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ABSTRACT
Aims. Our objective was to establish a relationship between long-term variation in the climatic
environment, tree canopy decline and observed effects on the population dynamics of avifauna
in the Dryandra Woodlands in southwestern Australia. These geographically isolated remnant
woodlands are rich in endemic species and sustain a diverse range of ecological communities,
but are threatened by habitat degradation and a decline in rainfall. Methods. We used annual
rainfall data, averaged from a series of weather stations within 100 km of the Dryandra
Woodlands and a time series analysis to investigate long-term changes in annual rainfall. Satellite
spectral observations of eight study sites at Dryandra was used to measure changes in Projected
Foliage Cover (PFC) of old growth Eucalyptus wandoo at all sites. Our mist-net trapping study
across three years and all eight sites, targeted two focal species; the rufous treecreeper
(Climacteris rufa) and yellow-plumed honeyeater (Ptilotula ornata). We investigated the
relationship between the captures of each species and variation in PFC, between sites and
across years. Also in a separate demographic study, capture-mark-recapture data was used to
estimate the apparent survival rate of each species, following the robust design for open and
closed populations. Key results. We demonstrate a long-term and continuing decline in
average annual rainfall that is accelerating. We found the rainfall trend is concomitant with a
long-term decline in PFC of E. wandoo and that the previous year’s annual rainfall is a predictor
of average PFC across all sites. Additionally, we discovered that the PFC at each site, in each
year, is a predictor of the number of yellow-plumed honeyeaters which prefer feeding on
canopy insects and not a predictor of the predominantly ground-foraging rufous treecreeper.
We also found a substantial difference in the apparent survival rates between the two species,
with the apparent survival of yellow-plumed honeyeaters being approximately half that of rufous
treecreepers. This difference was partially attributed to the likely movement outside of the
study area due to decreasing habitat quality. Conclusions and implications. Overall, our
results do suggest that some impacts of long-term rainfall trends can be traced to particular
species through PFC variation, but the response between species to habitat change will differ
and depend on species-speciﬁc habitat requirements. As increasing greenhouse emissions are
associated with declining rainfall in southwestern Australia, this study shows if rainfall decline
and habitat degradation continue, it will have catastrophic consequences for woodland ecosystems.
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Introduction

