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Abstract. Broad geographic patterns in egg and clutch mass are poorly described, and potential causes of variation
remain largely unexamined. We describe interspecific variation in avian egg and clutch mass within and among diverse
geographic regions and explore hypotheses related to allometry, clutch size, nest predation, adult mortality, and parental
care as correlates and possible explanations of variation. We studied 74 species of Passeriformes at four latitudes on
three continents: the north temperate United States, tropical Venezuela, subtropical Argentina, and south temperate
South Africa. Egg and clutch mass increased with adult body mass in all locations, but differed among locations for
the same body mass, demonstrating that egg and clutch mass have evolved to some extent independent of body mass
among regions. A major portion of egg mass variation was explained by an inverse relationship with clutch size within
and among regions, as predicted by life-history theory. However, clutch size did not explain all geographic differences
in egg mass; eggs were smallest in South Africa despite small clutch sizes. These small eggs might be explained by
high nest predation rates in South Africa; life-history theory predicts reduced reproductive effort under high risk of
offspring mortality. This prediction was supported for clutch mass, which was inversely related to nest predation but
not for egg mass. Nevertheless, clutch mass variation was not fully explained by nest predation, possibly reflecting
interacting effects of adult mortality. Tests of the possible effects of nest predation on egg mass were compromised
by limited power and by counterposing direct and indirect effects. Finally, components of parental investment, defined
as effort per offspring, might be expected to positively coevolve. Indeed, egg mass, but not clutch mass, was greater
in species that shared incubation by males and females compared with species in which only females incubate eggs.
However, egg and clutch mass were not related to effort of parental care as measured by incubation attentiveness.
Ecological and life-history correlates of egg and clutch mass variation found here follow from theory, but possible
evolutionary causes deserve further study.
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Egg mass varies among species in relation to body mass
for diverse taxa (Rahn et al. 1985; Saether 1987; Berrigan
1991; Poiani and Jermiin 1994; Simpson 1995). Body mass
only explains part of egg mass variation, however, and both
the extent and causes of residual variation remain unclear.
Egg mass might be expected to vary geographically, given
geographic variation in life-history strategies and the potentially integral role of egg mass in these strategies (Lack 1968;
Roff 1992; Martin et al. 2000; Martin 2002). Yet, broad geographic studies of egg-mass variation and its relationship to
life-history variation are lacking. Indeed, even the geographic
patterns of variation remain poorly studied and unclear. For
example, intraspecific studies of mosquitoes, frogs, and lizards found decreasing egg mass with decreasing latitude (e.g.,
Forsman and Shine 1995; Gollman and Gollman 1996; Armbruster et al. 2001), while intraspecific studies of fish found
4 Present Address: Department of Biology, University of California, Riverside, California 92521.
10 Present Address: FA 133-A, MS 314, Department of Biology,
University of Nevada, Reno, Nevada 89557.

