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Abstract. Climate change has profound implications for biodiversity worldwide. To understand its effects on Australia’s
avifauna, we need to evaluate the effects of annual climatic variability and geographical climate gradients. Here, we use
national datasets to examine variation in breeding of 16 species of common and widespread Australian landbirds, in relation
to four variables: altitude, latitude, year and the Southern Oscillation Index. Analysis of >30 years of nesting records
confirmed that breeding was generally later in colder altitudes and latitudes (geographic variation), but was not consistently
related to year or the Southern Oscillation Index (temporal variation). However, power to detect expected temporal effects
was low. The timing of breeding became significantly earlier with year only in south-eastern Australia. In contrast, an index of
breeding activity (the proportion of atlas records for a species for which breeding was reported) increased with increasing
winter values of the Southern Oscillation Index (generally wetter conditions) forall 16 species across Australia. This suggests
that annual fluctuations in rainfall can have dramatic and immediate effects on breeding, even for largely sedentary,
seasonally breeding species. If, as expected, climate change creates drier conditions over much of Australia, we predict

a marked negative effect on bird breeding.
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Introduction

Globally, temperatures have warmed over recent decades, affect-
ing both human and natural systems, including the ranges and
phenology of species (Parmesan and Yohe 2003). However, most
information is from the northern hemisphere, with few studies
from the south (Rosenzweig et al. 2008). The two hemispheres
represent different ecological and climatic systems, which both
need to be better understood for a truly global understanding ofthe
effects of climate change. In Australia, and the southern hemi-
sphere generally, long-term biological datasets are rather rare
(Hughes 2003). However, for birds, which are good indicators
of environmental change (Furness and Greenwood 1993), both
long-term (>30 year) and continent-wide datasets are available for
Australia (Chambers ef al. 2005; Dunn and Weston 2008). This
provides a valuable opportunity to study the effects of climate
change in an austral climatic region. Bird breeding is especially
responsive to climate as it reflects productivity at lower trophic
levels (Nix 1976; Dunn 2004).

Climate projections for Australia indicate continued wide-
spread warming along with varying, and often uncertain, changes
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to rainfall patterns. Most of Australia can expect reduced soil
moisture in the future. Fires, heatwaves, floods and drought are
expected to increase in frequency, whereas frosts and snow will
become less common (IPCC 2007; Pearce et al. 2007). However,
to document the biological effects of climate change across an
entire continent, it is important to first account for the potential
effects of annual climatic variability and geographical gradients
in temperature (Dunn and Winkler 1999).

Climatic variation affects the timing of breeding in birds. In
Australia, as elsewhere, birds breed later at higher altitudes (Frith
1984) and at higher (i.e. closer to the poles) latitudes (Baker
1939). This is commensurate with temperature decreases of
~().7°C for each 100 m of elevation (Galloway 1988) and ~0.8°C
per degree of latitude southwards observed in New South Wales
(NSW) (Bureau of Meteorology, unpubl. data). Warming tem-
peratures over time, owing to anthropogenic climate change
(IPCC 2007), have led to earlier breeding in many bird species
in the northern hemisphere (Parmesan and Yohe 2003). However,
despite Australia warming by 0.7°C over the last century (Pittock
2003), similar to the global average (IPCC 2007), it is unclear
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whether earlier breeding is widespread in Australian birds
(Norment and Green 2004; Chambers et al. 2005, 2008; Rosenz-
weig et al. 2008). The Southern Oscillation Index (SOI) may also
be associated with the timing of breeding in birds, either through
temperature or rainfall effects. Earlier breeding in the Australian
Magpie (Cracticus tibicen) in NSW was correlated with increas-
ing SOI (Gibbs 2007), consistent with SOI-related increases in
minimum temperatures in winter. However, the potential effects
of the SOI on the timing of breeding at a broader scale remain
unclear, as SOI-temperature correlations are diurnally, season-
ally and spatially variable (Jones and Trewin 2000).

Although the timing of breeding is an important and well-
studied phenomenon (Dunn 2004), other aspects of breeding may
also be influenced by climate. In particular, breeding participa-
tion, individual reproductive effort, breeding success and breed-
ing density are likely to be affected. There is evidence that
breeding participation varies markedly between years in a variety
of species and habitats (Pitelka et al. 1955; McKelvey et al. 1993;
Browne et al. 2005; Wright et al. 2009), yet possible effects of
climate change on breeding participation have received little
attention (Carey 2009). Bird atlassing data can provide an index
of'the relative amount of breeding activity, as they include records
of both breeding and non-breeding birds. One such index was
strongly related to both SOI and latitude in the Australian Magpie
in NSW (Gibbs 2007).