OPEN ACCESS

Global climate change is generating a major impact on natural ecosystems. Although most
species can recover from short term climate variability; longer term shifts in mean
climate, or an increased frequency in extreme events are altering the quantity, quality and
distribution of suitable habitats for many species (Thomas and Hanski 2004; IPCC 2007,
2014). In southwestern Australia, rapidly declining rainfall (CSIRO 2005; BOM 2016
[2015]) is having a severe impact on eucalypt woodlands (Close and Davidson 2004;
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Veneklaas and Manning 2007; Matusick et al. 2013) and
many woodland avifauna through changes in phenology
(Saunders et al. 2013) and an overall reduction in survival
(Chambers et al. 2005). If southwestern Australia continues
to experience declining rainfall patterns with an increasing
frequency and intensity of drought and heatwaves as expected
(CSIRO 2005, 2015; Matusick et al. 2018), it is important to
recognise a critical timeframe beyond which the increasing
mortality of trees in old growth eucalypt woodlands will
catastrophically change their unique ecological communities.
As Bradshaw (2012) states, ‘Without clear policies to
regenerate degraded forests and protect existing tracts at a
massive scale, Australia stands to lose a large proportion of
its remaining endemic biodiversity’.
For over 50 years, southwestern Australia has undergone
extreme climatic shifts with a gradual increase in temperature
and substantial decrease in winter rainfall (IOCI 2002; CSIRO
2005; BOM 2016 [2015]). Data from 1960 to 1990 shows
there was a 16% decrease in mean annual rainfall (CSIRO
2005), and projections show a further 20% decrease in
rainfall by 2030 (SRES 2000) and by 2070, up to a 60%
decrease in winter rainfall (CSIRO 2005). This reduction in
rainfall is associated with changes in large scale atmospheric
circulation termed El Ni˜no Southern Oscillation events
(ENSO) that are driven by the greenhouse eﬀect and human
activity on a global scale (Risbey et al. 2009; IPCC 2014).
Climate modelling indicates that there will be a doubling in
the occurrences of ENSO-related extreme weather events in
response to global warming (Cai et al. 2014). The warmer
and dryer weather in southwestern Australia is reducing the
total carrying capacity of eucalypt woodlands and other
remnant native vegetation that provides habitat for a diverse
range of endemic species and ecological communities
(Saunders 1989; Bradshaw 2012; Mitchell et al. 2014).
Southwestern Australia is one of 34 global biodiversity
hotspots because it is rich in endemic species while particularly
threatened by vast stretches of agricultural land known as the
wheatbelt (Myers et al. 2000; Bradshaw 2012). Since European
settlement in the 1890s, over 93% of the native vegetation in
the central wheatbelt, including 97% of the salmon gum
(Eucalyptus salmonophloia), York gum (E. loxophleba) and
wandoo (E. wandoo) woodlands, has been cleared for
agriculture (Saunders 1989). Also, agricultural practices have
led to fundamental changes in nutrient inputs and hydrology
of remaining native vegetation which has also caused
physical, chemical and biological changes to woodland soils,
driving reductions in the abundance of soil and litter
dwelling invertebrates, which are a major food source for
many woodland birds (Watson 2011). Consequently, most of
the remnant native vegetation in the wheatbelt exists as
small, isolated patches and fragmented habitat that are
connected by narrow strips of vegetation (Hobbs 2002).
Despite such little native vegetation remaining, extensive bird
banding studies have shown an apparent ease of dispersal
between remnants using these narrow strips of vegetation,
B
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which can also be used as habitat (Ford et al. 2001). However,
it is still unclear which structural features of connectivity
facilitate movement and to what extent birds disperse
between habitat patches (Ford et al. 2001; Doerr et al.
2011). Whether a species will use a particular type of functional
connectivity or not, depends on a species dispersal capacity
(Brooker and Brooker 2002), interspeciﬁc competition (Ford
2011), species movement behaviour and how and at what
scales individuals search their landscapes for breeding or
foraging opportunities (Doerr et al. 2011).
Structurally, woodlands in southwestern Australia contain
trees with a projected foliage cover (PFC) of 10–30%, where
crowns do not touch and tree density is about 5–20 trees
per hectare (Harvey and Keighery 2012). However, for over
four decades, E. wandoo has shown an increase in crown
decline, which is characterised by a thinning of the foliage
that begins at the branch ends, progresses towards the trunk
(Close and Davidson 2004) and can eventually kill the tree
(DBCA 2021). It is caused by various aerial canker fungi,
which usually enter the tree at the site of mechanical
damage or insect attack (DBCA 2021), but had not been
noticed on a large scale until the mid-1980s, when it was
discovered to coincide with a decrease in annual rainfall
(Veneklaas and Manning 2007). Although there are 24
provenances of E. wandoo that grow within a range of
rainfall between 333 and 1016 mm (Dalmaris 2012), the E.
wandoo within the Dryandra woodlands have a climatic
range in between the isohyets of 400 mm and 600 mm, but
closer to the 600 mm isoline (Zdunic et al. 2012). Mercer
(2003) observed that this zone displayed the most severe
crown decline, with better health found in areas with higher
rainfall. Additionally, Brouwers et al. (2013) found isolated
and fragmented remnants of E. wandoo with a relatively
large perimeter/area ratio were declining because of a
negative fragmentation eﬀect, or edge eﬀects (Hobbs 2002).
This is where the edges of isolated fragments are exposed to
diﬀerent microclimatic, hydrological, nutrient, and chemical
exposures resulting in biotic changes when compared to the
interior of the fragment (Hobbs 2002). Eucalyptus wandoo
have developed speciﬁc survival mechanisms to cope with
drought and attack by insects or pathogens (Batini 2004;
Veneklaas and Manning 2007). The usual recovery from
drought and crown decline takes the form of vegetative
epicorms that sprout along the main branches after good
rains and eventually replenishes the tree (Veneklaas and
Manning 2007; Mercer 2008; Dalmaris 2012). However,
when a combination of negative impacts are sustained over
long periods of time, these adaptive defence mechanisms
are compromised and may fail (Batini 2004).
In order to assess the risks of catastrophic degradation and
species loss imposed on ecological communities, a knowledge
of environmental processes and of how species respond to
their environment is important (Austin 2002). As native
vegetation is dynamic and changes in response to seasons and
disturbances, a single time of observation may not reﬂect its
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true condition (Wallace et al. 2006), which includes the
changes it is undergoing. To accurately capture changes within
a landscape, observations at multiple points in time are
required and a time series of Landsat satellite imagery can
provide accurate information on changes in vegetation at
diﬀerent times and spatial scales (Wallace et al. 2006). The
Landsat Thematic Mapper (TM) satellite imagery allows
the detection of vegetation trends over time, utilising a
vegetation index produced from spectral maps with on-ground
reference points and an interpolation modelling procedure that
extrapolates the point based spectral data across the landscape
(Garkaklis and Behn 2009). This technique has been success
fully used to map forest cover in Western Australia, to examine
the dynamics of crown decline of E. wandoo in southwestern
Australia (Zdunic et al. 2012) and within the Dryandra
woodlands (Garkaklis and Behn 2009). To assess the response
of species to landscape and ecosystem change, avifaunal focal
species (Lambeck 1997) are useful ecological indicators
(Brooker et al. 2001; Doerr et al. 2011) that can inform of the
presence of other species (Leibold and Miller 2004) and, since
they are sensitive to vegetation structure (Saunders 1989),
including crown decline and changes in temperature and
rainfall (Saunders et al. 2013), they are appropriate surrogates
for assessing the impacts of climate change (Chambers
et al. 2005).
Our study began with the aim of exploring the landscape
genetics and population viability of declining avifauna in the
remnant old growth E. wandoo woodlands of Dryandra (Angel
2015). A mist-net trapping pilot study assessed diﬀerent ﬁeld
sites for a range of bird species and the most consistent
recapture rates across the range of E. wandoo within Dryandra,
was for the rufous treecreeper, RTC (Climacteris rufa) and the
yellow-plumed honeyeater, YPH (Ptilotula ornata). Therefore,
the selection of sampling sites and these two focal species was
based on the ability to gather enough ﬁeld data to generate
robust statistical analyses. Also, since previous ecological
studies presented evidence for diﬀerences in the foraging
strategies of these two species (Luck et al. 2001; Wilson and
Recher 2001), it provided an opportunity to ﬁnd a comparative
relationship with E. wandoo tree canopy cover.
The RTC is a resident, co-operatively breeding territorial
passerine (Luck 2002) that is generally sedentary after natal
dispersal (Ford et al. 2001). According to banding data, the
RTC has an estimated life expectancy of 11.5 years, with a
movement ability of 12 km (ABBBS 2021). This species
displays seasonal diﬀerences in foraging behaviour, but is a
predominately ground dwelling, insectivorous species that
forages dead wood, tree bark (Luck et al. 2001) and rarely
tree foliage (Recher and Davis 1998). Within Dryandra,
treecreepers are found near old growth E. wandoo trees that
contain adequately sized tree hollows required for nesting
(Rose 1993; Luck 2002), which can take between 150 and
180 years to form (DBCA 2021).
The YPH has been described as loosely colonial within the
Dryandra woodlands, (Wilson and Recher 2001), a rare
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vagrant in extensively cleared districts (Saunders and Ingram
1995) and displays edge avoiding behaviour in remnant
vegetation (Luck 1996). Banding data for the yellow-plumed
honeyeater indicates it has a movement ability of 94 km and
an estimated life expectancy of just over 9 years (ABBBS
2021). Within Dryandra, the distribution of the YPH depends
on relatively undisturbed habitat for foraging and has
preference for mature E. wandoo trees that provide a wide
variety of substrates (Wilson and Recher 2001). They
predominately forage by gleaning foliage arthropods in the
canopy of trees and to lesser extent bark and ﬂowers, when
nectar is available (Wilson 1997). Because these birds do
not occupy all available habitat and tend to follow the
temporal and spatial variation in local food resources, it is
likely that they respond to and utilise foods in diﬀerent
proportions in diﬀerent parts of their range (Wilson and
Recher 2001).
The eﬀects of climate change in southwestern Australia has
been seen in seasonal shifts in rainfall and an overall reduction
in rainfall, which, in combination with habitat loss and
environmental degradation, has reduced the amount and
quality of food available for many birds (Ford et al. 2001;
Watson 2011; Saunders et al. 2013). Consequently, where
environmental conditions have become unpredictable, some
birds have been forced to undertake movements outside
their home range to survive (Mettke-Hofmann 2017), wheres
other more habitat-speciﬁc species have diminishing popula
tion sizes with shrinking distributional ranges (Saunders
1989; Watson 2011). The YPH and RTC have disappeared
from fragmented districts but remain abundant in districts
with extensive areas of remaining habitat (Ford 2011).
In this investigation of the Dryandra woodlands, we aim
to establish a relationship between the variation in the
climatic environment, the observed eﬀects on tree canopy
decline and the population dynamics of focal woodland
avifauna. Long term rainfall data, a time series of satellite
imagery to monitor tree foliage changes and variation in
species apparent survival rates inferred from mist netting
captures and recaptures, provides the opportunity to explore
these relationships.
We thus take the opportunity to examine some of the eﬀects
of climate change, as exempliﬁed by the declining rainfall in
southwestern Australia, when applied to the avifauna of a
temperate and geographically isolated woodland, as demon
strated by the RTC and YPH.