the contrasting pattern of larger and fewer eggs at lower
latitudes (Fleming and Gross 1990; Johnston and Leggett
2002). The only interspecific study of geographic variation
that we found was for frogs, which had larger eggs at lower
latitudes within Australia (Morrison and Hero 2003). Are
larger eggs at lower latitudes a common pattern across species? Or, does the pattern vary, as in intraspecific studies?
Cross-continental interspecific variation is undescribed for
any taxa, and causes of any such variation are unexplored.
To improve understanding of the extent and causes of egg
mass variation, studies of broad geographic variation are
needed that simultaneously explore ecological and life-history correlates.
Here we describe broad patterns of geographic variation
in egg mass in birds and test alternative hypotheses for this
variation. We examine life-history correlates because egg
mass may trade off and coevolve with other life-history traits
(e.g., clutch size, parental care behavior) as part of an overall
life-history strategy (Roff 1992). Indeed, egg mass might not
evolve independently of total reproductive effort (Winkler
and Wallin 1987; Schwarzkopf et al. 1999; Caley et al. 2001;
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Czesak and Fox 2003). In this regard, clutch mass (summed
mass of all eggs in a clutch) might provide a better indicator
of reproductive effort (e.g., Schwarzkopf et al. 1999; Caley
et al. 2001) because it incorporates both the total energetic
outlay for egg production and the number of young requiring
parental care. Consequently, egg mass may coevolve with
clutch mass, and we explore both here. Ultimately, ecological
factors (e.g., resource limitation, nest predation, adult mortality) may exert direct selection on the evolution of egg and
clutch mass, but they may also act indirectly through selection on trade-offs in overall life-history strategies. Thus, we
explore multiple alternative hypotheses at both of these levels.
Clutch size trade-off
A central hypothesis of life-history theory is a trade-off
between egg mass and clutch size (Smith and Fretwell 1974;
Sinervo and Licht 1991; reviewed in Roff 1992). Most tropical and Southern Hemisphere species produce smaller clutch
sizes than their northern relatives (Roff 1992; Martin et al.
2000; Ghalambor and Martin 2001), which might result in
increased egg mass (for similar predictions from r-K theory
see Cody 1966; MacArthur and Wilson 1967; Pianka 1970,
1972). Yet, the hypothesized trade-off between egg mass and
number is assumed to be driven by partitioning of fixed finite
resources between number versus mass (Smith and Fretwell
1974; Bernardo 1996). Trade-offs may not be expected, and
instead positive covariation of resource-based traits (i.e., egg
mass and number) may be expected if species differ in resource acquisition skills (Rose and Charlesworth 1981; Reznick 1985; Van Noordwijk and deJong 1986; Bernardo 1996).
Similarly, selection may act on total reproductive effort and
obfuscate trade-offs between egg mass and clutch size
(Schwarzkopf et al. 1999; Czesak and Fox 2003). Interspecific trade-offs of egg mass with clutch size have not been
found within various groups of birds, or they have been controversial because of possible confounding factors (Lack
1968; Saether 1987; Rohwer 1988, 1991; Blackburn 1991a,b;
Poiani and Jermiin 1994). A more careful analysis is needed
that accounts for possible confounding factors while testing
trade-offs across diverse species and geographic regions.
Parental care
In many organisms, including birds, parental care represents an important component of reproductive effort. Selection for increased reproductive effort might favor correlated
selection on components of reproductive effort (Winkler and
Wallin 1987; Roff 1992; Schwarzkopf et al. 1999; Caley et
al. 2001; Czesak and Fox 2003). Consequently, parental care
effort may be positively associated with egg and clutch mass
(Shine 1978; Sargent et al. 1987; Nussbaum and Schultz
1989), although such correlations are not always found (e.g.,
Simpson 1995; Ruber et al. 2004). Nest attentiveness (percentage of time that parents sit on the nest incubating eggs)
is an important component of reproductive effort that varies
among songbird species (Martin 2002). Egg and clutch mass
therefore might be expected to increase with nest attentiveness. Selection may act on parental investment (i.e., effort
invested per offspring) rather than total reproductive effort,

