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ABSTRACT

Problem: In some taxa, females retain their entire clutch internally and face a packing
constraint, which may lead to a correlation between egg size and total allocation (egg size X
clutch size).

Hypotheses: In species with packing constraints (e.g. turtles and copepods), linear measures
of egg size will be negatively correlated with total reproductive allocation, but egg volume will
be positively correlated with total reproductive allocation. By contrast, in species without
packing constraints (e.g. passerine birds), the correlations, if present, can be either positive or
negative. However, both will be in the same direction.

Data: Egg length, egg width, egg volume, clutch size and body size in turtles, copepods and
North American passerine bird species.

Methods: We calculated independent contrasts separately for each taxonomic group, using
composite phylogenies and ignoring branch lengths. We used Smith and Fretwell’s (1974)
optimality model of egg size. We modified it by assuming a correlation between total
reproductive investment and investment in individual offspring.

Conclusions: The data agreed with the hypotheses. Suppose that total reproductive
investment increases rapidly with increases in investment in individual offspring. Then,
optimal investment in offspring increases greatly.

Keywords: clutch size, life-history evolution, morphological constraints, optimal egg size,
reproductive allocation, reproductive effort, reproductive investment.

INTRODUCTION

Most models of optimal offspring size and optimal clutch size have assumed that total
allocation of resources to reproduction is fixed and not influenced by either clutch size or
offspring size (Smith and Fretwell, 1974; Brockelman, 1975; Lloyd, 1987; McGinley er al., 1987). However, some
models have explored the relationship between optimal clutch size and optimal offspring
size, and thus the relationships between offspring size, clutch size and total allocation to
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reproduction. For example, Parker and Begon (1986) showed that larger females, who are
assumed to invest more in reproduction, should produce larger offspring than smaller
females, when larger offspring are more successful in competition. McGinley (1989) found
a similar relationship between female size and offspring size if larger clutch sizes result
in increased offspring fitness, as might occur if predators can kill only a fixed number
of offspring. Yet, neither of these models explicitly examined the relationship between
offspring size and allocation to reproduction.

The only model that has examined explicitly the relationship between optimal offspring
size and allocation to reproduction was proposed by Winkler and Wallin (1987). In their
model, they determined optimal total allocation to reproduction and optimal offspring
size, based on the assumptions that parental survival is a function of total allocation
to reproduction and that offspring production is a function of both total allocation to
reproduction and investment in each offspring (i.e. offspring size). Their model predicts
that optimal total allocation to reproduction should be inversely related to optimal
offspring size.

Despite the common assumption that allocation of resources to reproduction is
independent of the division of those resources into individual offspring, recent empirical
evidence suggests that offspring size and total allocation to reproduction are indeed
correlated in some species (Caley er al, 2001; Czesak and Fox, 2003; but see Hendry er al., 2001). In the seed
beetle Stator limbatus, egg size (measured linearly as both egg width and egg length) and
reproductive effort are positively correlated, although the strength of the correlation
depends on the host plant species used by the beetles (Czesak and Fox, 2003). By using a half-sib
analysis, Czesak and Fox (2003) were able to show that the relationship between egg size
and allocation to reproduction in S. /imbatus was due to a significant genetic correlation
between the two traits. In contrast to seed beetles, egg width and total allocation to repro-
duction (estimated as egg width times clutch size) are negatively correlated across species of
copepods (Caley er al, 2001). It is unclear why this trade-off occurs in copepods.

Previous research has shown that morphological constraints might have important
effects on egg size (Congdon and Gibbons, 1987) and trade-offs between egg size and clutch
size (Glazier, 2000). Therefore, we were interested in whether the constraints of packing eggs
into a body cavity or egg sac might lead to a negative correlation between egg width and
reproductive allocation, as found in copepods (Caley er al, 2001). We developed an algorithm
that optimized the amount of egg material that could be packed into a body cavity of a
given size and shape (CW. Beck and R.E. Beck, unpublished manuscript). Specifically, we varied the
number of eggs being packed into the body cavity and the algorithm maximized the size of
those eggs for a given clutch size. By considering a large range of clutch sizes, we were able
to determine the relationship between clutch size and maximum egg size, as well as the
relationship between egg size and allocation to reproduction (clutch size times maximum
egg size).

