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Variation in life-history traits is ubiquitous, even though genetic variation is thought to be depleted by selection. One potential

mechanism for the maintenance of trait variation is spatially variable selection. We explored spatial variation in selection in the

field for a colonial marine invertebrate that shows phenotypic differences across a depth gradient of only 3 m. Our analysis

included life-history traits relating to module size, colony growth, and phenology. Directional selection on colony growth varied in

strength across depths, while module size was under directional selection at one depth but not the other. Differences in selection

may explain some of the observed phenotypic differentiation among depths for one trait but not another: instead, selection should

actually erode the differences observed for this trait. Our results suggest selection is not acting alone to maintain trait variation

within and across environments in this system.
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Why is it that some organisms grow, reproduce, and die more

quickly than others? We often expect life-history traits—which

are often tightly linked to fitness—to experience strong selection.

Yet phenotypic variation is ubiquitous. For example, the benefits

of growing quickly seem obvious, yet many species show tremen-

dous variation in growth rates (Maranon and Grubb 1993; Stinch-

combe et al. 2010; Dmitriew 2011). Similarly, rates of senescence

can vary significantly within species (Hughes and Reynolds 2005;

Ricklefs 2008). There are many reasons why life-history traits

that confer fitness advantages remain variable. For instance, even

though traits under selection can display considerable phenotypic

variation, limited genetic variation can inhibit trait variation from

being effectively depleted by selection. Genetic constraints can

also occur in higher dimensional space; despite abundant genetic

variation in a single trait, evolution remains constrained if the

vector of selection is not aligned with genetic variation in that

dimension (Walsh and Blows 2009). Examining multiple life-

history traits simultaneously is more likely to yield insights into

the evolutionary maintenance of variation in life-history traits.

Finally, variation in life-history traits can also be maintained by

environmental variation. Most phenotypes are not consistently

advantageous, but confer advantages only under some environ-

mental conditions. For example, harsh and unpredictable envi-

ronments should favor earlier reproduction, whereas benign and

stable environments may favor later reproduction (Stearns and

Koella 1986). Phenotypic diversity in life-history traits can thus

persist because of environment-driven variation in selection pres-

sures over space and time (Kassen 2002). When environmental

variation selects for different phenotypes, these can be accommo-

dated by genetic differentiation or phenotypic plasticity. At larger

spatial scales, selection regimes can vary dramatically across dif-

ferent environments, often co-occur with low gene flow, and pro-

mote genetic differentiation (Reznick et al. 1990; Cook 2003;

Allison 2004). At smaller spatial scales, high gene flow between

habitats can prevent local adaptation and favors phenotypic plas-

ticity (Baythavong 2011).

We studied selection across habitats within a population of a

colonial, marine bryozoan, Watersipora subtorquata (henceforth

Watersipora) connected by migration along a continuous, steep

environmental gradient: depth. Depth is a key driver of environ-

mental variation in marine systems with systematic changes in

temperature, light, food, and competition across a narrow range
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(Cowie 2010). Moreover, depth is increasingly recognized as an

environmental gradient that maintains genetic variation (Muths

et al. 2006; Vonlanthen et al. 2009; Mokhtar-Jamaı̈ et al. 2011),

phenotypic variation (Vonlanthen et al. 2009), and potentially

induces speciation (Hyde et al. 2008; Shum et al. 2014). We find

differences (in both means and covariances) in key morphological

and life-history traits across this depth gradient and determine

whether differences in selection can explain these phenotypic

patterns.

To estimate selection across habitats, we measured the rela-

tionship between five life-history related traits and colony life-

time reproductive success (by measuring cumulative fecundity)

in 173 Watersipora individuals in the field. We also estimate and

compare the distribution of these traits across habitats. We then

analyzed these data in a multivariate selection framework (Lande

and Arnold 1983). Our aim in this work was to derive field esti-

mates of selection across habitats within a population, and infer

whether this could be a driver of life-history variation.