however, and components of parental investment might be
expected to coevolve positively. Thus, egg mass as a component of parental investment might covary positively with
other parental investment tactics that increase the level of
care received by the eggs rather than effort per se. Bird species differ in whether only one sex or both sexes incubate.
The total level of care (i.e., attentiveness), but not female
effort, increases with biparental incubation (Skutch 1957).
Thus, we examine whether egg and clutch mass are larger in
species with greater effort or tactics (shared incubation) that
increase levels of parental care.
Nest predation
Increased egg predation can directly favor reduced reproductive investment, which might be reflected as reduced egg
mass, clutch size, or clutch mass (Slagsvold 1982, 1984;
Martin 1995; Martin et al. 2000; Fontaine and Martin 2006).
However, if clutch size trades off with egg mass and nest
predation influences clutch size (e.g., Martin 1995; Martin
et al. 2000), nest predation might indirectly affect egg mass
by directly affecting clutch size. Such effects of predation
risk on egg and clutch mass variation are unexplored (but
see Fontaine and Martin 2006).
Adult mortality
Reproductive effort is expected to decrease with reduced
adult mortality (Williams 1966; Roff 1992; Charlesworth
1994; Martin 1995, 2002). As a result, reduced adult mortality might favor allocation of fewer total resources through
smaller clutch size and clutch mass, but greater parental investment (i.e., larger egg mass) to increase the quality of
individual offspring (Cody 1966; MacArthur and Wilson
1967; Pianka 1970, 1972; Promislow and Harvey 1990; Roff
1992). In other words, clutch size and clutch mass might be
positively related and egg mass negatively related to adult
mortality (also see Winkler and Wallin 1987) not because of
a trade-off between clutch size and egg mass, but because of
correlated selection from adult mortality. These theoretical
predictions are relatively untested.
Here, we examine the potential influence of these important
sources of selection and trade-offs on interspecific variation
in egg and clutch mass among 74 passerine species studied
at four latitudes and sites (United States, Venezuela, Argentina, South Africa) on three continents. Passerine species are
the focus of this study because they represent a single avian
order, thereby reducing possible phylogenetic effects. At the
same time, passerines include almost the entire gradient of
clutch size and other life-history variation seen among birds
in general, while minimizing confounding factors such as
precocial hatching and extreme differences in foraging and
nestling feeding strategies (Martin 2004). We first describe
geographic variation in allometric relationships and then explore possible life-history and ecological correlates of residual egg mass variation within and among geographic locations.
MATERIALS

AND

METHODS

Study sites were chosen as part of a broader life-history
study of species with diverse life-history strategies within

392

THOMAS E. MARTIN ET AL.

and among latitudes: north temperate, tropical, southern subtropical, and south temperate. North temperate study sites in
Arizona (348N latitude) were high-elevation (2300 m) forest
drainages of mixed conifer and deciduous canopy tree species
(Martin 1998). Tropical study sites in Venezuela (98N latitude) were cloud forest (1600–2000 m elevation) in Yacambu
National Park near the northern end of the Andes. Subtropical
study sites in northwestern Argentina (248S latitude) were
Yungas forest habitat (1000–1250 m elevation) in El Rey
National Park (Martin et al. 2000). South temperate study
sites in South Africa (sea level and 348S latitude) were in
coastal shrubland at Koeberg Nature Reserve near Cape
Town.
Nests were located and monitored to obtain data on egg
mass, clutch size, clutch mass, nest predation rates, and parental care behaviors to test the alternative hypotheses outlined above. Nests were sampled during May–July 1988–
2004 in Arizona, March–July 2002–2005 in Venezuela, October–January 1997–2000 in Argentina, and August–November 2000–2004 in South Africa. A total of 18,208 nests were
studied for species included here: Arizona (9578), Venezuela
(1342), Argentina (1268), and South Africa (6020).
Egg mass was taken from a subset of nests found during
nest-building or egg-laying. To minimize any mass reduction
from water loss, egg mass was measured within three days
of clutch completion, using portable electronic balances
(0.001 g precision; Acculab, Edgewood, NY). Egg mass was
measured at an average of 21 nests per species (range 1–87
nests per species; 1541 total). Data were used for species
with sample sizes as small as one nest because egg mass
varies substantially less within species than among species
(e.g., Marshall and Gittleman 1994; Bonduriansky and
Brooks 1999); the coefficient of variation of egg mass within
species was almost always less than 9% (T. E. Martin, unpubl.
data), whereas egg mass varied by 1000% among species.
Moreover, sample size did not explain any of the residual
variation in egg mass (F1,67 5 0.07, P 5 0.80) in the full
analysis of covariance (ANCOVA) model that included site,
body mass, and clutch size (see Results).
We visited nests every one to four days to determine clutch
size and nest fate. Clutch size was measured as the final
number of eggs laid and seen on two different days. Nests
were considered successful if we observed nestlings within
two days of fledging age, fledglings near the nest, or parents
feeding new fledglings in the general area of the nest. Predation was assumed when nest contents disappeared before
young were old enough to fledge. Daily survival and predation rates were estimated following Mayfield (1975), Johnson (1979), and Hensler and Nichols (1981), but they were
only calculated for species with sample sizes greater than 18
nests.
Nest attentiveness was measured as the percent of time
birds were on the nest incubating eggs. Nests were videotaped
during incubation for the first 6–7 h of the day, beginning
within 0.5 h of sunrise from 1993 to 2004 in Arizona and in
all study years in Argentina, Venezuela, and South Africa.
This protocol provided data on incubation behavior and nest
attentiveness averaged over the first 6–7 h of each day and
standardized for both time of day and sampling duration
(Martin et al. 2000; Martin 2002).