The results of our packing algorithm show that the maximum diameter of eggs that can
be packed into a body cavity decreases exponentially as clutch size increases (Beck and Beck,
unpublished manuscript). As a result, maximum egg diameter and allocation to reproduction
(clutch size times maximum egg diameter) are negatively linearly related on a log-log plot.
However, maximum egg volume and allocation to reproduction (clutch size times maximum
egg volume) are positively linearly related on a log-log plot.

Based on the results of our packing algorithm, we hypothesize that total allocation to
reproduction as estimated by the product of egg size and clutch size will be correlated with
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egg size in taxa in which females maintain their entire clutch within their body cavity or
external egg sac [as in copepods (Dussart and Defaye, 2001)] for at least a short period of time,
because in these taxa total volume of a clutch will be limited. Specifically, we predict that
(1) linear dimensions of egg size (i.e. egg width and egg length) will be negatively correlated
with total allocation to reproduction, and (2) egg volume will be positively correlated with
total allocation to reproduction in species with packing constraints. In taxa in which
females produce and lay their eggs sequentially, packing constraints will not affect the
relationship between egg size and total allocation to reproduction. As a result, in species
without packing constraints such as birds, we predict that the direction of the relationship
between egg size and allocation to reproduction will be the same, independent of whether
linear dimensions or egg volume are used as estimates of egg size. It is important to note
that our hypothesis makes no predictions with respect to the relationship between the mass
of individual eggs and allocation to reproduction, as packing constraints are due to the
geometry of packing eggs into a body cavity or egg sac.

The results of Caley et al. (2001) for copepods are consistent with the first prediction for
species with packing constraints. To test our hypothesis further, we examined the relation-
ship between total allocation to reproduction and egg size (egg width, egg length, egg
volume) in turtles and North American passerine birds and between total allocation to
reproduction and egg volume in copepods. We chose to use comparative data to test our
hypothesis for several reasons. First, we were able to compare our results directly with those
of Caley et al. (2001). Second, although some species exhibit substantial variation in egg size
and clutch size among individuals within a population (e.g. turtles, fish), egg size and clutch
size show little variability in other taxa (e.g. birds). Therefore, it was necessary to use
comparative data to test all of the predictions generated by our hypothesis. However,
further tests of specific predictions of our hypothesis with data from individuals within a
population would be warranted if individuals within the population vary substantially in
egg size and clutch size.

Since turtles and copepods should exhibit packing constraints, we expected to find
a negative relationship between linear dimensions of egg size and total allocation to repro-
duction in turtles and a positive relationship between egg volume and allocation to
reproduction in turtles and copepods. In contrast, since packing constraints should be
absent in passerines, we expected to find the direction of the relationship between egg size
and allocation to reproduction to be the same when using egg width, egg length or egg
volume as estimates of egg size.

METHODS

For all taxa, we determined phylogenetically independent contrasts on log-transformed
values of body size, egg size (egg length, egg width, egg volume), and total allocation to
reproduction estimated as the product of egg size and clutch size. For North American
passerine birds, the data on egg width, egg length and clutch size were compiled for 288
species from Ehrlich et al (1988) and Harrison (1975). Egg volume was calculated from egg
width and egg length following Hoyt (1979). In no case was the clutch size equal to one such
that total allocation to reproduction would be equal to egg size. Body mass data were taken
from Dunning (1993). We constructed a composite phylogeny based on published phylogenies
(see Fig. S1 in Online Supplementary Material). For turtles, body size (carapace length) and
clutch size data for 150 species were taken from a comparative study on the relationship
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between latitude and reproductive traits in turtles by Iverson et al (1993). J.B. Iverson
(personal communication) also provided egg size data (egg length, egg width, egg mass) for the
turtle species included in his original study. Egg volume was calculated from egg width and
egg length following Rose ef al. (1996). For species for which there were multiple trait values,
we used the mean of the values. We constructed the composite phylogeny for the turtle
data set based on published phylogenies (see Fig. S2 in Online Supplementary Material)
and a maximum likelihood tree for the Testundinoidea based on 12S rRNA sequences
published in GenBank (AF175326-AF175341). Data and phylogeny for 70 taxa of
copepods were taken from Poulin (1995). Egg volume was calculated from egg width based on
the assumption that copepod eggs are spherical.

