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INTRODUCTION

The question of how much energy a mother should
invest in each of her offspring is a fundamental issue in
evolutionary biology. Maternal investment per off-
spring has important effects on the fitness of both
mother and offspring (Bernardo 1996a, Marshall &
Uller 2007). For many marine organisms that produce
lecithotrophic larvae, the organic material packaged in
an egg or larva is the major energy source available to
the offspring until after metamorphosis is complete. In
such species, maternal investment is often positively
correlated with offspring fitness, as offspring with
more energy are able to metamorphose at a larger size,
grow faster, and reach sexual maturity earlier then
their less well-provisioned conspecifics (Moran & Em-
let 2001, Marshall & Keough 2003, 2008a, Marshall et
al. 2003, Marshall & Bolton 2007). However, there is a
trade-off between the number of offspring a mother
can produce and the size (a commonly used proxy of
maternal investment) of each offspring. Thus, while
offspring fitness increases with increasing maternal in-

vestment, maternal fitness begins to decline as over-
provisioning offspring decreases the number of off-
spring a mother can produce (Smith & Fretwell 1974).
This tradeoff, in the context of other environmental
factors that might affect juvenile fitness (e.g. the pres-
ence of size-specific predators or competitors), makes
predicting optimal offspring size a difficult task.

Most models created to examine the evolution of off-
spring size predict that maximum maternal fitness
occurs when mothers produce offspring of a single
optimal size, allowing the mother to maximize the
number of surviving offspring (Smith & Fretwell 1974,
Bernardo 1996a, Levitan 2000, Einum & Fleming 2004).
Such models often rely on the assumption that mothers
have some way of predicting what environments their
offspring will find themselves in and that the relation-
ship between offspring size and performance is consis-
tent across environments. However, mothers may not
be able to accurately predict which environmental
conditions their offspring will face, particularly in
marine invertebrate species with dispersing larval
stages (Palmer & Strathmann 1981, Marshall & Keough
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2006). In addition, there is evidence that the relation-
ship between offspring size and performance is not
consistent — as larger offspring may be selected
against in certain environments (Marshall & Keough
2004) — and that some advantages of larger larvae
may be lost if metamorphosis is delayed for long peri-
ods of time (Wendt 1996, Marshall & Keough 2006). In
such cases, producing larger larvae is no guarantee
that offspring will be more successful under all the
environmental conditions that they may encounter.
Given these uncertainties, producing a range of off-
spring sizes rather than producing offspring of a single
size may decrease the variance around the mother’s
mean fitness (thus increasing her geometric mean fit-
ness), as variability in offspring performance among
reproductive events is reduced and the risk of total
reproductive loss is avoided (Kaplan & Cooper 1984,
Philippi & Seger 1989, Koops et al. 2003).

Indeed, a number of reports show that offspring vary
in size not only among populations (George et al. 1990,
Jones et al. 1996) and among broods within populations
(Kaplan & King 1997, Berg et al. 2001), but also within
broods (Phillips 2007, Marshall & Keough 2008a). The
extent of this variation can be quite large (Kaplan 1998,
Marshall & Keough 2008b). However, most studies that
have examined variation in offspring size in marine in-
vertebrates quantify variation at a  single hierarchical
level (e.g. among populations) and make no attempt to
determine where the majority of the variation in off-
spring size occurs. Such data are essential to under-
standing how populations respond to selection. The dis-
tribution of intraspecific variation in offspring size may
influence the direction and rate of offspring size evolu-
tion, particularly if such variation is heritable and great
enough to cause differences in  performance among sib-
lings (Bernardo 1996b, Kaplan 1998). In the present
study, we describe variation in offspring size within
populations and within broods of 4 species of marine
bryozoans. We also determined if variation in offspring
size might affect juvenile lophophore size, a relation-
ship that would offer a mechan istic explanation as to
why offspring size is positively correlated with several
aspects of adult performance in bryozoans (Marshall et
al. 2003, Marshall 2005, Dias & Marshall 2010).