Despite much variation in life-history and behaviour, all
birds have similar basic requirements for survival (e.g. food,
water, shelter and warmth) and thus we can expect some general
relationships between breeding and climatic patterns. For this
analysis, we chose 16 common and widespread species of
Australian landbirds and related their breeding data to four
climatic variables that allowed simple, meaningful and consistent
analyses at a continental scale. These climatic variables primarily
represent spatial gradients in temperature (i.e. altitude and lati-
tude), the recent warming trend (year), and rainfall variability
(the SOI). Unlike seasonal or annual averages of temperature and
rainfall, these variables are logically independent, they separate
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long-term (geographical) variations from short-term (temporal)
variations in climate, and are fairly simple to obtain and interpret.
We predicted for these common terrestrial species that:

(1) the timing of breeding will become later with increasing
altitude and with latitude southwards, and become earlier
over time as a result of the warming trend,

(2) generally there will be more breeding activity when the SOl is
higher (i.e. in wetter years);

(3) the strength of these relationships will differ between species
and regions, with stronger trends towards earlier breeding
in cold regions and stronger relationships with SOI in drier
regions.

We test these predictions by using a multivariate analysis of
breeding data for the 16 species of landbirds at a continental scale,
followed by more detailed regional analyses.

Methods

For this systematic analysis of 16 species of common Australian
birds (Table 1), we refined analytical techniques developed
during previous studies of the relationship between climate and
breeding for the Australian Magpie (Gibbs 2007) and Masked
Lapwing (Vanellus miles) (Chambers ez al. 2008). The 16 species
were selected primarily on the basis of the availability of data,
while excluding species (such as waterbirds) that require specia-
lised analysis (Chambers and Loyn 2006). Seven geographical
regions in Australia, defined by biogeographical properties and
availability of data (Fig. 1), were used to assess regional variation.
Evidence of breeding is defined here as a nest containing eggs,
young or a brooding bird, or a nest to which birds repeatedly
deliver food, or a newly-fledged dependent young near a nest.
Foreach species, we obtained continent-wide data on breeding
from databases developed and maintained by Birds Australia
(Melbourne): Atlas 1 — the first Atlas of Australian Birds, con-
ducted 1977-81 (Blakers et al. 1984); Atlas 2 — the second and
continuing Atlas of Australian Birds, 1998-2007 (Barrett et al.

Table 1. The 16 species of Australian landbirds considered in this study and selected ecological characteristics
Information is from the Handbook of Australian, New Zealand and Antarctic Birds, volumes 3—7 (Higgins and Davies 1996; Higgins 1999; Higgins ef al. 2001,
2006; Higgins and Peter 2002). Scientific names follow Christidis and Boles (2008). Weight given is indicative only; clutch-sizes are means

Common name Scientific name Diet Weight (g) Clutch-size
Crested Pigeon Ocyphaps lophotes Granivore 200 2.0
Galah Eolophus roseicapillus Granivore 330 3.7
Welcome Swallow Hirundo neoxena Insectivore 15 3.7
Grey Fantail Rhipidura albiscapa Insectivore 8 2.7
Willie Wagtail Rhipidura leucophrys Insectivore 18 3.1
Magpie-lark Grallina cyanoleuca Insectivore (+ seeds) 85 3.8
Yellow-rumped Thornbill Acanthiza chrysorrhoa Insectivore (+ seeds) 9 3.2
Superb Fairy-wren Malurus cyaneus Insectivore (+ other) 11 33
Noisy Miner Manorina melanocephala Omnivore—nectarivore 75 2.9
Red Wattlebird Anthochaera carunculata Nectarivore (+ insects) 110 2.0
Noisy Friarbird Philemon corniculatus Nectarivore (+ insects) 109 3.0
Pied Currawong Strepera graculina Omnivore 300 3.1
Australian Magpie Cracticus tibicen Insectivore (+ other) 285 33
Common Blackbird Turdus merula Omnivore 100 3.5
House Sparrow Passer domesticus Granivore (+ other) 29 4.1
Common Starling Sturnus vulgaris Omnivore 88 4.6
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Fig. 1. Geographical regions used for regional analyses of breeding in Australian landbirds. Koeppen climate zones are
also shown (see http://www.bom.gov.au/climate/environ/other/kpn.jpg, accessed 7 September 2011). Note that the Central
Western region had too few records to be included in analyses. Regions were: N, Northern; NE, North-eastern; CE, Central-
eastern; SE, South-eastern; Tas., Tasmanian; SW, South-western; CW, Central-western; and C, Central.