Adult mortality probabilities for Arizona and Argentina
are from Martin (2002). For South Africa, we used adult
mortality estimates for the same species or closely related
congeners estimated by Peach et al. (2001) from a different
location. We used these estimates because the partial correlation (Rp 5 0.92, df 5 7, P 5 0.003) between clutch sizes
of our South African study species and adult mortality estimates from Peach et al. (2001) corrected for body mass
suggest that the estimates are reasonable. Adult mortality
estimates from Venezuela are not yet available.
We examined geographic differences in log-log allometric
relationships for egg and clutch mass using ANCOVA, where
location was included as a random factor and log-transformed
body mass was a covariate. Slopes did not differ among sites
(see Results), so differences among sites were tested for each
trait corrected for body mass using the least significant difference (LSD) test that adjusts for multiple comparisons. We
only report and include significant interactions.
We controlled for possible phylogenetic effects using independent contrasts (Felsenstein 1985) based on the
CRUNCH option of program CAIC (Purvis and Rambaut
1995). The phylogenetic hypothesis was based on Sibley and
Ahlquist (1990) but updated by subsequent studies summarized in Martin (1995) and Martin et al. (2000) or published
more recently (Barker et al. 2002; Birdsley 2002; Lovette
and Bermingham 2002; Outlaw et al. 2003; Chesser 2004;
Cibois and Cracraft 2004). We used a regression approach
for all partial correlation analyses as well as for ANCOVA,
in which location was used as a set of three dummy variables
in independent contrasts (Martin 1995). All regressions were
forced through the origin (Harvey and Pagel 1991). Analyses
were conducted using both equal branch lengths and branch
lengths estimated by distance of species along the phylogeny
(Purvis and Rambaut 1995). We report only the analyses
using raw data because all results were the same as those
using both sets of independent contrasts.
RESULTS
Mean egg mass varied by an order of magnitude across
our study species, from 0.78 g for Anthoscopus minutus in
South Africa to 7.8 g for Turdus serranus in Venezuela. The
slopes of egg mass with body mass did not differ among sites
(Fig. 1A; F3,66 5 0.5, P 5 0.68), with a common log-log
slope (mean 6 1 SE) of 0.746 6 0.021. Note that the slope
is the ¾ exponent that often typifies metabolic processes scaling with body mass (Schmidt-Nielsen 1984; West et al. 1997,
1999). Because slopes did not differ, we removed the interaction term in subsequent analyses. Egg mass covaried with
body mass (Fig. 1A; F1,69 5 1249, P , 0.0001) but differed
among locations for a constant body mass (F3,69 5 35, P ,
0.0001). Relative egg mass was largest in tropical Venezuela
and subtropical Argentina and smallest in south temperate
South Africa and north temperate Arizona for the same body
mass; for example, egg mass was 45% larger in Venezuela
compared with South Africa for constant body mass (Fig.
2A).
Clutch mass increased with body mass (Fig. 1B; F1,69 5
507, P , 0.0001), and geographic locations differed from
each other (F3,69 5 33, P , 0.0001) with a common log-log
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FIG. 1. Allometric relationships for 74 passerine species measured
at four geographic locations between body mass and (A) egg mass
and (B) clutch mass as the summed mass of all eggs in a clutch.
The low outlier from Venezuela is Buarremon brunneinucha, which
has a clutch size of one egg (n 5 119 nests). The lines reflect sites
as follows: solid, Venezuela; dashed, Argentina; dotted, Arizona;
dashed and dotted, South Africa.

