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Abstract The diversity of responses to episodic rainfall events among perennial plant species is critical for the
maintenance of ecosystem functions in arid systems. We use a litter fall study to capture the responses of three
species to shifts in environmental conditions.We examined the effects of landform, rainfall and other meteorological
variables (temperature, evaporation, relative humidity, solar exposure, wind speed and cloud cover) on the mass of
reproductive structures falling from two shrubs (Senna artemisioides ssp. filifolia, Acacia burkittii) and one tree
(Eucalyptus gracilis) species in a eucalypt mallee woodland in semi-arid eastern Australia. Data were collected over
three years. The first year received below-average rainfall and the following years received about twice the average
annual rainfall. We assessed the relative importance of our explanatory variables, for each species separately,
comparing the results using two methods: (1) multi-model inference of a zero-inflated negative binomial general-
ized linear model, and (2) structural equation modelling. Multi-model inference showed rainfall frequency, at
species-specific lag intervals, to be of highest relative importance for all three species. Wind speed was also relatively
important for all three species. Structural equation modelling supported these results, with strong, direct path
coefficients for the number of days of rainfall in the past 12 months. There was, however, no strong effect of the
average rainfall event size. Our analyses demonstrate the strong, direct and positive effect of rainfall, and highlight
the importance of rainfall frequency rather than rainfall event size. Furthermore, we found species-specific
responses to environmental variables associated with wind, solar exposure and landform, further driving the litter
fall of reproductive structures in perennial plants in semi-arid environments. Understanding how different species
respond to rainfall and other meteorological conditions can give us greater insights into the capacity of these
systems to adapt, which will be important in a changing climate.
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INTRODUCTION

The ability of ecosystems to respond to large, in-
frequent rainfall events and to support irruptions
in populations of higher, trophic-level organisms
depends on both their functional and response diver-
sity (Ludwig & Tongway 1995; Walker et al. 1999;
Elmqvist et al. 2003). The combination of functional
diversity and response diversity is critical for maintain-
ing an adaptive, functional and resilient ecosystem
(Walker et al. 1999; Elmqvist et al. 2003). Functional
diversity enhances the ability of an ecosystem to
capture and retain critical resources (Ludwig &
Tongway 1995). Response diversity (sensu Elmqvist
et al. 2003) is the range of reactions to shifts in envi-
ronmental conditions among species contributing to
the same ecosystem function. These species-specific

responses enhance the adaptive capacity of an eco-
system when more than one species contributes to
the same functional role within a given ecosystem
(Elmqvist et al. 2003). Plants exhibit species-specific
responses to episodic rainfall events (Westoby 1980).
While rainfall generally leads to increases in the pro-
ductivity of ecosystems, response diversity enhances
the way that ecosystems capture and use resources,
thereby increasing ecosystem productivity.

Shifts in ecosystem productivity in response to
changing meteorological conditions can be assessed
by measuring litter fall rates (Pressland 1982). This
method works well in deciduous-dominated ecosys-
tems where there are clear growing seasons, but esti-
mating ecosystem productivity is much more complex
in systems dominated by evergreen, long-lived per-
ennial plants. In these systems total litter fall is a
crude measure of the overall ecosystem response,
while the subtle shifts in the composition of senescing
litter allows us to monitor species-specific responses.
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Although perennial plant species vary in how they
shed their reproductive structures within years, there
is strong inter-annual variability among years, driven
by variation in meteorological conditions. Favourable
meteorological conditions may induce mass flowering
events by increasing the availability of other resources
such as nitrogen (Janzen 1971; Kelly & Sork 2002;
Liebhold et al. 2004) or soil moisture (Pressland 1982;
Smaill et al. 2011). Species may respond to favourable
meteorological and abiotic conditions in different
ways such as ‘resource matching’ (sensu Kelly 1994;
Smaill et al. 2011), ‘resource switching’ (sensu Norton
& Kelly 1988), or ‘resource accumulation’ (sensu Kelly
& Sork 2002). Meteorological conditions may further
affect the output of reproductive structures indirectly
by altering pollination success. Animal pollinators
are strongly aligned with the variable concentration
of resources such as nectar and can vary greatly in
abundance and behaviour in response to changing
weather conditions (Aide 1986; Sampson et al. 1995;
Martínez-Garza et al. 2011).

While there has been a heavy focus on the mecha-
nisms, causes, temporal patterns and variability of
reproductive structure fall rates between years (Kelly
& Sork 2002), there have been few studies that have
focused on smaller temporal scale patterns of repro-
ductive structure fall rates. Furthermore, few studies
have focused on the degree to which meteorological
conditions contribute to intra-annual variability in
reproductive structure fall rates and whether these
small temporal scales capture a representative measure
of response diversity among species. Australia’s arid
and semi-arid ecosystems are subject to high inter-
and intra-annual variability in rainfall (Morton et al.
2011). Between 2010 and 2011, Australia experienced
an annual rainfall high, with large parts of arid and

semi-arid Australia recording their largest falls for
more than 30 years (BOM 2012). This inter-decadal
event created an abundance of surface water and
therefore favourable growing conditions (Cookson
et al. 2006) that are critical for driving ecosystem-
wide responses in higher trophic levels (Letnic &
Dickman 2006). It also provided a unique opportunity
to examine the response of different species to rela-
tively extreme episodic rainfall events and to gauge the
role of abiotic conditions in driving fine-scale temporal
patterns of senescence.