2003; Dunn and Weston 2008); and the Nest Record Scheme
(NRS), which began in 1963. For a subset of eight species, data
were obtained for NSW from the NSW Atlassers Inc. (NSW
Atlas). These four datasets covered the breeding years (May—-
April) of 1977-1983 (6 years; Atlas 1; including some data
collected outside of the formal Atlas period by the Arthur Rylah
Institute in Victoria); 1998-2007 (9 years; Atlas 2), 1963-99
(35 years; Nest Record Scheme) and 1977-99 (22 years; NSW
Atlas).

Avian atlases record the distribution of bird species and
whether breeding was observed. The NRS records more detail
of each breeding event but, unlike atlassing data, has no inde-
pendent measure of survey effort. Hence, the NRS and atlassing
data provide complementary information on breeding. The three
atlases have some differences in the survey data: Atlas 2 has more
short surveys (2 ha, 20 min), whereas in the Atlas 1 and NSW
Atlas, surveys of 10’ grid-blocks over many days, or even weeks,
are more typical. The strengths and limitations of each dataset
were considered carefully before analysis (e.g. in setting the
minimum number of records required).

All of the bird data considered in this paper were collected by
volunteers (Weston et al. 2006), and are subject to various biases,
including seasonal variation in survey effort, geographical
clumping of records, variation in observer behaviour between
individuals and over time, and a bias towards surveying good
birding spots. Such biases may differ between datasets. However,
there is no reason to suspect that any such biases systematically
affected results in relation to the variables of interest.

Response variables
Timing of breeding

The NRS data provide the most precise and interpretable
estimate of the timing of breeding: an estimate of hatching date
based on the mid-point between the last record of eggs and the first
record of nestlings or, where this was not available, the last record
of'eggs (Griffioen 2001). This method retains most of the data, yet
improves temporal specificity over, for example, mean reporting
date. Days were numbered consecutively from 1 (1 January) to
365 (31 December), with both 29 February and 1 March num-
bered 60; 365 was then added to all days <120. The latter was done
to account for breeding extending across calendar years and
represents a ‘breeding year’ starting on 30 April, a date when
little breeding activity occurred in all 16 species. In general,
breeding seasons were discrete (late breeding from one year did
not overlap with early breeding in another), but breeding dates
varied greatly. Few data could be identified as known first
clutches, so data from all breeding attempts were included. Even
so, breeding dates showed only occasional bimodality (e.g. in
some species in some years in south-western Australia).

An index of breeding activity

The relative amount of breeding activity (Br-index) was
defined for a species as:

Br-index = number of breeding records - number of

breeding and non-breeding records
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It was based on atlas records only, as it could not be calculated
for the NRS data, which did not contain non-breeding records. Br-
index is a useful measure because it largely separates changes in
breeding activity from seasonal changes in population size or
survey effort. Its suitability was confirmed in various ways, for
example, plotting Br-index by month across the year reflected
expected seasonal patterns in breeding activity (Gibbs 2007).

When calculating Br-index, all data for the breeding year
(May to April) were included, as this produced a similar result to
using monthly or seasonal data, but could be applied consistently
across species regardless of the length or timing of their breeding
season. Splitting the data into regions, despite the large size of
the regions, resulted in small sample sizes for some species and
regions. Consequently, for regional analyses, we included only
those species x region combinations for which data from every
year, or all but one year, had >500 non-breeding records or >10
breeding records.

Variables representing climatic patterns
Altitude

Altitude was estimated for each survey location by using the
nearest grid-point in the GEODATA 9 Second Digital Elevation
Model (DEM) Version 2 (Geoscience Australia, Canberra).
Where the grid-point fell over sea, but near land, an altitude of
sea level was assumed. The accuracy of altitude estimates varies
with steepness of terrain and accuracy of geocoding of survey
locations, but the DEM grid-scale (9”) implies that estimated
altitudes are provided by the DEM for a point within a 150-m
horizontal radius of any given location.

