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Abstract

There is increasing evidence that individual energetics constrain macroecological
patterns. Here we model total abundance within winter landbird communities as a
function of (1) energy supply, as measured by ecosystem net primary productivity, and
(2) energy use of individuals, as influenced by body mass and ambient temperature.
Using data from the North American Christmas Bird Count, we find that total
abundance increases with productivity to the 0.61 power, and decreases with body mass
and environmental temperature as predicted by metabolic theory when individuals are
below their thermoneutral zone. We note a negative relationship between ambient
temperature and average body mass, and suggest that this community-level pattern,
reminiscent of Bergmann’s Rule, is related to a tendency for small species to be less-
abundant or absent from cold locations. Results from this study emphasize the
importance of individual-level metabolism for understanding large-scale ecological

patterns.
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INTRODUCTION

Energetic constraints on abundance have been examined in
several taxonomic and ecological contexts. A common
finding is that abundance varies with the energetic require-
ments of individuals. This general pattern has been found
for mammals (Damuth 1981, 1987), birds (Nee e al 1991),
intertidal invertebrates (Marquet ez a/. 1990), land plants
(Enquist e a/. 1998; Enquist & Niklas 2001), and marine
phytoplankton (Belgrano ez al. 2002; Li 2002). In these cases,
abundance, [V, usually scales with body mass, A, as
N o M™* Since metabolic rate of individuals, B;, scales
with body mass as B; 2141-3/4 (Kleiber 1932), these patterns
suggest that abundance is constrained by patterns of
individual energy use. Here we investigate the influence
of energetics on total abundance within assemblages of
wintering birds. We ask how much of the variation in total
abundance at a locale can be explained by a theoretical
model that quantifies the fundamentals of energy flux
through a bird community.

It has long been hypothesized that winter bird abundance
is energy limited (Lack 1966; Fretwell 1972). It follows that
the total rate of energy use by birds, By, is proportional to
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total energy supply to birds, F, as B, o . The energy
available to a bird community is determined by the total rate
of energy supply in the environment, or productivity, P, and
the proportion of that energy that birds can use. This
relationship can be desctibed as £ o< P¥; we use this flexible
functional form as a first approximation because it can
describe a linear, accelerating, or decelerating relationship. It
follows that

By X P¥ (1)

Given this general relationship, we can examine how the
constraint of energy supply on energy flux through the
community may be undetstood at the level of individuals.

The energy used by an animal community is given by the
sum of metabolic needs of its individuals as By, o Z;\Zl B;.
Several studies have shown that, for birds within their
thermoneutral zone, B; is related to individual body mass in
the form B5; 0(214;/4 (Kleiber 1932; Zar 1969; Nagy et al.
1999). Below the thermoneutral zone, however, the scaling
relationship is markedly different. This is because heat loss to
the environment must be offset by increased metabolic rate in
order to maintain a constant body temperature (Scholander
et al. 1950). Metabolic rate, then, is determined by thermal
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conductance, which scales as %1/2 (Aschoff 1981; Schleucher
& Withers 2001), as well as the difference, 73, between body
temperature and ambient temperature (Calder 1984). Thus, in
a relatively cold environment, metabolic demands are given as
B; o< Ml/ 27T,,. Combined with eqn 1, the overall energy flux
through a winter bird community is

N
Boox Y M7 o P (2)
=1

7

The sum-of-body-mass term can be replaced by a term
representing the average body mass contribution of an
individual, MY 2, times total abundance: Z;-\;lMl/ 2 =
M2N (note that S, M!/* # MV2N unless all individ-
uals in the assemblage are of equal mass). Substituting this into

eqn 2 yields
Bio ¢ MV2NTy o< P¥ (3)

This is a general model for energy flux through winter
landbird communities. It describes how energy use derives
from interactions between properties of the environment
and characteristics of the community. This general model
can be solved for [V, giving

N\ —1
N o P (Ml/Z) 75! (4)

Equation 4 provides a framework for exploring the
energetic basis of abundance in winter bird communities.
It predicts that abundance, cotrected for the effects of
productivity and body mass, should scale as 7 to the —1
power. It also predicts that abundance, corrected for the
effects of productivity and temperature, should scale with
the body mass term to the —1 power. In this paper, we test
these predictions using data on abundance of winter
landbirds from across North America. We address the
following questions: (1) What is the relationship between
resource supply rate and landbird abundance? Do wintet-
ing landbirds utilize a constant proportion of productivity
across all levels of resource supply? (2) Do the effects of
temperature and body mass distribution on abundance
follow the predictions of our model? (3) Is the full
theoretical model more parsimonious than ones including
fewer terms?

METHODS

Christmas Bird Counts (CBCs) have been conducted
annually across North America for over 100 years and
provide standardized counts of winter birds (Bock & Root
1981). During a single day within a 2-week period, volunteer
observers cover count circles with a 12-km radius. We
acquired data for CBC sites in the continental USA and

Canada from http://www.nmt.edu/~shipman/z/cbc. We
screened CBC sites to remove those where birds were likely
to acquire resources from aquatic or urban habitats. CBC
sites were excluded if they were centered within 12 km of a
coastline, major water body (>2.5 ha), or major river
(>30 m wide), or were within 24 km of locations with
human population >10 000. This process left 285 sites for
analysis.