slope (mean 6 1 SE) of 0.670 6 0.030. Note that this slope
is the ⅔ scaling exponent that has been observed and proposed as an alternative to the ¾ exponent (Dodds et al. 2001;
White and Seymour 2003). Clutch mass was smallest in tropical Venezuela and south temperate South Africa, intermediate in Argentina, and largest in north temperate Arizona
for the same body mass (Figs. 1B, 2B). Thus, egg and clutch
mass did not exhibit the same patterns among geographic
locations; egg mass was largest in tropical Venezuela, where
clutch mass was smallest, and egg mass was small in north
temperate Arizona, where clutch mass was largest. Argentina,
was intermediate, and South Africa had both small egg and
clutch mass (Figs. 1, 2).
The different patterns of egg and clutch mass reflected an
interaction of clutch size variation; clutch size differed among

FIG. 2. Estimated marginal means (61 SE) of life-history traits
from analysis of covariance correcting for body mass across the
four study locations. Different letters indicate means that are significantly different based on least significant difference post hoc
tests, as described in each cell. (A) Egg mass corrected for body
mass in a log-log analysis; (B) clutch mass corrected for body mass
in a log-log analysis; (C) clutch size corrected for log-transformed
body mass; and (D) daily nest predation rate (the daily probability
that a nest will be depredated).
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sites (Fig. 2C; F3,69 5 39, P , 0.0001) after controlling for
a mild negative relationship with log-transformed body mass
(F1,69 5 4.2, P 5 0.044). Arizona had substantially larger
clutch sizes than all other sites; South Africa did not differ
from Argentina, but South Africa and Argentina were larger
than Venezuela (Fig. 2C). The variation in clutch size apparently contributed to geographic variation in egg mass; egg
mass was negatively related to clutch size (Fig. 3A; F1,68 5
54, P , 0.0001) within and among sites (F3,68 5 30, P ,
0.0001) after allometry was taken into account (F1,68 5 1929,
P , 0.0001). Site was a significant factor only because of
South Africa, where egg mass was smaller for a given clutch
size compared to all other sites (Fig. 3A); if South Africa
was excluded from analyses, then egg mass was still negatively related to clutch size (F1,49 5 30, P , 0.0001) and
positively related to body mass (F1,49 5 1195, P , 0.0001),
but sites did not differ from each other (F2,49 5 0.07, P 5
0.94).
Egg mass did not covary with reproductive effort as reflected by clutch mass (F1,60 5 1.2, P 5 0.27) when included
in its full model (site, body mass, nest predation). Egg mass
also was not related to parental care effort as reflected by
nest attentiveness (F1,62 5 0.3, P 5 0.61) when included in
its full model (site, body mass, clutch size, shared incubation).
Species in which males and females shared incubation (n
5 13) produced larger eggs than species with female-only
incubation (F1,67 5 5.9, P 5 0.018) even after site (F3,67 5
33, P , 0.0001), body mass (F1,67 5 2071, P , 0.0001), and
clutch size (F1,67 5 53, P , 0.0001) were taken into account.
Shared incubation did not explain clutch mass (F1,63 5 0.4,
P 5 0.55) when included in its full model (site, body mass,
nest predation). Thus, evolution of a tactic (i.e., biparental
incubation) that increases parental care without increasing
female effort is associated with increased parental investment
(i.e., larger eggs) but not increased reproductive effort (clutch
mass and incubation effort).
Nest predation tended to be positively related to body mass
(F1,65 5 5.4, P 5 0.054), and differed among sites (F3,65 5
34, P , 0.0001). South Africa had substantially higher nest
predation than all other sites, and the three remaining sites
did not differ from each other (Fig. 2D). When egg mass was
corrected for body mass and clutch size, the residual variation
was strongly correlated with nest predation across sites (Rp
5 20.64, df 5 66, P , 0.0001; see gray line in Fig. 3B).
However, negative relationships were not consistently displayed within all sites (Fig. 3B), and the lack of difference
in nest predation among three sites (Fig. 2D) caused the
smaller egg mass and high nest predation in South Africa to
have a disproportionate effect across sites (Fig. 3B). Nest
predation did not explain additional variation (F1,63 5 0.01,
P 5 0.91) in egg mass after site (F3,63 5 12, P , 0.0001),
body mass (F1,63 5 1967, P , 0.0001), and clutch size (F1,63
5 38, P , 0.0001) were taken into account. However, nest
predation had a strong influence on clutch size (F1,64 5 24,
P , 0.0001) within and among sites (site: F3,64 5 57, P ,
0.0001; body mass: F1,64 5 1.0, P 5 0.32), suggesting a
possible indirect effect of nest predation on egg mass, given
the inverse relationship between egg mass and clutch size
(Fig. 3A). Moreover, clutch mass was negatively related to