Here we examine the fine-scale temporal variability
of reproductive structure fall rates of three perennial
plant species in relation to selected abiotic conditions.
We used two modelling approaches that compare
the relative importance of our abiotic predictor vari-
ables on our response variable, rather than seeking
to construct a single predictive model. One method,
multi-model inference, uses direct effects only, while
structural equation modelling (SEM) calculates the
relative importance of variables using a combination
of direct and indirect effects of our predictor variables
on our response variable.We measured landform (as a
surrogate for soil and topography), rainfall quantity
and frequency, and a range of other meteorological
conditions (Fig. 1a). We measured fall rates of repro-
ductive structures from two shrub species (Senna
artemisioides ssp. filifolia (Benth.) Randall and Acacia
burkittii F. Muell. ex Benth) and one tree (Eucalyptus
gracilis F. Muell) species over a period of three years.
Annual rainfall was below-average during the first year
(2009), and well above-average during 2010 and 2011.
We expected the effect of landform to vary between
the dry and wet years in line with the Inverse
Texture Hypothesis (Noy Meir 1973). The Inverse
Texture Hypothesis predicts that under low rainfall

Fig. 1. (a) Metamodel and (b) conceptual model of the relationships among rainfall variables, other climatic variables, soil
variables and the litter fall rate of reproductive structures. Variables in the conceptual model include average rainfall event size
in the past 12 months (Event size), number of rain days in the past 12 months (Rain days), cumulative daily solar radiation during
each collection window (Radiation), average daily maximum wind speed (Wind speed), average daily evaporation (Evaporation)
during each collection window, and categorical landscape location of dune or swale landforms (Landform).
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(< 500 mm) conditions, coarse-textured sandy soils,
typical of our dune landform, would likely be more
productive than finer–textured soils (our swale land-
form), due to the hydrodynamics of evaporation. We
expect this to be the case between the years of below-
and above-average rainfall.

Given the important role of rainfall in driving eco-
system productivity, we expected that rainfall would be
an important driver of reproductive structure fall. Due
to the diversity of life histories among our species
(Cunningham et al. 2011), we expected differential
responses to rainfall to be reflected in shifts in litter fall
composition. Furthermore, we expected temperature
to be a relatively important indicator of reproductive
structure fall as a general seasonal cue or as a specific
trigger for capsules and legumes to release their seeds
(Cunningham et al. 2011). In addition, we also con-
sidered the relative effects of meteorological condi-
tions related to temperature and water availability by
including variables such as wind speed, evaporation,
solar radiation, relative humidity and cloud cover in
our models. Few litter fall studies have comprehen-
sively considered different meteorological conditions
as drivers of litter fall rates. Understanding how dif-
ferent species respond to rainfall and other meteoro-
logical conditions gives us better insights into the
ability of our ecosystem to adapt, which will be impor-
tant in predicting the likely effects on plant communi-
ties of a changing climate.

METHODS

Study site

Our study was undertaken within Australian Wildlife Con-
servancy’s Scotia Sanctuary in south-western, New South
Wales, Australia (33°43′S, 143°02′E). This area is semi-arid,
receiving about 251 � 26 mm annual rainfall based on
records since 1995. Rainfall is highly spatially and temporally
variable. Winters are mild, with daily mean maximum tem-
peratures of 17°C and daily mean minimum temperatures of
6°C in July. Summers are hot with a January mean daily
maximum temperature of 33°C and a mean daily minimum
of 19°C (BOM 2012).

Our study was conducted in dune mallee communities; a
low open woodland located on long, low (relief to 7 m)
east-west trending sand dunes. Dune mallee is dominated by
an overstorey of mallee trees (E. gracilis, Eucalyptus dumosa
A. Cunn. ex J. Oxley and Eucalyptus socialis F. Muell. ex
Miq.) and an understorey of scattered perennial hummock
grasses (Triodia scariosa N.T. Burb). Shrub cover to 2 m is
sparse on the dunes, with widely-spaced individuals of pre-
dominantly S. artemisioides ssp. filifolia and petiolaris Randell,
and A. burkittii (Keith 2004). At our study site, the soils are
mainly calcareous, brownish and siliceous sands. Our specific
study area had not been burnt by wildfire in more than
40 years.

