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Abstract

There has been a growing interest in whether established ecogeographical patterns, such as Bergmann’s rule, explain

changes in animal morphology related to climate change. Bergmann’s rule has often been used to predict that body

size will decrease as the climate warms, but the predictions about how body size will change are critically dependent

on the mechanistic explanation behind the rule. To investigate change in avian body size in western North America,

we used two long-term banding data sets from central California, USA; the data spanned 40 years (1971–2010) at one
site and 27 years (1983–2009) at the other. We found that wing length of birds captured at both sites has been steadily

increasing at a rate of 0.024–0.084% per year. Although changes in body mass were not always significant, when they

were, the trend was positive and the magnitudes of significant trends were similar to those for wing length (0.040–
0.112% per year). There was no clear difference between the rates of change of long-distance vs. short-distance

migrants or between birds that bred locally compared to those that bred to the north of the sites. Previous studies

from other regions of the world have documented decreases in avian body size and have used Bergmann’s rule and

increases in mean temperature to explain these shifts. Because our results do not support this pattern, we propose

that rather than responding to increasing mean temperatures, avian body size in central California may be influenced

by changing climatic variability or changes in primary productivity. More information on regional variation in the

rates of avian body size change will be needed to test these hypotheses.
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Introduction

There is mounting evidence that birds and other wildlife

are responding to changes in climate in a variety ofways,

including changes in phenology (Crick, 2004; Macmy-

nowski et al., 2007; Vegvari et al., 2010), geographical

distributions (Tingley et al., 2009; Thomas, 2010), and

population declines (Miller-Rushing et al., 2008; Jiguet

et al., 2010). In addition, species of birds and mammals

are exhibiting changes in body size that are linked to cli-

mate change (Yom-Tov et al., 2006; Van Buskirk et al.,

2010; Gardner et al., 2011). Recently, there has been a

growing interest in whether established patterns of geo-

graphical variation in body size, such as Bergmann’s

rule, may explain changes in animal morphology that

will occur as a result of climate change (Yom-Tov et al.,

2006; Gardner et al., 2009; Van Buskirk et al., 2010).

Bergmann’s rule states that across species, body mass

is positively associated with latitude (Bergmann, 1847;

Blackburn et al., 1999). The rule has also been used to

explain within-species variation in body mass (Ashton,

2002). Predictions about how body size will change as a

result of climate change depend on the mechanistic

explanation behind Bergmann’s rule, of which there are

several (Watt et al., 2010; Meiri, 2011). One mechanism

used to explain climate-related variation in body size

under Bergmann’s rule is that heat conservation associ-

ated with larger body sizes provides a thermoregulatory

benefit in cooler climates. Using this mechanism,

researchers have predicted that within a species, body

sizes will decrease as the climate warms (Yom-Tov et al.,

2006; Salewski et al., 2010; Van Buskirk et al., 2010).

Alternatively, Bergmann’s rule may be driven by

fasting endurance (Ashton, 2002). Bumpus (1899) ini-

tially pointed out that severe weather events can exert

significant selection pressure on bird body size. Further

studies have shown that severe weather events, includ-

ing cold snaps and storms, can exert directional selec-

tion pressure on birds, favoring heavier body mass

(Jaramillo & Rising, 1995) and larger size (Brown &

Brown, 1998; Acquarone et al., 2004). Larger size may
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confer greater fasting endurance and cold-weather sur-

vival, due to increased energy stores (Murphy, 1985).

If the climate becomes more variable, it has been pre-

dicted that birds may need increased energy storage for

fasting endurance to survive extreme weather events

(Newton, 2007). Easterling et al. (2011) highlighted

instances of extreme events underlying long-term

changes in body size and suggested that many seem-

ingly gradual shifts over recent decades may be driven

by punctuated weather extremes. If Bergmann’s rule is

driven by climate variability and fasting endurance,

then body sizes are predicted to increase within a spe-

cies as the climate becomes more variable.

Finally, global shifts in climate may be affecting body

size through broad changes in food availability. Yom-

Tov & Geffen (2011) propose that food availability

(driven by primary productivity) is the mechanism

underlying Bergmann’s rule and recent changes in body

sizes. The direction of productivity change in response

to climate change may vary regionally. In warm

climates, higher temperatures may speed evaporative

water loss, thereby decreasing productivity, while in

water-starved or cool environments, increased precipi-

tation and heat may increase productivity (Yom-Tov &

Geffen, 2011). Under this mechanism, changes in body

sizes would depend on the effect that climate change

has on regional primary productivity.