Latitude

Latitude is stored in each dataset in decimal format. NRS data
are specified to the nearest minute of latitude and longitude, but
for Atlas 1 many surveys spanned 10" grids and some covered
even larger areas. For Atlas 2, most surveys were of small areas
(e.g. 2ha) and accurately geocoded, but some surveys covered
larger areas (rarely, up to 5-km radius). There was no reason to
suspect systematic biases in observations owing to survey type,
with respect to the explanatory variables, so all survey types
were included.

Year

Trend over time was represented by the breeding year, be-
ginning 30 April. For example, the year from May 1990 to April
1991 was represented as ‘1990°.

Southern Oscillation Index (SOI)

Monthly SOI values were obtained from the Australian
Bureau of Meteorology (http://www.bom.gov.au/climate/cur
rent/soihtm1.shtml, accessed 7 September 2011). A ‘winter’ SOI
value (SOI-W) for each year was derived by averaging the SOI
values for June, July and August. These months represent con-
ditions before, and during, the initiation of breeding.

Statistical analyses

We performed linear regression modelling of the timing of
breeding and logistic modelling of Br-index, using the general-
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ised linear models procedure in PASW Statistics Version 18
(formerly SPSS, SPSS Inc., Chicago, IL). Each response variable
was modelled in relation to four continuous explanatory variables
(altitude, latitude, year and SOI) in a single main-effects model.
Each of the 16 bird species was modelled individually. We also
modelled all 16 species together, using a mixed model in which
species was included as a categorical random factor.

For logistic modelling of Br-index in relation to the explan-
atory variables, the data were treated as a binary variable: that is,
each observation was represented as either a breeding record (=1)
or a non-breeding record (=0).

In addition, we performed regional analyses to examine
further two particular relationships: the relationship between
timing of breeding and year, and that between Br-index and
SOL. For the former, to identify temporal trends in the timing of
breeding by region, we first accounted for the effects of altitude
and latitude by taking the residuals from a continent-wide re-
gression of the timing of breeding against altitude and latitude.
We then regressed the residuals against year for each region. To
examine the relationship between Br-index and SOI by region,
we combined data from Atlas 1 and Atlas 2, including ‘Atlas’ asa
random factor to account for differences in survey methodology.
We performed a logistic regression for each region.

Many statistical tests were performed and so some significant
results may have occurred owing to chance alone (Rice 1989;
Moran 2003). There are good reasons not to make any formal
corrections for this (Moran 2003), but the P values should
be interpreted in this context. The underlying data were not
sampled randomly and therefore the results document a
‘population’ of similar possible surveys, rather than, for example,
populations of all breeding birds in Australia. These limitations
were unavoidable.

Results
Timing of breeding

Across the 16 species, the timing of breeding tended to be later at
higher altitudes and at more southerly latitudes, but was not
consistently related to either SOI or year (Table 2). Altitude was
significant for 10 species, which bred later by 1.5-5.8 days per
100 mincrease in altitude. Latitude was significant for 12 species,
of which 11 bred later further south (range 4.7 days later to
1.3 days earlier per degree southwards). Trends over time (year)
were significant for three species only (two later, one earlier) and
SOI-W was significant for two species: one positive, one negative
(Table 2). Across all 16 species, breeding became earlier by
0.05 days per year but this was not statistically significant
(P=0.3).

Timing of breeding — temporal trends within regions

Of 60 combinations of species x region investigated, only 16
showed significant trends in the timing of breeding with year
(Table 3). Nine were of earlier breeding and seven of later
breeding (Table 3). For the South-eastern (SE) region, where
over half of all nest records originated, there were five significant
relationships, all for earlier breeding (0.4—1.2 days per year), with
a significant trend across all 16 species of 0.2 days per year earlier
(Table 3). The Central Eastern region (CE) also had substantial
data, but showed no significant trend overall (two earlier and one
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Relationships between the timing of breeding and altitude, latitude, year and winter SOI (SOI-W) for 16 species of Australian landbirds

Values are coefficients (+ s.e.). Sample size (V) and significance values (P) also are given. Effect sizes (coefficients) are bold when significant at the P <0.05
level. For altitude (days per 100 m), positive values imply later breeding at higher altitudes; for latitude (days per degree of latitude), negative values imply later
breeding at more southerly latitudes