FIG. 3. Relationships between (A) residuals of egg mass (g) and
clutch size, each corrected for adult body mass (g); (B) residuals
of egg mass (g) corrected for adult body mass (g) and clutch size
relative to daily nest predation rate corrected for clutch size; and
(C) residuals of clutch mass and daily nest predation rate, each
corrected for adult body mass. Regression lines for individual sites
only span the variation for the site, whereas the correlation across
sites is reflected by the gray line that spans the entire gradient. The
lines reflect sites as follows: solid, Venezuela; dashed, Argentina;
dotted, Arizona; dashed and dotted, South Africa.
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not be adequately tested. Clutch mass was positively related
to adult mortality (Fig. 4B; F1,16 5 7.4, P 5 0.015) even
after site (F2,16 5 5.9, P 5 0.012) and body mass (F1,16 5
183, P , 0.0001) were taken into account, but nest predation
did not explain additional variation (F1,16 5 0.2, P 5 0.69).
In short, the results followed predictions: increased adult
mortality was associated with increased reproductive effort,
as reflected by larger clutch sizes and clutch masses, but was
associated with lower parental investment (i.e., effort per
offspring), as reflected by smaller eggs.
DISCUSSION

FIG. 4. Relationships between residuals of (A) egg mass (g) and
(B) clutch mass (g) relative to adult mortality probability, with all
variables corrected for adult body mass. The lines reflect sites as
follows: dashed, Argentina; dotted, Arizona; dashed and dotted,
South Africa.

nest predation (F1,64 5 9.2, P 5 0.004), even when site (F3,64
5 27.9, P 5 0.001) and body mass (F1,64 5 603, P , 0.0001)
were taken into account (Fig. 3C). However, clutch mass still
differed among sites for the same nest predation rate (Fig.
3C). Thus, increased nest predation appears to favor reduced
reproductive effort, as reflected by smaller clutch sizes and
clutch masses, and may indirectly influence egg mass through
direct effects on clutch size (i.e., Fig. 3A), but direct effects
of nest predation on egg mass are unclear.
Egg mass was negatively related to adult mortality (Fig.
4A; F1,17 5 22.9, P , 0.0001) in the three sites with data
(Arizona, Argentina, South Africa), even after site (F2,17 5
18.0, P , 0.0001) and body mass (F1,17 5 795, P , 0.0001)
were taken into account. Clutch size was not significant (F1,16
5 0.008, P 5 0.93) in explaining variation in egg mass because of the strong relationship between clutch size and adult
mortality (F1,17 5 39.1, P , 0.0001) regardless of body mass
(F1,17 5 1.1, P 5 0.30) or site (F2,17 5 8.5, P 5 0.003).
Thus, clutch size and adult mortality were effectively redundant at this small sample size, and independent effects could