Methods
STUDY SPECIES

Watersipora subtorquata is an encrusting, colonial bryozoan com-

monly found on subtidal hard substrates (rocky reefs, marinas) in

temperate regions. A colony consists of hundreds to thousands

of clonal, isomorphic modules called zooids, which filter-feed by

extending tentacular crowns (lophophores). Each module has a

digestive and reproductive system, connected to the colony by

pores that extend to neighbors (Bobin 1977). The life cycle starts

with a free-swimming, planktonic larva that settles permanently

onto a hard surface within minutes and up to a few hours af-

ter spawning; dispersal between depths is therefore limited (cf.

Marshall and Keough 2003). These settlers then metamorphose

into the first feeding module, the ancestrula. Colonies grow by

budding outward, with future modules generated by a meristem-

atic growing edge surrounding the colony margin. Reproductive

modules are usually found in the intermediate section of a colony

and produce eggs that are fertilized internally by externally shed

sperm. With increasing age, colony senescence manifests as the

deterioration of the oldest modules at the center of the colony

(see Fig. 1). Previous studies on this species have established that

module size, colony senescence, and growing edge width are im-

portant life-history traits (Hart and Keough 2009; Marshall and

Monro 2013).

LIFE-HISTORY TRAITS

The patterns of growth, reproduction, and death in Watersipora

are similar to those of other sessile modular organisms, such

as plants, fungi and other colonial marine invertebrates (Thomas

2004; Hughes 2005; Winston 2010). We studied a broad spectrum

of traits that reflect the flow of resources throughout a colony and

are predicted to influence its reproductive success. In brief, the

onset of senescence reflects the beginning of colony deteriora-

tion, the growing edge width reflects a colony’s ability for future

growth, and module size reflects the investment into each module

within a colony. Functional analogues in plants are found in the

onset of leaf senescence, the number of meristems, and leaf size at

various ages (further discussion in the Supporting Information).

EXPERIMENTAL DESIGN

To collect and monitor Watersipora colonies, we deployed pre-

roughened PVC settlement plates located at Blairgowrie Yacht

Squadron, Australia (38°21′20.16′′ S, 144°46′22.82′′ E). Because

we wanted to measure selection in different depths, we mounted

plates upside down on to 60 cm × 60 cm panels, half of which were

deployed at 1 m depth (“shallow”), the other half at 4 m depth

(“deep”). We have previously shown that Watersipora is abun-

dant across this depth range, that depth induces changes in habitat

quality, and that dispersal between depths is frequent (Lange and

Marshall 2016). The panels were stacked, with each shallow panel

connected to a deep panel by a stainless steel cable. There were

six stacks, carrying a total of 12 panels and 192 plates (16 plates

per panel).

Once deployed, we photographed plates every four weeks to

track settlement times and the onset of senescence of individual

colonies. Colonies that arrived later than four weeks postdeploy-

ment were not included in the analysis. After 16 weeks in the field,

we retrieved all plates from the field and brought them to Monash

University Clayton for standardized photographs. We then rede-

ployed panels and retrieved and photographed again after six more

weeks. The extended gap between the last two measurements was

because we avoided exposing our animals to increased heat stress

during a heat wave. During the study, colonies experienced more

intense interspecific competition and heat fluctuations in the shal-

low than deep (Lange pers. obs.).

Using photographs, we measured growing edge width (week

16), module sizes (week 16), and fecundity (cumulative, from

counting brooded eggs) (see Fig. 1). Note that the duration of

our field study approached the natural lifespan of Watersipora at

this field site. Although it is likely that our cumulative fecundity

underestimated true lifetime reproductive output, other studies

on this species suggest that snapshots of fecundity are good ap-

proximations of relative differences in reproductive output within

populations, with little indication of trade-offs between early and

late reproduction (Marshall and Monro 2013).

STATISTICAL ANALYSIS

We estimated phenotypic correlations between traits that, when

present, will cause selection to have both direct and indirect

effects on trait distributions (Lande and Arnold 1983). Indeed,

EVOLUTION OCTOBER 2016 2 4 0 5



BRIEF COMMUNICATION

Figure 1. Traits analyzed in Watersipora colonies. (A) Original image. (B) Schematic version with traits highlighted in different colors.