Species n P Altitude Latitude Year SOI-W
Crested Pigeon 897 <0.001 4.4+1.6 —42+1.0 —0.1+£0.3 0.4+0.3
Galah 261 <0.001 1.5+0.7 —4.1+0.5 0.0+0.2 -0.3+0.2
Welcome Swallow 2716 <0.001 1.7+£0.3 -3.4+0.2 —0.1+0.1 0.0+0.1
Grey Fantail 953 <0.001 3.2+03 -2.9+0.4 0.0+0.1 -0.1+0.1
Willie Wagtail 2357 <0.001 2.6+0.3 -1.2+0.2 -0.2+0.1 0.0£0.1
Magpie-lark 1199 <0.001 1.8+0.5 1.3+0.3 -0.2+0.2 -0.1+0.2
Yellow-rumped Thornbill 1098 <0.001 3.3+0.6 -2.3+0.5 0.5+0.2 0.1+0.1
Superb Fairy-wren 916 0.179 0.8+0.5 -1.1£0.5 -0.1£0.2 —0.1£0.1
Noisy Miner 412 <0.001 1.3+1.2 -2.3+0.5 —0.1+0.2 0.6+0.2
Red Wattlebird 391 <0.001 5.8+0.7 —4.7+0.9 0.9+0.3 0.3+0.2
Noisy Friarbird 249 <0.001 2,605 —0.6+0.7 0.0+0.2 —0.1+£0.2
Pied Currawong 191 0.010 0.9+0.5 04+04 -0.3+0.2 0.3+0.2
Australian Magpie 712 <0.001 1.8+£0.3 —0.6+0.3 0.1+0.1 0.0+0.1
Common Blackbird 1183 0.275 -0.2+0.5 -0.3+0.6 -0.1+0.2 —0.2+0.1
House Sparrow 242 0.001 0.8+1.6 -13+1.0 —0.7+0.3 03+0.2
Common Starling 497 <0.001 0.4+0.7 -2.8+0.6 0.3+0.2 —0.1£0.1
All species 14274 <0.001 2.1+0.14 -1.7+0.11 —0.05+0.05 0.01+0.04

Table 3. Temporal trends in the timing of breeding by region, based on data from the Nest Record Scheme
Values are coefficients (+ s.e.), which represent effect sizes (days per year), and are presented in bold when significant at the P <0.05 level. Regions are defined

in Fig. 1
Species C CE N NE SE SW Tas.
Crested Pigeon -0.5+£0.9 1.3+0.9 —0.1+1.3 -0.5+0.4
Galah 0.3+£0.3 0.0+0.3
Welcome Swallow 1.8+£0.7 —0.6+0.2 —0.5+0.8 —0.4+0.2 0.5+0.3 0.2+0.5
Grey Fantail 0.0+0.4 -0.1£0.2 1.3+0.5 0.7+0.5
Willie Wagtail -1.5+0.5 0.2+0.2 1.2+1.6 0.4+0.5 —0.4+0.1 0.5+0.3
Magpie-lark -3.0+0.9 02+04 0.7+1.2 —0.1£0.5 —0.5+0.2 2.6+0.5
Yellow-rumped Thornbill -1.3+1.0 -0.4+0.4 0.3+£09 0.0+£0.2 1.4£0.5 —0.1+1.2
Superb Fairy-wren 0.2+0.4 1.3+1.2 -0.1£0.2 -1.5+£0.9
Noisy Miner -1.3£0.5 1.2+0.6 0.1+0.3
Red Wattlebird 1.7£0.6 0.4+0.3 22+0.8
Noisy Friarbird 0.6+0.4 0.3+0.6 -0.3+0.4
Pied Currawong 0.0+£0.3 -1.2+0.4
Australian Magpie 0.2+0.7 0.7+0.7 -0.9+0.7 0.0£0.1 0.5+0.4
Common Blackbird -0.2+0.2 1.5+0.6
House Sparrow —0.6+£0.2
Common Starling 1.8+1.8 0.1£0.2 -0.5+0.8
All species —0.5+0.3 0.0+0.1 0.5+0.8 0.3+0.2 —0.2+0.1 0.9+0.2 0.3+0.3

later out of 13 species). In the South-western (SW) region, all four
significant results were for later breeding (Table 3). This latter
result may not be representative because most NRS data for the
SW region are from one study near Manjimup (34°19’S,
116°09'E) (Chambers 2008) which differs in climatic character-
istics from other parts of the SW region (Majer and Koch 1982).