Study species

Senna artemisioides ssp. filifolia (Fabaceae) is a 1–3 m tall,
relatively short-lived (approx. 10 years) perennial shrub
(Cunningham et al. 2011). Small yellow flowers (approx.
8 mm) are produced from September to October
(Cunningham 2000). The apical anther pores suggest this
species is buzz pollinated (Cunningham 2000) however
sexual reproduction occurs only rarely with apomictic seeds
most commonly produced (Randell 1989; Holman &
Playford 2000). Leguminous fruit mature in early December,
with a pod size of 2–8 cm long (7–9 mm wide) containing
10–15 seeds. Senna is a prolific seeder known to respond
rapidly to rainfall and is recognized as an invasive native
scrub in areas of altered grazing and fire regimes
(Cunningham et al. 2011).

Acacia burkittii (Fabaceae) is a perennial shrub that can
grow up to 4 m tall and live up to 250 years (Crisp & Lange
1976). Small (8–10 mm) bright yellow flowers are produced
between July and October with male and bisexual flowers
produced in each head (Cunningham et al. 2011). Acacia
burkittii flowers do not produce nectar, though their phyllode
glands do. This attracts ants, bees, butterflies, wasps, beetles
and other insects that are likely responsible for pollination.
Seeds are produced in papery pods 5–12 cm long (5–7 mm
wide) and are dispersed by ants and birds from the legume,
which opens under hot summer temperatures (Cunningham
et al. 2011). Population studies by Crisp and Lange (1976)
suggest that reproduction by seed is continuous and neither
droughts nor large rainfall events appear to have influenced
regeneration at sites monitored between 1925 and 1970 at
Koonamore station.

Eucalyptus gracilis (Myrtaceae) is a mallee (multi-
stemmed) tree that grows approximately 8 m tall and lives
for hundreds of years. Creamy white flowers are produced
generally between April and October (Cunningham et al.
2011); however, flowering events have been reported during
November, February and March (Paton et al. 2004; Pestell &
Petit 2007; Morrant et al. 2010). Eucalyptus gracilis is polli-
nated by a variety of birds (Paton & Ford 1977) and small
mammals such as the western pygmy possum (Cercartetus
concinnus, Morrant et al. 2010), and is an important resource
for South Australian apiarists (Paton et al. 2004). Eucalyptus
gracilis produces fruits that are ovoid to urceolate shape;
4–7 mm long and 3–5 mm in diameter (Cunningham et al.
2011). Eucalypt species are generally serotinous with limited
seed fall except in response to fire (Lamont et al. 1991).

Sampling design

Litter fall was collected in standing litter traps between
December 2008 and July 2011. Each litter trap consisted of
a collection unit suspended in a steel frame 1 m above the
ground. Collection units were UV-resistant mesh conical
bags with a collection area of 0.07 m2 and a mesh aperture of
2 mm2. Litter traps were placed at fifteen sites within a
37 km2 grazing-free exclosure. At each site, our selected
species were sampled on two different landscapes, (1) a dune
crest (dune) and (2) the base of the dune (swale) with a total
of six litter traps per site (n = 90).

Traps were emptied approximately once every five weeks
for 36 months (total 29 collections). Collected material was

822 S. K. TRAVERS AND D. J. ELDRIDGE

© 2013 The Authorsdoi:10.1111/aec.12055
Austral Ecology © 2013 Ecological Society of Australia



oven dried at 60°C for 24 h and sorted into seven categories
and weighed.Categories included Eucalyptus leaves,A. burkit-
tii phyllodes, S. artemisioides ssp. filifolia leaves, non-target
species leaves, sticks and bark of all woody species, reproduc-
tive structures of all species (flowers, seeds, fruit, etc.) and
‘other’ (typically frass, invertebrates and faecal pellets). This
study focuses on the reproductive structures only.

We converted the total capture of reproductive structures
to an average fall rate (g m-2 day-1) to adjust for differences in
the interval between sampling.The fall rate was multiplied by
10 000 and rounded to the nearest whole number prior to
analyses, which require the response variable to be positive
integers. Rainfall and other meteorological data for the 15
sites were collected on-site and supplemented with other
meteorological data from nearby weather stations (BOM
2012).

Meteorological observations were used as explanatory
variables, along with landform (dune, swale) and year (2009,
2010, 2011), for each collection window. Averaged, cumula-
tive and extreme (i.e. minimum and maximum) values were
calculated for the following categories of daily meteorological
conditions: temperature (both minimum and maximum),
evaporation, wind speed, relative humidity (at 9.00 hours
and 15.00 hours), cloud cover (at 9.00 hours and 15.00
hours) and solar exposure. Additionally, for rainfall data, the
average and cumulative rainfalls, average event size and
number of rain days were calculated for each collection
window and for extended windows of the previous 1, 2, 3, 4,
5, 6, 8 and 12 months to account for possible lag effects.

Annual production rates of
reproductive structures

We analysed the annual reproductive structure fall rates
using a two-factor permutational analysis of variance (per-

manova; Anderson et al. 2008). We compared the effects of
year (fixed) and landform (fixed) on average annual litter fall
rates (g m-2 day-1) for each species separately. Data for each
species were transformed using a Euclidean resemblance
matrix and analysed with 9999 permutations with Type III
error. Analyses were performed in the +permanova package
for PRIMER (Anderson et al. 2008).