Among birds, researchers have documented varia-

tion in the magnitude and direction of morphological

changes (Gardner et al., 2011). Results are similarly

varied on whether the observed changes in body size

appear to be linked to selection (Van Buskirk et al.,

2010) or phenotypic plasticity (Husby et al., 2011). For

North American birds, Van Buskirk et al. (2010)

reported decreases in wing length and fat-free mass in

Pennsylvania passerines in the last 40 years; changes in

avian body size in other regions of North America have

not been described. To investigate change in avian

body size in western North America, document the

effects of climate change on vertebrates, and test the

above predictions to provide insight into the mecha-

nism underlying Bergmann’s rule, we analyzed

changes in avian body mass and wing length among

multiple-species at two long-term banding stations in

central California, USA. We examined whether birds

were decreasing in size, as predicted by a thermoregu-

latory explanation of Bergmann’s rule, or increasing, as

a possible response to climate variability or food avail-

ability changes.

Methods

To examine morphological changes in passerine birds, we

examined data from two long-term banding programs in

central California, USA: PRBO Conservation Science’s Paloma-

rin Field Station and San Francisco Bay Bird Observatory’s

Coyote Creek Field Station.

Study sites

The Palomarin Field Station (Palomarin; 37°56′N, 122°45′W) is

located on the central California coast, north of the town of

Bolinas, in Marin County, California, USA, in the southern

end of the Point Reyes National Seashore. Local vegetation

consists of undisturbed and disturbed coastal scrub, second-

growth Douglas-fir forest (Pseudotsuga menziesii), and mixed

evergreen forest. See Johnson & Geupel (1996) and Jennings

et al. (2009) for further descriptions of the site. In the past four

decades, Palomarin has undergone significant successional

change, from fallow fields to coastal scrub to conifer forest

(Chase et al., 2005). As a result of these changes in vegetation,

there have also been predictable changes in bird community

composition, with an increase in conifer-associated species

(Chase et al., 2005).

Coyote Creek Field Station (37°26′N, 121°55′W) is located at

the southern end of the San Francisco Bay (approximately

110 km from Palomarin). Except for a strip of riparian habitat

directly adjacent to Coyote Creek, the site was previously a

pear orchard. The orchard was removed just prior to the

beginning of the banding program in 1982, and much of the

site was restored with riparian vegetation in 1987 and 1993.

The restored sites have undergone significant vegetative

growth since the initial plantings (Jaramillo et al., 2003). Fol-

lowing the restoration and subsequent maturation of the vege-

tation, bird abundance has increased (Jaramillo et al., 2003).

Field methods

Data from Palomarin were available for 1971 through 2010.

PRBO biologists have conducted mist-netting year round, gen-

erally 6–7 days per week in May through November and 3–

4 days per week in December through April. Since 1979, all 20

nets were typically open for 6 h each day, weather permitting,

beginning 15 min after sunrise. In earlier years, efforts were

less standardized, and nets were sometimes open longer.

At Palomarin, birds were captured in 20 12-meter nylon

mist nets, all within 200 m of each other. Of the 20 nets, 14

were located at 8 locations in the mixed evergreen forest, and

the other 6 nets were located in coastal scrub habitat. At six

net locations in the forest, the nets were double-stacked, one

on top of the other. Larger mesh nets (36 mm) were used in

the scrub habitat and smaller mesh nets (30 mm) were used in

the evergreen forest (Ballard et al., 2003; Jennings et al., 2009).

Nets were closed during rainy or windy conditions. The cap-

ture and handling of birds followed standardized protocols

for mist-netting (Ralph et al., 1993). Netting was conducted by

interns who were intensively trained to ensure consistency in

data collection.

Each bird captured was identified to species, aged (if possi-

ble), sexed (if possible), and given a unique, numbered US-

FWS or USGS federal metal band (or the band number was

noted, for recaptures). Un-flattened wing chord (wing length)

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 63–73

64 R. E . GOODMAN e t a l .



was measured to the nearest millimeter. Mass was measured

to the nearest 0.1 g; a Pesola spring scale was used in earlier

years, and more recently, an electronic scale was used. Body

fat was rated using a 0–3 rating scale. Data on breeding condi-

tion, molt status, and feather condition were recorded. Birds

were released immediately after processing (Jennings et al.,

2009).

