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Abstract Recently, climate change research has empha-
sized the potential increase in the frequency and severity
of climatic extremes. We compared the reproductive
effort and output among four species of passerine birds
in coastal southern California, USA, a semi-arid region,
during a normal precipitation year (2001) and the driest
year in a 150-year climate record (2002). Both repro-
ductive effort and output differed dramatically between
years. Mean reproductive output among the four species
was 2.37 fledglings/pair in 2001 and 88.4% of all pairs
observed attempted at least one nest. The birds at-
tempted a mean of 1.44 nests per pair and were suc-
cessful in 47.7% of those attempts. In 2002, only 6.7% of
the pairs even attempted a nest and only 1.8% were
successful, for a total output of 0.07 fledglings per pair.
The abundance of suitable arthropod prey items in the
environment was also much lower in 2002, suggesting
that low food availability was the proximal cause of the
reproductive failure. The data for one of these species,
the rufous-crowned sparrow (Aimophila ruficeps), were
combined with reproductive and rainfall data from a
previous 3-year study (1997–1999) in the same sites. The
combined data sets suggest that the response of repro-
duction to rainfall variation is linear, and that the low
end of the precipitation range brings the population near
reproductive failure. Any change in climate that would
increase the frequency of extreme dry conditions would
likely endanger populations of these species.

Keywords Bottom-up Æ Climate change Æ Climate
extremes Æ ENSO Æ Reproductive failure

Introduction

The response of populations and ecosystems to climatic
variation has taken on new importance due to ongoing
climate change (Walther et al. 2002). Understanding
how biotic systems respond to current climate variation
can help predict their response to projected future cli-
mate change. Essential to understanding the biotic re-
sponse to climate change is knowledge of the degree to
which population variation is driven by endogenous
dynamics or exogenous factors (Bjornstad and Grenfell
2001), the shape of the biotic response functions—linear
or non-linear (Saether et al. 2000)—and the degree to
which community level response is buffered by divergent
responses of individual species (Tilman 1996). Further-
more, we need to understand the ecological and demo-
graphic mechanisms that link climatic variation to
changes in population size.

Simulations of climate change due to increasing
greenhouse gases predict not only changes in mean
climatic values but increases in the variance of these
values in some regions (Karl et al. 1995; Easterling
et al. 2000; IPCC 2001; Knapp et al. 2002). For in-
stance, mean annual precipitation in north-central
North America is predicted to decrease only slightly,
but summer droughts are predicted to be more frequent
and severe due to increased soil evaporation resulting
from warmer temperatures (Gregory et al. 1997; Wet-
herald and Manabe 1999; IPCC 2001). Biotic response
may well be non-linear to changes in climate, so eco-
systems may be much more vulnerable to changes in
extremes rather than changes in the mean (Ruel and
Ayres 1999; McClauglin et al. 2002). However, bio-
logical responses need not be non-linear to be of con-
cern, the slope of the relationship between change and
response need only be steep.
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Community level response to climatic perturbations
may be buffered by individualistic species responses. If
species have significantly different responses to pertur-
bation, then while individual species abundances and
performance may fluctuate, community level measures
may be relatively stable (Tilman 1996). This is one
mechanism whereby species diversity begets stability in
some systems.

Arid and semi-arid ecosystems may be particularly
vulnerable to climate change and changes in extremes
because these systems are already characterized by high
climatic variability. There is a well established relation-
ship between aridity and climate variability; the coeffi-
cient of variation in annual rainfall increases with
declining mean annual precipitation (Knapp and Smith
2001). In arid and semi-arid regions, rainfall is generally
low and unpredictable, thus primary production is typ-
ically water-limited and fluctuates in close synchrony
with precipitation (Rosenzweig 1968; Noy-Meir 1973;
Dillon and Rundel 1990). Secondary and tertiary pro-
ductivity in arid systems has also been thought to be
tightly linked to precipitation, sometimes with a time lag
(Gibbs and Grant 1987; Rotenberry and Wiens 1991;
Wisdom 1991; Jaksic et al. 1997; Patten and Rotenberry
1999). However, longer-term studies have suggested that
regulation may be more complex than simple bottom-up
control (Polis et al. 1998; Brown and Ernest 2002;
Morrison and Bolger 2002b; Meserve et al. 2003).