Methods
Study area
The Dryandra woodlands comprises 10 individual blocks
with a combined area of 28 066 ha, which are the largest
native vegetation remnants in the central western wheatbelt
C
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(CALM 1995). These remnants contain 12 diﬀerent types of
vegetation communities including 800 native plants that
inhabit 24 mammal, 41 reptile, 8 frog and of the 98 bird
species (CALM 1995); not all are residents and as such,
some are found within a wider range (Saunders 1989;
Saunders and Ingram 1995). As E. wandoo trees are found
in gravelly or sandy loam (Harvey and Keighery 2012),
their distribution within the Dryandra woodlands varies
(Fig. 1). Our eight sampling sites are located within this
distribution (Fig. 2), since the RTC and the YPH prefer
E. wandoo habitat (Wilson 1997; Luck et al. 2001). Initially 12
sites were selected for a pilot study, but four were discarded
on the basis of not being able to capture enough individuals
for a robust statistical capture–mark–recapture analysis.

Rainfall data and analysis
Predictions of future annual rainfall was generated using the
IBM-SPSS® Time Series Modelling module (SPSS 2016).
A time-series is essentially a data set in which an observation
or measure is identiﬁed at the time at which it was taken.
Although such data can be treated as a series of independent
observations, the assumption of mutual independence is
seldom sustainable (Diggle 1990). Thus, time-series analysis
assumes a degree of dependence in the data, either from
cyclic phenomena or from correlations between adjacent
observations, and seeks to model trends and generate
predictions whilst accounting for any inherent cyclic or
seasonal eﬀects. The Holt’s linear trend time series model was
used to identify any linear trends in the data. This model uses
exponential smoothing (Diggle 1990) and is similar to an
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autoregressive integrated moving average (ARIMA) process
with no autoregression, but with two orders of diﬀerencing
and two orders of moving average. Holt’s linear trend model
is the most general of the available exponential smoothing
models and makes the fewest assumptions concerning
conditioning of the data. It does not assume seasonality in
the time-series, which, since the observations consisted of
annual total rainfall averaged over a number of sites, was
not to be expected. However, large-scale cyclic, climatic
events such as ENSO, which is known to have substantial
eﬀects on Australian rainfall patterns (Cai et al. 2014),
could be expected to produce serial correlations. Thus
a very general but non-seasonal model was considered the
optimum approach for modelling the data. We compared
the ﬁt of Holt’s model to a series of ARIMA models varying
in the orders of diﬀerence and moving average, and with
and without trend lines to establish if it did indeed represent
the best descriptive model of the time-series.
In addition, since the time series analysis did establish the
existence of a decreasing trend in the data, we undertook
further analysis of the time-series to establish if the trend
showed any increasing or slowing tendencies. A quadratic
regression model was ﬁtted to the time-series to establish any
signiﬁcant non-linearity in identiﬁed trends, i.e. whether a
quadratic function produced a signiﬁcant improvement in
ﬁt over a linear regression.

Tree foliage cover and analysis
The TM satellite information obtained from the Leeuwin Centre
for Earth Sensing Technologies (Supplementary material, Excel
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Fig. 1. Distribution map of Eucalyptus wandoo within the Dryandra woodlands shown in black. Constructed using
a botanical survey of the Dryandra woodlands (Coates 1993) and Arcview® GIS.
D

www.publish.csiro.au/pc

Paciﬁc Conservation Biology

Western
Australia

N
0

5

10

km

Dryandra woodlands

Skelton

Gura
Marri

Norn Baaluc Sth
Mangart
Turners
Bradford

Fig. 2. The location of sampling sites within the Dryandra woodlands.

sheet 2), provided an accurate and measurable description of
the E. wandoo canopy foliage in each of the 1 ha sampling
sites within the Dryandra woodlands (Fig. 2) between 1988
and 2010. This method applies a vegetation index (TM Band
3 + TM Band 5)/2, to spectral maps where, TM Band 3 is
the visible red waveband and TM Band 5 is in the shortwavelength infrared (SWIR) (Garkaklis and Behn 2009). The
pixel size is 25 m, with a resolution of at least several trees
and shrubs per pixel and several pixels per homogeneous
area (Garkaklis and Behn 2009). The index image from each
date is compiled into a sequence ﬁle and the imagery is
calibrated using a number of ground-truthed reference points,
to establish the percentage of actual crown cover (Garkaklis
and Behn 2009). The relationship between the averaged
spectral index values and observed crown cover estimate is
deﬁned by a regression equation, where the values are then
applied to the index image to relate the image reﬂectance to
the predicted PFC.
For the purposes of this study the spectral index image data
between 1988 and 2010 at each sampling site within the
Dryandra woodlands was used to estimate a PFC value for
each site in each year.

