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Dispersal duration mediates selection on offspring size
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Offspring size varies at all levels of organisation, among species, mothers and clutches. This variation is thought to be the 
result of a tradeoff between offspring quality and quantity, where larger offspring perform better but are more costly to 
produce. Local environmental conditions alter the benefits of increased offspring size and thereby mediate selection on 
this trait. For sessile organisms, dispersal is a crucial part of the offspring phase, and in animals, bigger offspring tend 
to better endure longer dispersal distances than smaller offspring because they have more energy. Theory predicts that 
increasing distances between suitable habitats strengthens selection for larger offspring. We manipulated the dispersal 
duration of offspring of different sizes in the bryozoan Watersipora subtorquata and then examined the relationship between 
offspring size and post-metamorphic performance in the field. We found that selection on offspring size is altered by larval 
experience. Larger offspring had higher post-settlement performance if the larval period was short but, contrary to current 
theory, performed worse when the larval period was extended. The reversal of the relationship between offspring size and 
performance by extending the larval phase in Watersipora may be due to the way in which offspring size affects growth in 
this species. Regardless of the mechanism, it appears that experiences in one life-history stage alter selection on offspring 
size in another stage, even when they occupy identical habitats as adults.

Offspring size is a highly variable trait that has pervasive 
consequences across the life history (Thorson 1950, Bagenal 
1969, Stearns 1992). Variation in offspring size occurs at all 
levels of organisation: among species, but also within spe-
cies, mothers and clutches (Williams 1994, Marshall and 
Keough 2008). The size of individual propagules is often 
linked to fitness – generally, larger offspring perform better 
than smaller offspring (Smith and Fretwell 1974, McGinley 
et  al. 1987). However, it can be more costly to produce 
larger offspring, therefore mothers must trade off the size 
and number of offspring that they produce, from few larger 
offspring to many smaller offspring (Vance 1973a, b, Smith 
and Fretwell 1974, Marshall and Uller 2007).

While many studies support the assumption that larger 
offspring perform better, an increasing number of stud-
ies have shown that the relationship between offspring size 
and performance is highly context-dependent. Environ-
mental variation has the potential to alter both the strength 
and direction of the offspring size–fitness relationship 
Kaplan 1992, Benton et al. 2005, (Bashey 2006, Marshall 
et al. 2006, Sams et al. 2015). If large, costly offspring and 
small, less-costly offspring have similar levels of fitness in a 
given environment, selection should favour mothers pro-
ducing many small offspring. Conversely, if smaller off-
spring perform poorly relative to larger offspring in a given 
environment, mothers benefit from producing fewer, larger 
offspring (Geritz 1995, Geritz, et  al. 1999). A generally-
held hypothesis is therefore that the offspring size–fitness 

relationship is determined by local environmental condi-
tions (Fox 1997, Allen et al. 2008). Even slight changes in 
these conditions could alter the offspring size–fitness rela-
tionship (Bashey 2006, Gagliano et al. 2007, Marshall and 
Keough 2008), and studies have shown that mothers can 
alter offspring size in response to changes in the environment 
(Fox 1997, Bertram and Strathmann 1998, Marshall et al. 
2000, Allen et  al. 2008). While the role of environmental 
variation in altering the offspring size–performance function 
is well recognised, the potential for other factors to alter this 
key relationship remains unexplored. Most importantly, the 
role of dispersal in altering the offspring size–performance 
relationship is largely unresolved.

For sessile species, a crucial function of the offspring 
phase is dispersal (Massot et al. 2002, Stamps et al. 2005, 
Bonte et al. 2012). Dispersal for most plant species is a pas-
sive process where offspring are dispersed by the wind. In 
general, smaller seeds have greater dispersal potential, due 
to increased aerodynamics (Howe and Smallwood 1982, 
Levin and Muller-Landau 2000). Furthermore, produc-
ing smaller seeds presumably allows mothers to produce 
more seeds, and through sheer weight of numbers, disperse 
further and to more sites (Geritz 1995). In contrast to ter-
restrial plants, dispersal for most sessile marine invertebrates 
can be particularly costly (Woollacott et al. 1989, Marshall  
et  al. 2003a, b). For species that have a nonfeeding larval 
phase, as is the case for more than 50% of coastal marine 
invertebrates (Marshall et al. 2012), the larval phase incurs 
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energetic costs as well as an elevated risk of mortality. Non-
feeding larvae are dependent on maternally invested energy 
reserves until they complete metamorphosis, and across a 
wide range of phyla, nonfeeding individuals that experience 
an extended larval period have poorer performance after 
metamorphosis, likely caused by depletions in their energy 
stores (Pechenik et  al. 1998, Marshall and Keough 2003, 
Bennett and Marshall 2005, Pechenik 2006, Elkin and 
Marshall 2007). Generally, larger larvae disperse for longer 
and are thought to be better able to cope with extensions 
of the larval period (Marshall and Keough 2003, Dias and 
Marshall 2010, Burgess et al. 2013, Marshall and Steinberg 
2015, Pettersen et al. 2015). Thus, it is clear that offspring 
size can affect dispersal in marine invertebrates (Marshall 
and Keough 2003). What is less clear is whether dispersal 
can affect selection on offspring size.