Generalized linear modelling and
multi-model inference

We analysed reproductive structure fall rates using separate
generalized linear models (GLMs) for each of our three
species. A full description of the modelling process is given in
Appendix S1. We used a zero-inflated model with a negative
binomial error structure (‘pscl’ package version 1.03.10 in R
version 2.15.1; Zeileis et al. 2008; Jackman 2011; R Core
Team 2012) and Akaike’s information criterion (AIC) to
select the best measurement for each meteorological condi-
tion, or the best lag interval for the rainfall measurements,
as a representative explanatory variable for our final model
(Anderson et al. 2001; Zuur et al. 2009). To reduce colline-
arity, only some categories of meteorological conditions were
represented in the final candidate set of explanatory variables
for each species (Appendix S2).

To determine the relative importance of the meteorologi-
cal conditions on reproductive structures for each species, we
used multi-model inference (Burnham & Anderson 1998;
Burnham et al. 2011). Due to the over-dispersed nature of
our data, we calculated the Quasi-likelihood Akaike informa-
tion criterion (QAIC) as an indicator of model parsimony.
Models were ranked by their QAIC criterion and we com-
puted the differences (Di) between the QAIC of the candidate
models and the QAIC of the best model (lowest QAIC)
(Anderson et al. 2001; Zuur et al. 2009). Model averaging
was conducted on models with Di � 10 as this is the model
set with strongest support, however for brevity we only
present Di � 2 (Appendixes S3, S4 and S5; Burnham &
Anderson 1998; Anderson et al. 2001).

Structural equation modelling

We used SEM to test and parameterize an a priori conceptual
model illustrating the causal relationships among a set of
environmental variables (Shipley 2000) predicted to influ-
ence the mass of reproductive structures falling from woody
plants. Our SEM models are presented graphically by means
of arrows (pathways) with associated standardized path
coefficients that describe the precision of the relationship
between two variables of interest. The path coefficient is
equivalent to a regression weight or partial correlation
coefficient. Path coefficients were estimated using a
maximum-likelihood algorithm, and overall model fit was
tested using a c2 goodness-of-fit test. Non-significant c2

values (P > 0.05) indicate that the predicted covariance
structure from our a priori model does not deviate signifi-
cantly from our observed covariances (Iriondo et al. 2003).
We examined correlations among the potential predictors
which we had previously identified from linear GLM models.
These variables were log10 transformed, where appropriate,
to improve linear relationships among them. Separate models
were developed for the three woody species because we
expected the causal relationships among variables to be
strongly species-specific. Landform (dune, swale) was con-
verted to a nominal variable prior to analyses. Our model
posits that climatic variables (radiation, wind speed, relative
humidity) and rainfall variables (event size, number of rain
days) will have both direct and indirect effects on the fall
rates of reproductive structures (Fig. 1b). We compared the
relative strength of these factors by considering all direct and
indirect effects as a measure of their total standardized effects
on the response. Modelling was performed using AMOS
20.0 software (spss).

RESULTS

Total annual rainfall during the study varied markedly
among years. Total annual rainfall in 2009 (195 mm)
was below average, but during the following two years,
almost twice the average annual rainfall for the site was
received in each year, with 481 mm falling in 2010 and
455 mm falling in 2011.

Over the period of the study we recorded a general
increase in the fall rate of total litter and reproductive
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structures; and an increase in the relative proportio-
nal mass of reproductive structures of total litter
fall (Table 1, Fig. 2). For all species, the fall rate of
reproductive structures peaked during the 2010–2011
summer (Dec–Feb) but the specific changes varied
among the three species (Fig. 2). The average
annual litter fall rate of reproductive structures for
E. gracilis was five-times greater in 2011 than 2009
(Year: Pseudo-F2, 864 = 29.74; P < 0.001; Table 1). For
S. artemisioides, the 2011 reproductive structure fall
rate was 28-times greater than in 2009 (Year: Pseudo-
F2, 864 = 33.08; P < 0.001). For A. burkittii the repro-
ductive structure fall rate peaked in 2010, and was 70
times greater than 2009 (Year: Pseudo-F2, 864 = 19.31;
P < 0.001; Table 1). Our multi-model inference also
yielded similar results. For all three species, the coef-
ficients for the years 2010 and 2011 were both greater
than 2009 (Appendix S6). The litter fall rate of re-
productive structures was disproportionate to other
components of litter fall, with the relative proportio-
nal mass of reproductive structures also increasing
throughout the study (Table 1).

The litter fall rates of reproductive structures for the
two shrub species were not significantly different
between the two landforms (S. artemisioides: P = 0.35;
A. burkittii: P = 0.051). However there were much
greater litter rates of E. gracilis reproductive structures
in the swale in 2009 and 2010, but no difference in
fall rates between the two landforms in 2010 (Year
by Landform interaction: Pseudo-F2, 864 = 9.31; P <
0.001). Again this was also supported by our multi-
model inference and SEM (see below). Our multi-
model inference found landform to be relatively
important for E. gracilis (Table 2), with the model
averaged coefficient showing eucalypts growing in
swales produced more reproductive structures than
those growing on dune crests (Table 2, Appendix S6).

