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Abstract
The study of trait evolution in modular animals is more complicated than that in solitary animals, because a single genotype 
of a modular colony can express an enormous range of phenotypic variation. Furthermore, traits can occur either at the 
module level or at the colony level. However, it is unclear how the traits at the colony level evolve. We test whether colony-
level aggregate traits, defined as the summary statistics of a phenotypic distribution, can evolve. To quantify this evolution-
ary potential, we use parent-offspring pairs in two sister species of the bryozoan Stylopoma, grown and bred in a common 
garden breeding experiment. We find that the medians of phenotypic distributions are evolvable between generations of 
colonies. We also find that the structure of this evolutionary potential differs between these two species. Ancestral species 
align more closely with the direction of species divergence than the descendent species. This result indicates that aggregate 
trait evolvability can itself evolve.
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Introduction

Bryozoans as a Model System in the Study 
of Aggregate Trait Evolution

In modular animals, such as bryozoans and siphonophores, 
colonies are composed of genetically identical individuals 
that possess a wide range of phenotypic variation (McKin-
ney & Jackson, 1991; Lidgard, 1990; Damian-Serrano et al., 
2021). This variation is expressed among colony members 
so that colonies represent a snapshot of the phenotypic 
variation that stems from a single genotype (Cheetham 
et al., 1993, 1995; Damian-Serrano et al., 2021). At its 
most extreme, this variation within colonies is expressed 
as morphologically discontinuous body types, called poly-
morphs, which serve different functions in the colony. How 

polymorphism in modular animals evolves is unknown (Tay-
lor, 2020; Lidgard et al., 2012; Simpson et al., 2017), but it 
is impossible to resolve without first understanding whether 
phenotypic distributions within colonies are actually evolv-
able across colony generations. To understand whether phe-
notypic distributions are evolvable, we turn to a clade of 
modular animals called bryozoans.

Cheilostomes are the most diverse clade of bryozoans in 
the modern oceans, with over 7000 described species (Bock, 
2022). Like all bryozoans, cheilostomes have a complex life 
cycle with distinct asexual and sexual modes of reproduc-
tion (Taylor, 2020; McKinney & Jackson, 1991). Asexual 
reproduction allows for a single colony to grow larger by 
increasing the number of modules (zooids) in the colony. 
Cheilostome bryozoans sexually reproduce to form new 
colonies (Lidgard & Jeremy, 1989; McKinney & Jackson, 
1991; Taylor, 2020). The larvae formed by sexual repro-
duction between colonies establish new, genetically-distinct 
colonies upon settling.

It is not clear whether the variation expressed within a 
colony is passed between generations of colonies. The evolv-
ability of such variation would support existing explanations 
for the evolution of division of labor in bryozoan colonies, 
because polymorph types are believed to be derived from 
preexisting body types, termed autozooids, within colonies 
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(McKinney & Jackson, 1991; Taylor, 2020; Treibergs & Gir-
ibet, 2020). These body types are thought to evolve gradu-
ally, so that unimodal phenotypic distributions become mul-
timodal (Cheetham, 1973). If aspects of these distributions 
are evolvable, then they can presumably split and diverge 
over time, allowing for morphologically distinct zooids to 
evolve.

The phenotypic variation exhibited within a colony does 
not arise from microenvironmental change along axes of col-
ony growth (Okamura, 1992). Nor is such phenotypic varia-
tion the result of positive trait correlation between asexually-
budded zooids (Simpson et al., 2020). Rather, differences 
in phenotypes among zooids appears to be developmental 
in nature (Taylor, 2020; McKinney & Jackson, 1991). Yet, 
species of bryozoans are different from each other. For those 
differences to evolve, phenotypic distributions of zooid-level 
traits in colonies are required to be inherited across colony 
generations.