We have good reasons to suspect that dispersal will alter 
selection on offspring size. For instance, if larger offspring 
are better able to disperse, then greater distances between 
suitable habitats should favour the production of larger 
offspring (Burgess et al. 2013). Furthermore, recent physi-
ological studies suggest that larger offspring are better able 
to withstand the energetic stress of a prolonged dispersal 
phase because they have lower mass-specific energy require-
ments than smaller offspring (Pettersen et al. 2015). Though 
scarce, studies of offspring size, dispersal and performance 
suggest that dispersal can alter selection on offspring size. In 
a relatively recent study, Burgess et al. (2013) predicted that 
mothers producing many small offspring should be favoured 
if the distances between suitable habitats were short, but 
increasing habitat spacing causes changes in selection to 
favour larger offspring. In the same study, this theory was 
empirically tested and supporting evidence was found on the 
bryozoan Bugula neritina, where the post settlement survival 
of smaller offspring decreased compared to bigger offspring 
if the dispersal period was extended. Whereas Burgess et al. 
(2013) conclude that offspring size provisioning impact 
the potential for dispersal, they also acknowledge that for a 
more general understanding of the offspring size and habi-
tat spacing relationship, further investigations in additional 
species are needed. Here, we experimentally prolonged the 
length of the dispersal phase of offspring of known size in 
the encrusting bryozoan Watersipora subtorquata, and then 
monitored the performance of these individuals in the field, 
from settling to late life adult stages. We monitored perfor-
mance as post-metamorphic survival, area and senescence of 
each individual for three months in the field.

Methods

Study species

Watersipora subtorquata is an encrusting, bright red bryozoan 
found in shallow waters of temperate and subtropical regions, 
and is an invasive, but now common member of the sessile 
marine communities of the south coast of Australia (Marshall 
and Keough 2009). Like all bryozoans, Watersipora forms 
colonies by asexual budding. Dispersal and new settlement 
is initialized by sexual reproduction where nonfeeding, free-
swimming larvae are released into the water column. After 

dispersal, permanent attachment to suitable surfaces usually 
takes place within a few hours after release provided suitable 
settlement surfaces are available, but the larval period can 
extend for as long as 15 h (Marshall and Keough 2003, 2004). 
During dispersal, there are two typical larvae behaviours: 
passive surface exploring and active swimming (Burgess et al. 
2009). Whilst actively swimming, it is likely that the energy 
expenditure of larvae is excessively higher than in the more 
passive behaviour, exploring, as shown empirically for other 
marine invertebrate larvae (Bennett and Marshall 2005). 
Once settled, the individual metamorphoses (an energeti-
cally expensive process; Pettersen et al. 2015), and the first 
zooid, the ancestrula, begins to feed. Colony growth occurs 
via asexual budding of daughter zooids. The initial budding 
rate is offspring size-dependent, where bigger settlers faster 
produce more buds (Marshall and Keough 2004). With 
time, older zooids at the centre of the colony lose their red 
hue, senesce and die, while growth and reproduction con-
tinue in younger zooids at the colony margin (Hart and 
Keough 2009, Marshall and Monro 2013).

Species collection and spawning

The study was conducted from autumn to spring 2013 at 
Royal Brighton Yacht Club, Port Phillip Bay, Australia 
(37°54′29.9″S, 144°58′52.4″E).We collected Watersipora 
colonies from St Kilda Pier (37°51′50.3″S, 144°57′56.7″E), 
which is situated within Port Phillip Bay, and is located 
about 4.5 km from our field site at the Royal Brighton Yacht 
Club. We brought the colonies to the laboratory within 
insulated aquaria, and kept them in constant darkness for 
two days before exposing them to light to induce them to 
spawn brooded larvae (Marshall and Keough 2004). We 
collected and pooled spawned larvae from all collected colo-
nies, and either allowed the larvae to settle immediately 
following release (undelayed treatment), or delayed their 
settlement while keeping the larvae actively swimming for 
2 h (delayed treatment) representing a moderate dispersal 
stress. For the delayed treatment, larvae were placed in sample 
jars with filtered seawater under constant light exposure and 
placed on a mechanical roller, which gently rolled the jars 
and forced larvae to continue swimming. Throughout the 
spawning period (∼30 min), we took care to allocate larvae 
to both treatments continuously. The delay method resulted 
in ∼20% mortality. After the appropriate larval duration (0 
and 2 h for undelayed and delayed treatments, respectively), 
we settled the larvae in seawater droplets on pre-roughened 
PVC plates (10  10 cm). All larvae were allowed approxi-
mately 3 h in darkness to settle within seawater drops before 
unsettled larvae were discarded. Whereas settlement success 
for delayed larvae was nearly 90%, non-delayed larvae settled 
with a success of 60%. This pattern matches expectations 
regarding the ‘desperate larvae’ hypothesis for non-feeding 
larvae – younger larvae tend to reject low quality settle-
ment sites while older larvae settle more indiscriminately 
(Marshall and Keough 2003). Post-settlement, our experi-
mental setup consisted of in total 90 undelayed settlers and 
86 settlers that had experienced an extended larval phase. 
Offspring size was estimated from measurements of the first 
zooids (ancestrulae), where the average of offspring size in 
this study measured 0.22 mm2 (SD  0.06). In comparison, 
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Watersipora offspring in a study by Marshall and Keoug 
(2003) measured on average 0.17 mm2.