Data from Coyote Creek Field Station were available begin-

ning in December 1982. We used year-round data from 1983

to 2009. The study site consisted of 48 nets locations in ripar-

ian habitat; 36 of these net locations were established in 1987

or earlier, and the remaining net locations were established by

1995. Capture, handling, and banding procedures were the

same as those at Palomarin, except as noted herein. Standard

banding hours were established in 1987. Net opening time

was averaged for the month, so on any given day, opening

time may be 20–60 min after sunrise. Nets were all 30 mm

mesh, and nets were operated for 5 h, weather permitting.

Year-round, weekly mist-netting operations were spread out

over 3 days such that one-third of all nets were opened during

each of three trapping days. Weight was measured with an

electronic balance.

Study species

Using only new captures of after-hatch-year birds, we divided

captures by season to examine different patterns for winter-

ing, breeding, and migratory birds. Spring was defined as 1

April–15 May, summer as 1 June–31 July, fall as 15 August–

15 November, and winter was defined as 1 December–29 Feb-

ruary. We used the same approach to selecting species for

analysis that was employed by Van Buskirk et al. (2010):

within each season, species were selected for analysis if at

least one individual was captured in at least seven different

years, with earliest and latest captures spanning a period of at

least 25 years. This yielded a total of 14 735 individuals at Pal-

omarin (summer: 5509 captures of 41 species; winter: 2846

captures of 26 species; spring: 4544 captures of 45 species; fall:

1836 captures of 35 species). These species represent an eco-

logically diverse sample of the birds banded at Palomarin in

terms of size, migration distance, breeding distribution, nest-

ing location, and feeding ecology (Goodman, 2010).

At Coyote Creek, we again used only new captures of after-

hatch-year birds and divided those captures by season (using

the same dates described for Palomarin). However, because of

the shorter length of the study period, we selected species for

which there was at least one capture in at least 7 years, with

the earliest and latest capture spanning a period of at least

20 years. Selecting the species in this way yielded 18 052 indi-

viduals (summer: 2112 captures of 23 species; winter: 4333

captures of 20 species; spring: 8442 captures of 38 species; fall:

3165 captures of 26 species.) As at Palomarin, the resulting

species assemblage is ecologically diverse (Goodman, 2010).

We followed Van Buskirk et al. (2010) in classifying the

breeding range and migration distance for each species.

Breeding range was categorized as either local (for species that

nest in or nearby the two study areas) or northern (for species

that breed only farther north or, in a few cases, at higher eleva-

tions). For migration distance, we categorized species as either

long distance, if they wintered in Central or South America, or

short distance, if they were year-round residents or generally

wintered in the southern United States. A list of species and

their migration distance and breeding range classifications

used in this study is presented in Appendix S1.

Analysis

Following Van Buskirk et al. (2010), we used linear mixed-

models to estimate temporal trends in body size and wing

length controlling for the effects of sex, migration distance,

breeding range, fat score, time of day, and date of passage. For

all analyses, we log-transformed body mass and wing length.

We included species (random intercept) and the interaction

between species and year (random slope) in all models with a

structure that assumed that random slopes and intercepts

were not correlated.

For body mass of summer residents, our full model included

fixed effects for year, sex, fat score, time of day, migration dis-

tance, and migration distance by year interaction. For body

mass of winter residents, we used the same model, except that

migration distance was replaced by breeding range. For spring

and autumn migrants, our full model for body mass included

fixed effects for year, sex, fat score, time of day, date of pas-

sage, migration distance, and breeding range.

For wing length for summer residents, our full model

included fixed effects for year, sex, migration distance, and

the year by migration distance interaction. For wing length of

winter residents, we used the same model as for summer resi-

dents, except that migration distance was replaced by breed-

ing range. For wing length of spring and autumn migrants,

our full model included fixed effects for year, sex, migration

distance, and breeding range.

All analyses were performed separately for the Palomarin

and Coyote Creek datasets. All statistical analyses were per-

formed with R software (R Development Core Team, 2009). We

used the nlme package (Pinheiro et al., 2010) which allowed us

to fit species (random intercept) and the species by year interac-

tion (random slope) in a model with fixed and random effects.

We specified no correlation between the random intercept and

slope terms. We evaluated the significance of each parameter

using the Wald-test P-values and 95% confidence intervals for

each parameter estimate. In our initial models, we included the

interactions between year andmigration distance and breeding

range. If these interactions were significant (P < 0.1), we

included them in the final model structure; if they were nonsig-

nificant, we refit the models excluding these interaction terms.

In three cases, these models failed to converge and provide

reliable estimates of the random effects. In these cases, we

excluded these data sets from the analysis.

