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ABSTRACT

We demonstrate that within-year climatic variability, particularly rainfall seasonality,
is the most significant variable explaining spatial patterns of bird abundance in
Australian tropical rainforest. The likely mechanism causing this pattern is a
resource bottleneck (insects, nectar, and fruit) during the dry season that limits the
population size of many species. The patterns support both the diversity—climatic—
stability hypothesis and the species—energy hypothesis but clearly show that season-
ality in energy availability may be a more significant factor than annual totals or
means. An index of dry season severity is proposed that quantifies the combined
effect of the degree of dryness and the duration of the dry season. We suggest that
the predicted increases in seasonality due to global climate change could produce
significant declines in bird abundance, further exacerbating the impacts of decreased
range size, increased fragmentation, and decreased population size likely to occur as
a result of increasing temperature. We suggest that increasing climatic seasonality
due to global climate change has the potential to have significant negative impacts on
tropical biodiversity.
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INTRODUCTION

Tropical forests generally experience relatively little or no
seasonal changes in temperature and photoperiod compared to
temperate habitats. However, seasonal fluctuations in rainfall are
common and most tropical forests experience alternating wetter
and drier seasons to a varying degree (Kato et al., 2000). In addi-
tion to seasonal rainfall fluctuations, much of the humid tropics
are periodically affected by drought conditions associated with
the El Nifo Southern Oscillation (ENSO) (Ropelewski & Hapert,
1987). Anthropogenic climate change is predicted to result in not
only increases in temperature but also increased rainfall season-
ality. This would result in an increase in the average length and/
or severity of the dry season and the incidence of ENSO-related
droughts in many tropical areas, including north-eastern
Australia (Walsh & Ryan, 2000; Hughes, 2003).

It is now widely accepted that anthropogenic climate change
has had widespread impacts on many biological patterns and
processes in all ecosystems and that these impacts will increase
with continued acceleration in global climate change (Walther,
2002; Hughes, 2003; Parmesan & Yohe, 2003; Root et al., 2003).
Previous studies have demonstrated the potential for increasing
temperatures to have severe impacts on global biodiversity (e.g.
Thomas et al., 2004; papers in Lovejoy & Hannah, 2005) and
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more specifically on the distribution and abundance patterns of
tropical rainforest birds in Australia (Williams et al., 2003;
Shoo et al., 2005a). These studies suggest that many species will
experience significant range reductions, increased population
fragmentation, and declines in population size; all leading to an
increased risk of extinction (Williams et al., 2003; Thomas et al.,
2004; Shoo et al., 2005a; Walther et al., 2005). Although there has
been considerable research into predicting the impacts on bio-
diversity of increasing temperature due to global climate change,
there has been little consideration of the potential impacts of
altered within-year levels of variability of rainfall or temperature,
that is, changing seasonality. Changing patterns of rainfall and
temperature could have significant impacts on the continuity or
temporal reliability of resources and levels of productivity.
There have been numerous ecological studies relating various
aspects of macroecology (biodiversity, abundance, biomass, etc.)
to primary productivity with most effort concentrating on the
diversity/productivity/stability relationships (e.g. Loreau et al.,
2001; Evans et al., 2005). Net primary productivity (NPP) is
notoriously difficult to measure; therefore, surrogates are com-
monly used in analyses (Sanders et al., 2003). Annual rainfall and
temperature are the most commonly used surrogates and most
indices of NPP use these variables (see reviews in Cramer et al.,
1999; Schloss et al., 1999). Previous studies, both empirical and
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modeling, have demonstrated that measures of annual rainfall
and temperature provide a reasonable surrogate of primary
productivity (e.g. Schloss et al., 1999). Basically the hypothesis is
that primary productivity is related to the solar energy input
(indexed by mean temperature) and rainfall. Species-energy theory
predicts that sites with greater available energy are able to sup-
port more individuals and therefore more species (Wright et al.,
1993). Numerous studies show that the local population size of
birds is positively correlated with food availability or other meas-
ures of energy availability (Poulin et al., 1993; Monkkonen et al.,
2006). These results support the argument that greater levels of
environmental energy allow a larger resource pool that can sustain
more individuals, permitting more species to maintain viable
population sizes and, therefore, greater species richness
(Pautasso & Gaston, 2005). However, using annual measures of
energy availability such as NPP (or climatic surrogates of NPP)
may hide important relationships in species where seasonal fluc-
tuations in resources are significant (Hurlbert & Haskell, 2003).
Generally, in the tropics, temperature is not limiting and it is
rainfall patterns that have the greatest influence on variation in
productivity: seasonal variability in rainfall is a key factor in
determining the overall primary productivity and its temporal
variability (Schloss et al., 1999).