Deployment and monitoring

We deployed the experiments by haphazardly allocating the 
PVC plates to PVC backing panels and submerging panels at 
∼1.5 m depth at our field site, Royal Brighton Yacht Club. In 
total, the experiment consisted of four panels, each holding 
16 plates, with one Watersipora settler per plate. Though the 
final numbers of each treatment varied slightly across each 
run (due to the varying pre-settlement survival and settle-
ment success), we took care to allocate settlers from both 
treatments as evenly as possible on each backing panel. We 
photographed all plates weekly in the field, and from the 
photos, survival, colony area and area of senescence were 
measured in ImageJ software (available at < http://imagej.
net >). Survival was measured as presence or absence of vivid 
(red) zooids, colony area, and senescence as proportional 
area of grey zooids that had lost their species characteristic 
red colour (Marshall and Monro 2013). To keep our field 
conditions realistic, we let sessile communities from natu-
ral colonisation form on the plates around the Watersipora 
colonies during the course of the experiment. Nevertheless, 
we could track our focal colonies, initially from pen circles 
around them and later on from their positions on the plates. 
We replicated the experiment three times, which we refer to 
here as runs. The difference in initiation time between each 
run was one week, and in total, 176 individuals with known 
size and known larval experience were deployed, whereof 91 
experienced no delay in metamorphosis and 85 experienced 
a delay of 2 h before metamorphosis could initiate.

Data analysis

Throughout the three replicate runs of our experiment, we 
appeared to have a higher representation of larger larvae in 
the delayed treatment compared to the undelayed treatment. 
There are both biological and statistical implications of 
having a different covariate range represented. From a statis-
tical perspective, it may be inappropriate to compare slopes 
across the entire covariate range when one treatment is not 
represented across that range. We believe that the most con-
servative approach in our case is to truncate the data so that 
the ranges overlap. We did so excluding all offspring smaller 
than 0.136 mm2, and re-ran all of our analysis. Truncating 
the data did not affect the directions or significance of our 
results, and therefore we present the un-manipulated data 
set including all offspring sizes. All our analyses were run in 
SAS ver. 9.4 software and individual settlers were the units 
of replication.

To examine the effect of delayed settlement on survival, 
we used repeated logistic binary regression. Offspring size, 
delay-treatment and time were modelled as fixed effects and 
panel was modelled as random. When running our model 
through repeated measures, all of our time points in the 
same data set would not converge. Instead, we ran the data 
from early stage colonies and late stage colonies separately. 
Therefore, the model was repeated through time for early 
stage colonies (week 2, 3, 4 and 5 in the field) and late stage 
colonies (week 10, 11, 12 and 13 in the field). To reduce 

the full model to the simplest model that best fit our data, 
we performed log-likelihood ratio tests. However, we had 
difficulties in fitting time and the interactions with time 
which led to abnormalities in our reduction of singled-out 
main effects. To include all main effects, we therefore instead 
present the F-test of our analysis on survival.

To examine the effect of offspring size and delay treatment 
on colony area, we used repeated linear mixed-effect model 
(fitted using ML). For the mixed model, offspring size, 
delay-treatment and time were modelled as fixed effects 
(continuous, categorical and categorical respectively). Panel 
was modelled as random effect. As with our survival analy-
sis, our model would not converge when fitted through all 
time points. Instead, early (week 2, 3, 4 and 5) and late 
(week 10, 11, 12 and 13) stage colonies were analysed sep-
arately. As the random effect was simply an experimental 
convenience, we reduced the models according to Quinn 
and Keough (2002), using likelihood ratio tests and then 
tested each parameter separately in the finalised model by 
reducing them one by one and then adding them back to 
the model.

The effects of offspring size, delay treatment and time 
on percentage of colony senescence were analysed on late 
stage colonies (week 10, 11, 12 and 13 in the field) using 
linear mixed model (fitted through ML). Offspring size, 
delay treatment and time were modelled as fixed effects and 
panel was modelled as random. Once again, the random 
effect was simply experimental conveniences and the model 
was reduced according to Quinn and Keough (2002) using 
likelihood ratio tests. The effects of each parameter in the 
final model was then tested separately by reducing them on 
by one and then adding them back to the mode.

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.71121 > (Svanfeldt et al. 2016).

Results

As mentioned in our methods section, we observed a 
difference in settlement success between our two delay 
treatments, where delayed larvae settled at a higher rate 
(about 90%) than undelayed larvae (about 60%). Our delay 
treatment also resulted in some mortality (about 20%). 
Whereas it is very unlikely that sizes between the larvae 
assigned to each treatment would have varied (since they 
were collected simultaneously from the same cohorts), we 
did have offspring size differences between our treatments 
after settlement, with a higher representation of smaller 
larvae in our non-delayed treatment.