Bryozoans are colonial, hermaphroditic organisms
that are common members of many marine hard sub-
stratum communities and are especially common in
fouling communities. Most species produce lecitho -
trophic coronate larvae that are released early in the
day (Kosman & Pernet 2009) and settle within a few
hours after release (Mawatari 1951, Ryland 1974). Lar-
vae can be collected easily from adults in the labora-
tory by manipulating light cues and can be induced to
settle using chemical cues (Wendt & Woollacott 1995).
Larval size offers a reliable, non-destructive method of

estimating maternal investment per offspring, as size is
positively correlated to organic content (Wendt 2000)
and has been linked to performance (e.g. colony
growth rate and age at sexual maturity; Marshall et al.
2003, Marshall 2005) in later life history stages. After
metamorphosis of coronate larvae, the resulting juve-
niles possess a single lophophore with which they feed
on suspended particles. We measured lophophore vol-
ume as an indicator of juvenile feeding performance,
as bryo zoan feeding rates are positively related to
lopho phore size (specifically, lophophore height and
spread; Best & Thorpe 1986a,b). If larval size and
lopho phore size are related, differences in lophophore
size, and thus feeding ability, might explain why
colonies that originate from larger larvae grow faster
and reach  sexual maturity sooner than colonies
derived from smaller larvae.

MATERIALS AND METHODS

Variation in larval size. We quantified variation in
larval size within and among broods in 4 species of
bryozoans common in fouling communities in southern
California. Individual colonies of 3 of these species
were collected directly from floating docks in Alamitos
Bay, Long Beach, California. We collected 10 colonies
of Bugula californica and 10 colonies of Watersipora
subtorquata between January and April 2007. A total
of 10 colonies of Cryptosula pallasiana were collected
in June and July 2008 and in March 2009. For these 3
species, we made efforts to ensure that each collected
colony was a single genetic individual. B. californica
typically grew as isolated upright colo nies; we traced
each of these to its basal attachment point. We
removed a single upright lobe from each colony of the
crenulated bryozoan W. subtor quata. As it was unclear
if the zooids on both sides of these lobes were derived
from the same larva, one side of the lobe was cleaned
of zooids with a needle. For the encrusting bryozoan
C. pallasiana, we collected only isolated, disc-shaped
colonies that appeared likely to be derived from a
 single, settled larva.

Colonies of the fourth species, Bugula neritina, often
grew in dense mats and thus were difficult to trace
back to a single attachment point. To ensure that the
adult colonies we studied did not comprise several
genotypes, we reared individual colonies from the
 larval stage to sexual maturity in the field. In March
2007, we collected 8 colonies of B. neritina from Ala -
mitos Bay and held them overnight in a darkened
 flow-through aquarium. After exposing the dark-
adapted colonies to bright light to induce larval re-
lease, we haphazardly collected larvae for settlement
on 60  plastic petri dishes. Each dish was filled with
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 seawater containing 15 mM excess KCl to induce lar-
val settlement. After settlement, the metamorphosing
larvae were submerged in fresh seawater and allowed
to complete metamorphosis for 6 d at 20°C. The petri
dishes were then placed in 4 acrylic racks (each rack
holding 15 dishes) and hung off the side of a floating
dock in Alamitos Bay, ~1 m below the surface. Growth
to sexual maturity took approximately 7 wk.

For all 4 species, larvae were obtained by placing the
parent colonies into a darkened flow-through aquar-
ium for ~48 h and then exposing each colony individu-
ally to a bright light. Larvae released from each colony
were preserved in 4% formalin in seawater for later
size measurements.

Larval size was estimated as volume. Twenty pre-
served larvae from each colony were haphazardly cho-
sen for measurement. One colony of Cryptosula pal-
lasiana released only 19 larvae; in this case all larvae
were measured. All larvae were photographed in the
same orientation, by positioning them with their cili-
ated groove upwards (Marshall et al. 2003). Larvae of
Bugula californica were roughly spherical in shape, so
larval volume was estimated from photographs by
measuring the width of the larva perpendicular to the
ciliated groove and using that ‘diameter’ to calculate
the volume of a sphere. Larvae of the other 3 species
were barrel-shaped; their volumes were estimated by
measuring the width of the larva (perpendicular to the
ciliated groove) and the length of the larva (along the
ciliated groove). Those 2 measurements were then
used to calculate the volume of a cylinder.

The mean larval volume for each species and the co-
efficient of variation (CV) of larval volumes for each
brood were calculated for all 4 species. For each spe-
cies, an ANOVA was used to determine if the majority
of the variation in larval volumes was found within or
among broods (Sokal & Rohlf 1981). The data were
tested for normality and homogeneity prior to running
the ANOVA. Brood CVs were compared among species
using ANOVA and post-hoc Tukey comparison test.