Relative amount of breeding activity (Br-index)

Of the three atlas datasets, Atlas 2 had the most comprehensive
‘geographical’ data on Br-index (9 years of continent-wide data)

whereas the NSW Atlas had the best ‘temporal’ data (22 years
continuous data). We performed logistic regression modelling of
breeding activity against altitude, latitude, year and SOI-W
independently for each dataset: Atlas 2 (Table 4), NSW Atlas,
and Atlas 1 (Accessory publication Tables Al and A2 respec-
tively, see http://www.publish.csiro.au/?act=view_file&file_id=
MU10083_AC.pdf).

For Atlas 2 data, breeding activity for most species was greater
at higher altitudes, at more southerly latitudes and in years of
positive SOI-W (Table 4). For the NSW Atlas, it was generally
greater at higher altitudes, at more northerly latitudes, in
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Table 4. Relationships between breeding activity and altitude, latitude, year and SOI-W
Values are coefficients (+s.e.) for altitude, latitude, year and the SOI-W for each species (using Atlas 2 data). Values in bold are significant at the 2 < 0.05 level.
Effect sizes (coefficients) represent changes in the log odds of breeding being recorded in an Atlas survey given that the species was recorded (x 10 000 for altitude
(m)and x 100 for other variables for display purposes). For latitude, negative values imply more breeding at more southerly (i.e. more negative) latitudes. Most data
are from eight seasons (May 1998—April 2007)

Species N P Altitude Latitude Year SOI-W
Crested Pigeon 80260 <0.001 44+1.2 —-4.3+0.6 09+1.8 4.0+0.6
Galah 107877 <0.001 1.9+1.1 —0.6+0.5 2.7+1.6 3.8+0.6
Welcome Swallow 99 899 <0.001 11.0+0.8 -8.7+£0.5 -19+14 2.7+0.5
Grey Fantail 93912 <0.001 2.8%1.1 -5.4+0.7 -2.5£23 3.9+0.7
Willie Wagtail 134605 <0.001 4.1+0.8 -5.5+0.3 2.1+1.2 4.1+0.4
Magpie-lark 127263 <0.001 -2.6£0.9 -2.9+0.3 4.1+1.2 4.6+0.4
Yellow-rumped Thornbill 46984 <0.001 —4.2+14 0.8+0.9 3.1+2.0 3.5+0.7
Superb Fairy-wren 90274 <0.001 5.0+0.9 0.4+0.7 3.3+1.6 5.3+0.6
Noisy Miner 59960 <0.001 -15.8+1.4 —4.3+0.5 -1.7+1.5 1.3+0.5
Red Wattlebird 83424 <0.001 -1.2+0.9 -8.8+1.0 -3.6£1.5 2.5+0.5
Noisy Friarbird 28368 <0.001 6.0+£1.4 -2.9+0.9 9.5+£2.7 6.5+1.0
Pied Currawong 49341 <0.001 53+0.9 —-4.9+0.8 10.2+2.2 6.8+0.8
Australian Magpie 164376 <0.001 4.5+0.6 —4.0£0.3 0.84+0.9 2.9+0.3
Common Blackbird 42482 <0.001 -1.6+1.5 -5.9+1.2 -14.8+2.2 2.0+0.7
House Sparrow 46718 <0.001 24+1.4 -5.5+0.7 -2.5£2.2 5.1+0.7
Common Starling 63 882 <0.001 8.4+0.9 -6.5+£0.7 0.7+1.6 3.6+0.5
All species 1319625 <0.001 2.7+0.2 —4.3+0.1 0.6+0.4 3.7+0.1
earlier years and in years of positive SOI-W (Table A1). For Atlas Discussion

1 data, the ‘effect’ of latitude varied markedly between species
(Table A2). Taken together these results suggest that the ‘effect’
of latitude was not consistent over time and space. Individually,
data from Atlas 1 and 2 were of too short duration to separate
effectively year and SOI, or to thoroughly examine trends over
time (Atlas 1 and 2 contained only 6 and 9 years of data
respectively). Despite these issues, in all datasets breeding ac-
tivity was significantly positively associated with SOI-W
(Tables 4, Al, A2). Calculating just the effect of SOI-W (from
the multivariate model of Atlas 2 data, holding all other variables
at their mean value) breeding activity values were 3.3 times
greater at the highest SOI-W value recorded during the study
period compared with that at the lowest SOI-W value.