We found that in the treatment where larvae were not 
delayed, survival in the early stage weeks (week 2 to week 
5 in the field) was higher for larger than for smaller larvae. 
In the treatment where metamorphosis was delayed, there 
was no apparent relationship between offspring size and 
early stage colony survival (Table 1, Fig. 1). However, in the 
delayed treatment, there was also a lack in representation of 
smaller offspring, possibly due to the loss of larvae prior to 
settling. For later stage colonies (week 10–13 in the field), we 
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to 13 in the field). What we found was merely that the 
percentage of senesced zooids within colonies increased 
slightly over time and had a significant blocking effect by 
panel (Table 5).

Discussion

While it has long been recognised that selection on offspring 
size is context-dependent (Kaplan 1992, Benton et al. 2005, 
Bashey 2006, Marshall et al. 2006, Sams et al. 2015), few 
studies have shown that events in one life-history stage 
alter selection in another stage (Crean et al. 2011, Burgess 
et al. 2013). We show that the length of the dispersal period 
prior to metamorphosis alters selection on offspring size, 
even if individuals experience identical conditions as adults. 
Our results suggest that not only does the habitat in which 
individuals find themselves affect selection on offspring size, 
but also the experience of offspring prior to habitat selection. 
This serves to be an emerging pattern in marine systems, 
where there is a link between the length and nature of the 
dispersal period, and subsequent dynamics of the adult phase 
(Shima and Swearer 2010, Marshall and Morgan 2011).

We found that the relationship between offspring size and 
fitness depends on offspring experience. Whereas survival 
and colony area for early stage adults increased with off-
spring size if the dispersal phase was short, colonies that had 
experienced a longer dispersal phase showed no relationship 
between offspring size and survival. More surprisingly, we 
found that for colonies that had experienced a longer dispersal 
phase, their size early in adult stage actually decreased with 
increased offspring size. Also, at later life stages, colonies that 
experienced delayed metamorphosis as offspring had larger 
areas than colonies that had experienced no delay. It is worth 
nothing, though, that our dispersal duration of two hours 
only shows the impacts of mild dispersal stress in Watersipora, 
and that both shorter and longer dispersal durations may 
have affected the offspring differently.

found no effects of delay treatment, offspring size or time on 
survival (Table 2).

Colony area in our early stage colonies (week 2–5 in the 
field) increased with offspring size if metamorphosis had 
not been delayed. If metamorphosis had been delayed, there 
was initially, at week 2 and 3, no difference in colony area 
depending on offspring size. At week 4 and 5 for colonies 
from delayed offspring, colony area decreased with offspring 
size (Table 3, Fig. 2). For early stage colonies, we also found 
a significant blocking effect by panel. At late stages of col-
ony development (week 10, 11, 12 and 13 in the field), the 
effect of offspring size and delay treatment on colony area 
had faded and we found no significant effect of these effects 
at this stage. Throughout the late life development though, 
colonies that were delayed as offspring were larger as adults 
than colonies that were not delayed as offspring (Table 4, 
Fig. 3).

Neither offspring size nor delay treatment had any effect 
on colony senescence at our late stage colonies (week 10 

Table 1. Effects of offspring size, delay treatment and time on the 
survival of early-stage colonies from week 2 to week 5 in the field. 
Significant effects are presented in bold.

Colony survival, test of fixed effects, early stage colonies

Effect DF c F Pr  c2 Pr  F

offspring size 1 1.9 1.9 0.17 0.17
delay 1 2.6 2.6 0.10 0.10
time 3 15.6 5.2 0.00 0.00
offspring size  delay 1 4.3 4.3 0.04 0.04

Figure 1. Effects of offspring size and delay treatment on survival 
for early stage colonies, week 2 to 5 in the field, where 1 represents 
colonies alive and 0 represents dead colonies. Each dot represents a 
single colony, where non-delayed colonies are shown in blue and 
delayed colonies are shown in red. Whereas colony survival for early 
stage colonies increases with offspring size uin the non delayed 
treatment, there is no apparent difference in survivala of early stage 
colonies in the delayed treadment.

Table 2. Effects of offspring size, delay treatment and time on the 
survival of late-stage colones from week 10 to week 13 in the field. 
No effects were significant.

Colony survival, test of fixed effects, late stage colonies

Effect DF c F Pr  c2 Pr  F

offspring size 1 3.4 3.4 0.07 0.07
delay 1 0.3 0.3 0.62 0.62
time 3 6.9 2.3 0.07 0.07
offspring size  delay 1 0.4 0.4 0.53 0.53

Table 3. Effects of offspring size, delay treatment, time and panel on 
the area of early-stage colonies from week 2 to week 5 in the field. 
Significant effects are presented in bold.

Colony area early weeks

Term tested c DF p

panel 6.4 1 0.01
offspring size  delay 8.3 1 0.00
delay  time 3.9 3 0.27
offspring size 18.8 1 0.00
delay 4.8 1 0.03
time 138 3 0.00
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findings have intuitive appeal for three reasons: dispersal is 
costly for nonfeeding offspring (Strathmann 1985, Bennett 
and Marshall 2005), larger offspring are released with more 
energy, and larger offspring use proportionally less energy 
during dispersal than smaller offspring (Pettersen et  al. 
2015). These three criteria also apply to our study species, 
Watersipora, but we found the reverse pattern to Burgess: 
colonies that were larger as offspring perform initially worse 
when they experience an extended dispersal period.

