supports our findings, where the community leaf fall starts by the
end of winter and peaks in spring until the beginning of summer.
Nothofagus moorei has a marked seasonality of shoot growth, with a
conspicuous flush of 7-10 new reddish leaves per shoot each
September, and in some years, a second growth flush in autumn
(March). As vegetative shoots expand, the previous leaves are shed
during the later period of development of the new shoot in October.
The models testing climate drivers of the species from our study
show temperature and solar radiation as the main climate drivers,
which agrees with the pattern discussed above.

We found an advancement of leaf fall mean date, which might
be influenced by changes in climate variables. The advancement of
leaf senescence in the studied forest may implicate the carbon cycle
and nutrient availability for the trees, as it is an essential process
that influences carbon availability and nutrient cycling in the forest
(Roig et al., 2005). Because of that, soil respiration and organic
carbon content are also tightly influenced by litterfall amount
(Schlesinger and Andrews, 2000; Hansen et al., 2009; Zhang et al.,
2014). Changes in leaf flushing could also affect the seasonality of
leaf fall, since these processes can be both influenced by climate
drivers that trigger leaf fall and leaf flush. In temperate forests, the
production of new leaves is one of the most important processes,
and sets the start of the growing season (Polgar and Primack, 2011).
Even though species and individuals may present varied timing of
leaf flushing, temperate species leaf production is often affected by
temperature, which can be insightful in understanding the effects of
climate change (Polgar and Primack, 2011). Previous phenology
studies have shown that production of new leaves advances in
warmer years (Polgar and Primack, 2011). As new leaf production
generally occurs before leaf fall, changes to the timing of new leaves
may have influenced the timing of leaf fall. Further work is
underway documenting the phenophases of leaves and flowers in
the Nothofagus forests of Australia.

Species presented varied inter-annual changes through time,
with C. fovoeolata, C. meissneriana, P. media, Q. verdonii, and S.
ovata decreasing through time; D. sassafras, E. reticularus, and Q.
sibieri increasing and then decreasing; and E. laevopinea and M.
rostrata increasing. There are varied responses of leaf fall to time;
however, most of the species show a decrease in leaf fall. This could
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be due to a change in the length of leaf fall activity, whereas leaf fall
is spread in a longer time period, and there is a lower concentration
of leaffall at one point. Our results show that the mean date of solar
radiation is also advancing, having a positive correlation with leaf
fall mean date. The advancement of solar radiation may increase the
length of leaf fall activity, leading to a decrease in the leaf fall amount
at one point in time. This is supported by the finding that solar
radiation has the biggest effect on the seasonal GAMs explaining
leaf fall at the community level. We are not certain of which
mechanisms influence the advancement of solar radiation.
However, Zeuthen et al. (1997) showed that an increase in UV-B
and ozone in the troposphere, in different combinations, advanced
leaf senescence by up to 21 days in European beech (Fagus
sylvatica). Although it is still not clear what processes are
influencing the advance of leaf fall, changes in the leaf fall activity
may also influence the patterns of litter in the forest. It is known
that change in the species composition of litter may affect
decomposition rates, which highly influences the biogeochemical
cycles and how ecosystems function, especially regarding species
loss (Gartner and Cardon, 2004; Hattenschwiler et al., 2005; Jacob
etal,, 2010). Further work is underway reporting leaf decomposition
experiments in these Nothofagus forests.

Reproductive phenology

Interestingly, even though C. apetalum, N. moorei, and O.
excelsus have dry fruits, the peak of fruiting activity occurs in
different months and seasons, with C. apetalum and N. moorei
fruiting in summer, while O. excelsus experienced peak fruiting in
winter. The diversity of climate drivers on phenology means climate
change may affect species in different ways, therefore causing
changes in forest cycles and possibly forest structure.