Bird mist netting data and analysis
A demographic study involving capture–recapture data was
used to ﬁrstly investigate the eﬀects of canopy cover on the
capture rates of RTC and YPH populations at the sites and
secondly to estimate the annual population apparent survival
rates, using a capture–mark–recapture model. It should be
noted that capture–recapture models of themselves cannot

distinguish between loss due to mortality and loss due to
emigration without additional movement data (White et al.
2002), and hence survival really measures the tendency of
individuals to be found within the same site and is generally
termed apparent survival.
Mist netting was conducted on ﬁve sampling occasions,
one during October in 2003, three during September,
October and November in 2004 and one in October 2007 in
eight (1 ha) replicate sampling sites within Dryandra (Fig. 2)
The sites were selected: (1) for their proximity to E. wandoo
trees; (2) their accessibility via available dirt tracks within the
woodlands; (3) the presence of RTC bird calls; (4) their
distribution across wandoo forest blocks at Dryandra to
ensure the captures broadly sampled the entire Dryandra
population; (5) a suﬃciently high recapture rate of the RTC
at each site established in a pilot study. In a capture–
recapture analysis, the accuracy of the population estimates
(in our case the apparent survival rate) depends critically
on the recapture rate (Pollock and Raveling 1982) and it is
important to ensure that this is suﬃciently high to produce
robust estimates. The eight sites selected from the pilot
study were considered to provide suﬃcient replication for
robust estimates. Each site was visited twice a day from
6 to 11 am and 4 to 7 pm where species were captured using
nine 12-m and three 9-m mist nets. Each captured individual
had an identiﬁcation band (metal ring) attached to its leg
before release. Thus, the trapping eﬀort was the same for
each site on each sampling occasion within each year.
A linear model was used to model the response of avifauna
to percentage E. wandoo foliage cover (SPSS 2016). The
model examined if canopy cover at each site within each
year was a signiﬁcant predictor of the number of RTC and
YPH captures from the mist-netting program. The annual
number of captures for each species was log-transformed
using log(x + 1) to stabilise the count data variance. The
speciﬁc model applied was a repeat measure analysis of
covariance since the captures at each site represented a
repeated, and hence an inherently potentially correlated,
variable across the years and the canopy cover at each site
within each year was the covariate of interest. The SPSS
‘MIXED’ command was used to set up the repeat measures
with year as the repeated factor. The counts from the three
sampling occasions in 2004 were averaged for each site to
ensure the same sampling intensity applied in each year
within sites.
The MARK® software program (White and Burnham 1999)
was used to estimate an apparent survival rate and was based
on the capture history of individuals between sampling
occasions. The data was analysed using the Cormack–Jolly–
Seber (CJS) model, which builds a multinomial distribution
of captures and recaptures for single aged, open populations.
One of the assumptions of this model is that the time between
sampling occasions is kept short to minimise deaths, recruit
ment and movement out of the study area (Williams et al.
2002). Another is that probability of capture and probability
E
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of loss should be the same for all individuals in the population,
and it is a pre-requisite to sample each population at least
three times (Southwood and Henderson 2000). The analysis
uses a parsimony procedure, which selects the smallest
possible number of parameters to model a situation that
maximises the probability of the observed data (Southwood
and Henderson 2000; Williams et al. 2002). The goodness
of ﬁt procedure uses sample data to investigate the mathe
matical structure of a distribution rather than using speciﬁc
values for its parameters (Williams et al. 2002). If there is
prior knowledge of the degree of emigration and hence the
value of a parameter describing the emigration rate can be
assumed, then true survival rather than apparent survival
can be estimated by the model (Williams et al. 2002).
However, in our case these data were not available and hence,
the apparent survival rates only were estimated. Because of
the unequal intervals between sampling periods, we
followed the robust design estimation procedure outlined
by Pollock and Raveling (1982), which uses a closed
population model for captures collected close together in
time (i.e. months apart in our case) and an open population
model to captures collected over greater time intervals (i.e.
several years apart in our case). This approach combines
Jolly–Seber estimators with closed population estimators to
reduce bias caused by unequal catchability and provide
estimators for parameters unidentiﬁable by the unmodiﬁed
CJS model alone.

Results
Rainfall forecast
Average annual rainfall measurements between 1905 and
2015 were collated from a total of 13 Bureau of Meterology
weather stations (Supplementary material, Excel sheets 3
and 4) across a range of 100 km, encompassing and including
the Dryandra woodlands (BOM 2016 [2015]). A time-series
analysis using Holt’s method produced a trajectory of
average rainfall from 2015 to 2145 (Fig. 3). The goodnessof-ﬁt statistics for Holt’s method in comparison with a suite
of other applicable ARIMA models are presented in Table 1.
The lowest normalised Bayesian information criterion (BIC)
value, highest stationary R2 (coeﬃcient of determination)
value and lowest mean absolute percentage error (MAPE)
value indicate that Holt's method is a much better ﬁt to the
data than the alternative models. Although the trend
identiﬁed by Holt’s method has wide conﬁdence limits, it
predicts average annual rainfall will fall below 400 mm by
2063 (Fig. 3), which is the minimum average rainfall in the
climatic range of E. wandoo in the Dryandra woodlands
(Zdunic et al. 2012).
When linear and quadratic regressions were applied to
decreasing average rainfall (Y) and time (X) sequence data
(Fig. 4), the quadratic curve was a signiﬁcantly better ﬁt to
the observed data. Although both regression models

Observed
Fit
UCL
LCL
Forecast

Average rainfall (mm)
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Fig. 3. Time-series analysis and forecast, using Holt’s linear trend model, of the average annual rainfall within a radius of
100 km from the Dryandra woodlands of Western Australia. A line of ﬁt to the trend, with upper (UCL) and lower (LCL)
conﬁdence limits are included. The broken horizontal line at 400 mm represents the minimum climatic range for E. wandoo
(Zdunic et al. 2012).
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Fit statistics comparing Holt’s model with comparable ARIMA models.