We were also slightly surprised that neither offspring 
size nor delay treatment had any effect on colony senes-
cence. In other senescing species, such as plants, senescence 
acts as an energetic budgeting system, where the organism 

Burgess et al. (2013) found that when the dispersal period 
of a bryozoan with a similar life history, Bugula neritina, is 
extended, there is selection for larger offspring size. Burgess’s 

Figure 2. Effects of offspring size and delay treatment on area for early stage colonies at week 2, 3, 4 and 5 in the field. Each dot represents 
a single colony, where non-delayed colonies are shown in blue and delayed colonies are shown in red. Whereas colony area increased with 
offspring size at all weeks in the non-delayed treatment, colony area at week 2 and week 3 showed no difference due to initial offspring size 
in the delay treatment. At week 4 and week 5 in the delay treatment, colony area decreased with offspring size.

Table 4. Effects of offspring size, delay treatment and time on the 
area of late-stage colonies from week 10 to week 13 in the field. 
Significant effects are presented in bold.

Colony area late weeks

Term tested c DF p

delay  time 7.8 3 0.05
offspring size 0.3 1 0.58
delay 7.6 1 0.01
time 90 1 0.00
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that could have affected senescence may therefore no longer 
be noticeable for our Watersipora colonies. More interesting 
though, were the effects of offspring size and dispersal 
duration on colony survival and area – that a prolonged 
dispersal phase should favour smaller offspring sizes. There 
could be a few reasons for our unexpected findings, and we 
will discuss them each separately.

First, in our two delay treatments, we had differences 
both in settlement success and in the distribution of off-
spring sizes. Since the larvae assigned to each treatment were 
pooled cohorts from the same mothers, it is very unlikely 
that the offspring size differed by chance alone. Rather, we 
suspect that we differentially ‘lost’ smaller larvae in the delay 
treatment both during the treatment and at settlement. 
Previous studies show that smaller Watersipora larvae tend 
to settle indiscriminately sooner than larger larvae (Marshall 
and Keough 2003). In addition, larger larvae in our treat-
ment that were not delayed may have rejected the settlement 
substrate, since larger Watersipora larvae tend to remain 
choosier longer before settlement (Marshall and Keough 
2003). Regardless, whether the size difference between our 
two treatments depended on selection for large delayed 
larvae or small non-delayed larvae, similar processes will 
operate under field conditions. From a biological perspec-
tive, our results also imply that the smaller larvae that did 
persist through the delay process are a non-random subset 
– perhaps of higher quality in dimensions other than off-
spring size. In contrast, the larger larvae did not appear to 
go through this selection for other quality axis. That stressful 
conditions during the dispersal phase can lead to selection for 
higher performing offspring has also been shown in previous 
studies (Hamilton et  al. 2008), and may explain some of 
the counter-intuitive findings in our delay treatment where 
smaller offspring appeared to better cope with stress, and also 
that colonies that were delayed as offspring performed better 
later in life than colonies that had not been delayed.

The poor growth of larger offspring in our delay treat-
ment may also be the result of early growth patterns of 
Watersipora. Previous studies show that the initial growth 
strategy of Watersipora depends on offspring size (Marshall 
and Keough 2004). Following metamorphosis into the first 
feeding zooid (the ancestrula), Watersipora grows by asexual 
budding of new daughter zooids. These daughter zooids take 
days to begin feeding, and as such, they are initially depen-
dent on resources supplied by the ancestrula. Ancestrulae 
originating from larger offspring tend to bud sooner after 
metamorphosis and produce more buds than ancestrulae 
from smaller offspring (Marshall and Keough 2004). This 
has also been observed in other marine invertebrate species 
(Marshall et al. 2003a, b). Thus, young colonies that come 
from larger offspring have a lower feeding-zooid: develop-
ing-zooid ratio and therefore higher energy demands than 
young colonies from smaller larvae. Initial differences in 
budding rate of different sized offspring can have persistent 
effects on colony size throughout the life-history (Marshall 
and Keough 2008), which potentially explains the faster 
growth of Watersipora colonies from larger offspring relative 
to smaller offspring. Presumably, ancestrulae from larger off-
spring can sustain a higher initial budding rate because they 
have more resources than smaller offspring. However, if the 
larval period is extended and larval resources are depleted, 

by reabsorption have the ability to redistribute energy and 
nutrients from ineffective modules in order to enhance per-
formance in vivid and more useful units (Vitousek 1982, 
Aerts 1996, Eckstein et  al. 1999).We suspected that if the 
initial energy and/or energy expenditure would affect the 
adult colony area, it would also show as differences in colony 
senescence as faster growing colonies, according to studies 
on plants (Ryser 1996), would have higher turnover rates 
and thus more senescence. Little is still known about why 
and how marine invertebrates senesce. That we found no evi-
dence for a link between experience in the larval phase and 
senescence, even though larval experience affected colony 
area, may not necessarily mean that senescence is acting very 
differently in marine invertebrates than in plants. After all, 
our results showed effects on early stage adult area of colo-
nies, but these effects seemed to have faded over time and 
disappeared in later stage colonies. Since senescence does not 
occur until later life stages, potential effects of our treatments 

Figure 3. Effects of delay treatment over time on area for late stage 
colonies at week 10, 11, 12 and 13 in the field. Each dot represents 
a single colony, where non-delayed colonies are shown in blue and 
delayed colonies are shown in red. For all weeks, colony area was 
greater for colonies in the delay treatment than colonies in the non-
delay treatment.