Across all three species we found that the number of
rain days was the strongest variable determining the
fall rates of reproductive structures with the relative
importance of rain days greater than 0.9 for one or
both parts of the models (Table 2). However, there
were differences between the species in the optimal
lag interval for the number of rain days. The relative
importance of the remaining variables was species-

dependent. Cumulative solar exposure was the second
most important variable identified by the model aver-
aging procedure for S. artemisioides, while average
maximum wind speed was the second most important
variables for both E. gracilis and A. burkittii (Table 2).

Table 1. Mean annual reproductive structure fall rate (g m-2 day-1) and proportional mass (% fraction of the total litter fall for
each year) for the three species

Year

Senna artemisioides Acacia burkittii Eucalyptus gracilis

g m-2 day-1 % g m-2 day-1 % g m-2 day-1 %

2009 0.007 � 3.2E-3 a 2.7 0.003 � 5.8E-4 a 1.5 0.017 � 2.4E-3 a 8.5
2010 0.196 � 2.7E-2 b 35.5 0.210 � 4.1E-2 b 56.7 0.023 � 2.9E-3 a 7.9
2011 0.202 � 2.3E-2 b 26.7 0.170 � 2.3E-2 b 40.3 0.087 � 9.5E-3 b 13.7

Significant differences (a, b) among years are indicated for each species.

Fig. 2. Fall rates of reproductive structures for (a) Senna
artemisioides, (b) Acacia burkittii, (c) Eucalyptus gracilis for
2009, 2010 and 2011. The histogram represents cumulative
rainfall for each collection window.
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Details of the coefficients for the top model (QAICmin)
for each species are given in Appendix S6.

Our structural equation models also indicated
that the number of rain days had the strongest direct
effect on the fall rate of reproductive structures
(Fig. 3; Table 3). For A. burkittii, average daily evapo-
ration had an equally strong direct positive effect as the
number of rain days (Table 3). The indirect effect
of wind speed mediated by evaporation (indirect
pathway coefficient = 0.27) was also relatively strong
for A. burkittii. For E. gracilis and S. artemisioides,
cumulative solar exposure was strongly positively
related to reproductive structure fall rates, consistent
with the results of our multi-model inference for
S. artemisioides. Landform had a strong direct effect on
reproductive structure fall rates for E. gracilis, but not
for S. artemisioides or A. burkittii, which is again con-
sistent with our multi-model inference and annual
averaged litter fall rates. The total standardized effects
of our abiotic variables show that rain days in the past
12 months had the strongest total (direct and indirect)
effect on the fall rate or reproductive structures across
all three species (Table 4). The total standardized

Table 2. The relative importance of the variables for each
species for each model part

Variables

Relative importance

Part 1 Part 2

Senna artemisioides
Rain days 8 months 0.47 1.00
Solar exposure (cumulative) 0.87 0.49
Wind speed (max) 0.55 0.44
Rain event Size 12 months 0.39 0.35
Year 0.57 0.17
Cloud cover (9.00 hours) 0.36 0.31
Landform 0.28 0.28

Acacia burkittii
Rain days 4 months 1.00 0.96
Wind speed (max) 0.74 0.33
Cloud cover (9.00 hours) 0.55 0.30
Rain event Size 12 months 0.36 0.49
Maximum temperature (average) 0.29 0.49
Year 0.35 0.29
Landform 0.27 0.35

Eucalyptus gracilis
Rain days 12 months 0.92 0.89
Landform 0.68 0.60
Wind speed (max) 0.73 0.28
Solar exposure (cumulative) 0.37 0.60
Minimum temperature (average) 0.25 0.57
Rain event Size 12 months 0.33 0.29
Cloud cover (15.00 hours) 0.34 0.24
Year 0.17 0.19

Zero-inflated models contain two parts. Part 1 explanatory
variables explain the negative binomial-distributed ‘count’
data (zeros and non-zeros), while Part 2 explanatory vari-
ables are for the additional zeros in a binomial distribution.

Fig. 3. Structural equation model for Eucalyptus gracilis.
Path width indicates the relative strength of the relationship,
as indicated by the path coefficient. The overall model
explained 23% of the variance in the litter fall rates of repro-
ductive structures (log10 scale; d.f. = 6; c2 = 4.83; P = 0.56),
as indicated by the R2 value. The results for the two shrub
species are given in Table 3.