Fit statistic

Holt’s method

ARIMA models
(2,0,2)

2

Stationary R
MAPE

Normalised BIC

(2,1,2)

(1,0,1)

(1,1,1)

(0,0,1)

(0,1,1)

(1,0,0)

(1,1,0)

0.847

0.222

0.050

0.259

0.298

0.134

0.299

0.210

0.224

12.580

14.426

16.468

14.390

14.154

16.144

14.166

15.034

15.423

2.063

2.536

2.895

2.487

2.593

2.396

2.331

2.305

2.433

Note: The values in parenthesis refer to the order of differencing, the presence or absence of a trend-line, and the order of the moving average.
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Average rainfall (mm)
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have a similar ﬂuctuating pattern, with an overall declining
trend (Fig. 5). At site 3 (Skelton), the foliage cover did not
appear to recover after falling below 10% on several occasions.
The PFC from each sampling site was then averaged for every
year and a linear regression ﬁtted, which shows a signiﬁcant
decreasing trend in foliage cover with time between 1988
and 2010 (Fig. 5).
Since, similar to the average rainfall for the region, the
mean PFC was also observed to decline with time, we tested
for the occurrence of a signiﬁcant relationship between the
mean PFC and rainfall measurements. We found a signiﬁcant
linear relationship for average PFC and the previous year’s
total average rainfall (Fig. 6), but not the rainfall in the
current year (F1,14 = 0.164, P = 0.692) or the rainfall in the
winter months only of the previous year (F1,14 = 0.001,
P = 0.976).

Years from 1905

Bird captures in relation to tree foliage cover
Fig. 4. Average rainfall plotted against year with ﬁtted linear and
quadratic regression lines.

produced signiﬁcant ﬁts (Table 2), the quadratic model
produced a highly signiﬁcant decrease in the residual
variance over the linear model (F1,109 = 7.23; P = 0.008),
indicating an element of non-linearity in the trend and an
accelerating decline in rainfall. In addition, the ΔAIC value
for the linear regression was substantial, producing a very
low relative likelihood for this model as opposed to the
quadratic model which had a relative likelihood close to one.

Tree foliage cover trends and relationship to
rainfall
The PFC of E. wandoo from eight (1 ha) sampling sites within
the Dryandra woodlands between 1988 and 2010 appeared to
Table 2.

Using repeat-measures analysis of covariance, we found that
the foliage cover at each site was a signiﬁcant predictor of
YPH captures but not of RTC captures (Fig. 7). However, the
signiﬁcance of the trend-line slope was not high (P = 0.03),
indicating that the power of this analysis to detect eﬀects
was not particularly strong. Hence the lack of a signiﬁcant
eﬀect in the case of the RTC does not imply that foliage
cover is not a determining factor in this species’ abundance.

Bird capture–mark–recapture data and apparent
survival rates
Mist net trapping of the RTC over ﬁve sampling occasions
between 2003 and 2007 at eight sampling sites (Fig. 2),
resulted in 162 RTC individual captures and a recapture
rate of 16.66%. Mist net trapping of the YPH over the same
time and sampling sites, resulted in 216 individual captures

The equations, signiﬁcance and comparative good-of-ﬁt statistics for linear and quadratic regressions applied to the average rainfall.
Equation

R2

Signiﬁcance

ΔAIC

AIC
weight

Relative
likelihood

Linear

Y = 609.4 (±20.1) − 1.245 (±0.313)X

0.127

F1,109 = 15.821,
P = 0.00

7.600

0.022

0.022

Quadratic

Y = 583.1 (±30.59) + 0.151 (±1.261)X
− 0.012 (±0.011)X2

0.137

F2,108 = 8.856,
P = 0.00

0.000

1.000

0.978

G
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Fig. 5. The foliage cover (PFC) measured at each site within each year
between 1988 and 2010. The mean refers to the average of all site values
for a particular year. Since we can expect the cover at each site from
1 year to the next to be highly correlated, a signiﬁcant line of best ﬁt is
shown for the mean values only. The equation is: mean PFC = 18.69
(±1.32) − 0.255 (±0.087) year, measured from 1988 (F1,14 = 8.69;
P = 0.011). The sites are as follows: (1) Norn; (2) Mangart; (3) Skelton;
(4) Bradford; (5) Gura; (6) Marri; (7) Baaluc Sth; (8) Turners.
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Fig. 6. The relationship between the average foliage cover (the mean
PFC for all sites) and the average annual rainfall in the previous year. The
line of best ﬁt is signiﬁcant with regression equation: mean PFC = 3.55
(±5.10) − 0.024 (±0.011) previous year’s average rainfall (F1,14 = 5.061,
P = 0.041).