Landbirds were defined as all diurnal terrestrial-feeding
species from the orders Columbiformes through Passeri-
formes (Tramer 1974). Owls were excluded because of their
nocturnal habit. Species contained in Coraciiformes were
excluded because of their tendency to feed in aquatic
habitats and the blackbird species Agelains phoenicens and
Xanthocephalus xanthocephalus wetre excluded after Bock &
Root (1981) and Root (1988b). This process left 257 bird
species for analysis.

To test predictions of eqn 4, we needed estimates of IV,
M2, P, and T} for each CBC site. N was calculated for
each year from 1978 to 1998 and then averaged over all

years. Since all sites were not censused during all years,
averages represent data from 2 to 20 years. N was
corrected for observer effort by calculating the number
of birds counted per observer party hour (Bock & Root
1981). (We checked the relationship between party hours
and abundance and found that the two measures were
linearly related at the sites used in our study.) M'/* for
each site was calculated using the abundance and body
mass of the jth species as Zj‘; (NMl/Z)/./ Zj‘?:l N,. We
used a single, mean body mass (g) for each landbird species
(Dunning 1993). P for ecach site was obtained from
estimates of annual net primary productivity (NPP, carbon
gm ?year ). NPP was an average of estimates from
17 global models (Cramer ef a/. 1999) and had a spatial
resolution of 0.50° long/lat (http://www.pik-potsdam.de/).
We calculated 7 for each site by subtracting the average
ambient temperature during December and January from the
average avian body temperature of 40 °C (Calder & King
1972). Average December and January temperature
was interpolated for each site using data from the US
National Climate Data Center’s Global Historical Climatol-
ogy Network.

One assumption of our analysis was that the birds, on
average, were below their lower critical temperature, 7,
during winter. We calculated 7; for each species using the
equation 7, = 40 — 42.73M* (Peters 1983), where A is in
kilogram. This equation was derived using allometric models
for thermal conductance and metabolic rate, where meta-
bolic rate was estimated to be 25% over basal metabolic rate
to account for heat produced by moderate activity (Calder
1984). We then calculated the percentage of individuals at
each site for which the average December and January
temperature was below 7.
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We constructed general linear models with logyq trans-
formed variables (1) to calculate the empirical scaling
relationships between NVand P, MY 2, and 73 in a multivariate
statistical context and (2) to compare these empirical
relationships to those predicted by eqn 4. The full general
linear model took the form log () o< by + by log (P) +
by log (M2 + by log (73). The estimates for by, b, and b3
correspond with the scaling exponents in eqn 4 for P, M'/?,

and 73, respectively. We used Akaike’s Information Criterion
(AIC) to compate the utility of the full three-variable model
with that of the reduced one- and two-variable models
(Burnham & Anderson 1998). When using this criterion, the
best model is that with the lowest AIC value; models with
AAIC values less than 3 (AAIC, = AIC, — AIC,.) are
considered competitive models and those with values greater
than six are considered inferior (Burnham & Anderson
1998). We used correlation analyses on logy, transformed
variables to check for collinearity between P, MY? and T, a
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RESULTS

Winter landbird abundance was relatively low at CBCs in
cold and dry regions and relatively high in warm and wet
regions of North America (Fig. 1). Across the CBC sites
included in this study, /N varied from 0.30 to 86.34
individuals party per hour. The average number of birds
per party hour was nine and the average number of party
hours per site was 396; thus approximately 3564 birds were
counted during an average CBC. Across CBC sites, P varied
from 115.11 to 943.09 gm™> year ™', M"/? varied from 4.59
to 19.53 g'/? and 7} varied from 24.84 to 64.94 °C (Fig. 1).

The average December and January ambient temperature

was below the lower critical temperature of moderately
active landbirds in a vast majority of cases. For 202 of the
285 sites, average ambient temperature was below 7; for
100% of the individuals. For 63 sites, average ambient
temperature was below 7¢ for 95-99% of the individuals.
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Figure 1 Map of the 285 Christmas Bird Count sites used in this study, together with (a) the associated distributions of /V (total landbird
abundance); (b) £ (annual net primary productivity); (c) 7y (the difference between avian body temperature and December and January mean
temperature); and (d) M2 (average of body masses raised to the 1/2 power).
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Table 1 Summary of AIC values for full and reduced general linear
models for log(ZV)

Model rank Variables AIC AAIC
1 (Best) log(P), log (@), log(73) —042.52

2 log(P), log (M"?) -635.08 7.44
3 log(P), log(74) —-623.92  18.60
4 log (M), log (T3 -606.13  36.39
5 log(7y) -597.41  45.11
6 log(® -597.22  45.30
7 (Worst) log (M) -596.41  46.11

For the remaining 20 sites, average ambient temperature was
below 7. for 85-95% of the individuals.