Climatic stability has been widely suggested to have a positive
influence on species diversity over a range of temporal scales
(Pianka, 1966; Fjeldsa & Lovett, 1997; Graham et al., 2006). Pre-
vious research in the Australian tropical rainforest has suggested
that within-year climatic seasonality is an important determinant
of the spatial pattern of species richness of frogs (Williams &
Hero, 2001). Rainfall seasonality in particular was an important
environmental correlate of the patterns of distribution and species
richness of microhylid frogs that rely on a consistently moist leaf
litter (Williams & Hero, 1998; Williams & Hero, 2001). Further-
more, a number of studies have demonstrated close relationships
between insect abundance and rainfall patterns in tropical rain-
forest, e.g. (Frith & Frith, 1985). Increases in the seasonality of
both temperature and rainfall can cause significant disruption to
the phenology of tropical forest trees (Corlett & Lafrankie, 1998),
and thus, to the temporal availability of food resources for birds,
such as insects, nectar, and fruit. The availability of fruit, flowers,
seeds, and new flush leaves fluctuates seasonally in almost all
tropical forests (Shaik van et al., 1993). Seasonal fluctuation in
rainfall and associated soil moisture cycles are thought to be a
major factor influencing the phenology of fruiting, flowering,
and new leaf production in tropical forests (Shaik van etal,
1993; Corlett & Lafrankie, 1998). In aseasonal habitats it has been
demonstrated that insect abundances remain relatively stable
throughout the year (Janzen, 1973; Buskirk & Buskirk, 1976).
However, insect populations in tropical forests typically exhibit
seasonal variation in abundance, which has been correlated with
rainfall and with availability of food resources, such as new leaves
and fruit (Fogden, 1972; Levings & Windsor, 1982). In areas with
pronounced wet and dry seasons, insect abundance typically
peaks during the wet season and is lowest during the dry season
(Fogden, 1972; Levings & Windsor, 1982; Frith & Frith, 1985).
Therefore, dry seasons are potentially times of scarce resources

potentially resulting in ecological bottlenecks that limit species
abundances and biotic interactions and processes.

Wiens (1977) hypothesized that ‘ecological crunches’ or
‘bottlenecks’ in resources may be important in structuring bird
communities in variable environments. Spatial and temporal
variations in abundance characterize most tropical avian com-
munities that have been studied in detail (e.g. Poulin et al., 1993).
Changes in abundances can result from demographic processes,
such as reproduction and mortality (Faaborg et al., 1984), or
from individual movements both within and between habitats
(Loiselle & Blake, 1991). The availability of food resources in
tropical forests has been positively correlated with bird abun-
dance for various feeding guilds, including insectivores, frugi-
vores, and nectivores (Loiselle, 1988; Karr & Brawn, 1990). Most
studies have found that bird species in tropical forests have
distinct breeding seasons, which often correlate with periods of
high food availability, such as the beginning of the wet season
(Fogden, 1972; Poulin et al., 1992).

Here, we use standardized surveys of rainforest birds in the
Australian Wet Tropics World Heritage Area across a gradient of
climatic seasonality to examine the relationship between bird
abundance and climate. We show that although the species
composition and richness do not significantly vary across this
gradient, there are significant differences in total abundance. Our
analyses suggest that rainfall seasonality is the most significant
variable explaining differences in bird abundance and suggest the
hypothesis that the mechanism causing this pattern is a resource
bottleneck during the dry season that limits the population size
of many species of rainforest birds.

METHODS

Study area description

The Australia Wet Tropics bioregion consists of a narrow strip of
coastal plains and a series of disjunct mountain ranges, ranging
from sea level to c¢. 1600 m, running parallel to the North
Queensland coast between 19°30” S and 15°30” S (Fig. 1). The
rainfall in the region is distinctly spatially and seasonally variable,
ranging from between 1500 m and 4000 m annually with
approximately 75-90% falling between November and April
(McDonald & Lane, 2000). The dominant vegetation type is
tropical rainforest, which covers an area of c. 10,000 km?
(McDonald & Lane, 2000).

Site selection

A total of 21 sites were selected as part of an ongoing systematic
study of the macroecology of the Wet Tropics rainforest verte-
brates. A major change in bird species assemblage structure is
known to occur below 600 m (Williams, 2006), therefore all sites
were located between 600 and 1000 m a.s.l. to minimize the con-
founding effects of altitude. All sites were located within upland
rainforest of similar vegetation structure (notophyll vine forest
— Tracey, 1982) across four biogeographical subregions (Spec,
Kirrima, Atherton, and Carbine uplands; Fig. 1).
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Survey methodology