There are generally two types of colony-level traits: 
aggregate traits, which are summary statistics of traits in 
zooids, and emergent traits, which are expressed wholly 

at the colony-level (Grantham, 1995; Okasha, 2014; Lloyd 
& Gould, 1993). Evolutionary potential of aggregate traits 
has rarely been assessed, with the exception of some stud-
ies (e.g., Jablonski, 1986; Jablonski & Hunt, 2006). In 
bryozoans, emergent colony-level traits, such as the posi-
tion and orientation of polymorphs relative to other zoo-
ids in colonies, are known to have evolutionary potential 
(Simpson et al., 2020). While the sorting of aggregate 
traits has been subject to some prior study (e.g., Lloyd & 
Gould, 1993), the evolutionary potential of aggregate traits 
has never been assessed. Aggregate traits are therefore the 
focus of our study (Fig. 1).

Here we focus on two extant species of the cheilostome 
bryozoan Stylopoma. Stylopoma is a dominant member 
of cryptic coral reef communities (Jackson & Cheetham, 
1990) with an array of polymorphs expressed in colonies 
(Simpson et al., 2017). The specimens we use were grown 
and bred in a common garden environment to evaluate 
whether skeletons demonstrate stability across generations 
(Jackson & Cheetham, 1990; Cheetham et al., 1993). Fur-
thermore, these specimens were used to assess patterns of 
speciation, serving as an important model for punctuated 
equilibrium (Jackson & Cheetham, 1999).

Fig. 1  An example of aggregate phenotypic traits in parent and off-
spring colonies. We show examples of two colony generations from 
two species of Stylopoma. The resulting distributions of traits are dis-
played to the right of each maternal and offspring colony. The traits 
we consider are body length, body width, orifice length, orifice width, 
and frontal pore density, indicated by red lines. To quantify the dis-

tributions, we measure two aspects of these distributions: central ten-
dency with the median (vertical black lines) and dispersion around 
the median with median absolute deviation (MAD, horizontal black 
lines). The analysis in this study measures parent-offspring covari-
ation by comparing the medians and median absolute deviations of 
traits across colony generations
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Evolvability as Evolutionary Potential

In this study we test the hypothesis that phenotypic distribu-
tions of zooid-level traits in colonies are evolvable. These 
colonies were used in a series of pioneering studies on quan-
titative genetics of bryozoans during the 1990s (Cheetham 
et al., 1993, 1994, 1995). However, these studies focused on 
zooid-level traits and did not consider colony-level evolu-
tion. Here we use new measurements on these specimens to 
quantify the evolvability of colony-level traits, and therefore 
their evolutionary potential.

We use evolvability, as defined by Houle (1992), to deter-
mine whether aggregate traits in colonies can evolve. Evolv-
ability is a measure of trait variance that is scaled by the trait 
mean, and can be interpreted as the maximum possible rate 
of evolutionary change that can occur across a single genera-
tion under direct selection (Houle, 1992; Hansen & Houle, 
2008; Love et al., 2021; Jablonski, 2022).

Evolvability is difficult to quantify. It is possible to esti-
mate evolvability from a phenotypic variance-covariance 
matrix (derived from VP ), which is generally considered a 
sufficient proxy for an underlying genetic variance-covar-
iance matrix (Cheverud, 1988; Roff, 1995; Sodini et al., 
2018; Love et al., 2021). However, while this may hold true 
for solitary animals, it is not applicable to colonial animals 
(Cheetham et al., 1993), nor is it safe to assume that VP cap-
tures the evolvability of aggregate traits. We estimate evolv-
ability from parent-offspring covariance matrices, which 
capture the covariation of traits across generations (Rice, 
2004). A parent-offspring covariance matrix is a better 
approximation of genetic variation than a simple phenotypic 
variance-covariance matrix, allowing for us to determine 
whether trait variation is underpinned by some degree of 
genetic variation.

Cheetham et al. (1993) found that VP and VG of zooid-
level traits are not comparable and, through quantifying the 
VG of zooid level traits, showed that they are evolvable. We 
use these same specimens to estimate the evolvability of 
colony-level traits.

Methods

Specimens and Image Acquisition

We used colonies from two species of the bryozoan genus 
Stylopoma. These colonies were originally used in sev-
eral studies on skeletal morphology and the assessment of 
morphological differences between species of Stylopoma 
(Jackson & Cheetham, 1990; Cheetham et al., 1993, 1994, 
1995). While several unnamed species of Stylopoma were 
described in these studies, we focus on two species that 
were determined to be sisters: S. species 1 and S. species 

2. Colonies of these species were grown in the 1980s from 
a larval stage to adulthood in a common environment at 
the Smithsonian’s field station in the San Blas Islands in 
Panama. The experimental design was based on Maturo’s 
protocol (Maturo, 1973) to isolate maternal colonies with a 
clean, flat substrate on which their larvae could settle. Once 
offspring colonies were established, they were reared in a 
common environment.