Table 5. Effects of offspring size, delay treatment, time and panel on 
the senescence of early-stage colonies from week 2 to week 5 in the 
field. Significant effects are presented in bold.

Colony senescence %, late weeks

Term removed –2LL c DF p

panel 2183.0 23.0 3 0.00
offspring size  delay  time 2161.9 2.0 3 0.57
offspring size  delay 2162.2 0.3 1 0.58
offspring size  time 2164.9 2.7 1 0.10
delay  time 2166.2 1.3 3 0.73
offspring size 2167.1 0.9 1 0.34
delay 2167.1 0.0 1 1.00
time 2176.0 8.9 3 0.03
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that events in one life-history stage alter selection in another 
stage of the life-history.

Dispersal for sessile species is ubiquitous but costly 
(Bélichon et al. 1996, Baguette and Van Dyck 2007, Bonte 
et  al. 2012). That dispersal processes impose strong selec-
tion on life histories is clear – though it is less clear whether 
dispersal per se is the target of selection or the product of 
selection on other traits. In this study, we show that disper-
sal has manifold consequences for selection on the key trait 
of offspring size. Factors that extend or reduce the dispersal 
phase will alter selection on offspring size with cascading 
and pervasive consequences for fitness throughout the life 
history. Our findings contradict previous studies that showed 
extending the dispersal period creates stronger selection for 
larger offspring – instead we find ambivalent effects. If we 
are to make broader generalisations about how dispersal 
mediates selection on offspring size, then further tests of how 
dispersal affects the relationship between offspring size and 
fitness are necessary.

Acknowledgments – We wish to thank Matthew L. Thompson for 
field and technical assistance, Amanda Pettersen, Marie Hennriksen, 
Hayley Cameron and Chun-Yi Chang for proof reading, Royal 
Brighton Yacht Club for field site access.
Funding – This project was funded by the Australian Research 
Council’s Discovery Scheme.

References

Aerts, R. 1996. Nutrient resorption from senescing leaves of peren-
nials: are there general patterns? – J. Ecol. 84: 597–608.

Allen, R. M. et  al. 2008. Offspring size plasticity in response to 
intraspecific competition: an adaptive maternal effect across 
life‐history stages. – Am. Nat. 171: 225–237.

Bagenal, T. 1969. Relationship between egg size and fry survival in 
brown trout Salmo trutta L. – J. Fish Biol. 1: 349–353.

Baguette, M. and Van Dyck, H. 2007. Landscape connectivity and 
animal behavior: functional grain as a key determinant for 
dispersal. – Landscape Ecol. 22: 1117–1129.

Bashey, F. 2006. Cross‐generational environmental effects and the 
evolution of offspring size in the Trinidadian guppy Poecilia 
reticulata. – Evolution 60: 348–361.

Bélichon, S. et al. 1996. Are there differences in fitness components 
between philopatric and dispersing individuals? – Acta Oecol. 
17: 503–517.

Bennett, C. E. and Marshall, D. J. 2005. The relative energetic 
costs of the larval period, larval swimming and metamorphosis 
for the ascidian Diplosoma listerianum. – Mar. Freshwater 
Behav. Physiol. 38: 21–29.

Benton, T. et  al. 2005. Changes in maternal investment in eggs  
can affect population dynamics. – Proc. R. Soc. B 272:  
1351–1356.

Bertram, D. F. and Strathmann, R. R. 1998. Effects of maternal 
and larval nutrition on growth and form of planktotrophic 
larvae. – Ecology 79: 315–327.

Bonte, D. et al. 2012. Costs of dispersal. – Biol. Rev. 87: 290–312.
Burgess, S. C. et  al. 2009. Pre-settlement behavior in larval 

bryozoans: the roles of larval age and size. – Biol. Bull. 216: 
344–354.

Burgess, S. C. et al. 2013. Costs of dispersal alter optimal offspring 
size in patchy habitats: combining theory and data for a marine 
invertebrate. – Funct. Ecol. 27: 757–765.

Crean, A. J. et al. 2011. Fitness consequences of larval traits persist 
across the metamorphic boundary. – Evolution 65: 3079–3089.

then the low ratio of feeding zooids versus developing zooids 
that is typical of colonies from larger offspring may not 
be sustainable, such that performance is greatly reduced. 
Studies show that larval swimming does not change the rela-
tionship between offspring size and budding rate; larger off-
spring invariably produce ancestrulae with higher budding 
rates than smaller offspring (Marshall and Keough 2004, 
2006). In other words, larger offspring create early colonies 
that depend heavily on initial resources to supply a larger 
number of developing zooids. However, if larval resources 
are depleted by extending the larval period (i.e. swimming 
time), then a higher budding rate may become unsustain-
able, resulting in lower colony performance overall.