Relative abundance and species richness for the rainforest bird
fauna were derived from standardized bird surveys. At each site,
surveys were conducted at six points spaced at least 200 m apart
to maximize independence. Surveys were undertaken by two
persons (one observer and one data recorder) walking for 30 min
along a 150-m transect through the rainforest perpendicular to
the track, using both visual observations and bird calls to identify
species. As much care as possible was taken to avoid double-
counting of calling individuals. Observers were randomly rotated
with all observers surveying all sites, therefore removing any
systematic observer bias in the abundance counts across the
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gradient. Surveys were conducted between the years 2000-02
during the late dry and wet seasons (September to April), that is
the time of year when the majority of the Wet Tropics rainforest-
bird species (including migratory species) are known to breed,
thus maximizing the likelihood that surveys were conducted
during periods of peak activity and calling. Counts were
repeated between three and six times at each point over the
period of the study, giving a total of 359 counts. A total of 101
species were recorded from the standardized surveys. Surveys
were only conducted if environmental conditions on the day
were suitable to ensure that daily conditions did not bias the
results, for example, no surveys were conducted in rain or
strong winds.
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For each survey location, the following climatic variables:
mean annual temperature, intra-annual temperature seasonality
[coefficient of variation (CV) of mean monthly temperature],
mean annual precipitation, and intra-annual precipitation sea-
sonality (coefficient of variation of mean monthly precipitation),
mean monthly rainfall, and mean number of rain days per
month were extracted from GIS climate surfaces provided by the
Wet Tropics Management Agency. The climate surfaces were based
on a GIS digital elevation model with an 80-m pixel resolution
and were derived using ANUCLIM/ESOCLIM software (Houlder
et al., 2000) from long-term meteorological data sets, including
78 years of monthly rainfall means estimated from serially
incomplete rainfall records from 265 rainfall stations.

Data analysis

Local species richness was estimated using rarefaction methods
(Colwell, 2005). The data set was sufficiently large that the esti-
mates of total local species richness were almost identical using
any estimator, so we have presented Chao’s estimates as an example.
Multiple linear regression was used to examine the relationship
between the total bird assemblage abundance and the following
climatic variables: mean annual temperature, mean annual rain-
fall, and the coefficient of variation of mean monthly rainfall and
temperature. We calculated an index of dry season severity that
combines the degree of dryness and the duration of the dry
season. The degree of dryness was estimated as the frequency of
rain days each month and dry season duration by the number of
months where this frequency was below the 25th percentile of the
mean number of rain days per month across all sites and months.
The dry season severity index was the cumulative sum of days per
month below the 25th percentile of the annual mean number of rain
days per month. We used one-way analysis of variance to test for
significant differences in dry season severity across the subregions.

RESULTS

Climate

Mean annual rainfall varied between ~1500 mm and 3300 mm
across the sites, although most of the sites were around 2000 mm
(Fig. 2a). Annual mean temperature varied between ~19 °C and
21 °C (Fig. 2a). Variation in the annual means was generally as
great within each subregion as across subregions. Basically, there
is no consistent difference in the mean annual rainfall or temper-
ature across the sites in different subregions. Differences in
annual mean temperature are primarily the result of variation in
elevation which varied between ~ 600 and 900 m a.s.l. In con-
trast, the level of within-year seasonality in both rainfall and
temperature was different in each subregion, resulting in a clear
pattern of subregional clustering of the sites in the seasonality
plot (Fig. 2b). The Spec Uplands have the highest seasonality in
both temperature and rainfall, the Atherton Uplands were the
least seasonal, the Kirrima Uplands were intermediate, and the
Carbine Uplands had relatively low temperature seasonality but
relatively high rainfall seasonality (Fig. 2b).
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Figure 2 (a) Annual mean rainfall and temperature for each of the
sites used in the analysis. (b) Rainfall and temperature seasonality of
each of the sites used in the analysis (Atherton Uplands — @; Spec
Uplands — A; Kirrima Uplands — [J; Carbine Uplands — +).

Species richness and composition

There was no significant difference in species richness or the
species composition of rainforest birds across the study sites.
Over the space of the study, all species were recorded in all of the
subregions sampled in this study except for the Atherton
scrubwren which is not known to be present in the Spec Uplands.
There are 82 species of rainforest bird in the region for which the
sampling technique was suitable (Table 1). We conducted suffi-
cient sampling in all subregions to ensure that all 82 species were
observed in the Carbine, Atherton, and Kirrima Uplands and 81
species in the Spec Uplands. The mean species richness observed
at a site (local species richness) was not significantly different
across the subregions in either observed species richness or when
using rarefaction techniques to estimate the total species richness
at each site (Table 1). Local species richness is estimated to be
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Table 1 Summary of species richness in each subregion and estimates of mean local species richness at each site. Mean local species richness is
the mean species richness at that site across six locations each sampled three times, that is, a mean of 18 surveys with 95% confidence intervals

rounded to nearest species.

Spec Uplands Carbine Uplands Kirrima Uplands Atherton Uplands

Total observed subregional species richness 81 82 82 82
Mean local species richness

Observed 48+ 6 46+ 6 56+7 48+5

Chao estimate 72%2 71+1 71+1 711
Total number of surveys 116 36 118 116
Number of points surveyed 36 18 36 36
Number of sites 6 3 6 6

Table 2 Multiple regression (backward removal) results with total bird abundance at each site (n = 21) as the dependent variable and four
climate variables (productivity surrogates) as the independent variables (mean annual rainfall, mean annual temperature, rainfall seasonality,
and temperature seasonality). Analysis shows that both mean annual temperature and rainfall seasonality were significant, although seasonality
explained more of the variance than mean annual temperature. Final model includes mean annual temperature and rainfall seasonality

(F =20.473; P = 0.000; d.f. = 20, 2; total model * = 0.695; adjusted > = 0.661); mean annual rainfall and temperature seasonality did not

contribute and were removed by the analysis.