Numerous studies have demonstrated changes in
phenology, abundance, and range shifts that correlate
with local or regional climate change (reviewed in
McCarty 2001; Walther et al. 2002; Parmesan and Yohe
2003; Root et al. 2003). However, few studies have
provided a mechanistic linkage between the change in
climatic variables and the demography of focal species
(Buse et al. 1999). To further understand consumer re-
sponse to climate variation, it will be necessary to move
beyond the examination of fluctuations in density to
examine the response of consumer demographic
parameters to rainfall variation and to understand the
ecological mechanisms that link climate to demography.

Here, we report on the relationship between annual
rainfall variation and the breeding productivity of four
resident bird species of the semi-arid coastal sage scrub
ecosystem of coastal southern California, USA. Birds
may be particularly informative taxa in which to
examine the effect of climate extremes on ecosystems. As
secondary consumers, their response will be indicative of
the extent of bottom-up propagation of climate vari-
ability on ecosystems. In addition, since much of the
previous work on top-down versus bottom-up regula-
tion in arid ecosystems has been done on small mammals
(Brown and Ernest 2002; Meserve et al. 2003) or spiders
(Polis et al. 1998), our work on birds presents a valuable
taxonomic comparison. Previous work in this system on
the rufous-crowned sparrow (Aimophila ruficeps) has
suggested that reproduction is bottom-up limited in dry
years and that top-down limitation becomes increasingly
important in wet and average years (Morrison and

Bolger 2002b). Similar results have been found in other
systems where variation in annual precipitation is driven
by the ENSO cycle (Polis et al. 1998; Meserve et al.
2003).

During a long-term study of reproduction in these
four bird species we were afforded the opportunity to
study the response of avian reproduction to a climatic
extreme: rainfall in 2002 was the lowest recorded in a
150-year climate record. We compared reproduction in
2002 to that in 2001, a year of near normal rainfall, to
address the following questions: (1) how pronounced
was the reproductive response to this extreme climatic
event, (2) were individual species responses similar or
divergent, and (3), incorporating previously published
data from 1997 to 1999, was the response to rainfall
variation linear or non-linear?

Materials and methods

Study area

This study was conducted in the coastal sage scrub
habitat of coastal San Diego County, California, USA.
Coastal sage scrub is a dominant, drought-deciduous
plant community in southwestern California and
northwestern Baja California, Mexico. It is notable for
its restricted range and high diversity of endemic plants
and animals. In the US, approximately 85% of this
habitat has been converted to other land uses, most of-
ten suburban housing, while the remainder is highly
fragmented and exposed to urban edge (Atwood and
Noss 1994).

The data presented here were collected as part of a
long-term study of the effects of habitat fragmentation
on components of the coastal sage scrub ecosystem
(Bolger 2002; Morrison and Bolger 2002a, b; Patten and
Bolger 2003). Study plots were located in and around
two large (>2,300 ha) reserves in southwestern San
Diego County, California: Mission Trails Regional Park
and the Otay-Sweetwater Unit of San Diego National
Wildlife Refuge. We established four study plots on each
reserve, two each in their interior and along their edge.
We also established one plot each on two relatively large
(37–80 ha) and two small (5–17 ha) habitat fragments
near each reserve. There were thus a total of 16 study
plots, four each for interior, edge, large fragments, and
small fragments (Patten and Bolger 2003). Interior plots
were located within each reserve, at least 600 m from the
nearest urban edge. Edge plots were located along the
urban edge of the reserves; plots on large and small
fragments were also aligned with the urban edge. Plots
ranged approximately from 2 to 4 ha depending upon
the distribution of coastal sage scrub habitat and focal
bird species at each location. All plots were located 12–
28 km from the shore of the Pacific Ocean. Along the
gradient from interior to edge to large fragment to small
fragment a number of measures of fragmentation and
urban exposure changed. The ratio of urban edge to
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habitat area increased across the gradient, as did the
ratio of urban land cover to natural habitat in the
immediate vicinity of the plots; the amount of contigu-
ous natural habitat declines along the gradient.