Effects of larval size on juvenile lophophore size.
To determine how larval size affected juvenile lopho-
phore size within each species, larvae were allowed to
metamorphose, and the relationship between their
 initial volume and subsequent lophophore size was
examined. Colonies of the 4 bryozoan species were
collected from Alamitos Bay in 2008 (April to June).
The colonies were placed in a darkened flow-through
aquarium for ~48 h, then exposed to a bright light to
induce larval release. In order to increase the size
range of larvae studied, we actively selected larvae of
a wide size range for measurement. No single parental
colony contributed more than 6 larvae to the analysis.

Larval size was estimated from videotaped images of
swimming larvae. Larvae in a drop of seawater were

videotaped using a Nikon 80i compound microscope
equipped with a 40× objective lens and a Hitachi II
video camera. For each larva, a single video frame
(with the larva oriented with its ciliated groove up -
wards) was used to estimate larval volume, using the
methods described above. After videotaping, larvae
were settled on biofilmed egg membranes (Reed &
Cloney 1982) in individual dishes containing seawater
with 15 mM excess KCl. After settlement, larvae were
held in an incubator at 20°C in fresh seawater until
metamorphosis was completed and the ancestrula
lophophore was formed.

To estimate lophophore volume, juveniles were
relaxed in a 1:1 mixture of seawater and 7.5% MgCl2
and photographed in side view with their lophophores
extended. Lophophore volume was estimated using
measurements obtained from photographs and the
equation:

Volume = πh(a2 + ab + b2)/12

where a is the diameter of the lophophore crown, b is
the diameter of the base, and h is the height of the
lophophore (Wendt 1996). The relationship between
initial larval volume and lophophore volume for each
species was examined using reduced major axis (RMA)
regression (Quinn & Keough 2002).

RESULTS

Variation in larval size

There was substantial variation in larval volume
among species, within species, and within broods.
Watersipora subtorquata and Bugula neritina released
the largest larvae, with average volumes of 0.0288 ±
0.0050 mm3 (±SD) and 0.0247 ± 0.0032 mm3, respec-
tively. Cryptosula pallasiana released larvae of an
average volume of 0.0086 ± 0.0001 mm3, while B. cali-
fornica released the smallest larvae, with an average
volume of 0.0013 ± 0.0003 mm3 (Table 1). There was
great variation in larval volume within species, with
most species releasing larvae that varied up to 3-fold in
volume (Table 1).

The majority of the variation in larval volume was
found within broods for 3 of the 4 species (Table 1). For
Watersipora subtorquata, 76.08% of the total variation
in larval size was found within broods. In Bugula ner-
itina, larval size variation was distributed approxi-
mately equally within and among broods, with 54.19%
of the variation found within broods. In Cryptosula pal-
lasiana, 68.48% of the variation in larval size was
found within broods. In B. californica, 92.06% of the
total observed variation in larval size was within-brood
variation.
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CVs in larval volume were calculated for each brood
spawned and their means compared among species us-
ing ANOVA and a post-hoc Tukey comparison test.
These data met the assumptions of ANOVA. There was
a significant difference in brood CVs among species
(ANOVA: p < 0.001, F = 21.24, df = 45). Brood CVs for
Bugula neritina were the lowest of the 4 species, and
Cryptosula pallasiana’s average brood CV was lower
than B. californica’s (Fig. 1). Brood CVs for Watersipora
subtorquata ranged from 12.12 to 20.66%, representing
a 1.5- to 1.9-fold difference be tween the largest and
smallest larva released by a  single colony. B. neritina’s
brood CVs ranged from 6.80 to 14.57%, representing
only a 1.3- to 1.6-fold  difference in larval sizes found
within a brood. In C. pallasiana, brood CVs ranged
from 8.95 to 19.69%, representing a 1.5- to 2.2-fold dif-
ference in larval sizes released by a single colony. Fi-
nally, brood CVs ranged from 13.00 to 21.83% in B. cal-
ifornica, representing a 1.6- to 2.1-fold difference in
larval sizes found within a brood (Table 1).

Effects of larval size on juvenile lophophore size

Completion of metamorphosis (defined as time to
formation of a functional juvenile lophophore) took ap -
proximately 2 d for Bugula californica and B. ne ri tina,

4 d for Cryptosula pallasiana, and 5 d for Water sipora
subtorquata. There was substantial intraspecific varia-
tion in juvenile lophophore volume in all 4 species,
with at least a 5-fold range in lophophore volume
among conspecifics. Lophophore volumes ranged from
0.021 to 0.109 mm3 for W. subtorquata, 0.003 to
0.062 mm3 for B. neritina, 0.006 to 0.043 mm3 for C. pal-
lasiana, and 0.003 to 0.017 mm3 for B. californica. Fur-
ther, RMA regression showed that in all 4 species vari-
ation in lophophore volume was positively related to
initial larval volume (Fig. 2).