Another explanation for why extending the dispersal 
period changes the relationship between offspring size and 
post-metamorphic performance is that offspring size also 
affects larval energy budgets in Watersipora. Larger larvae 
tend to engage in active swimming more than smaller larvae, 
whereas smaller larvae spend 500% more time exploring 
settlement surfaces than swimming in the water column 
(Burgess et  al. 2009). Furthermore, as larval duration 
increases, larger larvae tend to maintain active swimming for 
longer than smaller larvae (Burgess et al. 2009). Given that 
Watersipora larvae are negatively buoyant and must actively 
avoid sinking, larger larvae that engage in active swimming 
for longer than smaller larvae are likely to consume more 
energy. Unfortunately, metabolic rates in Watersipora larvae 
have only been estimated for very young larvae (Pettersen 
et al. 2015). We currently have no estimates for how delayed 
settlements may alter the metabolic rate of larvae, but this is 
an important next step to completely understand the con-
nection between the pre- and post-metamorphic life stages 
for Watersipora.

Regardless of the mechanism driving the change in rela-
tionship between offspring size and performance, the fact 
that dispersal duration alters the offspring size–performance 
relationship has implications for selection on offspring size 
in this system. As noted earlier, selection on offspring size is 
driven by the relative benefits of producing larger offspring 
that perform better, or producing smaller, more numer-
ous offspring (Vance 1973a, b, Smith and Fretwell 1974). 
If different offspring sizes perform equally well, selection 
favours mothers that produce smaller offspring, since they 
then can produce more of them (Geritz 1995, Geritz et al. 
1999). We found that post-settlement, larger offspring 
perform initially worse than smaller offspring when the 
dispersal period is extended. Therefore, this presents a dou-
ble cost in producing larger offspring if they must disperse 
for extended periods, since they are more expensive to 
make and have lower post-metamorphic fitness. Increasing 
distances between suitable habitat patches, which requires 
increased dispersal from the natal environment, should 
therefore select for the production of smaller offspring in 
Watersipora. However, we also found that smaller offspring 
have higher early life mortality, and that very small offspring 
sizes may not last during dispersal. With these findings, we 
have shown that the length of the dispersal period prior to 
metamorphosis alters the phenotypic selection on offspring 
size, even if individuals experience the same environment 
as adults. While it has long been recognised that selection 
on offspring size is context-dependent, it is rarely shown 



487

Marshall, D. J. et  al. 2003a. Offspring size affects the post- 
metamorphic performance of a colonial marine invertebrate. 
– Ecology 84: 3131–3137.

Marshall, D. J. et  al. 2003b. Larval activity levels and delayed 
metamorphosis affect post-larval performance in the colonial 
ascidian Diplosoma listerianum. – Mar. Ecol. Progr. Ser. 246: 
153–162.

Marshall, D. J. et al. 2006. Offspring size effects mediate competitive 
interactions in a colonial marine invertebrate. – Ecology 87: 
214–225.

Marshall, D. J. et al. 2012. The biogeography of marine invertebrate 
life histories. – Annu. Rev. Ecol. Evol. Syst. 43: 97–114.

Massot, M. et  al. 2002. Condition‐dependent dispersal and 
ontogeny of the dispersal behaviour: an experimental approach. 
– J. Anim. Ecol. 71: 253–261.

McGinley, M. A. et al. 1987. Parental investment in offspring in 
variable environments: theoretical and empirical considera-
tions. – Am. Nat. 130: 370–398.

Pechenik, J. A. 2006. Larval experience and latent effects  
– metamorphosis is not a new beginning. – Integr. Compar. 
Biol. 46: 323–333.

Pechenik, J. A. et al. 1998. Metamorphosis is not a new beginning. 
– Bioscience 48: 901–910.

Pettersen, A. K. et al. 2015. Why does offspring size affect perform-
ance? Integrating metabolic scaling with life-history theory.  
– Proc. R. Soc. B 282: 20151946.

Quinn, G. P. and Keough, M. J. 2002. Experimental design and 
data analysis for biologists. – Cambridge Univ. Press.

Ryser, P. 1996. The importance of tissue density for growth and 
life span of leaves and roots: a comparison of five ecologically 
contrasting grasses. – Funct. Ecol. 10: 717–723.

Sams, M. A. et al. 2015. Increased larval planktonic duration and 
post-recruitment competition influence survival and growth of 
the bryozoan Watersipora subtorquata. – Mar. Ecol. Progr. Ser. 
531: 179–191.

Shima, J. S. and Swearer, S. E. 2010. The legacy of dispersal: larval 
experience shapes persistence later in the life of a reef fish. – J. 
Anim. Ecol. 79: 1308–1314.

Smith, C. C. and Fretwell, S. D. 1974. The optimal balance 
between size and number of offspring. – Am. Nat. 108:  
499–506.

Stamps, J. A. et  al. 2005. Search costs and habitat selection by 
dispersers. – Ecology 86: 510–518.

Stearns, S. C. 1992. The evolution of life histories. – Oxford Univ. 
Press.