Results

Wing length

Generalizing across species, wing length increased

significantly at Palomarin and at Coyote Creek in all
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seasons for which the model converged (Table 1;

Fig. 1). The only significant interaction was at Paloma-

rin in the spring: the rate of increase in short-distance

migrants was greater than for long-distance migrants

(Table 1; Fig. 1). At Palomarin, the magnitude of this

increase ranged from 0.024% per year (long-distance

migrants in the spring) to 0.051% per year (all species

in the summer; Fig. 1). The model failed to converge

for the fall captures at Palomarin (Table 1). At Coyote

Creek, magnitude of the increase in wing length ranged

from 0.056% per year (all species in the winter) to

0.084% per year (all species in the fall, Fig. 1).

Although we treated species as a random effect and

random effect estimates are not designed to make com-

parisons between grouping variables, the estimate of

the random slope for each species does provide infor-

mation about the heterogeneity among species. At both

Palomarin and Coyote Creek the estimated slopes for

nearly all species were positive (Appendix S1).

Body mass

Changes in fat-free body mass were significant at Pal-

omarin and Coyote Creek in some but not all seasons

(Table 1; Fig. 2). At Palomarin, body size was signifi-

cantly increasing in summer (0.040% per year) but not

in the winter or fall (model for spring captures did not

converge). However, the estimates for winter (0.068%)

and fall (0.031%) were positive (Fig. 2). At Coyote

Creek, changes in body mass were significant for sum-

mer and spring but not winter (the model for fall cap-

tures did not converge). In spring, there was a

significant interaction with migration distance; the

body mass of long-distance migrants increased over the

study period, whereas the body mass of short-distance

migrants decreased slightly (Fig. 2). At Coyote Creek,

the magnitude of the changes ranged from �0.030%

(short-distance migrants in spring) to 0.112% (all birds

in summer; Fig. 2).

The random effects estimates of the slopes for indi-

vidual species suggested that changes in body mass

were more variable than changes in wing length. For

example, at Palomarin, 41 of 41 species captured in the

summer had increasing slopes for body mass, 22 of 24

captured in the winter had increasing slopes, and 29 of

35 captured in the fall were with increasing slopes

(Appendix S1).

Discussion

At two independent sites on the west coast of Califor-

nia, we found evidence that wing length has increased

across a wide variety of passerine species over the last

27–40 years. We also found evidence of increases inT
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Fig. 1 Mean annual change in log-transformed wing length of birds captured at Palomarin Field Station (Palo; 1971–2010) and Coyote

Creek Field Station (CCFS; 1983–2009). The bars indicate the 95% confidence intervals. The numbers next to the points indicate the

number of species. Wing length increased significantly at Palomarin Field Station and at Coyote Creek Field Station in all seasons for

which the models converged. The estimate for autumn captures at Palomarin is missing because the model did not converge.

Fig. 2 Mean annual change in fat-free mass of birds captured at Palomarin Field Station (Palo; 1971–2010) and Coyote Creek Field Sta-

tion (CCFS; 1983–2009). The bars indicate the 95% confidence intervals. The numbers next to the points indicate the number of species.

Fat-free mass increased significantly at Palomarin Field Station in summer and at Coyote Creek Field Station in summer and spring.

The estimates for spring captures at Palomarin and autumn captures at Coyote Creek are missing because the model did not converge.
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body mass over this time period, although these

changes were not significant for all groups. We suspect

that trends in body mass are more difficult to detect

than trends in wing length, because even after control-

ling for fat levels and time of day, body mass is proba-

bly still more dynamic than wing length. We interpret

our results as evidence for increasing body size across a

wide range of bird species that occur in central Califor-

nia. These results contrast with other studies that have

documented decreasing avian body size (Yom-Tov,

2001; Yom-Tov et al., 2006; Van Buskirk et al., 2010).

In the only other North American study of avian body

size, Van Buskirk et al. (2010) reported decreases in pas-

serine body mass and wing length from banding data

collected in Pennsylvania, USA. Although the direction

of morphological change differed between these two

studies, there were also some striking similarities. First,

Van Buskirk et al. (2010) reported changes in body mass

and wing length that ranged from �0.08% to +0.02% per

year. In our study, the changes in body mass and wing

length ranged from �0.03% to +0.11% per year. Thus,

the general magnitude of the changes, although in differ-

ent directions, was similar in both studies. Second, our

estimates for other parameters were very similar to those

reported by Van Buskirk et al. (2010). For example, we

found that for every 1 level increase in fat score, body

mass increased by 1.2–4.3% (Table 2), whereas their esti-

mates covered a similar range of 3.5–4.8% (Van Buskirk

et al., 2010). Similarly, our effect for time of day in the

body mass models ranged from 0.18% to 0.51%

(Table 2), similar to the estimates of 0.23–0.44% reported

by Van Buskirk et al. (2010).