Relative amount of breeding activity — effect of SOI-W
by region

To check for regional variation in the relationship between
breeding activity and SOI-W, we analysed SOI-W alone. This
is because the effects of latitude, altitude and year on Br-index
were not consistent (either across species or between datasets),
in contrast with SOI-W. To maximise the number of years of
continent-wide data, Atlas 1 and 2 data were combined and
‘Atlas’ was included as a random factor in logistic regression to
account for differences in survey methods.

This mixed model indicated that the relationship between Br-
index and SOI-W was remarkably consistent in direction across
all regions: it was positive in all 62 species x region combinations
for which there were >5000 records, and significantly so for 40 of
them (Table 5). However, effect sizes varied between regions
(range 1.7—4.0; Table 5). A cross-check using yearly proportions
(i.e. a linear, rather than a logistic, mixed model) gave similar
results.

We used national datasets to examine variation in breeding of
16 species of common and widespread Australian landbirds in
relation to altitude, latitude, year and SOI. As predicted, the
timing of breeding became later with increasing altitude and
latitude southward, but there was not a significant relationship
with year or SOI-W. The only trend towards earlier breeding over
time (year) occurred in the relatively cooler SE region. Consistent
with predictions, there was greater breeding activity when the
SOI-W was higher (i.e. in wetter years).

Timing of breeding

At a continental scale, the trend for later breeding at higher
altitudes and further south (i.e. towards the pole) is consistent
with previous studies (Baker 1939; Marchant 1974; Ojanen et al.
1979; Marchant and Fullagar 1983; Meijer et al. 1999; Both and
Marvelde 2007). These results in relation to geographical gra-
dients in temperature suggest that future warming will influence
the timing of breeding in Australian birds. However, the timing
of breeding was not consistently related to year or SOI-W
(Table 2). The high variability that characterises the Australian
climatic system (Steffen et al. 2009) makes it difficult to detect
small trends. Nonetheless, because clear responses to climate
warming have been reported internationally (Crick et al. 1997;
Crick and Sparks 1999; Dunn and Winkler 1999), it could be that
Australian birds have responded less strongly. This may be
because winter temperatures over much of Australia are not
particularly cold (relative to the northern hemisphere), because
conditions are drier, or because recent climate warming in
Australia is weaker than in the places where strong biotic
responses have been reported (IPCC 2007).
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Table 5. Regional relationships between breeding activity and SOI-W for 16 species of Australian landbirds
Values are coefficients (% s.e.). Models were undertaken for each species x region combination for which there were >5000 records. Effect sizes (coefficients)
represent changes in the log odds of breeding activity being recorded, given that the species was recorded, per unit of SOI (x 100 for display purposes). Values
significant at the P<0.05 level are shown in bold. Regions are defined in Fig. 1

Species C CE N NE SE SW Tas.
Crested Pigeon 0.9+0.9 2.6+0.7 1.0£0.6 2.7£0.5

Galah 4.6+0.7 3.6+0.7 1.9+0.9 3.2+04 1.5+1.0

Welcome Swallow 3.8+0.9 29+0.5 2.7+0.7 2.4+0.3 0.7+0.7

Grey Fantail 3.3+0.8 4.0+1.5 1.8+£0.4 1.9+0.9 1.4+1.2
Willie Wagtail 52+0.7 1.8+£0.4 41+1.5 1.3+0.5 3.1+0.3 1.6+0.6

Magpie-lark 4.4+0.6 2.2+04 0.9+1.0 1.9+0.5 3.0+03 1.9+0.7

Yellow-rumped Thornbill 3.8£1.0 27+0.8 2.5+04 2.3+0.7

Superb Fairy-wren 2.2+0.6 1.1+0.8 3.0+£0.3 2.2+0.9
Noisy Miner 1.1+£0.5 1.2+0.6 1.3+£0.4