Strathmann, R. R. 1985. Feeding and nonfeeding larval develop-
ment and life-history evolution in marine invertebrates.  
– Annu. Rev. Ecol. Syst. 16: 339–361.

Svanfeldt, K. et al. 2016. Data from: Dispersal duration mediates 
selection on offspring size. – Dryad Digital Repository, < http://
dx.doi.org/10.5061/dryad.71121 >.

Thorson, G. 1950. Reproductive and larval ecology of marine 
bottom invertebrates. – Biol. Rev. 25: 1–45.

Vance, R. R. 1973a. On reproductive strategies in marine benthic 
invertebrates. – Am. Nat. 107: 339–352.

Vance, R. R. 1973b. More on reproductive strategies in marine 
benthic invertebrates. – Am. Nat. 107: 353–361.

Vitousek, P. 1982. Nutrient cycling and nutrient use efficiency.  
– Am. Nat. 119: 553–572.

Williams, T. D. 1994. Intraspecific variation in egg size and egg 
composition in birds: effects on offspring fitness. – Biol. Rev. 
69: 35–59.

Woollacott, R. et al. 1989. Effects of duration of larval swimming 
period on early colony development in Bugula stolonifera 
(Bryozoa: Cheilostomata). – Mar. Biol. 102: 57–63.

Dias, G. M. and Marshall, D. J. 2010. Does the relationship 
between offspring size and performance change across the  
life-history? – Oikos 119: 154–162.

Eckstein, R. L. et al. 1999. Leaf life span and nutrient resorption 
as determinants of plant nutrient conservation in temperate‐ 
arctic regions. – New Phytol. 143: 177–189.

Elkin, C. and Marshall, D. J. 2007. Desperate larvae: influence of 
deferred costs and habitat requirements on habitat selection. 
– Mar. Ecol. Progr. Ser. 335: 143–153.

Fox, C. W. 1997. The ecology of body size in a seed beetle, Stator 
limbatus: persistence of environmental variation across 
generations? – Evolution 51: 1005–1010.

Gagliano, M. et al. 2007. Temperature-induced shifts in selective 
pressure at a critical developmental transition. – Oecologia 
152: 219–225.

Geritz, S. A. 1995. Evolutionarily stable seed polymorphism and 
small-scale spatial variation in seedling density. – Am. Nat. 
146: 685–707.

Geritz, S. A. et al. 1999. Evolutionary dynamics of seed size and 
seedling competitive ability. – Theor. Popul. Biol. 55: 324–343.

Hamilton, S. L. et  al. 2008. Postsettlement survival linked to  
larval life in a marine fish. – Proc. Natl Acad. Sci. USA 105: 
1561–1566.

Hart, S. P. and Keough, M. J. 2009. Does size predict demographic 
fate? Modular demography and constraints on growth 
determine response to decreases in size. – Ecology 90:  
1670–1678.

Howe, H. F. and Smallwood, J. 1982. Ecology of seed dispersal. 
– Annu. Rev. Ecol. Syst. 13: 201–228.

Kaplan, R. H. 1992. Greater maternal investment can decrease 
offspring survival in the frog Bombina orientalis. – Ecology 73: 
280–288.

Levin, S. A. and Muller-Landau, H. C. 2000. The evolution of 
dispersal and seed size in plant communities. – Evol. Ecol. Res. 
2: 409–435.

Marshall, D. J. and Keough, M. J. 2003. Variation in the dispersal 
potential of non-feeding invertebrate larvae: the desperate 
larva hypothesis and larval size. – Mar. Ecol. Progr. Ser. 255: 
145–153.

Marshall, D. J. and Keough, M. J. 2004. Variable effects of larval 
size on post-metamorphic performance in the field. – Mar. 
Ecol. Progr. Ser. 279: 73–80.

Marshall, D. J. and Keough, M. J. 2006. Complex life cycles and 
offspring provisioning in marine invertebrates. – Integr. 
Compar. Biol. 46: 643–651.

Marshall, D. J. and Uller, T. 2007. When is a maternal effect 
adaptive?–- Oikos 116: 1957–1963.

Marshall, D. J. and Keough, M. J. 2008. The relationship between 
offspring size and performance in the sea. – Am. Nat. 171: 
214–224.

Marshall, D. J. and Keough, M. J. 2009. Does interspecific 
competition affect offspring provisioning. – Ecology 90:  
487–495.

Marshall, D. J. and Morgan, S. G. 2011. Ecological and evolutionary 
consequences of linked life-history stages in the sea. – Curr. 
Biol. 21: R718–R725.

Marshall, D. J. and Monro, K. 2013. Interspecific competition 
alters nonlinear selection on offspring size in the field.  
– Evolution 67: 328–337.

Marshall, D. J. and Steinberg, P. D. 2014. Larval size and age affect 
colonization in a marine invertebrate. – J. Exp. Biol. 217: 
3981–3987.

Marshall, D. J. et al. 2000. Intraspecific co-variation between egg 
and body size affects fertilisation kinetics of free-spawning 
marine invertebrates. – Mar. Ecol. Progr. Ser. 195: 305–309.