The experimental design is intended to minimize the 
impact of environment on phenotypic variation in colo-
nies, so that phenotypic differences between colonies can 
be attributable to genetic differences. Furthermore, the flat 
surfaces colonies use as substrates minimize distortion of 
zooid morphology for measurement collection from two-
dimensional images. More details on the rearing of these 
specimens can be found in Jackson and Cheetham (1990), 
Cheetham et al. (1993), Simpson et al. (2020).

We used a total of 93 parent-offspring colony pairs of 
Stylopoma species 1 (42 pairs) and Stylopoma species 2 (53 
pairs).

To digitize colonies, we first used a stackshot rail, a 
Canon EOS camera, and Helicon Remote software to gener-
ate z-stacks of colonies. Our camera was set to 4x magnifica-
tion, and we set our stackshot rail to move in increments that 
have 10% focus overlap between photos. We used Helicon 
Focus software to stitch together our image stacks, yielding 
high-resolution focus-stacked photographs for measurement. 
We evaluated this technique for error by repeatedly measur-
ing the same zooids in a colony photographed at different 
angles. We found that at angles of 20◦ to 30◦ , we had a differ-
ence of ± 20 μm in measurements of autozooid body length.

Quantifying Aggregate Colony‑Level Traits

We measured two summary statistics of the distributions of 
five autozooid traits in digitized parent and offspring colo-
nies. To collect our measurements, we used ImageJ (Schnei-
der et al., 2012). Within each colony, we selected thirty auto-
zooids for measurement. In developing a selection schema 
of zooids in colonies, we had to consider colony astogeny 
(Mazurek, 2008). In the early stages of colony development, 
the phenotypic expression of zooids is substantially more 
variant than the range of expression found in later stages of 
colony growth (Taylor, 1986). This highly variant region 
of colonies is termed the zone of astogenetic change, and it 
is recognizable in colonies because of its irregular zooids 
(Urbanek, 2004). Once a colony reaches a certain stage of 
development, it transitions from the budding of highly vari-
ant zooids to much more controlled zooid-level expression, 
referred to as the zone of astogenetic repetition. In our sam-
pling schema, we specifically targeted zooids in zones of 
astogenetic repetition so that astogenetic influence on zooid 
morphology could be minimized. There is some evidence 
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that zones of astogenetic change can recur in colonies as 
they age (Urbanek, 2003), so we were careful in selecting 
zooids that fell into highly controlled zones of astogenetic 
repetition, suggesting that the role of astogeny in the range 
of phenotypic expression that we measured is minimized.

On our thirty selected zooids, we measured four skeletal 
traits: zooid length, zooid width, orifice length, and orifice 
width. A fifth trait, frontal pore density, was quantified using 
a subset of five zooids per colony. We selected these traits 
because they are taxonomically significant in Stylopoma, as 
they allow for the morphological distinction of these two 
species (Simpson et al., 2020; Jackson & Cheetham, 1990). 
We did not consider avicularian morphology in this analy-
sis, since the two species have different types of avicularia 
(vicarious in S. species 1 and adventitious (as well as vicari-
ous) in S. species 2).

To assess the measurement error for these traits, we meas-
ured each trait on a single zooid from each species ten times. 
The ranges of the measurements in each species were calcu-
lated and divided by the mean measured value in each spe-
cies. Our error estimates were averaged between the two spe-
cies, yielding single estimates of measurement error for each 
trait. The resulting measurement error values were 3.8% for 
zooid length, 4.0% for zooid width, 4.1% for orifice length, 
2.8% for orifice width, and 4.9% for frontal pore density.