Fig. 7. The relationship between the percentage tree foliage
cover measured at each site in 2003, 2004 and 2007, and the logtransformed number of captures of (a) the yellow-plumed honeyeater
(Log YPH) and (b) the rufous treecreeper (Log RTC). The line of
best ﬁt was calculated using repeat-measures analysis of covariance
(ANCOVA) with Log YPH and Log RTC as the dependent variables,
cover as the independent covariate, year as the repeated factor and
site as the subject. The ANCOVA was signiﬁcant only in the case of
YPH where the line of best ﬁt is included with the equation:
Log YPH = 0.107 (±0.295) + 0.053 (±0.022)X cover (t13 = 2.43,
P = 0.030).

and a recapture rate of 12.03%. A test of association of the logtransformed capture data of RTC and YPH was conducted with
a Pearson correlation (two-tailed test) and found a correlation

coeﬃcient (r) of 0.539 (P = 0.007). Both species had a positive
(non-random) relationship to each other across sampling sites
and since the trapping eﬀort at each site was consistent, the
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relationship between species captures at each site was
signiﬁcant. Apparent survival rates for the RTC and YPH
were estimated to be 0.653 (±0.131) and 0.303 (±0.086)
with a 95% conﬁdence interval respectively.

Discussion
The results of this study demonstrate that, within the Dryandra
woodlands, there is a long term and continuing decline in
rainfall and that, in recent years, the rate of decline has
accelerated. Concomitant with the rainfall decline, the PFC
of E. wandoo across eight sampling sites has also declined. We
also found that the previous year’s annual rainfall is a predictor
of average foliage cover. Results from our mist net trapping
program show that the PFC at each site in each year was a
predictor of the number of YPH captured, but not a predictor
of the number of RTC. Finally, based on the feeding preference
for tree canopy insects by the YPH, opposed to the predom
inately ground foraging behaviour of the RTC, the impact of
PFC decline on woodland avifauna was assessed using data
from a capture–mark–recapture study. We found a substantial
diﬀerence in the apparent survival rate between the two
species, with the apparent survival of the YPH being approx
imately half that of the RTC. Overall, our results suggest that
some impacts of long term rainfall trends can be traced to
particular species in some instances through foliage cover
variation, but the responses between species to these changes
will diﬀer and depend on species-speciﬁc habitat requirements.
The time-series analysis of rainfall data (Fig. 3) forecasts
that average rainfall will continue to decline and by 2063,
permanently fall below an average 400 mm rainfall. The
decline in rainfall (Fig. 4) and forecast declining trend
(Fig. 3) is consistent with projected changes in rainfall for
southwestern Australia, using atmospheric CO2 stabilisation
at 550 ppm, according to the Wigley, Richels and Edmons
stabilisation curve (CSIRO 2005; Wigley et al. 1996) and the
more recent CMIP5 multi-model mean simulations of precip
itation over the globe in 2081–2100 relative to 1986–2005,
under the Representative Concentration Pathway 8.5-high
greenhouse gas emissions scenario (CSIRO 2015).
The spatial distribution modelling of E. wandoo conducted
by Dalmaris (2012), inferred that recent declines in drier
areas may represent contraction from areas of previous expan
sion during more mesic conditions since the last glacial
maximum (Hoﬀmann et al. 2019) approximately 21 000 years
ago (Nolan et al. 2018). Detailed management strategies and
restoration programs, such as climate adjusted provenancing
(Prober et al. 2015) and assisted gene migration (Aitken and
Whitlock 2013), have been proposed to mitigate the impact of
climatic range shifts (Hoﬀmann et al. 2019). However it is
unlikely that these strategies will be adequate, if the forecast
rainfall in Dryandra falls below an average of 400 mm by 2063
(Fig. 3), which is the minimum average rainfall in the climatic
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range for E. wandoo (Blakely) (Dalmaris 2012). Also, con
sidering E. wandoo are slow growing, can live to 400 years
and take 150–180 years to form tree hollows for nesting birds
(DBCA 2021), it is unlikely that regeneration of E. wandoo
from dryer rainfall areas will be able to mature and provide
suitable habitat within a short period of time. Studies
modelling future projections of climate impacts on the
native ﬂora of southwestern Australia, even under relatively
moderate climate change scenarios and optimistic assump
tions of species migrations, is likely to be large with wide
scale range contractions (Fitzpatrick et al. 2008). Yates
et al. (2010) also concludes that at some point in a
hotter and dryer climate, the climatic tolerances of many
species will be exceeded. Based on simulations from the
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report, using climate sensitivities from 2 to 4°C,
a complete biome shift is expected in southwestern Australia,
where woodlands may be transformed into shrublands by the
end of the 21st century (Bergengren et al. 2011).
PFC estimates from eight sites within the Dryandra
woodlands between 1988 and 2010 found a signiﬁcant
decline in PFC (Fig. 4). In a similar study, Zdunic et al. (2012)
also found a declining trend for E. wandoo for the same time
period. Interpolated rainfall data and area calculations
showed a gaining and declining trend but could not establish
the timing of these events (Zdunic et al. 2012). We found a
signiﬁcant relationship between annual PFC and the previous
year’s rainfall (Fig. 6) but not the current year’s rainfall.
Although Mercer (2008), also found no relationship between
the annual tree foliage cover of E. wandoo and annual average
rainfall, this study indicates the loss of foliage cover has
progressed over a longer term than that covered by the
satellite data and that it tends to be more impacted by the
longer term eﬀects of declining rainfall patterns.
In another study of eucalypt species growing in higher
rainfall areas in southwestern Australia (Smettem et al.
2013), found the average annual leaf area index (LAI) of
E. globulus, E. calophylla and E. diversicolor was linearly
related to mean annual rainfall, but interannual changes to
the LAI in response to rainfall was less than expected from
the long term trend. This buﬀered response was investigated
and attributed to the presence of deep soil moisture and
groundwater storage systems which are also impacted by a
reduction in seasonal rainfall (Smettem et al. 2013) and
have been dropping consistently by 0.05–0.48 m year−1 for
the last four decades (Hughes et al. 2012). Other experi
ments conducted by Barbeta et al. (2015) and Liu et al. (2018)
on groundwater dependent Mediterranean-type forests, have
shown that isohydric species experience increased crown
defoliation and synergistic mortality eﬀects during acute