GE: growing edge width, measured as the width of the meristematic outer margin where new modules are budded; EM: early module

size (eight randomly chosen modules within the 0.079 cm2 circular area marking the oldest, central area); IM: intermediate module size

(modules in the following 0.5 cm2 area); LM: late module size (modules in the following 1 cm2 area) F: fecundity, measured as the number

of brooded eggs (found in the intermediate section); S: area of senesced modules (visible as translucent tissue near the colony center).

finding many phenotypic correlations among our focal traits

(Supporting Information), we explored selection on them us-

ing the multiple regression approach of Lande and Arnold

(1983), which generates standardized estimates of selection gra-

dients that can be compared across species (cf. Kingsolver

et al. 2001). In short, these gradients are produced by re-

gressing standardized phenotypic traits against relative fitness

to estimate only the direct effects of selection. We also cal-

culated selection differentials, which estimate total (direct +
indirect) selection acting on traits.

Data were analyzed in SAS, version 9.3 (SAS Institute, Cary,

NC) using ML estimation in PROC MIXED. Our baseline model

included backing panel as a random factor and separate error vari-

ances per depth based on model diagnostics (error variance due

to differences among replicate colonies was 1.43 ± 0.19 at 1 m

depth and 0.39 ± 0.08 at 4 m depth). First, we compared traits

and fitness across depths using log-likelihood ratio tests. Next,

we estimated selection gradients for all traits and compared se-

lection across depths. To estimate directional selection gradients

(ß), we added traits as fixed, linear effects, mean-centered, and

standardized to unit variance within environments (depth). The

response variable was relative fitness (obtained by dividing by

mean fitness within environments). Quadratic and correlational

terms were subsequently added to estimate quadratic and correla-

tional selection gradients (γ). Coefficients of quadratic gradients

and their standard errors were doubled to provide the appropriate

estimates without altering P-values (Stinchcombe et al. 2008).

To test for differences in selection across environments, we used

log-likelihood ratio tests to compare multiple regression models

that included trait-by-depth interactions (estimating different gra-

dients for each depth) with reduced models that omitted these

interactions (constraining gradients to be equal across depths), as

advocated by Chenoweth and Blows (2005). We calculated selec-

tion differentials from univariate regressions of each standardized

trait against relative fitness within each depth.

Results
Deeper waters offered a higher quality environment to Watersi-

pora, in that colonies at the greater depth had a nearly fourfold

higher reproductive output than colonies at the shallower depth

(GLMM: N = 173, estimate = 0.2760, t = 3.959, P < 0.001;

median ± SE 1 m = 15.5 ± 4.91: 4 m = 67.0 ± 13.41). We

also detected phenotypic differentiation across environments in

our measured traits (Fig. 2; see trait means and SDs in Table S2).

All zooid size measures were on average larger and the onset of

senescence earlier in the shallow, whereas growing edges were

wider in the deep.

Our selection analysis revealed that directional selection gra-

dients differed between environments (LRT = 24.78, df = 5, P <

0.01). Wider growing edges were favored in both environments,

but the strength of selection on growing margin was steeper in the

deep environment. Small modules later in colony development

(“late module size”) were favored in the shallow, and selection

on all other module sizes was relaxed. Both shallow and deep

waters favored a relatively early onset of senescence, while early

and intermediate module sizes were selectively neutral in both

environments (Table 1). The effects of all traits on cumulative fe-

cundity within depths are shown in Fig. 2. Adding quadratic and

correlational gradients did not improve model fit (LRT = 15.34,

df = 15, P = 0.43), nor did adding their interactions with depth

(LRT = 20.38, df = 15, P = 0.16).
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Figure 2. Trait distributions within environments (box plots) and the effects of measured traits (A-C: module size measures, D: onset of

senesescence, E: growing edge width) on cumulative fecundity (absolute fitness). Red/dark boxplots and red/dark dashed lines indicate

the shallow environment; blue/light boxplots and blue/light dashed lines indicate the deep environment. Asterisks on box plots indicate

significant differences between environments (one, two, and three asterisks denote P-values of < 0.05, < 0.01, and < 0.001, respectively).