The colony-level traits we selected are based on two sum-
mary statistics that quantify the phenotypic distributions of 
constituent zooids. We first quantified the median phenotype 
(the value that splits the lower and higher halves of the dis-
tribution) of each trait in each colony. Then, we calculated 
the median absolute deviation (MAD) of each trait distribu-
tion to quantify dispersion among zooids within a colony. 
We chose these two summary statistics as proxies for the 
mean and variance because they are robust to small sam-
ple sizes (Whitley & Ball, 2001; Leys et al., 2013; Kashif 
et al., 2017). We confirmed the normality of our collected 
measurements with a Shapiro–Wilk test, which indicates that 
our median and MAD values are an estimate of mean and 
variance in each colony. Given the large number of manual 
measurements ( > 25, 000 ) required for this study, we prior-
itized measuring more colonies over sampling more zooids 
within a colony.

Measuring Colony‑Level Trait Evolvability

We follow Schluter (1996) to calculate a parent-offspring 
covariance matrix using parent-offspring pairs, and we fol-
low Hansen et al. (2003) and Hansen and Houle (2008) to 
calculate evolvabilities. First, we calculated the covariances 
of median and MAD trait values across parent and offspring 
colony generations to form a parent-offspring covariance 
matrix for each trait type (medians and MADs) (Fernandez 
& Miller, 1985; Rice, 2004; Falconer & Mackay, 1996). 

Since these colonies are sexually produced, we doubled 
these covariance matrices to estimate the genetic contribu-
tion of each colony-level trait (Falconer & Mackay, 1996). 
To deal with the natural asymmetry of a parent-offspring 
covariance matrix (e.g., the difference between the covari-
ance of parent length and offspring width and that of off-
spring length and parent width), we took the mean of entries 
across the diagonal (Schluter, 1996).

We scaled entries in our parent-offspring covariance 
matrices by dividing them with the squared mean value for 
each trait (Hansen et al., 2011; Houle, 1992). For off-diago-
nal values, we use the product of the two trait means instead 
of a single trait squared mean. Scaling the parent-offspring 
covariance matrix in this way yields evolvabilities (Houle, 
1992). Traits in our parent-offspring covariance matrices 
with diagonal values below zero were set to zero, since nega-
tive values indicate that there is no genetic variation in those 
traits (Cheetham et al., 1995).

For each species, we generated 2 sets of evolvability 
matrices: one set considers MAD and median traits sepa-
rately, and the other considers MAD and median traits 
pooled together. We estimate matrices of median and MAD 
traits separately for the purpose of comparing evolvability 
matrices across trait type, which is not possible using a con-
catenated matrix. However, we also want to quantify the 
covariation between trait types, which requires a matrix that 
considers the covariation of median traits with MAD traits.

We calculated the standard error in our estimates of trait 
evolvability using the method outlined by Lynch and Walsh 
(1998). To follow this method, we computed the variance 
of the ratio of trait variances and means (Lynch & Walsh, 
1998; Garcia-Gonzalez et al., 2012). We first calculated the 
large sample variance for each trait mean and variance, and 
then computed the variance of their ratio. We took the square 
root of the resulting variance and divided it by the square 
root of sample size to estimate the standard error of each 
evolvability estimate.

Evolvability Comparisons and Repeatability 
Estimation

We compare our evolvabilities in two different ways: 
between species and across trait type. We use two differ-
ent statistical tests to evaluate structural similarity between 
matrices for our comparisons: random skewers (Cheverud, 
1996; Cheverud & Marroig, 2007) and Krzanowski cor-
relations (Krzanowski, 1993). All statistical tests were 
performed in RStudio 2021.09.0 (Team, 2015) using the 
EvolQG package (Melo et al., 2015).

The random skewers method estimates the degree of simi-
larity between two covariance matrices by finding the corre-
lation of their responses to multiplication with random vec-
tors (Cheverud, 1996). These random vectors are generated 
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from a uniform distribution of values, which are normalized 
to a length of one to simulate a random selection gradient 
(Marroig & Cheverud, 2007). Using this method, we gener-
ated 10,000 random vectors and used the mean correlation 
of the resulting response vectors from each matrix as an 
estimate of matrix similarity.