All studied species presented mast flowering and fruiting. In
temperate forests, masting has been associated with climate drivers.
Interestingly, our results showed different climate drivers of mast
flowering and fruiting for each species. Schauber et al. (2002)
conducted a meta-analysis for masting in New Zealand and found
that fruiting synchronicity among species is linked to La Nifa
events that increase temperature in the summer before seedfall.
However, the lone asynchronous species were found to be
correlated with summer temperatures from 2 years before. The
species from our study presented masting in different years,
correlated with different variables from temperature (mean
temperature, mean temperature from the previous year, mean
temperature from 2 years before, mean temperature from the
previous summer, mean temperature from two summers before,
and difference between temperature from the previous year and 2
years before), with only O. excelsus being influenced by MEL This
means that the nuances in temperature changes are the main drivers
of masting, while temperature on its own is not the same driver for
all the species. Our results indicate the importance of conducting
phenological analyses on species level as well as at the community
level, since different drivers and patterns may get clouded by the
varied species diversity at the community level.
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Phenology of Nothofagus moorei

Multiple studies have analysed the masting activity of
Nothofagus species, although most of the studies are conducted in
either Patagonia or New Zealand. Of the 21 studies found analysing
the phenology of Nothofagus species, only 5 presented analyses of
climate drivers. Our study is the first one to analyse long-term
phenology activity in a N. moorei forest in Australia. In our present
study, masting activity was found in both flowering and fruiting of
N. moorei.

The Nothofagus genus in New Zealand and Australia displays
pronounced mast seeding, characterised by highly variable seed
production across years. This pattern, however, contrasts the
findings for N. cunninghamii in Victoria, Australia, which was
found to flower annually with a high production among seeds
(Howard, 1973). Flowering synchronicity is considered
advantageous to wind pollination in species, which may support
mast seeding. Monks and Kelly (2006) have analysed long-term
seeding phenology and growth rings width in Nothofagus truncata
in New Zealand, and found a switch between growth and
reproduction where resources are diverted into and out of
reproduction among years. They discussed two hypothesis that
could explain the mast seeding in species of Nothofagus. The first
hypothesis is related to enhanced pollination success, and might be
the strongest one to explain the evolution of mast seeding in
Nothofagus species. The second one is related to predator
satiation, as Nothofagus trees produce nuts that are consumed by
various species of birds, and during years of high seed production,
they seem to constitute a significant portion of these birds’ diets
(Wilson et al., 1998). It is important to note, however, that one
hypothesis is not excluded from the other, and both could be
playing a role in phenological patterns in Nothofagus species.

Our results show that the temperature from the previous year
plays an essential role in the flowering activity of N. moorei and is
supported by previous studies on other Nothofagus species.
Richardson et al. (2005), for example, studied seed production of
mountain beech (Nothofagus solandri var. cliffortioides) in New
Zealand from 1973 to 2002. A rise in seed production was attributed
to rising temperatures during flower bud formation, indicating that
elevated temperatures might lead to more frequent seed production
in high-altitude areas.

Masting in N. moorei was found to occur approximately three
times a decade, which is broadly similar to the long-term patterns
described in N. cunninghamii in Tasmania, which masts
approximately every 3 years (Hickey et al., 1982; Hickey and
Wilkinson, 1999). However, our results showed different climate
cues for flowering in N. moorei compared to previous studies, which
suggested that the main trigger was warm dry summer in the previous
year (Wardle, 1984; Allen and Platt, 1990; Schauber et al.,, 2002). Mast
flowering of N. moorei in our study site was mostly influenced by an
increase in rainfall in the previous year’s summer, an increase in
mean temperature of the current year’s summer, and an increase in
the temperature difference from two previous summer temperatures,
a variable proposed by Kelly et al. (2013) who studied seed masting in
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temperate plant species. The nuanced impact of climate variables on
the flowering of N. moorei suggests that changes in photosynthetic
activity during summer may play a role in the probability of
flowering. Flowering shoots arise from buds in the axils of living
leaves or from dormant buds that may be leafless stems at least 5
years old (Peacock et al. in prep). Switching from leaf budding to
flower formation may be influenced by temperature, which drives
physiological development processes in the dormant buds, and these
may also contribute to the probability of flowering in certain years,
due to either activation of flowering genes (Samarth et al., 2020) or
hormones that induce flowering (Baktir et al., 2004; Bangerth, 2009).

Taken together, our results indicate the importance of
conducting phenological analyses at a species level as well as at a
community level. At the community level, the general response may
easily obscure the diversity of species responses. The future stability
of the relictual Nothofagus cool temperate rainforest of New South
Wales in a changing climate will be reliant on ongoing studies and
the modelling of these complex species’ responses.
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