Variable Unstd coeff. (B) Std error

Std coeff. beta T P

Partial r Partial r?

—32.384 37.001
Mean annual temperature 0.564 0.172
—0.407 0.093

(constant)

Rainfall seasonality

-0.875 0.393

0.444 3.271 0.004 0.611 0.373
—0.591

—4.357 0.000 -0.716 0.513

71 species (Table 1). Since observed species richness is so strongly
dependent on the number of individuals recorded, we used
‘EstimateS’ (Colwell, 2005) to estimate the total species richness
at each local site (Table 1). Using EstimateS to estimate Chao
estimates or MMM estimates of total species richness at each site
gave almost identical estimates of mean local species richness
~71 % 2 species.

Abundance

Although species richness and composition did not vary across
the sites, there was a significant difference in the abundance of
birds observed in each subregion, with the Spec Uplands having
significantly lower abundance than either Kirrima or Atherton
and Carbine being somewhat intermediate and variable (Carbine
Uplands had fewer samples, therefore, greater variability) (Fig. 3).
Abundance data were tested for spatial autocorrelation and there
was no consistent pattern of correlation that affected the observed
patterns, therefore, all analyses were subsequently conducted on
the raw abundance data.

Regression analysis of abundance and climate variables

Rainfall seasonality and mean annual temperature explained
~70% of the variation in bird abundance across the study sites
(Table 2). Multiple regression analysis was used to determine the
relative contribution and significance of the climate variables
(NPP surrogates) in explaining abundance patterns. The strongest
relationship was the negative relationship between rainfall seasonality
and bird abundance (Table 2), that is, sites with the highest degree
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Figure 3 Mean local density of birds in each upland subregion
showing significantly lower bird density in the Spec and Carbine
Uplands compared to the Atherton and Kirrima Uplands. Mean is
based on all standardized surveys in that subregion with the number
of surveys (1) shown on the axis.

of rainfall seasonality had the lowest abundance of birds (Fig. 4b).
Abundance increased with mean annual temperature (Fig. 4a)
but was a weaker relationship than rainfall seasonality (Table 2).

Quantification of dry season severity

Dry season severity (indexed by the cumulative number of days
across months where the number of rain days was below the 25th

Diversity and Distributions, 14, 69—77, Journal compilation © 2007 Blackwell Publishing Ltd 73



S. E. Williams and J. Middleton

(a) 15
L]

10 1
1]
©
=}
8
=
e}
£
k)
9]
Qo
€
=}
c
c
&
(0]
=

® []
-10
-10 -5 0 5 10 15
Annual mean temperature

(b)y 15

Mean number of individuals

~10 A »

-15
-20 -15 -10 -5 0 5 10 15
Rainfall seasonality

Figure 4 Partial regression plots of bird abundance and (a) annual
mean temperature (* = 0.37) and (b) rainfall seasonality (r* = 0.51)
based on the multiple regression analysis presented in Table 2.

percentile of all locations and months, see Fig.5) was signi-
ficantly greater in the Spec (9.1) and Carbine Uplands (9.9)
compared to the Atherton (0.9) and Kirrima Uplands (1.3) (Fig. 5,
one-way analysis of variance, between groups d.f. = 3, F = 345.3,
P <0.001). Dry season severity was not significantly different
between Spec and Carbine or between Atherton and Kirrima
(Tukey HSD post-hoc test for homogenous subsets).

DISCUSSION

We suggest that within-year climatic variability, particularly
rainfall seasonality, is the most significant variable explaining
differences in bird abundance in upland tropical rainforest in
Australia. Our hypothesis is that in areas with higher levels
of temporal variability in rainfall, there is a greater probability of
more frequent and/or more severe bottlenecks in productivity of
resources (particularly insects and fruit). The seasonal bottlenecks

in available resources limit the population density of birds with
less seasonal areas supporting more individuals. The patterns
support the species—energy hypothesis and suggest that temporal
bottlenecks in productivity can be a more significant factor in the
tropics than annual totals or means. Our findings also provide
support for the ‘more-individuals’ mechanism of species—
energy theory, that is, that more energy input to the system
results in more individuals and generally higher species richness
(Srivastava & Lawton, 1998). However, our results suggest that in
the rainforests of the Australian Wet Tropics, seasonal variation
in available resources and energy has a stronger influence than
the annual mean available energy (i.e. indexed by mean annual
temperature) on bird density.