Reserves and surrounding fragments support coastal
sage scrub habitat of similar structure and species com-
position (Morrison and Bolger 2002a; D.T. Bolger and
M.A. Patten, unpublished data), dominated by the
drought-deciduous California sagebrush (Artemisia
californica) and California buckwheat (Eriogonum
fasciculatum) and by the evergreen laurel sumac (Mal-
osma laurina). The urban matrix surrounding reserves
and fragments was predominantly medium-density
(6–18 units/ha), single-family housing; schools or public
utility facilities also bordered some plots.

The region has a Mediterranean climate characterized
by winter rain and summer drought (Patten and
Rotenberry 1999). The rainfall year in San Diego runs
from July to June, the 2 months with the lowest long-
term mean precipitation ( £ 2 mm). Approximately 82%
of mean annual precipitation falls between November
and March, the months immediately preceding the bird
breeding season (March to June).

Bird species

We studied four species of year-round resident birds that
are wholly or largely dependent on coastal sage scrub as
breeding habitat in this region: the wrentit (Chamaea
fasciata), spotted towhee (Pipilo maculatus), California
towhee (P. crissalis), and rufous-crowned sparrow. The
wrentit and California towhee nest in shrubs, whereas
the spotted towhee and rufous-crowned sparrow nest on
the ground. With the exception of the wrentit, which is a
foliage and trunk-gleaning insectivore, these species are
ground-foraging generalists. During the breeding season
they provision their young with arthropod prey, while
outside the breeding season seeds are their primary food.

On each plot we followed two to four focal pairs of
each of the four study species. We conducted nest
searches daily during the breeding season (22 March to
16 June 2001, 13 March to 4 June 2002) in the morning
and late afternoon. We recorded clutch size, hatching
success, and fledging success for all nests, each of which
was monitored at 2- to 3-day intervals (see Patten and
Bolger 2003). Logistical constraints prevented us from
banding our focal pairs. At the beginning of the season
focal territories and pairs were established on each plot.
These territories were then monitored every 2–3 days
during the course of the breeding season. In calculating
seasonal parameters such as number of nesting attempts,
number of successful nests, etc., we assumed that the
territory holders stayed constant across the season.

We determined the number of fledglings per pair in a
standard manner, making minimal assumptions about
the fate of individual nests (Martin 1993; Morrison and
Bolger 2002a; Patten and Bolger 2003). For each
breeding season we summed the total number of fledg-

lings produced by each of the pairs that we followed. If a
nest was definitely successful (e.g., parents observed
tending fledglings), and unless we had contrary evidence
(e.g., a dead nestling remained in the nest or a partial
nest depredation was observed), we assumed that all
large nestlings fledged successfully. We then simply di-
vided the total number of fledglings by the total number
of pairs to yield an estimate of fledglings per pair for
each of the four species. Nesting behavior crypticity can
vary among years possibly biasing among year com-
parisons of reproductive output. To guard against this
possibility, we also computed a qualitative score of
reproductive effort using a modified version of the
breeding behavior index of Vickery et al. (1992).

Arthropods

Arthropod abundance was estimated by pitfall trapping
and visual transect searches during the breeding season
in 2001 and 2002. Pitfall traps indiscriminately sampled
all terrestrial or ground-occurring arthropods, regard-
less of taxa, size, or diel activity, while transect searches
specifically targeted larger individuals of a select group
of taxa thought to be important avian prey.