drought if they have already experienced chronic drought.
The Dryandra woodlands are subject to: (1) a long term and
increasing decline in rainfall (Figs 3 and 4); (2) the loss of
foliage cover of E. wandoo associated with the longer term
eﬀects of declining rainfall (Fig. 6); (3) reduced groundwater
I
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availability (Hughes et al. 2012) combined with an expected
increase in drought and heatwave events (Mitchell et al. 2014;
Matusick et al. 2018). All these factors will have accumulative
impacts, that in other studies have shown to result in the
ampliﬁcation of crown dieback and tree mortality (Close
and Davidson 2004; Matusick et al. 2013, 2018).
Woodlands in southwestern Australia are deﬁned by trees
with a PFC of 10–30% (Harvey and Keighery 2012) and since
site 3 (Skelton) was not able to recover to 10% PFC from 2007
(Fig. 5), a closer examination of its geographic location within
Dryandra (Fig. 2), shows the site is situated on the apex of an
agricultural ﬁeld. This likely results in this site being exposed
to edge eﬀects which are known to profoundly impact the
microclimatic, hydrology and biota within it (Hobbs 2002),
including the crown decline of E. wandoo (Brouwers et al.
2013). These edge eﬀects, in combination with an overall
loss of foliage cover impacted by the longer term eﬀects of
declining rainfall (Figs 5 and 6), are the most likely reason
for the 5% PFC at site 3 (Skelton).
The impact of variation in PFC on the numbers of RTC and
YPH captured is shown in Fig. 7. The PFC was not found to be a
signiﬁcant predictor of RTC captures but was a signiﬁcant and
positive predictor of YPH captures. In the case of RTC there is
no evidence that a positive relationship exists between
number of captures and PFC, rather the ﬁtted line, though
not signiﬁcant and therefore not illustrated, had a negative
slope, indicating that the role of canopy cover as a possible
indicator of habitat quality is quite diﬀerent between the
two species.
This result may reﬂect major diﬀerences between the
foraging strategies and movement patterns of the species.
Though both feed largely on insects, RTC forages mainly on
the ground, with a lesser gleaning eﬀort on tree boles and very
little, only seasonal, foraging occurs in the canopy (Luck
et al. 2001). In contrast YPH forage mainly by gleaning and
probing foliage and bark within the canopy and also hawking
and hovering. (Wilson and Recher 2001). Despite being a
honeyeater, the YPH exhibited very little nectar feeding
although feeding on lerp and manna were recorded. The RTC
is a cooperative-breeding, territorial resident species (Luck
2002). At Dryandra, ﬁdelity to territory is high and dispersal
rates are low. In contrast, less is known about the movements
and territoriality of YPH at Dryandra, but Wilson and Recher
(2001) point out that they exhibit clumped distributions and
are gregarious, suggesting that they be described as loosely
colonial.
These patterns suggest that YPH abundance would more
strongly reﬂect variation in PFC, both between years and
between sites, on the basis that the quality of the habitat in
which it feeds (i.e. within foliage) varies on a more rapid
time-scale, with annual variation in cover reﬂecting directly
annual variation in the preceding year’s rainfall, and on the
basis that YPH exhibits greater movement to congregate in
sites retaining a higher habitat quality. Thus, numbers
decrease in sites exhibiting habitat quality loss when rainfall
J
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is poor and there is a general lessening of habitat quality and
hence available resources. Lindenmayer et al. (2019) in a
study of 13 species of birds in temperate woodlands in
south-eastern Australia identify variation in rainfall as a key
driver of increase of occurrence, especially in small-bodied
species, pointing out that higher rainfall can result in
resource pulses such as nectar, seeds and insect prey.
An indicator of the movement of the two populations was
the estimated apparent survival rates from capture–recapture
data using the CJS model for open populations. A preliminary
analysis of mist net trapping data found a greater number of
YPH to RTC captures. Since Log-transformed capture totals
of both species were signiﬁcantly correlated to each other
across sampling sites, this conﬁrmed that both species
were, to some extent, reﬂecting variations in density due to
common features of habitat quality rather than random
chance inﬂuencing the captures at any site. Between 2003
and 2007 the apparent survival rate estimate for the RTC
was 0.653 (±0.131) and 0.303 (±0.086) for the YPH. In a
previous study conducted in Dryandra between 1997 and
1999 by Luck (2000), the RTC survival rate was 0.77
(±0.06) for primary males and 0.75 (±0.05) for primary
females. There are no previous survival estimates for YPH
at Dryandra.
The survival values for RTC produced by this study from
capture–recapture, and by Luck (2000), using observation
of identiﬁable individuals at nests are suﬃciently close to
‘ground-truth’ the capture–recapture technique, and thus to
add credence to the low apparent survival rate of YPH.
Adult survival rates for temperate woodland passerines in
the Southern Hemisphere have generally been found to be
in the order of 0.75 (Rowley and Russell 1991), and we
consider it is highly unlikely that mortality alone is forcing
the YPH apparent survival estimate down to this extent,
especially since three separate years of data were involved.
Therefore, the most likely interpretation is that YPH
exhibited signiﬁcantly more movement than RTC. This does
not preclude some increased mortality in YPH as a conse
quence of declining habitat quality. However, if such low
apparent survival truly reﬂected only mortality and not
movement, we would not see the relatively high number of
captures at some sites in 2007 (see Fig. 7b), since such low
survival would have led to a population collapse over the
4 years from 2003. It is also likely that decreasing habitat
quality, reﬂecting declining PFC, would increase movement,
since, even in sedentary species, territories and foraging
distances would expand to accommodate a declining resource
density. Catastrophic collapse of PFC, such as that exhibited
by site 3 (Skelton), may well lead to a total dispersal since
resources densities for viable territories would likely not be
available.
The argument that movement produced the positive
association between YPH and cover, rather than increased
reproductive success in sites with higher habitat quality,
needs to be treated with care. Movement can certainly
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produce an association between habitat quality and density as
individuals move from lower quality habitat to higher, but it
eﬀectively buﬀers individuals in the short term from the
longer-term eﬀects of widespread habitat decline. Sedentary
species with rapid breeding can, just as quickly, produce a
strong association on the basis of annual variation in