Egg mass varied strongly with body mass, as previously
documented in a variety of taxa (Rahn et al. 1985; Saether
1987; Berrigan 1991; Poiani and Jermiin 1994), and clutch
mass showed an equally strong relationship with body mass
(Fig. 1). However, once body mass was taken into account,
considerable residual variation remained. Indeed, egg and
clutch mass clearly differed among geographic locations for
a constant body size, demonstrating that egg and clutch mass
evolved to some extent independent of body mass among
regions (Figs. 1, 2), and this variation was associated with
life-history and ecological correlates.
Egg mass varied inversely with clutch size within and
among sites (Fig. 3A), as predicted by theory (Smith and
Fretwell 1974) and found by Blackburn (1991a), but contrasting with other tests in birds (e.g., Saether 1987; Rohwer
1988; Poiani and Jermiin 1994). This relationship explained
considerable variation in egg mass within all sites and was
able to explain a substantial amount of geographic variation
in egg mass across three sites. However, the clutch size tradeoff did not explain all geographic variation, because South
African birds produced small eggs (Fig. 2A) despite also
producing small clutches (Fig. 2C), which are typical of
Southern Hemisphere birds (Martin 2002). Consequently,
they had smaller eggs for a given clutch size than all other
sites (Fig. 3A). Thus, clutch size is an important correlate of
geographic variation in egg mass, but additional factors must
also contribute to geographic variation.
The coevolution of egg mass with other life-history tactics
is indicated by the evolution of larger eggs in species that
evolved biparental incubation, as we document for the first
time. Shared incubation increases overall parental care (i.e.,
total nest attentiveness) received by eggs, but may actually
reduce parental effort of females because females incubate
less when incubation is shared by both parents than when
they incubate alone (Skutch 1957; T. E. Martin, unpubl. data).
The increase in egg mass with evolution of a tactic (i.e.,
shared incubation) that increases total care but not female
effort suggests that egg mass is not simply coevolving with
reproductive effort. Indeed, the absence of relationships between egg mass and clutch mass or nest attentiveness, both
of which represent important components of reproductive effort, clearly argues against the notion that egg mass is simply
coevolving with reproductive effort.
Increased nest predation was associated with reduced reproductive effort, as reflected by both clutch size and clutch
mass, and as predicted (Martin 1995, 2002; Martin et al.
2000), but effects of nest predation on egg mass were less
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obvious. The small eggs in South Africa might reflect reduced
investment in response to the very high nest predation rates
there (Fig. 2D), as suggested by the cross-site correlation
(Fig. 3B). Indeed, experimental alteration of nest predation
risk for eight songbird species in Arizona yielded smaller
eggs and no change in clutch size on plots with higher risk
(Fontaine and Martin 2006), demonstrating that birds will
reduce egg mass in direct response to increased nest predation
risk. The small clutch sizes of many of the South African
birds do not leave much flexibility to reduce clutch size further in response to high nest predation; instead, egg mass
may then be reduced, as seen by Fontaine and Martin (2006).
Nonetheless, the possible role of nest predation in influencing
egg mass across regions remains uncertain because three of
the sites did not differ in nest predation (Fig. 2D), and the
cross-site correlation is the result of South Africa differing
from the other three sites (Fig. 3B). Thus, we need additional
studies across more sites that differ in nest predation rates
to clarify the potential role of nest predation in contributing
to geographic variation in egg mass.
Egg mass did not vary with nest predation within sites
(Fig. 3B). The absence of a correlation between nest predation
and egg mass within sites raises questions as to the importance of nest predation on egg mass within regions. However,
direct effects of nest predation favoring reduced egg mass
are difficult to test because of potential counterposing direct
and indirect effects. Increased nest predation may directly
favor reduced investment in the current clutch through reduced egg mass (Fontaine and Martin 2006), but indirectly
favor larger eggs by directly favoring smaller clutch sizes
(see Results; Martin 1995; Martin et al. 2000) that are associated with larger eggs (Fig. 3A). Nest predation might
influence clutch size over egg mass because smaller clutches
represent a more significant reduction in energetic investment
(i.e., fewer eggs to produce, incubate, and young to feed)
than simply reducing egg size. The resulting indirect effect
of nest predation favoring smaller clutches that are associated
with larger eggs opposes direct effects favoring smaller eggs,
and thereby complicates detection of nest predation effects.
In regions (e.g., Venezuela) where clutch size is already extremely small, however, nest predation may show a clearer
effect on egg mass. Such possibilities need further tests.
The possible influence of adult mortality raises interesting
alternative explanations for the inverse relationship between
clutch size and egg mass. This inverse relationship is commonly thought to reflect partitioning of fixed finite resources
between number versus mass (Smith and Fretwell 1974; Bernardo 1996). Such interpretations are one possibility. Yet,
egg production is only a small component of the energy required by birds with altricial young, which expend much
more energy on parental care (Martin 1987), and food limitation is unable to explain egg mass variation in birds (see
Williams 2001; Christians 2002). Consequently, the inverse
relationship between clutch size and egg mass may not necessarily reflect a resource-based trade-off so much as the
evolution of alternative strategies. Life-history theory predicts lower reproductive effort in species with lower adult
mortality and high likelihood of offspring mortality (Roff
1992; Charlesworth 1994; Martin 2002, 2004), which was
clearly observed here in terms of smaller clutches and clutch