Our results also provide support for the climatic—stability—
diversity hypothesis (Pianka, 1966) where more climatically stable
areas are more diverse. In this study at the within-year temporal
scale, the effect is only represented by more individuals rather
than more species; it might be expected that over longer time-
scales, this would also be expressed in greater species richness in
the more stable areas. Seasonal estimates of environmental
energy availability have previously been shown to influence bird
species richness patterns (e.g. Githaiga-Mwicigi et al., 2002;
Hurlbert & Haskell, 2003). The differences in abundance
between the lowest rainfall seasonality subregion, the Atherton
ands, and the highest rainfall seasonality subregion, the Spec
Uplands, were significant but apparently not sufficient to trans-
late into more species. Unlike our findings, other studies have
found that a positive relationship between available energy and
assemblage abundance is also associated with an increase in species
richness (Pautasso & Gaston, 2005; Monkkonen et al., 2006) but
were conducted at continental scales and covered a wide gradient
in total available environmental energy.

Several studies have examined climatic effects on bird species
richness at continental scales (Pautasso & Gaston, 2005; Bini
etal., 2004), but few have examined these relationships at
regional scales in the tropics as we have done in this study (but
see Cueto & de Casenave, 1999). Habitat heterogeneity has been
shown to be an important determinant of bird species richness at
regional scales in the tropics (Williams et al., 1996; Cueto & de
Casenave, 1999). The Wet Tropics bioregion provides a unique
opportunity to examine the relationship between abundance,
species richness, and environmental energy at regional scales
without the confounding effects of different habitat types due to
the presence of a gradient in rainfall seasonality across areas of
upland rainforest with the same habitat and bird species present.
This gradient represents a unique natural experiment to test
relationships between the fauna and the climate, specifically the
role of seasonality and resource bottlenecks as a limiting mecha-
nism. The Wet Tropics is also unique among tropical rainforest
ecosystems, in possessing finescale (80 m) climatic layers based
on at least 30 years of accurate rainfall and temperature records
across the entire region that allows many aspects of the role of
climate on bird macroecology to be examined.

The likely mechanism driving the relationship between bird
abundance and climatic seasonality is a resource bottleneck
(insects, nectar, and fruit) during the dry season that limits the

© 2007 The Authors

74 Diversity and Distributions, 14, 69—77, Journal compilation © 2007 Blackwell Publishing Ltd



Birds, seasonality and climate change

22

5 20 Atherton

| L SE

B .

I

ES]

S 16

E 3 Kirrima

= W\
Figure 5 Mean number of rain days per EN 14 Spec ‘I \
month across the year for the sites within E \‘\\\ ""-‘
each subregion. Dotted threshold line 5 124 b \ "‘-“
represents the minimum 25th percentile g ‘\}\\ Y
of all data to illustrate the longer and more £ 104 . \_}\ } ........ J .
severe period of dryness in the Spec and E 25th percentile '\‘\ < )
Carbine uplands compared to the Atherton 3 L N N\
and Kirrima Uplands. Essentially, the = 87 Carbine ; \"\}_:li_’_‘:. ,Z"/
shaded area between the line for each fi’;\ o
subregion and the 25th percentile is an 6 \j;‘?——
index of both dry season severity and
duration. Error bars are 95% confidence

intervals to easily visualize significant
differences.

Jan

breeding success and hence population size of many species.
Long-term studies of birds in the region have shown that insect
abundance was correlated with monthly rainfall, with the lowest
abundances being during the dry seasons (Frith & Frith, 1985).
In 1979, there was an exceptionally harsh dry season resulting in
many species of birds failing to breed that year (Frith & Frith,
2005). Our hypothesis is that the dry season severity, a combination
of dry season length and relative dryness, will result in a period
of low insect abundance resulting in a bottleneck of available
resources especially for insectivorous birds. This bottleneck is the
factor that limits bird abundance even if there is no shortage of
food throughout the remainder of the year. The mechanism may
well be that the severity of the dry season determines the breeding
success of insectivorous birds, as noted by Frith & Frith (2005).
We suggest that mean population size is determined by this
bottleneck, rather than annual averages of resource productivity.
That is, that insectivorous bird population size is limited by a
minimum threshold of resource availability rather than maximums
or annual means, as commonly used indices of environmental
productivity. This hypothesis is currently being tested in ongoing
field experiments targeting spatial and temporal patterns of
insectivore and insect abundance.

Temporal stability of habitats and resources has had great
significance within this regions fauna across a variety of spatial
and temporal scales, taxa, and ecological processes. Paleo-climatic
stability over the Quaternary has been suggested as the major
determinant of current patterns of biodiversity and distribution
in the vertebrate fauna (Winter, 1988; Williams & Pearson, 1997;
Schneider & Williams, 2005; Graham et al., 2006). Long-term
stability has influenced the biogeography of the region via the
interactions between stability, species-specific extinction proneness,
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and dispersal/colonization dynamics (Schneider & Williams,
2005). Long-term stability mediated by species-specific extinc-
tion proneness and dispersal/colonization potential determines
the subregional species pool (species richness and composition)
(Williams, 1997; Graham et al., 2006). Intra-annual patterns of
seasonality based on long-term averages influence the species
richness of some groups (Williams & Hero, 2001) and abundances
(this paper). Increasing our understanding of the relationships
between environmental stability and biodiversity is a crucial
aspect of being able to improve our predictions of climate change
impacts.