Red Wattlebird 0.0+£0.8 2.7+0.3 1.5+0.7

Noisy Friarbird 3.3+0.8 33+09 2.6+0.9

Pied Currawong 3.0+0.7 3.5+0.9 0.8+0.6

Australian Magpie 3.8+0.7 1.4+0.4 1.8+0.5 2.6+0.2 1.6£0.6

Common Blackbird 3.1+0.3

House Sparrow 1.0£0.8 3.6+0.3

Common Starling 3.2+0.6 3.1+0.3 1.3+0.7
All species 4.0£0.2 2.1+0.1 1.8+£0.6 1.8£0.2 2.7+0.1 1.7£0.2 1.8+£0.3

Timing of breeding — temporal trends within regions

Temporal trends in the timing of breeding at a regional level were
uncommon and limitations of the data were strongly evident. In
the SE region, which had by far the most data (8542 records),
breeding became significantly earlier (0.23 days per year) across
the 16 species, concurrent with a significant increase in winter
minimum temperatures (0.24°C per decade). The CE region also
had much data (2675 records) but no overall trend towards earlier
breeding was evident. The trend towards later breeding in the SW
region was unexpected. However, in this and the remaining
regions a large proportion of the available data were by single
observers over limited time-spans (see Table A3). Thus, data from
these regions might be better analysed from a more local per-
spective, but this was beyond the scope of this study.

Timing of breeding and the adequacy of data

If one assumes a temperature decrease of ~0.7°C per 100 m of
elevation (Galloway 1988) and ~0.8°C per degree of latitude
southwards, as recorded for NSW (Bureau of Meteorology,
unpubl. data), then breeding became 3.0 and 2.1 days earlier per
degree of temperature change across the altitudinal and latitudinal
gradients respectively. If these values are applied to temperature
changes over time in each region (see Table A3), an effect size of
only 0.2—1.1 days earlier per decade might be expected. This
effect is too small to detect using current data. However, signif-
icant trends in the timing of breeding in the SE region ranged from
3.6 to 11.6 days earlier per decade, suggesting that responses to
temporal climate warming may be stronger than responses to
geographical temperature gradients would suggest. Thus, it is
important to have sufficient data to examine temporal trends
directly. A baseline target for the NRS might be 20 records
per year per species per region. This would give ~90% power
to detect a 5-day per decade change in the timing of breeding over
30 years, given reasonably seasonal breeding (e.g. Willie Wagtail
(Rhipidura leucophrys) in the SE region), or 10% power given

less predictable breeding (e.g. Crested Pigeon (Ocyphaps
lophotes) in the Central region).

Atlas data can also be used to document changes in the
timing of breeding, but to avoid confounding changes in
breeding success with changes in the timing of breeding, the
stage of breeding observed (eggs, nestlings or fledglings) must
be recorded. This would be a simple and cost-effective way to
generate better (and more) data on the timing of breeding in
Australian birds. This need not compromise other uses of bird
atlassing data (Dunn and Weston 2008).

Breeding activity

In line with our predictions, higher values of SOI-W (wetter
years: Table A4) were associated with increases in breeding
activity (Br-index). This occurred for all species, in all three
Atlas datasets, and in all regions, despite the wide variety of
rainfall patterns these regions represent. This implies that changes
in climate (especially rainfall) have immediate and substantial
effects on bird breeding. Br-index was related also to altitude and
latitude but not as consistently.

The responsiveness of Br-index to inter-annual climate var-
iability suggests breeding in Australian birds is ‘opportunistic’
even in reasonably sedentary, seasonally breeding species. This
may be owing to the strong influence of the El Nifio—Southern
Oscillation on Australian climate: the negative phases are asso-
ciated with droughts, even in temperate regions, and associated
biological ‘boom and bust’ responses (Heinsohn 2009). Indeed,
‘opportunistic seasonal breeding’ (Channing 1988) may be wide-
spread in Australian birds.

Implications

Breeding responses in 16 common, widespread species of
Australian landbirds reflected both long- and short-term climatic
patterns. Timing of breeding was strongly related to geographical
gradients in temperature (altitude and latitude). In contrast, the
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relative amount of breeding activity was most consistently related
to the SOI, presumably because of associated changes in rainfall
and thus primary productivity. This suggests that anthropogenic
climate change, which influences both temperature and rainfall
patterns (IPCC 2007), may have substantial, rapid and ongoing
effects on breeding in Australian birds. In particular, the drier
conditions predicted for much of Australia are likely to have a
largely negative effect on the breeding activity of many species.
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