Pitfall traps consisted of a 355-ml plastic cup con-
taining approximately 50 ml of a 50:50 mixture of non-
toxic antifreeze and water to capture and preserve
arthropods. A funnel in the top of each cup helped re-
tain arthropods in the trap. Between 11 and 15 pitfall
traps were installed at each of the 16 study plots. In
reserve interior plots, traps were situated at intersections
of a 50·50 m grid, while traps at edge and fragment sites
were situated along transects perpendicular to the urban
edge at 10, 25, 50, 100, and 150 m from the edge. Some
small fragment sites were too small to accommodate 100
or 150 m distances. Traps were installed at the inter-
section of a shrub patch and a grass/forb patch, 10 cm
from the nearest shrub canopy. Traps were operated for
three 72-h periods in each year. Median dates of each
sampling round were 25 April, 16 May, and 6 June in
2001, and 24 April, 15 May, and 3 June in 2002. The
mean number of locations sampled per plot per year was
13.3 in 2001 and 13.2 in 2002. A total of 1,266 samples
was collected and processed.

The quantity, length, width, and identification of all
individuals ‡3.5 mm in each sample were recorded. In-
sects were identified to at least order, and all other taxa
(mainly Chilopoda, Diplopoda, Isopoda, and Arachnida)
were identified to class. Herein, only terrestrial arthro-
pods are included in analyses. Taxa whose primary
means of locomotion was flight were excluded, including
all Dipterans, most Hymenopterans (Formicidae and
Mutilidae were not excluded), some coleopterans
(Mordellidae), as well as the Rhaphidioptera and all adult
Lepidopterans. Biomass of all individuals was estimated
using length–weight regression coefficients from Hodar
(1996). We analyzed scorpions and Tenebrionid beetles
separately, because in the samples in which they occur
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(n=174 out of 1,266 traps) they accounted for 90% of
total terrestrial arthropod biomass. This creates a skew
in the distribution of sample biomass values that cannot
be removed by transformation. Results on the combined
data sets were qualitatively identical to those on each
group analyzed separately. Mean plot biomass values
were transformed by natural logarithm prior to analysis.

The abundance of grasshoppers, Coleopterans
(‡10 mm, but excluding the unpalatable Eleodes sp.),
lepidoptera larvae, and crane flies (Diptera: Tipulidae)
was estimated weekly by visual search transects. These
are conspicuous, diurnally active prey that our obser-
vations suggest were used to provision young in the nest.
Individual plot surveys consisted of five non-overlapping
50-m transects. Surveyors walked each transect at a pace
of approximately 50 m/2 min. A stick was used to dis-
turb all vegetation within 1 m of the transect line, and
the number of individuals of each focal taxa observed
was recorded. Transects were surveyed approximately
weekly on each plot for seven consecutive weeks, be-
tween 17 April and 2 June 2001, and 18 April and 1 June
2002. Surveys were conducted either in the morning
(before 1045 hours) or midday (1045–1400 hours).
However, only grasshoppers remain active and visible
throughout the day, so encounter rates for coleopterans,
lepidopteran larvae, and crane flies are from morning
surveys only.

Prior to analysis, surveys were grouped into four
intervals in each year (biweekly averages for weeks 1–2,
3–4, and 5–6, and a single value for week 7). The five 50-
m transect counts from each survey were averaged to
obtain a mean encounter rate for each week, and all
weekly averages for each plot in each interval were
averaged to obtain biweekly values for each plot. These
values were natural-log transformed prior to analysis.

Analyses

We avoided problems of autocorrelation—and thus
potential pseudoreplication—by (1) using means for
each pair of birds across all of their nests rather than
using data from individual nests (i.e., n = pairs of birds
per plot), and (2) from these means calculating overall
plot means per species for all variables (e.g., daily sur-
vival probability at the egg stage, clutch size, hatching
rate, etc.). Our sample size, then, was the number of
plots (n=16), not the total number of nests (n=261).