We predict that increases in seasonality due to global climate
change could cause significant declines in bird density in the
rainforests of the Australian Wet Tropics. This impact could
interact with, and further exacerbate, the impacts of decreased
range size, increased fragmentation, and decreased population
size previously predicted to occur as a result of increasing tem-
perature (Williams et al., 2003; Shoo et al., 2005a,b). Regional
climate change predictions suggest that annual rainfall will not
change markedly but that seasonality will increase (Walsh &
Ryan, 2000). Our results clearly show that it is vital that we
explore the impact of climatic seasonality on biodiversity in
addition to more generally considered annual totals and aver-
ages. Although we have only demonstrated a relationship
between seasonality and abundance of rainforest birds here, it
seems likely that expanding the geographical and taxonomic scope
of the analysis would also show significant impacts on species
richness. Previous studies in this region have shown that areas
with a highly seasonal rainfall pattern have lower species richness
of microhylid frogs (Williams & Hero, 2001). It is also certain
that the impacts of increasing seasonality will influence different
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species to varying extents and that there will be time lags associ-
ated with changes in productivity that may be more beneficial to
those species with fast response times.

Future research

Our results highlight that it is necessary to include measures of
climatic variability and minimum thresholds, and not rely on
means and totals, in any predictive models estimating future
impacts of climate change. It is important to examine the rela-
tionships and interactions between seasonality, measurements of
resource fluctuations, and different functional guilds to improve
understanding of the mechanisms and likely impacts of increas-
ing seasonality with climate change (e.g. species that are leaf litter
foragers vs. canopy foragers vs. frugivores). We need empirical
measurements of the temporal variability in resource levels,
environmental variables, and the dependent fauna. It will be
important to examine the temporal time lags between resource
changes and the biotic response. These results also make it clear
that we need more studies on the interactions between primary
productivity, energy, abundance, species richness, and climate in
order to make more robust predictions about the impacts of
future global climate change.

ACKNOWLEDGEMENTS

This study was supported by the James Cook University, Rain-
forest — CRC, Australian Research Council, and the Queensland
Government Smart State programme. We would like to thank
Jeremy VanDerWal and Brett Goodman for comments and ana-
Iytical assistance.

REFERENCES

Bini, L.M., Diniz-Filho, J.A.F. & Hawkins, B.A. (2004) Macro-
ecological explanation for differences in species richness gradi-
ents: a canonical analysis of South American birds. Journal of
Biogeography, 31, 1819-1827.

Buskirk, R.E. & Buskirk, WH. (1976) Changes in arthropod
abundance in a highland Costa Rica forest. American Midland
Naturalist, 95, 288—298.

Colwell, RK. (2005) EstimateS: statistical estimation of species
richness and shared species from samples, version 7.5. Available
at http://viceroy.eeb.uconn.edu/estimates

Corlett, R.T. & Lafrankie, J.V. (1998) Potential impacts of climate
change on tropical Asian forests through an influence on pheno-
logy. Climatic Change, 39, 439—453.

Cramer, W., Kicklighter, D.W., Bondeau, A., Moore, B,
Churkina, C., Nemry, B., Ruimy, A. & Schloss, A.L. (1999)
Comparing global models of terrestrial net primary productivity
(NPP): overview and key results. Global Change Biology, 5, 1—
15.

Cueto, V.R. & de Casenave, J.L. (1999) Determinants of bird
species richness: role of climate and vegetation structure at a
regional scale. Journal of Biogeography, 26, 487—492.

Evans, K.L., Warren, PH. & Gaston, K.J. (2005) Species-energy

relationships at the macroecological scale: a review of the
mechanisms. Biology Reviews, 80, 1-25.

Faaborg, J.W.,, Arendst, J. & Kaiser, M.S. (1984) Rainfall correlates
of bird population fluctuations in a Puerto Rican dry forest: a
nine year study. Wilson Bulletin, 96, 575-593.

Fjeldsa, J. & Lovett, J.C. (1997) Biodiversity and environmental
stability. Biodiversity and Conservation, 6, 315-323.

Fogden, M.P. (1972) The seasonality and population dynamics of
equatorial forest birds in Sarawak. Ibis, 114, 307—343.

Frith, C.B. & Frith, D.W. (1985) Seasonality of insect abundance
in an Australian upland tropical rainforest. Australian Journal
of Ecology, 10, 237-248.

Frith, C.B. & Frith, D.W. (2005) A long-term banding study in
upland tropical rainforest, Paluma Range, north-eastern
Queensland with notes on breeding. Corella, 29, 25—-48.