We calculated independent contrasts using CAIC 2.6.9 (Purvis and Rambaut, 1995). Because
branch lengths were unknown, we used equal branch lengths, which assumes a model of
punctuated equilibrium (Purvis and Rambaut, 1995). In addition, because the phylogenies were not
completely resolved for any of the groups, we used clutch size as the independent variable
in determining contrasts using Pagel’s method for independent contrasts for unresolved
phylogenies (Harvey and Pagel, 1991).

Following Caley et al. (2001), in our analysis of the relationship between egg size and total
allocation to reproduction, we first controlled for effects of body size, because reproductive
traits often covary with body size (Roff, 1992; Stearns, 1992). To control for effects of body size, we
calculated the residuals from the regression of contrasts of body size on either contrasts
of egg size or contrasts of total allocation to reproduction. In all cases, the regressions
were forced through the origin (Pagel, 1993). We then determined the correlation between the
residuals of the contrasts of egg size and total reproductive effort. As suggested by Caley
et al. (oo01), egg size and total allocation to reproduction may be correlated to a certain
degree because total allocation to reproduction was estimated as the product of egg size
and clutch size. Therefore, we followed Caley et al. (2001) and determined the significance of
the correlation by using a randomization test that determined the correlation between
the residuals of the contrasts of egg size and total allocation to reproduction for 1000
randomizations of the data.

RESULTS

Our results supported the predictions of our packing constraints hypothesis both for species
with packing constraints (turtles and copepods) and species without packing constraints
(passerines). For turtles, we found a significant negative relationship between both linear
measures of egg size (egg length and egg width) and total allocation to reproduction (i.e.
product of egg size and clutch size) (egg length: r =-0.38, P <0.001; egg width: r =-0.19,
P=0.011) (Fig. 1a). In addition, we found a significant positive relationship between egg
volume and total allocation to reproduction (r=0.58, P <0.001) (Fig. 2a). Previously,
Caley et al. (2001) demonstrated a significant negative correlation between egg width and
allocation to reproduction for copepods. Using the same data, we found a significant
positive correlation between egg volume and allocation to reproduction (r = 0.50, P = 0.001)
(Fig. 2¢). For birds, we found a consistent positive correlation between egg size and total
allocation to reproduction, independent of whether we used egg length (r =0.18, P =0.005)
(Fig. 1b), egg width (r =0.12, P =0.01) or egg volume (r = 0.52, P <0.001) (Fig. 2b).

For both egg length and egg width in turtles, there are several data points with large
positive residual values for total allocation to reproduction (Fig. la) that may represent
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Fig. 1. The relationship between independent contrasts of egg length and total allocation
to reproduction (product of egg length and clutch size). Effects of body size were removed
by using residuals from regressions of independent contrasts of body size on contrasts of either
egg size or total allocation to reproduction. The significance of correlations was determined
using a randomization test (see text for details). (A) For turtles, total allocation to reproduction
was significantly negatively correlated with egg length (r=-0.38, P <0.001). (B) For passerines,
total allocation to reproduction was significantly positively correlated with egg length (r=0.18,
P =0.005).