Table 3. Pathway coefficients for the structural equation
models (from Fig. 3) for all species

Pathway
Senna

artemisioides
Acacia
burkittii

Eucalyptus
gracilis

Rain days →
Reproductive
structures

0.34 0.46 0.37

Rain event size →
Reproductive
structures

0.09 0.06 -0.01

Radiation →
Reproductive
structures

0.17 -0.29 0.28

Wind speed→
Reproductive
structures

0.13 0.09 0.21

Evaporation →
Reproductive
structures

0.06 0.45 -0.16

Landform →
Reproductive
structures

-0.03 0.07 0.17

Model R2 0.23 0.21 0.23

Remaining path coefficients for the three models were the
same.

Table 4. Total standardized effects for the structural equa-
tion models (from Fig. 3 and Table 3) for each species

Predictor
Senna

artemisioides
Acacia
burkittii

Eucalyptus
gracilis

Rain days 0.396 0.493 0.364
Rain event size 0.089 0.063 -0.008
Radiation 0.170 -0.287 0.279
Wind speed 0.066 0.071 0.064
Evaporation 0.061 0.455 -0.162
Landform -0.030 0.071 0.166
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effect was also relatively high for evaporation for
A. burkittii only. Overall, our structural equation
models explained 23%, 23% and 21% of the variation
in reproductive structure fall rates for E. gracilis,
S. artemisioides and A. burkittii, respectively.

DISCUSSION

Our study showed that rainfall frequency (i.e. the
number of days of rainfall) was consistently the
strongest predictor of the mass of reproductive struc-
ture collected in the litter traps, despite marked dif-
ferences in the response (sensu response diversity;
Elmqvist et al. 2003) of our three woody plants.
Although rainfall has been identified as an important
driver of variation in litter fall rates (Pressland 1982),
other meteorological conditions also contributed
to variation in fall rates of reproductive structures
among our three species. From the meteorological
conditions we considered, only average maximum
wind speed was an important predictor for all species.
The relative importance of other rainfall measure-
ments, meteorological conditions and landform
varied substantially among our three species. Below
we describe how the different species responded to
altered meteorological conditions, and how this may
relate to idiosyncratic responses of individuals to
episodic rainfall events.

Rainfall frequency affects fall rates of
reproductive structures

Rainfall frequency was more indicative of the response
of each species than rainfall event size, or average or
cumulative rainfall. An increase in rainfall frequency
creates an increase in conditions that are conducive to
soil biological activity, which enhances nitrogen min-
eralization and therefore the availability of soil nitro-
gen (Walse et al. 1998; Paul et al. 2003; Sinclair 2005).
However, increases in soil productivity from increased
rainfall are heavily dependent upon soil texture (Noy
Meir 1973). Although neither soil moisture nor soil
texture were explicitly measured in our study, we did
account for broad variations in soil texture and micro-
topography by assessing the response of our model
plants across two landforms that differed markedly
in soil texture and therefore, water holding capacity.
We used these differences in soil texture between years
of above- and below- average rainfall to measure the
effects of the Inverse Texture Hypothesis (sensu Noy
Meir 1973). Landform, however, was only significant
for E. gracilis, with greater litter fall rates of reproduc-
tive structures in swale sites than dune sites during
2009 and 2011. Acacia burkittii followed similar
trends, with swales more productive across all years,

though the difference was not great enough to be
significant.

The Inverse Texture Hypothesis holds that finer
(more clay) soil textures such as those at our swale
sites would retain more water near the surface. In
contrast, rainfall on coarse-textured (more sandy) soils
such as those at our dune sites, freely drains to deeper
soil layers. Near-surface water retention is favourable
for plant growth in wetter years, but during drier years
evaporates quickly, resulting in lower ecosystem
productivity compared with coarser soils (Noy Meir
1973). This trend, however, was not apparent in our
data. Given the topographic location of swales, they
would also have benefited from runoff from the dunes,
and conceivably, their lower elevation positions would
give plants a greater access to groundwater (Eberbach
2003).

Fall rates of reproductive structures
vary among species

The fall rate of abscised reproductive structures of
our three species varied both within and among years.
Within a given year, the fall rates of reproductive
structures followed similar seasonal patterns. The fall
rates of both S. artemisioides and A. burkittii consist-
ently peaked during August–October and again in
December. The earlier peaks likely correspond to
flower fall, while the December peaks are likely due to
fruit fall (Cunningham et al. 2011).The fruits of these
species likely contribute to greater bulk mass than if
seeds alone were released from fruits that remain on
the plant. Eucalyptus gracilis, however, produced only
a single peak in the fall rates of reproductive structure
during late summer. While the timing of these peaks
was consistent for each species among the three years,
there were large inter-annual differences in amount
of material these peaks represent.