While variation may exist between methodologies or

researchers, it is unlikely that our observed trends

could result from these errors. For example, at Paloma-

rin, body mass (measured with a spring scale in early

years and an electronic scale in later years) and wing

length (measured in the same way the entire study per-

iod) changed similarly over time, suggesting that the

change in method used to measure body mass was not

responsible for the pattern we found. Furthermore, the

agreement in the body mass from Palomarin and Coy-

ote Creek (where body mass has always been measured

with an electronic scale) suggests that direction bias

resulting from the change in methods at Palomarin is

unlikely. At both Palomarin and Coyote Creek, banding

has been conducted by many different researchers over

the course of the study, however, the emphasis on

training and standardization makes temporal drift in

both wing length and body mass measurements unli-

kely. Furthermore, if such a shift did occur, it seems

unlikely that it would have occurred with a similar

magnitude at these two, independently operated band-

ing stations.

Given that these changes are widespread across

many species at two sites in central California, we sug-

gest climate change may play a role. Mean tempera-

tures are increasing at similar rates across North

America (Jones et al., 1999; Hansen et al., 2010). At the

Palomarin Field Station, mean temperatures have been

increasing in all seasons in recent decades, with strong

increases from 1979 until the 1990s followed by a slight

decline (K. Dybala, unpublished data). During this

same time period, the number of days below 0°C has

been declining (K. Dybala, unpublished data). There-

fore, if changes in body size represented a response to

thermoregulation associated with increasing mean tem-

peratures, we would expect that body sizes would have

changed in a similar manner in Pennsylvania and Cali-

fornia. The disparity between the body size change in

Pennsylvania (decreasing; Van Buskirk et al., 2010) and

California (increasing; this study) suggests that the

explanation is more complicated.

Beyond warmer temperatures, the consequences of

climate change include changes in precipitation and

severe weather activity (Rind et al., 1989; Stouffer &

Wetherald, 2007; Min et al., 2011). The global climate is

becoming more variable (Alexander et al., 2006; Tebaldi

et al., 2006). Spatially explicit analyses of climate vari-

ability show that both California and Pennsylvania are

experiencing changes in variability, but the nature of

these changes varies depending on what parameter is

examined (Kunkel et al., 1999; Alexander et al., 2006;

Pryor et al., 2009). Trends in extreme temperatures and

precipitation patterns vary across the country (Kunkel

et al., 1999; Alexander et al., 2006; Pryor et al., 2009). If

body size is influenced by climate variability rather

than mean temperatures, then these regional differ-

ences in variability could result in different changes in

body size across North America.

Alternatively, changes in climate could produce

changes in primary productivity and food availability

that explain changes in avian body size (Yom-Tov &

Geffen, 2011). This hypothesis could potentially explain

why this study found increasing body sizes, whereas

other studies have predominantly found decreases.

Warming temperatures have been found to increase

productivity when paired with increased precipitation

(Seo, 2011; Wu et al., 2011) but to decrease productivity

when precipitation is not increased (De Boeck et al.,

2008). Increases in productivity have been found to be

stronger in cooler climates (Rustad et al., 2001) and in

more arid systems (Weltzin et al., 2003). Different bio-

mes have been shown to respond differently to climate

change, with chaparral areas showing increased pro-

ductivity while most other biomes experience produc-

tivity decreases (Seo, 2011). These patterns suggest that

central California, with its cooler, drier summers, and
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abundant chaparral ecosystems, may show stronger

increases in productivity in response to climate change,

compared to areas such as Pennsylvania. This hypothe-

sis could potentially explain why body sizes are

increasing in California but decreasing in other parts of

the world.

Our results show that a large assemblage of avian

species are increasing in size and demonstrate that,

while body size changes may be a pervasive response

to climate change, sizes are not universally decreasing.

Global climate change provides the largest possible,

albeit unreplicated, experiment with which to test

mechanistic explanations for broad patterns such as

Bergmann’s rule. Our results suggest that a response to

mean temperatures is not the sole or primary mecha-

nism behind Bergmann’s rule. Other factors, such as

climate variability or climate-related patterns in pri-

mary productivity, are likely to play a role in shifting

morphology.
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rated into the model. Numbers listed for each species are
the number of individual captures included in the analysis;
the change in log-transformed wing length per year; and the
change in log-transformed mass per year.
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