habitat quality. A classic example was discovered in the honey
possum (Tarsipes rostratus) population of the Fitzgerald
National Park in southwestern Australia (Wooller et al.
1998), where the number of captures per 1000 trap nights,
over a 13 year period, was very strongly correlated with
rainfall in the preceding year. Wooller et al. (1998), point
out that honey possums are extremely sedentary and cannot
escape the nectar shortage brought on by low rainfall
by changing their diet from nectar or moving elsewhere.
The honey possum is short-lived, but produces young
throughout the year, and hence can increase rapidly as nectar
ﬂow increases. The question of why we do not see a similar
response in the more sedentary RTC is likely to be a
consequence of its feeding below the canopy, where the insect
resources available to it are less dependent on immediate
canopy growth and lerp and nectar production, and more
dependent on decaying detritus and litter. Consequently,
the impact on productivity of annual variations in rainfall
would be spread over several years. In addition, the
reproductive rate of both species, even under ideal conditions,
is substantially less than that of honey possums, who can
achieve breeding status very quickly because of their small
body size and rapid growth. For this reason also, movement
would be predicted to be a stronger determinant of the
positive response seen in YPH than is reproductive success.
But the above argument also depends upon the variability
in the magnitude of the diﬀerences between site foliage
cover from year to year. If the correlation with previous
years PFC (autocorrelation) is high within sites and therefore
the rankings of the sites with regard to cover tend not to
change from year to year even if the actual PFC values
change markedly, then the relationship will tend to be more
strongly driven by breeding success than by movement.
In this scenario, habitat quality ﬂuctuates from year to year,
but a consistently better site will sustain more successful
breeding of YPH than other sites, and there is no advantage
in dispersing in a poor year because the quality of
other sites will tend to fall pro-rata. Sites with a consistent
higher ranking in foliage cover will therefore consistently
sustain a higher number of individuals, and this will
provide the basis for the relationship. We therefore have
two mechanisms that might explain the relation found in
YPH: (1) dispersal of individuals to available sites usually
within the home range with a higher PFC; (2) consistently
higher quality sites that sustain more YPH despite the
vagaries of rainfall. These mechanisms are not mutually
exclusive.
The rankings of the sites in fact do exhibit a degree of
consistency (Fig. 5). For example, site 6 (Baaluc) has the
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highest (or joint highest) PFC in all 15 years, and site 4
(Bradford) is usually second. Site 3 (Skelton) has almost
always the lowest PFC and from 2007 onwards becomes an
outlier with a value in the region of 5%, most likely due
to edge eﬀects. In sites with PFCs closer to the yearly
average, however, the rankings do shift, indicating that the
degree of consistency is intermediate rather than absolute.
A substantial degree of within site autocorrelation is to be
expected since the population of trees bearing signiﬁcant
foliage will not change much from year-to-year but will
vary over a longer time scale. Shifts in the rankings
between sites may be driven by local variation in rainfall at
the scale of between site distances, and also by ongoing
shifts in the vegetation structure within sites. Until more
data are available on movement and dispersal in the case of
YPH we are not in a position to determine the relative roles
of movement vs year-to-year consistency in PFC values in
explaining why PFC values predict capture rates of YPH.
However, it should be borne in mind that recent
radiotracking data has revealed that breeding adults of
passerine species normally considered as residents with
clearly deﬁned territories and home ranges are capable of
forays substantially beyond their normal home range.
Doerr et al. (2011), in a study of functional connectivity
in a fragmented Australian woodland, attached radio
transmitters to ﬁve passerine species; three resident:
brown treecreepers (Climacteris picumnus), white-throated
treecreepers (Cormobates leucophaeus), eastern yellow robins
(Eopsaltria australis), and two considered semi-nomadic:
white-plumed honeyeaters (Ptilotula penicillata) and
fuscous honeyeaters (P. fusca). They found that, surprisingly,
the foray distances were largest in the brown treecreepers
(mean 1099 m, longest 2.6 km) than in the other species
(mean 545 m). A white-plumed honeyeater exhibited the
longest distance in the remaining species of 2 km, and all
ﬁve species tracked exhibited substantial foray distances.
On the basis of this, Doerr et al. (2011) suggest that
decision rules for movement in passerines have been shaped
by variability in the landscape and therefore movement
behaviour may be less species-speciﬁc than previously
assumed. It should also be noted that a molecular taxonomy
study of honeyeaters (Nyári and Joseph 2011) has established
that white-plumed honeyeaters and YPH are much more
closely related to each other than to other members of
genus Ptilotula and are thus likely to share some movement
characteristics.
Lindenmayer et al. (2019) point out that the occurrence of
woodland birds is inﬂuenced by habitat attributes, climate
and short-term weather, and that these drivers are likely to
interact, but are often considered separately and quantiﬁed
independently. Our study considers all of these factors in
terms of a long-term decline in rainfall, the short term
relationship between PFC and the previous year’s rainfall,
and the diﬀerent habitats strata inhabited by being a ground
feeder as opposed to a canopy feeder. Our results suggest that
K
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interactions between these factors do take place, and that
studies designed to examine the detailed impact of climate
change on the population dynamics and viability of species
need to have both long term local weather data sets and
long term local abundance data for individual species over
a number of sites to deal with habitat variability and its
interaction with long and short term climate variability. This
is an expensive ask in terms of research eﬀort, but if general
models of interactions underpinning climate change eﬀects
are to emerge, then this eﬀort is required. The payoﬀ would
be predictive models useful for a range of species and habitat
types in managing the conservation of species under a
changing climate. The 13 year multi-site and multi-species
study described by Lindenmayer et al. (2019) is an exemplar
of this approach.

Supplementary material
Supplementary material is available online.
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