DISCUSSION

In all 4 species we examined, there was substantial
variation in larval size within individual broods. Previ-
ously calculated CVs for Bugula neritina (Marshall &
Keough 2008b, Marshall et al. 2008) fell within the
range calculated by the present study. However, the
previously published values were based on an un -
known number of individuals, and in the present study
we found that within-brood CV varied among individ-
ual colonies (Table 1). The within-brood CVs for larval
size calculated for these bryozoans were similar to
those found in studies of diverse other marine inverte-
brates, including mussels, starfish, and shrimp (Mc -
Edward & Carson 1987, Clarke 1993, Phillips 2007,
Marshall & Keough 2008b), suggesting that substantial
variability in offspring size found within broods is taxo -
nomically widespread.

We partitioned the distribution of variance in larval
size, something that has been done only rarely in
marine animals. In the 4 species we studied, 54 to 92%
of the total variation in larval size observed was found
within broods; in 3 of these species (Watersipora sub -
tor quata, Cryptosula pallasiana, and Bugula califor-
nica), within-brood variation accounted for over 68%
of the total variation in larval size. One of the few com-
parable datasets available provides a similar result:
Marshall & Keough (2008a) reported that 66% of the
variation in larval size in Australian populations of W.
subtorquata occurred within broods. In our study, 76%
of the variation in larval size in W. subtorquata was
found within broods.
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Species Larval volume Brood CV range % Variation
Mean Range within population (%) within broods

Watersipora subtorquata 0.0288 ± 0.0050 0.0148–0.0410 12.12–20.66 76.08
Bugula neritina 0.0247 ± 0.0032 0.0180–0.0335 6.80–14.57 54.19
Cryptosula pallasiana 0.0086 ± 0.0001 0.0059–0.0131 8.95–19.69 68.48
Bugula californica 0.0013 ± 0.0003 0.0008–0.0020 13.00–21.83 92.06

Table 1. Mean larval volume (±SD) released from a population, larval volume and brood coefficient of variation (CV) ranges for a 
population, and the percentage of variation attributed to within-brood causes for each of the 4 bryozoan species
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Fig. 1. Brood coefficients of variance (CV) for the 4 species of
bryozoans. Significant differences among mean brood CVs are

denoted with differing letters. Error bars are ±SD
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It is unclear to what extent within-brood variation in
offspring size varies among populations or seasons, al-
though preliminary data suggest that the amount of vari-
ation found within broods fluctuated very little over a
2 yr period within a population of Bugula neritina (E. T.
Kosman unpubl. data). Additionally, the similarity be-
tween our results and those of Marshall & Keough
(2008a) suggest that substantial within-brood variation
in offspring size is common among populations of Water-
sipora subtorquata. Our results for the remaining species
suggest that substantial within-brood variation in off-
spring size may be widespread among bryozoans with
lecithotrophic larvae; however, more species need to be
sampled to determine if this is truly the case. It is not yet
clear whether other marine invertebrates with lecitho -
trophic larval stages exhibit similar patterns of within-
brood variation in offspring size. Data available from
fishes suggest that only a small fraction (~3% for salmon)
of intraspecific variation in offspring size is found within
broods (Berg et al. 2001, Einum & Fleming 2004).

We also identified substantial within-population
variation in juvenile lophophore size for larvae that
were forced to settle soon after release. Juvenile

lophophores varied in volume ~5.1-fold in both Water-
sipora subtorquata and Bugula californica, 6.7-fold in
Cryptosula pallasiana, and 20.6-fold in B. neritina
(however, removal of 2 extremely small outliers re -
duced this range to 5.3-fold for B. neritina). Even with
those 2 outliers excluded, the range in juvenile lopho-
phore volume that we observed within a population of
B. neritina far exceeds the variation in lophophore vol-
ume observed in previous experiments on the effects
of the length of the larval planktonic period on juvenile
quality. Larvae of B. ne ri tina forced to swim for 28 h
before metamorphosis produced juveniles whose
lophophores were about half the volume of larvae that
were allowed to settle soon after release (Wendt 1996);
thus, lophophore volume varied only 2-fold as a func-
tion of larval swimming  duration. Our results suggest
that natural variation in larval size within populations
(and presumably within broods) of B. neritina might be
sufficient to mask more subtle treatment effects in such
experiments. Accounting for variation in initial larval
size in experiments such as this might greatly increase
the accuracy of  estimates of the magnitude of treat-
ment effects.
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Fig. 2. Relationship between larval volume and juvenile lophophore volume in the bryozoans (a) Watersipora subtorquata, (b)
Bugula neritina, (c) Cryptosula pallasiana, and (d) Bugula californica. A significant positive relationship between larval volume 