The best model for predicting winter landbird abundance
was the one that included all three terms: productivity, body
mass, and ambient temperature  (F351 = 28.601,
P < 0.0001, R* = 0.23, Table 1). Models that included a
productivity and mass term (F2s, = 37.08, P < 0.0001)
and a mass term (F] g3 = 26.88, P < 0.0001) were also
significant predictors of abundance, but were inferior
alternatives to the full model (see AIC analysis, Table 1).

In the full model, the slope for the productivity term was
significantly lower than 1.00, indicating a non-linear
relationship between annual productivity and abundance
[log(P), slope + 95% CI = 0.61 * 0.19, Fig. 2a]. The slope
for the body mass term was identical to the exponent
predicted by eqn 4 [log(M'/?), —1.00 + 0.43, Fig. 2b].
Similarly, the slope for 73 was not significantly different
from the predicted value of —1 [log(73), —0.85 £ 0.55,
Fig. 2c|.

Collinearity among the independent variables was mod-

erate to non-existent. Log(P) was not related to log(73) (r =
—0.02, P = 0.80). There was a weak positive correlation
between log(P) and log (M3 (r=0.15, P = 0.01) and a
moderate positive correlation between log(73) and log(Ml/ %)
(r=0.43, P < 0.001).

DISCUSSION

Based on the energetic model given by eqn 4, we
hypothesized that total abundance in winter landbird
communities would scale inversely with the metabolic needs
of individuals, so that N would scale as (M/*) ™" and 77"
These predictions were supported by data from CBCs,
implying that energetic constraints on individuals are
manifested in large-scale abundance patterns. Previous
support for such an energetic hypothesis has come from

studies showing that N scales as M*. Our results provide
strong and unique support for the energetic hypothesis by
showing that a model incorporating environmental tem-
perature to estimate the metabolic cost of thermoregulation
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Figure 2 Logorithmic plots showing (a) the scaling of NV (total
landbird abundance, individuals party per hour) with 2 (annual net
primary productivity, catbon g m ™ year™"), where N is corrected

for M'/? (average of body masses raised to the 1/2 power, gl/ %)
and 7 (the difference between avian body temperature and
December and January mean temperature, °C); (b) the scaling of V
with M 2 whete Nis corrected for 73 and P and (c) the scaling of

Nwith 7}, where Nis cortected for M'/? and P. Scaling exponents
used to correct abundance estimates were from general linear
model results. Linear equations are of the form log (Y) =

by + by log (X).
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during winter gives better predictions of bird abundance
than a model including body mass alone.

While our predictions were supported, there was consid-
erable variation in the data not accounted for by the
energetic model (Fig. 2). Some of this variation might be
explained by other biological variables operating at local
scales. Other variation may be telated to the inherent
difficulties of estimating parameter values. For example,
environmental temperature and net primary productivity
used in this analysis are mean estimates generated from
course-scale climate data. While these estimates provide
approximate environmental conditions, they do not give an
indication of microclimate opportunities or fine-scale
resource availability. Furthermore, field abundances are
difficult to measure with high precision. We used data from
the CBC, which is known to vary in quality across sites due
to observer effort and ability (Bock & Root 1981). While
observer effort and ability likely added random variation to
our analysis, there are no obvious systematic relationships
between observer effort or species detectability and our core
predictor variables that would influence the scaling relation-
ships we observed.

Our results support the increasing body of information
suggesting that winter bird assemblages are energy limited
(Lack 1966; Fretwell 1972). We found that winter landbird
abundance was positively related to resource availability, as
was shown previously for wintering sparrows in southwest-
ern North America (Pulliam & Brand 1975; Dunning &
Brown 1982). While we found a positive association
between /V and P, the relationship was not linear (exponent
significantly less than 1). By combining eqns 3 and 4, we can
show that the total energy flux through a winter landbird
assemblage was also a positive, decelerating function of
productivity. This could imply that in warmer and more
productive environments, a smaller fraction of energy
resources ate available to winter birds, perhaps because of
increased diversity and abundance of competing taxa, such
as ectothermic insects, reptiles, and amphibians (Curtie
1991). Alternatively, this could imply that resources available
to winter birds are, simply, not directly proportional to
annual production.

We found that average body mass increased with
decreasing temperature, as_ reflected in the positive
correlation between 7; and M'/?. This pattern could not
be attributed to Bergmann’s rule (Meiri & Dayan 2003),
because we assumed that individuals of a given species had

the same body mass at all locations. Rather, the positive

relationship between 7; and M'/? was due to changes in
species composition and relative abundance, a community-
level version of Bergmann’s rule. Root (1988a) concluded
that the northern range limits of certain bird species are
related to winter ambient temperature through its effect on
metabolic demands. That work would predict the commu-
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nity-level pattern we obsetved due to several small-bodied
species decreasing in abundance or being absent from
communities at relatively cold locations.

In conclusion, data on winter landbird abundance
supported predictions for the scaling relationships between
abundance, resource availability, and resource use derived
from a general model for energy flux through communities.
Further, the model that included the independent effects of
ambient temperature, body mass, and productivity per-
formed better than one with body mass as the only predictor
of metabolic needs. We take these results as evidence for the
role of energetics in determining abundance across different
kinds of organisms and environments and for the value of
metabolic scaling theory for understanding large-scale
ecological patterns (Brown ez al. in press).
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