The magnitude of response of each species differed
greatly among years. Senna artemisioides appeared to
mirror rainfall, with reproductive structure fall rates exag-
gerated in quantity and proportional composition during
the years of above-average rainfall (2010, 2011). Given
the apomictic nature of S. artemisioides (i.e. asexual repro-
duction; Randell 1989; Holman & Playford 2000), there
are likely to be relatively few constraints on the turnover
rates of flowers to seeds.This supports the previous find-
ings of research showing that S. artemisioides is a prolific
seeder during periods of high rainfall (Cunningham et al.
2011), and may suggest a strategy of ‘resource match-
ing’ for this species (Kelly 1994; Kelly & Sork 2002).
However, to confirm this, further information on vegeta-
tion growth and reproductive material produced each
year would be needed. It is also important to consider
that material would not necessarily fall within the year
that it was produced.
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There were high fall rates of reproductive struc-
tures from E. gracilis during the 2010–2011 summer.
However, unlike the shrubs species, there was only a
small increase in the proportion of reproductive mate-
rial falling between years. Previous studies show
evidence of inter-annual variability in flowering
for E. gracilis (Paton et al. 2004) and other eucalypt
mallees (Burrows & Burrows 1992; Paton et al. 2004),
consistent with our data. However, previous litter fall
studies in mallee have found that light seed rain occurs
throughout the year, rather than, as we found, a single
peak (Wellington & Noble 1985). It is possible that this
single peak in reproductive structures is due to physi-
cal damage from relatively large vertebrate pollinators
(Burrows & Burrows 1992) such as the western pygmy
possum (Morrant et al. 2010). For E. gracilis only, we
found that peaks in reproductive structure abscission
coincided with peaks in fall rates of non-plant material
(i.e. scats and insects, S.Travers, unpubl. data, 2012),
providing strong circumstantial evidence for higher
visitation rates during this period.

When the variability in fall rate of reproductive
structures exceeds that of weather conditions alone, as
observed in A. burkittii, other factors are likely driving
the variation in fall rates (Koenig & Knops 2000; Kelly
& Sork 2002).We found that the peak in reproductive
structure fall rate for A. burkittii during December
2010 was much greater than that in December 2009 or
2011, despite similar rainfall during 2010 and 2011.
Although we found strong relative effects of rainfall
frequency on reproductive structure fall rates, there
are many possible reasons for this observed trend. For
example, nitrogen reserves may have been exhausted
during the 2010 production of reproductive struc-
tures; there may have been insufficient temperatures
during the study window to trigger the 2012 seed fall;
or there may have been sub-optimal climatic condi-
tions during floral development, leading to a reduced
output in December 2011 (Davies 1976; Smaill et al.
2011).While we found a strong relative importance of
rainfall on the fall rate of A. burkittii reproductive
structures, and the relatively largest increase between
2009 and 2010 of the three species, there may not
be successful conversion from increased seeds to
increased seedlings.

Previous studies have shown that the regeneration
of A. burkittii does not increase after years of above-
average rainfall, nor is its regeneration adversely
affected by drought (Crisp & Lange 1976; Woodell
1990). The quality of seeds produced in years of
high seed production may be low, leading to fewer
successful germinations. Alternatively, there may be
important post-seedfall ecological processes that differ
in response to rainfall. For example, the elaiosome
attached to Acacia seeds makes them particularly
susceptible to removal by ants, with previous studies
in mallee communities reporting high proportions of

surface seed loss due to ants (65–100% removed;
Wellington & Noble 1985; Andersen 1987).While it is
unclear whether this removal is predatory or facilita-
tory for seedling growth, the activity of ants may not
differ substantially in response to rainfall, contributing
to a lack of continuous, rather than pulsed, rainfall-
driven regeneration of A. burkittii.

Temporal scale is important to consider when
monitoring rates of change over time. Litter fall
studies are commonly used as an indicator of annual
ecosystem productivity (Olson 1963; Carneiro et al.
2009), monitoring the response of species to shifts in
resource availability between years. Similarly, the pro-
duction of reproductive structures is considered to be
the reproductive effort of an individual when consid-
ered as a fraction of total biomass production over the
scale of a growing season or year. In systems where
plants are predominantly deciduous, the produc-
tion and reproductive effort within a growing season
has a clear cycle with calculable reproductive effort.
However in systems where long-lived evergreen
species dominate, such as the one we have studied,
the link between vegetative production and fall rates
are temporally disjunct within and between years.The
whole production, growth and senescence process can
be attributed to various aspects of rainfall and other
meteorological conditions. For example, the produc-
tion of new material may be dependent upon condi-
tions such as temperature and nitrogen availability
during resource priming in the previous year (Smaill
et al. 2011). Determining rates of abscission however,
in relation to abiotic conditions, as we have done in
this study, is further complicated by the life span of
structures. Some structures, such as reproductive
structures may have much shorter life spans than
other plant structures such as leaves, complicating
calculations of reproductive effort or ecosystem
productivity. Here we demonstrated that at small
temporal scales, meteorological conditions, particu-
larly rainfall contribute to variability in litter fall rates
among species. However it is important to note that
the inherent differences among species still account
for much of the inter-species variation in fall rates,
with our models including abiotic conditions explain-
ing no more than 23% of the variation in reproduc-
tive structure fall rates. The relationships with abiotic
conditions will be dependent on the time scale over
which fall rates were calculated. When fall rates are
averaged over large time scales, such as a year, the
drivers of small scale temporal variability such as
daily maximum wind speed will be of less impor-
tance. However, we found that when fall rates are
measured at temporal scales relevant to the effects of
small-scale temporal drivers, the effects of larger tem-
poral scales such as year become much less relevant.
The exceptions to this in our data were the lag inter-
vals in rainfall. Rainfall in the previous months was
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relatively more important than the measures of rain-
fall during litter fall collection windows. It is likely
that rainfall is a surrogate for the amount of repro-
ductive material produced.