and juvenile lophophore volume was found in all 4 species. Note the difference in scale for all axes
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The high variation in lophophore size appeared to be
due to variation in initial larval size, as there was a sig-
nificant positive relationship between larval size and
lophophore size for all species. As feeding rates in -
crease with increasing lophophore size (Best & Thorpe
1986a,b), larger juveniles would be more effective at
capturing and processing food than their smaller sib-
lings. It is likely that the variability in the size of
 juvenile lophophores described here would have con-
sequences for the feeding abilities of sibling offspring.
Based on the regression equations calculated for each
species, we estimate that the variation in larval size
within a brood could result in a 1.7- to 2.7-fold differ-
ence in juvenile lophophore volume among sibling
 Water sipora subtorquata, a 1.3- to 1.9-fold difference
among sibling Bugula neritina, a 2.5- to 5.9-fold differ-
ence among sibling Cryptosula pal la si ana, and a 2.2- to
4.0-fold difference among sibling B. californica. These
differences in juvenile lophophore size and subsequent
feeding rates may explain why colonies of B. neritina
and W. subtorquata that originate from large larvae
have higher growth rates and reach sexual maturity
sooner than colonies that originate from smaller larvae
(Marshall et al. 2003, Marshall & Keough 2004).

Further studies are needed to determine the mecha-
nisms underlying within-brood variation in offspring
size in bryozoans. One possibility is that maternal pro-
visioning is carried out primarily by the parental zooid.
If zooids within a colony vary in feeding environment,
e.g. with some zooids near the base of an upright colony
and others near the growing tips, then variation in
zooid nutritional environment may lead to within-brood
variation in larval size. If this were the case, one might
expect greater variation in larval size in upright,
branching colonies versus encrusting colo nies, as feed-
ing environment seems likely to vary more in the for-
mer type of colony. However, we saw no trend asso -
ciated with colony morphology in the amount of
within-brood variability in the 4 species we examined:
upright colonies (those of Bugula californica and B. ner-
itina) had similar brood CVs to those of en crusting
colonies (Cryptosula pallasiana and Water sipo ra sub -
torquata; Table 1). Thus, among-zooid differences in
terms of food environment seem un likely to be fully re-
sponsible for the wide range in offspring sizes pro-
duced by the colonies we observed. Some data suggest
that the amount of variation in offspring sizes produced
by colonies of B. neritina is not fixed and can change in
response to stressors, such as colony wounding (Crean
& Marshall 2009). However, the mechanisms under -
lying such plasticity in within-brood variation in larval
size are currently unknown.

As there is a positive relationship between larval size
and juvenile feeding ability in the bryozoans studied, it
may seem that producing larger larvae would maxi-

mize the mother’s fitness, despite the decrease in the
number of larvae the mother produces. However, there
is evidence in bryozoans that larger offspring may be
selected against in certain environments, possibly due
to size-selective predation or low conspecific competi-
tion (Marshall & Keough 2004, Allen et al. 2008), and
that some advantages that larger larvae possess, e.g.
producing a larger lophophore, may be lost if meta-
morphosis is delayed for long periods of time (Wendt
1996). Additionally, because the parental colony is
 sessile and unable to detect nearby environments,
whereas the larva is motile and may disperse to these
novel en vironments, the parent colony may not be able
to accurately predict what environmental conditions
the offspring will face. Because of this, it is possible
that high within-brood variation is a useful mechanism
to ensure that at least some suitable larvae are pro-
duced (Marshall et al. 2008).

Many studies have used verbal and mathematical
arguments to suggest that within-brood variation in
offspring size might be adaptive (Kaplan & Cooper
1984, Philippi & Seger 1989, Marshall et al. 2008), but
few studies have empirically tested these arguments.
Whether the within-brood variation in offspring size
reported in the present study represents an adaptive
response to provision offspring for unpredictable envi-
ronments remains to be tested. However, our results
show that considerable within-brood variation in off-
spring size exists and suggest that such variation can
have an effect on later life history stages via its effect
on lophophore size and subsequent feeding ability.
Accounting for this substantial intraspecific variation
in maternal investment per offspring should greatly
increase the explanatory power of studies that aim to
identify other factors (e.g. length of the planktonic
period) that may be affected by larval size.
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