Githaiga-Mwicigi, J.M.W.,, Fairbanks, D.H.K. & Midgley, G.
(2002) Hierarchical processes define spatial pattern of avian
assemblages restricted and endemic to the arid Karoo, South
Africa. Journal of Biogeography, 29, 1067-1087.

Graham, C., Moritz, C. & Williams, S.E. (2006) Habitat history
improves prediction of biodiversity in rainforest fauna.
Proceedings of the National Academy of Sciences, 102, 632—
636.

Houlder, D., Hutchinson, M.E,, Nix, H.A. & McMahon, J.P.
(2000) ANUCLIM, version 5.1. Available at http://
cres.anu.edu.au/outputs/anuclim.html.

Hughes, L. (2003) Climate change and Australia: trends, projec-
tions and impacts. Austral Ecology, 28, 423 —443.

Hurlbert, A.-H. & Haskell, J.P. (2003) The effect of energy and
seasonality on avian species richness and community compo-
sition. American Naturalist, 161, 83-97.

Janzen, D.H. (1973) Sweep samples of tropical foliage insects:
effects of seasons, vegetation types, elevation, time of day, and
insularity. Ecology, 54, 687—-708.

Karr, J.R. & Brawn, J.D. (1990) Food resources of understorey
birds in Central Panama: quantification and effects on avian
populations. Studies in Avian Biology, 13, 58—64.

Kato, M., Itioka, T., Sakia, S., Momose, K., Yamane, S., Hamid, A.A.
& Inoue, T. (2000) Various population fluctuations patterns of
light-attracted beetles in a tropical lowland dipterocarp forest
in Sarawak. Population Ecology, 42, 97-104.

Levings, S.C. & Windsor, D.M. (1982) Seasonal and annual vari-
ation in litter arthropod populations. The ecology of a tropical
forest: seasonal rhythms and long term changes (ed. by E.G.
Leigh, A.S. Rand and D.M. Windsor), pp. 355-389. Smith-
sonian Institution Press, Washington DC.

Loiselle, B.A. (1988) Bird abundance and seasonality in a Costa
Rican lowland forest canopy. Condor, 90, 761-772.

Loiselle, B.A. & Blake, J.G. (1991) Variation in resource abun-
dance affects capture rates of birds in 3 lowland habitats in
Costa-Rica. Auk, 108, 114—-130.

Loreau, M., Naeem, S., Inchausti, P., Bengstsson, J., Grime, J.P,
Hector, A., Hooper, D.U., Huston, M.A., Raffaelli, D., Schmid, B.,
Tilman, D. & Wardle, D.A. (2001) Biodiversity and ecosystem
functioning: current knowledge and future challenges. Science,
294, 804-808.

© 2007 The Authors

76 Diversity and Distributions, 14, 69-77, Journal compilation © 2007 Blackwell Publishing Ltd


http://viceroy.eeb.uconn.edu/estimates
http://cres.anu.edu.au/outputs/anuclim.html

Lovejoy, T.E. & Hannah, L.J. (2005) Climate change and biodiver-
sity. Yale University Press, London.

McDonald, G.T. & Lane, M.B. (2000) Securing the Wet Tropics?
The Federation Press, Sydney, NSW, Australia.

Monkkonen, M., Forsman, ].T. & Bokma, F. (2006) Energy avail-
ability, abundance, energy-use and species richness in forest
bird communities: a test of the species—energy theory. Global
Ecology and Biogeography, 15, 290-302.

Parmesan, C. & Yohe, G. (2003) A globally coherent fingerprint
of climate change impacts across natural systems. Nature, 421,
37-42.

Pautasso, M. & Gaston, K.J. (2005) Resources and global avian
assemblage structure in forests. Ecology Letters, 8, 282—289.

Pianka, E.R. (1966) Latitudinal gradients in species diversity: a
review of concepts. American Naturalist, 100, 33.

Poulin, B., Lefebvre, G. & McNeil, R. (1992) Tropical avian
phenology in relation to abundance and exploitation of food
resources. Ecology, 73, 2295-2309.

Poulin, B., Lefebvre, G. & McNeil, R. (1993) Variations in bird
abundance in tropical arid and semi-arid habitats. Ibis, 135,
432-441.

Root, T.L., Price, ].T., Hall, K.R., Schneider, S.H., Rosenzweig, C.
& Pounds, J.A. (2003) Fingerprints of global warming on wild
animals and plants. Letters to Nature, 421, 57-60.

Ropelewski, C.F. & Hapert, M.S. (1987) Global and regional scale
precipitation patterns associated with the El Nino/Southern
Oscillation. Monthly Weather Review, 115, 1606—1626.

Sanders, N.J., Moss, J. & Wagner, D. (2003) Patterns of ant species
richness along elevational gradients in an arid ecosystem.
Global Ecology and Biogeography, 12, 93—102.

Schloss, A.L., Kicklighter, D.W., Kaduk, J. & Wittenberg, U.
(1999) Comparing global models of terrestrial net primary
productivity (NPP): comparison of NPP to climate and the
Normalized Difference Vegetation Index (NDVI). Global
Change Biology, 5, 25—34.