For analyses of variance, in which our dependent
variable was mean fledglings/pair in each year or mean
qualitative reproductive effort score in each year, we
blocked data by treatment (interior, edge, large frag-
ment, small fragment) because nest success varies across
the fragmentation gradient, particularly for ground-
nesting species (Patten and Bolger 2003). We did not
block by region (Mission Trails vs Sweetwater) because
vegetation was similar across all sites (see Morrison and
Bolger 2002a), there was no effect of region on overall
survival probability of nests (MANOVA), and the

Mission Trails and Sweetwater sites nearest each other
are only <4 km apart. We used Wilcoxon rank-sum
tests to compare reproductive effort between years.

Using a 5-year data set, we performed linear, qua-
dratic, and cubic regressions with rainfall as the pre-
dictor and fledglings per pair of the rufous-crowned
sparrow as the criterion and compared model fit using
the Akaike Information Criterion (AIC) and Mallow’s
Cp (Mallows 1995; Burnham and Anderson 2002).

We used repeated measures ANOVA to test for dif-
ferences between years in both the pitfall and transect
arthropod surveys. Plots were the subjects, and within-
subjects factors in the pitfall models included year,
month (within year), and year · month, while transect
models included year, 2-week interval (within year), and
year · interval. A sequential Bonferroni procedure was
used to adjust P-values for multiple tests (Sokal and
Rohlf 1993). We performed statistical analyses either by
hand or with SPSS 9.0 or SAS Statistical Software 8.1.

Although these data were collected as part of a
fragmentation study, we do not report here on frag-
mentation results. This paper focuses on the between
year patterns which were not influenced by the frag-
mentation ‘‘treatments’’. Within years, results were a
function of fragmentation; these results are reported
elsewhere (Patten and Bolger 2003).

Fig. 1 Reproductive output and effort for four bird species, wrentit
(Chamaea fasciata), spotted towhee (Pipilo maculatus), California
towhee (P. crissalis), and rufous-crowned sparrow (Aimophila
ruficeps), in 2001 and 2002: a the number of nests attempted per
pair and b the number of offspring successfully fledged. Bars are
standard errors, and numbers over the bars are the sample sizes for
focal pairs. Sample sizes are the same in the lower panel
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Results

Rainfall

Rainfall was highly variable among years. Rain-year
precipitation in 2002 was 7.67 cm, the lowest value in a
150-year rainfall record for San Diego. Rainfall in 2001
was 21.87 cm, much nearer the long-term mean of
25.25 cm (SD=10.5).

Reproduction

Reproductive output in each of our four focal species
differed significantly between 2001 and 2002 (Wilcoxon
rank-sum tests for each species, P<0.0001). In 2001, the
mean number of fledglings per pair ranged from 1.36 to
3.14 among the four species (Fig. 1). In 2002, very little
reproductive output was observed; the number of
fledglings per pair ranged from 0.00 to 0.12 (Fig 1). This
was largely a product of a greatly reduced reproductive
effort in 2002. While in 2001, most pairs (88%) at-
tempted at least one nest and many pairs had more than
one attempt, in 2002 only 6.7% of pairs overall at-
tempted even one nest and only 1.8% of pairs fledged
offspring (Fig. 1).

The lack of observed reproduction in 2002 did not
appear to be a result of observer bias, difference in field
effort, or more cryptic reproduction in 2002 versus 2001.
A team of eight spent 87 field days observing pairs in
2001 and a team of eight spent 84 field days observing
pairs in 2002. A qualitative score of reproductive effort
by our focal pairs as gauged by a modified version of the
breeding behavior index of Vickery et al. (1992) was also
much reduced in 2002. While most pairs in 2001 were
observed to reach the penultimate level of the index,
producing nestlings (mean index=5.86), the mean value
of the index in 2002 was 2.36 which suggests that most
pairs only reached the point of establishing territories.