statistical outliers. If these data points are removed from the analysis, egg length and total
allocation to reproduction are still significantly negatively correlated (r =—0.23, P = 0.008);
however, the relationship between egg width and allocation to reproduction is no longer
significant (r =-0.042, P =0.66). Although these values may represent statistical outliers,
from a biological perspective they are real data and therefore should be included in
the analysis. Furthermore, egg width may be constrained in turtle eggs due to the size of
a female’s pelvic opening (Congdon and Gibbons, 1987), Which suggests that egg length might be
a more appropriate linear measure of egg size with which to test for packing constraints.
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Fig. 2. The relationship between independent contrasts of egg volume and total allocation to
reproduction (product of egg volume and clutch size). Effects of body size were removed by using
residuals from regressions of independent contrasts of body size on contrasts of either egg size or
total allocation to reproduction. The significance of correlations was determined using a randomiz-
ation test (see text for details). (A) For turtles, total allocation to reproduction was significantly
positively correlated with egg volume (r=0.58, P <0.001). (B) For passerines, total allocation to
reproduction was significantly positively correlated with egg volume (r=0.52, P <0.001). (C) For
copepods, total allocation to reproduction was significantly positively correlated with egg volume
(r=10.50, P=0.001).

DISCUSSION

In both turtles and copepods, which retain all of their clutch in their body cavity or an egg
sac, we found significant negative correlations between linear measures of egg size (i.e. egg
width and egg length) and total allocation to reproduction (Fig. 1) (Caley er ai, 2001), as well as
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significant positive correlations between egg volume and total allocation to reproduction
(Fig. 2). In contrast, in passerine birds, which lay their eggs successively, both linear
measures of egg size and egg volume were positively correlated with total allocation to
reproduction (Figs. 1, 2). All of these results are consistent with the hypothesis that packing
constraints will result in a relationship between egg size and total allocation to reproduction
in species that retain their eggs in their body cavity or in an egg sac (Beck and Beck, unpublished
manuscript). As a result, in these species, egg size and clutch volume cannot evolve independ-
ently due to constraints imposed by geometry. However, even in species in which packing
constraints do not occur, such as birds, egg size and clutch volume are not independent.
This suggests that the allocation of resources to reproduction and the division of those
resources into individual offspring are not sequential allocations, but simultaneous
allocations (Caley er al, 2001). Because the allocations are simultaneous, total allocation
to reproduction could influence egg size or egg size could affect total allocation to repro-
duction. The direction of the causal relationship between these allocations depends on
whether packing constraints are present. In species with packing constraints, maximum
clutch volume is determined by egg size. In contrast, in the absence of packing constraints,
the causal arrow could be in either direction.

Integral to the conclusion that total allocation to reproduction and allocation to indi-
vidual offspring are not independent are the assumptions that linear measures of egg size
or egg volume are good estimates of energy allocation to individual offspring and that the
product of egg size and clutch size is a good estimate of total allocation to reproduction. In
some taxa, investment in individual eggs does vary linearly with linear measures of egg size
(eg. Berg er al, 2001) and egg volume (e.g. McEdward and Morgan, 2001). Therefore, in these taxa, the
assumptions appear valid and total allocation to reproduction and allocation to individual
offspring are not independent. Thus, models of reproductive allocation and optimal egg size
need to be considered simultaneously. When considering the effect of packing constraints
on the relationship between egg size and total allocation to reproduction in these taxa, it is
important to determine whether linear measures of egg size or egg volume correlate more
closely with allocation to individual offspring, because linear measures of egg size are
negatively correlated with total allocation to reproduction (Fig. 1a), whereas egg volume is
positively correlated with total allocation to reproduction (Fig. 2). Based on independent
contrasts from the data we compiled on turtles, we found that egg width, egg length and egg
volume were positively correlated with egg mass, but that egg volume explained more of the
variation in egg mass (R = 0.94) than the linear measures of egg size (egg width: R* = 0.89;
egg length: R*=0.79). Therefore, egg volume may be a better estimate of egg quality than
linear measures of egg size. Furthermore, egg volume and egg shape may be more important
in determining packing constraints than linear measures of egg size.