Solid lines are fitted (univariate) regression lines and dashed lines are 95% confidence intervals.

Discussion
Here in Watersipora colonies, trait means, correlations among

traits, and mean fitness (in terms of reproductive output) all dif-

fered between habitats separated by only a few meters. The deeper

habitat was conducive to higher fitness, as deeper colonies had

four times the reproductive output of shallower colonies. We con-

clude that the deep was a higher quality habitat for Watersipora.

Selection on life-history traits also varied between depths. In

the deep habitat, selection for greater investment in meristem-

atic tissue that generates future growth was particularly strong,

and selection on module size was relaxed, broadly favoring a

fast-growing “opportunistic” phenotype. In the shallow habitat,

in contrast, colonies were exposed to increasing intra- and in-

terspecific competition from dense communities. As competition

intensified, small, densely packed modules were favored later in

the colony lifecycle (Fig. 2C) and selection on meristematic tis-

sue was weaker relative to the deeper habitat (Fig. 2E). Overall,

this favored a “thrifty” phenotype in the shallower habitat (Hales

and Barker 1992; Wells 2007) that likely requires fewer resources

and filter-feeds more efficiently by having more modules per unit

area.

Our detection of selection for small modules in low-quality,

highly competitive environments, and for greater investment in

growth in high-quality environments, parallels findings in plants

and other modular organisms. Heterogeneous selection along en-

vironmental gradients is common (see Kingsolver 2001) and re-

source availability is considered to be a key driver of selection

on growth and module size (Grime and Hunt 1975; Grime 1977;
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Table 1. Standardized directional selection differentials (S) from univariate regressions, directional selection gradients (ß) from a multiple

regression with linear terms only, and quadratic and correlational selection gradients (γ) from a full quadratic regression of traits (onset

of senescence, growing edge width and module size at early, intermediate, and late stages of the colony lifecycle) on reproductive output

at different depths.

γ ± SE

1 m S ± SE ß ± SE Onset Growing Edge Early Modules intermediate Modules Late Modules

Onset of senescence –0.22 ± 0.12 –0.26 ± 0.12 –0.12 ± 0.22
Growing edge width (mm) 0.30 ± 0.12 0.39** ± 0.12 0.13 ± 0.12 0.14 ± 0.18
Early modules (mm2) 0.01 ± 0.13 0.08 ± 0.13 –0.19 ± 0.13 0.11 ± 0.15 0.14 ± 0.24
Int. modules (mm2) –0.16 ± 0.13 0.00 ± 0.16 –0.04 ± 0.19 –0.26 ± 0.16 0.09 ± 0.20 –0.04 ± 0.34
Late modules (mm2) –0.33* ± 0.12 –0.28 ± 0.12 0.09 ± 0.15 –0.15 ± 0.16 –0.25 ± 0.21 0.06 ± 0.27 –0.06 ± 0.26
N = 116

4 m
Onset of senescence –0.18 ± 0.14 –0.21 ± 0.09 –0.42 ± 0.24
Growing edge width 0.62*** ± 0.11 0.55*** ± 0.11 –0.09 ± 0.11 0.64** ± 0.20
Early modules (mm2) –0.15 ± 0.14 –0.14 ± 0.1 –0.01 ± 0.10 –0.18 ± 0.17 0.30 ± 0.18
Int. modules (mm2) 0.21 ± 0.14 0.07 ± 0.11 –0.09 ± 0.12 0.00 ± 0.16 0.17 ± 0.14 –0.10 ± 0.20
Late modules (mm2) 0.25 ± 0.14 0.05 ± 0.1 0.08 ± 0.11 0.00 ± 0.17 0.20 ± 0.15 –0.05 ± 0.17 –0.20 ± 0.24
N = 57

P-values < 0.05 are in bold; P-values < 0.01 and < 0.001 are indicated by two and three asterisks, respectively.