Rufous-crowned sparrow reproduction over the per-
iod 1997–2002 (exclusive of 2000; Morrison and Bolger
2002a, b, and these data) varied strongly with annual
variation in rainfall (Fig. 2a) in a nearly linear fashion
(Fig. 2b). Non-linear terms did not improve the fit of a
linear model relating fledgling number to annual rainfall
(Table 1).

Arthropod availability

Arthropod abundance and biomass as measured by vi-
sual transects and pitfall trapping differed significantly
between 2001 and 2002. Abundance and biomass were
significantly higher in 2001 (Figs. 3 and 4, Tables 2 and
3). For instance, craneflies, an important early season
food source, were nearly absent in 2002. Grasshoppers,
and lepidoptera larvae, both important food sources for
most provisioning passerine birds, were dramatically
lower in the 2002 transect counts (Fig. 3).

Discussion

The exceptional dry year in 2002 was associated with a
near reproductive failure in all four of our focal bird
species. The relationship between rainfall and avian
reproduction appears to be mediated by arthropod
abundance. The relationship between rainfall and
reproduction was borne out over a longer time period

Fig. 2 Reproductive output (fledglings per pair) as a function of
rain-year precipitation (i.e. annual rainfall for the period August to
July; e.g. rain-year 1997 runs from August 1996 to July 1997) in five
breeding seasons in the rufous-crowned sparrow: a pattern of inter-
annual variation, and b linear relationship between rain-year
precipitation and reproductive output. Data for 1997–1999 are
from Morrison and Bolger (2002a, b)

Table 1 Model selection for the effects of rainfall on reproductive
output of the rufous-crowned sparrow (Aimophila ruficeps). The
best (lowest AIC) and least biased (lowest Mallow’s Cp) model is
linear. Addition of quadratic or cubic terms increases the R2, but fit
is reduced when accounting for the penalty of added parameters

Parameters Variables in model R2 AIC Cp

1 Rainfall 0.829 0.926 0.262
2 Rainfall2, rainfall3 0.864 1.772 2.002
2 Rainfall, rainfall2 0.864 1.789 2.005
2 Rainfall, rainfall3 0.863 1.810 2.009
1 Rainfall2 0.735 3.121 0.957
3 Rainfall, rainfall2, rainfall3 0.864 3.763 4.000
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for one of these species, the rufous-crowned sparrow,
which displayed a steep linear relationship between
rainfall and breeding productivity over 5 years.

Rainfall and food limitation on avian reproduction

Our data support the hypothesis that rainfall is a strong
exogenous driver of avian reproduction in this semi-arid
region through its effect on food resource availability
(Morrison and Bolger 2002b). Our measures of arthro-
pod abundance were significantly lower in 2001 than
2002. It is likely that the reduced arthropod abundance
in 2002 was due to lower primary productivity. Al-
though we did not measure plant biomass or produc-
tivity it was obvious that biomass of grass, shrub and
herbaceous vegetation was much lower in 2002 than in
2001 (personal observation).

Periodic food limitation on passerine reproduction
has been suggested a number of times through correla-
tional and experimental studies in many regions (review
in Newton 1998). However, population reproductive
failure among passerines seems restricted to populations
in arid and semi-arid environments. In our review of
passerine demographic studies, the only other studies
that documented almost complete annual reproductive
failure were also in an arid system, Geospiza fortis
on Isla Daphne Major (Boag and Grant 1984) and
G. conirostris on Isla Genovesa (Grant and Grant 1989)
in the Galapagos. We hypothesize that among passerines
the slope of the relationship between reproduction and
rainfall is steepest in arid and semi-arid regions.