Although some taxa exhibit a strong relationship between egg size and allocation to
individual offspring, in many other taxa egg size is not a good proxy for egg quality in terms
of energy content or subsequent juvenile size and survival (Bernardo, 1996). As a result, packing
constraints will not lead to constraints on total reproductive effort. Indeed, in some cases,
females have been found to adjust egg quality (i.e. lipid content) in response to their own
quality or the quality of their environment without adjusting egg size (e.g. Amold et al., 1991; Royle
et al., 1999; Nager et al., 2000). If egg quality is not correlated with egg size, packing constraints
will not necessarily result in a correlation between total allocation to reproduction and
allocation to individual offspring. However, even in these species, the allocations may still be
correlated.
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Model of optimal investment in offspring

Since total allocation to reproduction and allocation to individual offspring may not be
independent both in species in which packing constraints are present (e.g. turtles and cope-
pods) and in species in which packing constraints are absent (e.g. passerine birds), we
modified the Smith-Fretwell model of optimal egg size (Smith and Fretwell, 1974) to include the
relationship between total allocation to reproduction and allocation to individual offspring
(see Appendix). Because the model is for optimal investment in individual offspring, we
assume that allocation to individual offspring affects total reproductive allocation and not
the reverse. The model predicts the optimal investment in individual offspring (which may
or may not be correlated with egg size) and total investment in offspring for different
relationships between these investments (b), different minimum investments in offspring
(1), and different relationships between investment in individual offspring and offspring
fitness (k) (Fig. 3). Winkler and Wallin’s (1987) model examines similar parameters, but
differs from the model presented here in that it did not consider a functional or genetic
correlation between total allocation to reproduction and allocation to individual offspring.
Any correlation between these two allocations in their model is due to their effect on
determining offspring production, rather than an assumed causal linkage between the two.

Similar to Winkler and Wallin (1987), we found that optimal investment in individual
offspring (I*) is independent of maximal offspring fitness (/). In addition, both models
predict that I* increases with increases in the minimum investment in offspring (/) (Fig. 3a).
However, we found that the rate at which offspring fitness increases with investment in
offspring (k) has little effect on I*, except for large values of » (Fig. 3a). In contrast, in
Winkler and Wallin’s model, I* increases exponentially with decreases in k at low values
of I,.

The relationship between total allocation to reproduction and allocation to individual
offspring (b) had the greatest effect on I* (Fig. 3a). Between b =0 (i.e. the allocations are
unrelated) and b = 1, I'* increases exponentially with increases in b (Fig. 3a). In other words,
we would expect females to invest more in individual offspring in taxa in which total
allocation to reproduction increases rapidly with increases in allocation to individual off-
spring, as compared to taxa in which total allocation to reproduction changes little with
allocation to individual offspring. Although 7* increases with increases in b for all values of
k and I, the increase in /* with respect to b is greater when offspring fitness increases less
rapidly with increases in investment (i.e. lower values of k). Overall, the greatest investment
in individual offspring should occur when minimum investment (/) is large, the rate of
increase of offspring fitness with increased investment (k) is low, and the rate of increase in
total investment with increased investment in individual offspring (b) is high.

Although our model and that of Winkler and Wallin (1987) in general make the same
predictions with respect to allocation to individual offspring, the models make strikingly
different predictions about the effects of I, and k on total allocation to reproduction. In
our model, since total allocation to reproduction is exponentially related to allocation to
individual offspring (see equation A6), I, k and b all affect total allocation to reproduction
in a similar fashion to the way in which they influenced allocation to individual offspring
(Fig. 3). In contrast, in the absence of a functional or genetic relationship between total
allocation to reproduction and allocation to individual offspring, Winkler and Wallin’s
model predicts that total allocation to reproduction should decrease with increases in 1
rather than increase, and should increase with increases in k rather than be unaffected by k.
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Fig. 3. The effect of the rate of increase in offspring fitness of allocation to offspring (k) and the
relationship between total allocation to reproduction and allocation to individual offspring (b) (see
equation A6) on (A) optimal allocation to individual offspring (/*) and (B) total allocation to
reproduction (E). Each surface is for a different minimum allocation to offspring (1) (top: 7,=0.3;
middle: 1, = 0.2; bottom: /,=0.1).