masses (Fig. 4B). At the same time, low adult mortality may
favor simultaneous evolution of increased parental investment (i.e., more resources manifested as larger eggs) in the
smaller number of propagules to enhance offspring quality
and longevity (see also Cody 1966; MacArthur and Wilson
1967; Pianka 1970, 1972). The inability of food limitation
to explain egg mass variation (Williams 2001; Christians
2002) bolsters the possibility that the inverse relationship
between clutch size and egg mass does not reflect a resourcebased trade-off, but instead reflects inversely correlated selection on these two life-history traits.
The problem with this explanation is that existing correlative and experimental evidence suggests that larger eggs do
not confer clear lasting fitness benefits in terms of offspring
survival in birds (reviewed in Williams 1994; Christians
2002; Krist et al. 2004). However, possible contributions of
larger eggs to enhanced internal development (e.g., immune
function, cellular processes) that might improve longevity
are unknown. The negative association of egg mass with adult
mortality (Fig. 4A) indicates that longer-lived species invest
more in individual progeny, and such investment needs explanation. However, the smaller eggs of South African species for a given adult mortality (i.e., Fig. 4A) indicate that
adult mortality alone does not explain geographic variation
in egg mass, similar to the inability of clutch size to explain
South African egg mass. Moreover, given that clutch size is
strongly related to adult mortality (Martin 1995, 2002; Ghalambor and Martin 2001), it is difficult to know whether clutch
size or adult mortality is the actual factor shaping egg mass,
especially given the limited sample size of species with adult
mortality data.
Finally, temperature is another factor that has been argued
to influence geographic variation in egg mass, at least in
ectotherms (Forsman and Shine 1995; Gollman and Gollman
1996; Armbruster et al. 2001; Morrison and Hero 2003).
Ambient temperature is unlikely to be important in birds
because parents modify the temperature experienced by eggs.
Moreover, mean temperatures during the study seasons were
not significantly different among sites: South Africa (15.18C),
Arizona (15.88C), Venezuela (15.88C), and Argentina
(18.08C). Thus, temperature seems unlikely to explain the
egg mass variation documented here.
Ultimately, these data show that significant geographic variation in egg mass has evolved, although characterization of
this variation across more species and locations is needed to
further examine possible causes. Some of the variation is
associated with the evolution of different life-history traits
and parental care behaviors, and some is associated with either adult mortality or reproductive effort, but the roles of
number (i.e., clutch size) versus adult mortality and possible
effects of nest predation need further study, as do the possible
effects of egg mass on internal development and long-term
fitness.
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