The relationship between rainfall and rufous-
crowned sparrow reproduction over 5 years suggests a
linear relationship between precipitation and avian

Fig. 3 Arthropod transect surveys (encounters per 50m transect
±1 SE) in 2001(triangle) and 2002 (circle) for a grasshoppers
(P<0.05), b beetles (P<0.05), c caterpillars (P<0.05), and d
craneflies (P<0.001). P-values (corrected for k=4 multiple tests)
for between year comparisons are from repeated measures
ANOVA on four ln-transformed variables (df=1,15)

Fig. 4 Arthropod pitfall trapping for three sampling periods in
2001 and 2002. Biomass (±1 SE) of a all terrestrial arthropods
excluding scorpions and tenebrionids (P<0.01), and b scorpions
and tenebrionids (P<0.01). P-values (df=1,15) for between year
comparisons are from repeated measures ANOVA on ln-trans-
formed variables and have been corrected for k=2 multiple tests

Table 2 Results of repeated measures ANOVA on four ln-trans-
formed variables from transect surveys. Values shown are F-ratios,
and P-values indicated have been corrected for k=4 multiple tests

Within subjects
factors

df Crane
flies

Caterpillars Beetles Grasshoppers

Year 1,15 204.73*** 5.89** 7.36** 9.16**
Bi-week 3,13 54.53*** 1.89 1.06 4.87*
Year · Bi-week 3,13 44.84*** 2.04 1.06 4.85*

*Padj<0.1; ** Padj<0.05; *** Padj<0.001

Table 3 Results of repeated measures ANOVA on two ln-trans-
formed variables from pitfall samples. Values shown are F-ratios,
and P-values indicated have been corrected for k=2 multiple tests

Within subjects
factors

df All terrestrial taxa
(excl. scorpions
and tenebrionids)

Scorpions and
tenebrionids

Year 1,15 8.91* 18.51*
Month 2,14 2.70 0.19
Year · month 2,14 28.79** 1.71

*Padj<0.01; **Padj<0.001
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productivity (Fig. 2b). These 5 years encompass much
of the observed range in rainfall variation. However, it is
possible that reproductive output could plateau or de-
cline at higher levels of rainfall than those we observed.
As Brown and Ernest (2002) point out, relationships
initially thought to be linear sometimes are revealed to
be more complex when longer time series are available.
The apparent linearity of the relationship between
rainfall and productivity implies that an increase in the
variance in rainfall (independent of a change in the
mean) will not produce a change in mean reproductive
output. If the relationship were decelerating, then
increasing variance would lead to a decline in mean
productivity as the increase in reproduction associated
with wet years would not fully compensate for the de-
cline during dry years (Ruel and Ayres 1999).

Although the patterns we have documented are
consistent with food limitation, there are other mecha-
nisms related to precipitation that might also be causal.
Water availability can have effects on avian reproduc-
tion that are independent of food (Coe and Rotenberry
2003). In hot environments, breeding activity may gen-
erate heat loads that require evaporative cooling and
thus these activities may have to be curtailed during dry
periods. Water is also needed for egg production.
Comparing across species along an aridity gradient
Tieleman et al. (2004) found that larks in arid regions
invest less water and energy in offspring than those in
more mesic locations. Coe and Rotenberry (2003)
demonstrated that in a relatively dry year provisioning
water to desert-inhabiting black-throated sparrows
(Amphispiza bilineata) resulted in a 16% increase in
mean clutch size. Also, the effect of reduced precipita-
tion on vegetation could affect the availability of suitable
nesting sites. Our impression was that there were fewer
locations in which a nest could be concealed in 2002 as
compared to 2001, particularly for the shrub-nesting
species. This could have induced individuals to forgo
nest initiation.

Annual variation in bottom-up versus
top-down limitation

Our results suggest that breeding passerines experience
strong bottom-up limitation during dry years in this
ecosystem and that this appears related to the availability
of arthropod prey. Previous studies in this system have
shown that in average andwet years, spatial and temporal
variation in reproductive success is driven by variation in
predator abundance and activity (Morrison and Bolger
2002b; Patten and Bolger 2003). For instance, in 2001, a
year of near normal precipitation, variation among sites
and species in reproductive output was driven by nest
predation (Patten and Bolger 2003). The ground nesters
(spotted towhee and rufous-crowned sparrow) enjoyed
higher reproductive success in habitat fragments than in
unfragmented habitat because their primary nest preda-
tor, snakes, were less abundant in fragments. In the shrub-