Wind and other meteorological conditions
affect the fall rate of reproductive structures

Average maximum wind speed was a relatively impor-
tant explanatory variable for all three species. This is
likely due to the physical force of wind inducing litter
fall in pre-abscission or abscising structures. Relatively
few studies have considered the effects of wind on litter
fall rates (Staelens et al. 2003), with most litter fall
studies concentrating on the effects of rain, solar expo-
sure and temperature. This is likely due to the larger
temporal scales of these studies, with variability in
maximum wind speed over a few weeks likely not
significantly impacting annual fall rates.

We expected temperature to be correlated with
seed fall of A. burkittii as these leguminous fruits
require high temperatures to open (Cunningham
et al. 2011). Rather, we found that average daily
evaporation was more important in our models,
suggesting that evaporation is more a biologically rel-
evant indicator of seed fall than temperature. Given
that high evaporation rates coincide with high tem-
peratures, evaporation is likely more biologically rel-
evant to evaluating heat or moisture stress induced
on plants in hot, dry conditions. Temperature is
also considered important for seed fall in Eucalyptus
species sens. lat., as heat induces capsule dehiscence
and fall, though this is generally in response to fire
(Lamont et al. 1991). We found that average mini-
mum temperature was moderately important in
explaining the excess zero part of our model. This is
due to few reproductive structures of E. gracilis
falling during cold months.

Solar exposure was also an important indicator of the
loss of reproductive structures, for both S. artemisioides
and E. gracilis, supporting previous studies on produc-
tivity (Cunningham 2000; Whitehead & Beadle 2004).
For example, Cunningham (2000) showed that
S. artemisioides produced larger amounts of flowers and
fruits in fragmented landscapes by using its high water use
efficiency to capitalize on the enhanced light availability.

Without measuring vegetative growth, it is difficult
to assess how variations in fall rates between years
reflect species responses to annual shifts in resources.
However by understanding how abiotic conditions
may contribute to variability in fine-scale fall rates of
reproductive structures within a year, we may be able
to interpret species responses to both inter- and
intra-annual variability in abiotic conditions. This
study has linked variation in litter fall rates to current
weather variables that are used in climate predic-

tion models. These meteorological conditions are
also likely to change given predicted climate sce-
narios (i.e. shifts in rainfall frequency, greater tem-
perature extremes, and shifts in cloud cover and
atmospheric vapour; IPCC 2007). While there have
been relatively few attempts to monitor biological
interactions with shifts in fine-scale meteorological
conditions, there have been many studies that have
concluded that shifts in climate might be important
for small-scale ecological processes (Morton et al.
2011; Wang et al. 2012).

The importance of response diversity and
episodic events

Inter-annual variability in reproductive effort,
whether due to resource matching or other reproduc-
tive response strategies, is prevalent in long-lived
plants that can afford to have low reproductive output
in some years (Kelly 1994). The advantage of inter-
annual variability in the rate of fall of reproductive
structures has been attributed to numerous factors
including pollinator efficiency (Nilsson & Wastljung
1987), predator satiation (Janzen 1971), differences in
seed dispersal modes and resource availability (see
Herrera et al. 1998; Kelly & Sork 2002; Koenig &
Knops 2005).

There is evidence that increased reproductive effort
during years of above-average rainfall is critical for
the long-term survival of many plant species. Large
fall rates of reproductive structures over short time
periods can lead to large pulses in the availability of
nitrogen-rich substrates being incorporated into the
soil and may increase the availability of seeds, and
broad-scale germination and regeneration of these
species. Wotton and Flannigan (1993) demonstrated
that large episodic rainfall events were important for
the establishment of pearl bluebush (Maireana sedifo-
lia (F. Muell.) Paul G. Wilson) as specific conditions
were required for flowering, fruiting, germination and
establishment.

The response of the vegetation to episodic rainfall
events can vary widely among species, as we have
demonstrated in this study. Soil, rainfall and other
meteorological conditions (Fig. 1) combine to trigger
a diversity of responses in our plants, which in turn,
likely affects ecosystem productivity and diversity.
From a functional perspective, response diversity
within a given functional role boosts the capacity of an
ecosystem to adapt and maintain critical ecosystem
functions that are necessary for the maintenance
of ecosystem resilience (Elmqvist et al. 2003). By
understanding how various components of an eco-
system respond to abiotic conditions, we gain greater
insights into the adaptive capacity of an ecosystem.
This knowledge helps us to better understand the
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likely impacts of changes in meteorological conditions
as a result of a changing climate.
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