Schneider, C.J. & Williams, S.E. (2005) Effects of Quaternary
climate change on rainforest diversity: insights from spatial
analyses of species and genes in Australia’s Wet Tropics.
Tropical rainforests: past, present and future (ed. by E. Berming-
ham, C.W. Dick and C. Moritz), p. 745. Chicago University
Press, Chicago, Illinois.

Shaik van, C.P.J., Terborgh, J.W. & Wright, S.J. (1993) The
phenology of tropical forests: adaptive significance and con-
sequences for primary consumers. Annual Review of Ecology
and Systematics, 24, 353-377.

Shoo, L.P,, Williams, S.E. & Hero, ].M. (2005a) Climate warming
and the rainforest birds of the Australian Wet Tropics: using
abundance data as a sensitive predictor of change in total
population size. Biological Conservation, 125, 335—343.

Shoo, L.P, Williams, S.E. & Hero, J.M. (2005b) Potential
decoupling of trends in distribution area and population
size of species with climate change. Global Change Biology, 11,
1-8.

Srivastava, D.S. & Lawton, J.H. (1998) Why more productive
sites have more species: an experimental test of theory using
tree-hole communities. American Naturalist, 152, 510—529.

© 2007 The Authors

Birds, seasonality and climate change

Thomas, C.D., Williams, S.E., Cameron, A., Green, R.E.,
Bakkenes, M., Beaumont, L.J., Collingham, Y.C., Erasmus, B.EN.,
Siqueira, M.ED., Grainger, A., Hannah, L., Hughes, L., Huntley, B.,
Jaarsveld, A.S.V., Midgley, G.E, Miles, L., Ortega-Huerta, M.A.,
Peterson, A.T. & Phillips, O.L. (2004) Extinction risk from
climate change is high. Nature, 430, 1-2.

Tracey, ].G. (1982) The vegetation of the humid tropical region of
North Queensland. CSIRO Publications, Melbourne, Australia.

Walsh, K.J.E. & Ryan, B.E. (2000) Tropical cyclone intensity
increase near Australia as a result of climate change. Journal of
Climatology, 13, 3029-3036.

Walther, B.A. (2002) Vertical stratification and use of vegetation
and light habitats by Neotropical birds. Journal of Ornithology,
143, 64-81.

Walther, G., Berger, S. & Sykes, M. (2005) An ecological ‘foot-
print’ of climate change. Proceedings of the Royal Society of
London Series B, Biological Sciences, 272, 1427-1432.

Wiens, J.A. (1977) On competition and variable environments.
American Scientist, 65, 590—597.

Williams, S.E. (1997) Patterns of mammalian biodiversity in the
Australian tropical rainforests: are extinctions during historical
contractions of the rainforest the primary determinant of
current regional patterns in biodiversity? Wildlife Research, 24,
513-530.

Williams, S.E. (2006) Vertebrates of the Wet Tropics rainforests of
Australia: species distributions and biodiversity. Rainforest-
CRC, Cairns, Australia.

Williams, S.E. & Hero, J.M. (1998) Rainforest frogs of the
Australian Wet Tropics: guild classification and the ecological
similarity of declining species. Proceedings of the Royal Society
of London Series B, Biological Sciences, 265, 597—602.

Williams, S.E. & Hero, J.-M. (2001) Multiple determinants of
Australian tropical frog biodiversity. Biological Conservation,
68, 1-10.

Williams, S.E. & Pearson, R.G. (1997) Historical rainforest con-
tractions, localized extinctions and patterns of vertebrate
endemism in the rainforests of Australia’s wet tropics. Proceed-
ings of the Royal Society of London Series B, Biological Sciences,
264, 709-716.

Williams, S.E., Bolitho, E.E. & Fox, S. (2003) Climate change in
Australian tropical rainforests: an impending environmental
catastrophe. Proceedings of the Royal Society of London Series B,
Biological Sciences, 270, 1887—1892.

Williams, S.E., Pearson, R.G. & Walsh, P.J. (1996) Distributions
and biodiversity of the terrestrial vertebrates of Australia’s Wet
Tropics: a review of current knowledge. Pacific Conservation
Biology, 2, 327-362.

Winter, J.W. (1988) Ecological specialization of mammals in
Australian tropical and sub-tropical rainforest: refugial or
ecological determinism. The ecology of Australia’s Wet Tropics
(ed. by R. Kitching), pp. 127-138. Surrey Beatty, Sydney, NSW,
Australia.

Wright, D.H., Currie, D.J. & Maurer, B.A. (1993) Energy supply and
patterns of species richness on local and regional scales. Species
diversity and ecological communities (ed. by R.E. Ricklefs and
D. Schluter). University of Chicago Press, Chicago, Illinois.

Diversity and Distributions, 14, 69—77, Journal compilation © 2007 Blackwell Publishing Ltd 77




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 120
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 120
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