Ackerly et al. 2002; Westoby et al. 2002). Photosynthetic mod-

ular organisms, such as plants and seaweeds, are often selected

to escape low resource conditions via elongation responses (al-

gae: Monro et al. 2007; plants: Lovett Doust 1981; Dudley and

Schmitt 1996; Weinig 2000). Low resource conditions may, how-

ever, become unavoidable. Moreover, many modular organisms,

including Watersipora, lack the capacity for elongation. Such cir-

cumstances may therefore favor other strategies of tolerance and

persistence, including building robust modules, resource conser-

vation through slow growth, or reproduction at small size (plants:

Iwasa and Cohen 1989; Westoby et al. 2002; Bonser and Aarssen

2009; Kunstler et al. 2016, but see Stanton et al. 2000; bryozoans:

Pratt 2004). Conversely, more favorable conditions, characterized

by low competition or low shading, favor strategies that pre-empt

space and secure high-quality, uncolonized habitat (Lovett Doust

1981; Westoby et al. 2002). Accordingly, long leaves, high growth

rates, and densely spaced modules often confer a selective advan-

tage in high-quality environments (Lotz et al. 1990; Stanton et al.

2000, 2004; Monro et al. 2007). Consistent with this idea, we

found that investment in meristematic tissue that allows individu-

als to better pre-empt space was favored in both environments, but

significantly more so in the deeper habitat where environmental

quality was higher (and competition lower).

An earlier onset of senescence was equally favored in

both environments (Fig. 2D). This may seem counterintuitive at

first, because partial senescence decreases the number of active,

resource-acquiring modules. Phenomenologically, senescence

and mortality depend strongly on environmental fluctuations and

have characteristically greater susceptibility to environmental

stress with advancing age (Roach 2001; Roach et al. 2009).

Although senescence is a common feature of modular organisms

(McKinney and Jackson 1991; Roach and Carey 2014), its se-

lective advantages remain poorly explored (but see Marshall and

Monro 2013). Theoretically, partial senescence (or module senes-

cence) can benefit the genet when module ageing or self-shading

renders old or badly positioned modules useless and favors

building new modules (Ackerly 1999; Kikuzawa and Ackerly

1999). We speculate that a relatively early onset of senescence

may be selected for if it accelerates growth or reproduction.

Our incentive was to infer whether heterogeneous selection

along an environmental gradient can maintain life-history varia-

tion. This does not seem to be the case for Watersipora. Despite

phenotypic differentiation across environments for most of our

focal traits, the patterns of selection were not always conducive

to maintain this differentiation. For example, we found that late

module size was larger in the shallow habitat but our analyses

suggest that selection should reduce module size in that habitat to

make it more similar to that of the deep habitat. Although there

was no difference in the direction of selection on the width of the

growing edge between habitats, selection for larger growing edges

was much stronger in the deep habitat relative to the shallow. It

is unclear whether this difference in the strength of selection be-

tween habitats alone is sufficient to explain why growing edges

were generally larger in the deeper habitat.

Although genetic differentiation between our study habitats

seems unlikely given the limited dispersal of Watersipora larvae,

it is noteworthy that most mathematical models for the mainte-

nance of quantitative genetic variation under heterogeneous se-

lection require different trait optima for genetic variation to be

maintained (Slatkin 1978; Barton 1999; Geroldinger and Bürger
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2015). However, differences in the strength (but not sign) of di-

rectional selection—as we detected here—appear to be common

in field estimates of selection (Kingsolver et al. 2001; Siepielski

et al. 2013). Initial modeling efforts (M. Morrissey, pers. comm.)

indicate that differences in the strength of directional selection

alone are insufficient to maintain quantitative genetic variation

across environments that are connected by migration. We there-

fore conclude that the observed patterns of phenotypic differenti-

ation between our two environments (which are likely connected

by gene flow) are a consequence of phenotypic plasticity. Given

the observed patterns of selection acting on Watersipora colonies

at different depths, this plasticity seems to be adaptive for grow-

ing edge size but not for module size. Hence, selection may not

always be effective at maintaining adaptive trait differentiation

over relatively small spatial scales.
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