1086 Beck and Beck

The differences in the predictions of the two models in terms of total allocation to
reproduction suggest that how total investment and investment in individual offspring are
related is important in determining optimal reproductive investment.

Conclusions

Both packing algorithms (Beck and Beck, unpublished manuscripty and comparative data across a
range of taxa (current study) suggest that total allocation to reproduction may be affected
by allocation to individual offspring in many taxa due to packing constraints. Furthermore,
optimal allocation to offspring and the resulting total allocation to reproduction are
influenced mostly by the extent to which total allocation to reproduction increases
with increases in allocation to individual offspring. In contrast, the minimum allocation
to individual offspring and the relationship between allocation to offspring and offspring
fitness have only limited effects on optimal allocation to offspring. As a result, future
empirical studies of reproductive allocations should be certain to examine how investment
in individual offspring influences total reproductive investment.
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APPENDIX

Here, we modify the classical optimal egg size model (Smith and Fretwell, 1974) to allow for the total energy
investment in offspring by a female to be affected by the investment per offspring. Following Smith
and Fretwell (1974),

W,=W-N (Al)

where W, is parental fitness, W is offspring fitness, which is assumed to be equal for all offspring, and
N is the number of offspring. If E is the total energy invested in offspring by a parent and [/ is the
investment in each offspring, assuming equal investment in all offspring,

N=Ell (A2)

Like Smith and Fretwell (1974), we assume that offspring fitness is a function of investment in each
offspring (W = g(I)). However, we also assume that total energy invested in offspring is a function of
investment in each offspring (£ = f(I)). Therefore, from (A1) and (A2)
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WD) =g f(DI1 (A3)

To determine the optimal investment in each offspring 7*, we want to maximize parental fitness
W, with respect to I, the investment in each offspring. We assume f and g are differentiable, and
differentiating (A3) we find that

wr Hes+ g{") -sf

b ] (Ad)

The local maxima for W, of interest to us occur when W;(I) =0 and I > I,, where I, is the minimum
energy investment needed to produce successful offspring. To find these values, we solve

gf

[=—22— A5
gf+gf’ (A3

Above, we have shown that, based on comparative data, after controlling for differences in female
body size,
log E=logf(I)=blogI+c (A6)

Note that if =0, which is the assumption of constant total investment in offspring assumed by
Smith and Fretwell (1974), then log /(1) = ¢ or E=f(I) = ¢‘. We normalize so that in the classical case
E =1, by setting ¢ = 0. Therefore, differentiating (A6) with respect to 7,

Sr=b1 (A7)
Substituting (A7) into (AS), and simplifying, we get
gl+(b-1)g=0 (A8)

since f# 0 and I#0.

Because g is positive and increasing (i.e. g’ >0) on the interval 7> [, then b< 1 for (A8) to
hold.

To examine the dynamics of optimal investment in offspring, we use the classical assumption from
Smith and Fretwell (1974) and Equation 7 in Winkler and Wallin (1987) that

W=g()=W(1-e ") (A9)

where W is the asymptotic maximum offspring fitness, and k is the coefficient that determines the rate
of increase of W with an increase in /1. Differentiating (A9) with respect to 7,

g =kWwe (A10)
Substituting (A9) and (A10) into (A8) and simplifying, we have

b-1
) (Al1)
b—1-kI
The optimal investment in each offspring I* can be found by solving for 7in (A11) for known values of
b, k, and I,. Total energy investment in offspring by the female can be determined for a given optimal
investment in each offspring 7* by substituting into (A6).