nesting wrentit and California towhee, nesting success
was lowest in fragments because the avian nest predators
to which they were vulnerable were more common in
fragments (Patten and Bolger 2003). These differences
among sites and species were inconsequential in 2002 as
most pairs, regardless of site or species, did not attempt to
nest. Thus, in this system, as in several other arid and semi-
arid systems, bottom-up control is strong during dry
periods, and top-down regulation becomes important
during wetter periods (Polis et al. 1998; Morrison and
Bolger 2002b; Meserve et al. 2003).

Uniformity of response

Community-level resistance to perturbations is enhanced
if species have individualistic responses to perturbations
such as drought (Tilman 1996). Food-mediated effects
on avian fecundity can arise through a variety of path-
ways (Boutin 1989; Newton 1998) that may differ even
among similar, co-occurring species (Rotenberry and
Wiens 1991). However, the effect of food limitation on
our four species was the same: the great majority of
birds did not attempt to breed. This suggests that this
passerine community has little resistance to a low-rain-
fall perturbation. Arid and semi-arid systems appear to
be more entrained to a single environmental parameter,
rainfall, than are other types of ecosystems (Noy-Meir
1973; Webb et al. 1978; Sala et al. 1988), suggesting a
general lack of among-species variation in response to
changes in rainfall.

The uniformity of response may be symptomatic of a
shared life-history strategy. The degree to which these
four bird species deferred any investment in offspring in
2002 suggests that the potential reproductive value
(Winkler 1987) of offspring in that year was low in
comparison to the cost of reproduction (Williams 1966;
Verhulst and Hut 1996; Golet et al. 1998). This could be
due to a combination of low survival probability of the
young and/or high cost to the parents. Deferred repro-
duction as seen here is often associated with high adult
survival. The survival rate of one of these species is
consistent with this pattern. On these same plots, the
rufous-crowned sparrow has a survival rate much higher
than similar-sized passerines (Morrison et al. 2004). By
deferring reproduction during unfavorable years this
species may attain a higher level of adult survival and
condition that allows high levels of reproductive effort in
relatively wet years (Morrison and Bolger 2002b). Al-
though this life history strategy may increase individual
fitness, it could make populations vulnerable to extinc-
tion in the face of sequential dry years.

Implications of potential climate change
for avifaunal conservation

Local extinction events in a number of vertebrate species
have been linked to climate change (Pounds et al. 1999;
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McLaughlin et al. 2002). Our results underscore the
importance of climate and climatic change to the con-
servation of avifauna in this region. The patterns we
observed lead to several predictions about how potential
changes in climate might affect the viability of popula-
tions of these species. Of great significance is the fact
that the relationship between rainfall and productivity
passes zero within the observed range of variation in
annual rainfall. Although 2002 saw the lowest rainfall in
a 150-year climate record, it was not an outlier. The
7.67 cm of rainfall in 2002 deviated from mean of
25.3 cm by only 1.68 standard deviations (SD=10.5).
This suggests that this regional avifauna experiences
near reproductive failures relatively frequently. In fact,
40 of the 150 recorded years had rainfall equal to or
lower than the 17.1 cm recorded in 1999, when rufous-
crowned sparrows experienced reproductive output of
less than one fledgling per pair (Fig. 2a). The relation-
ship between rainfall variation and reproductive success
suggests that any increase in the frequency of extreme
dry years could significantly diminish the viability of
populations of these species; this would be particularly
true if these events were not compensated by an increase
in the frequency of wet years with associated high
reproductive output. We do not know if the low rainfall
in 2002 is a symptom of increasing annual variation, but
our data suggest that, despite presumed adaptation to a
semi-arid climate, a modest increase in the frequency of
arid conditions could have significant consequences for
this avifauna.
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