Krzanowski correlations measure shared space by sum-
ming square vector correlations between the first k principal 
components of each matrix, where k = n

2
− 1 for any n × n 

matrix (Krzanowski, 1993; Melo et al., 2015). The resulting 
sum of correlations ranges from 0 to 1, with 0 indicating no 
similarity and 1 indicating perfect similarity. This test has 
no associated significance test, so we use it as a tool to assess 
the fractional similarity between matrices.

To estimate sampling error in our matrices, we calculate 
the repeatability of each matrix using a bootstrap procedure 
(Marroig & Cheverud, 2007; de Oliveira et al., 2009). We 
sampled values from our dataset with replacement 1000 
times, and used these resampled values to compute covari-
ance matrices. The mean correlation of our observed covari-
ance matrices with these bootstrap-generated matrices is the 
repeatability of each covariance matrix (Melo et al., 2015). 
We then used the random skewers method to compare our 
resampled datasets to our original dataset. The mean correla-
tions represent the repeatability of our matrices.

Quantifying Directions of Evolutionary Change

To calculate trait divergence between species, we first pooled 
the species together and calculated the pooled mean for each 
trait. Then we divided the mean trait values for each species 
by the pooled mean for each trait. We subtracted the scaled 
median and MAD trait means of Stylopoma species 2 from 
those of Stylopoma species 1 to estimate divergence for each 
trait (Hopkins, 2016). We compute two divergence vectors: 
one for median traits and one for MAD traits.

Estimating Trait‑Specific Patterns of Species 
Divergence

Since these two species of Stylopoma are sisters (Jackson 
& Cheetham, 1994), we have the opportunity to understand 
how closely the structure of genetic variation in each spe-
cies aligns with each trait dimension. In our case, we want to 
evaluate the angle of deviation between the first two eigen-
vectors of each evolvability matrix and the dimensional axis 
of each trait. For convenience, we refer to these first two 
eigenvectors as v⃗1 and v⃗2 , respectively. v⃗1 corresponds to the 
major axis of variation in each evolvability matrix, while v⃗2 
corresponds to the second major axis of variation in each 
matrix. These two eigenvectors capture 99.6% of the vari-
ation in median values and 94.7% of the variation in MAD 

values in S. species 1, and 99.9% of the variation in median 
values and 99.8% of the variation in MAD values in S. spe-
cies 2. We therefore estimate the angle between the 2 first 
eigenvectors of each matrix ( ⃗v1 and v⃗2 ) and a vector of each 
trait dimension.

For this part of the analysis, we use an expanded trait 
dimension vector, with an equal number of rows and col-
umns, where each diagonal entry corresponds to a different 
trait dimension. To estimate angles, we computed the arc-
cosine of the dot product of v⃗1 and v⃗2 and each row of the 
corresponding dimension vector. The resulting angles rep-
resent the deviation between v⃗1 and v⃗2 and the dimensional 
axis of each trait (Fig. 2). A small angle of deviation with a 
trait dimension indicates that there is high phenotypic vari-
ance in that trait dimension, while a large angle of deviation 
indicates that there is low phenotypic variance in that trait 
dimension.

The resulting angles provide insight into how closely v⃗1 
and v⃗2 in each species aligns with each trait dimension. We 
compared the angles (which we call �i , for traits 1 through 
i) calculated from the procedure above with the correspond-
ing trait divergence between species to see if traits more 
closely aligned with eigenvectors in each species are also 
more divergent between species. For each comparison, we 
calculated Pearson’s r coefficients to assess the significance 
of the relationship.

Estimating Null Values

While our repeatability estimates range from 0.95 to 0.97 
for all of our calculated matrices, repeatability is a metric 
sensitive to sample size, with small sizes yielding inflated 
repeatability (Cheverud & Marroig, 2007). To estimate null 
evolvability values for comparison with our estimated val-
ues, we used a randomization procedure (Roff et al., 2012). 
We generated 1000 randomized parent-offspring covariance 
matrices with replacement, and doubled these matrices and 
averaged them across the diagonals so that they would be 
symmetrical. To estimate null evolvabilities, we divided the 
diagonal values by the mean trait values squared, following 
the same methodology as we did for estimating evolvabili-
ties from our measured parent-offspring covariance matrices 
(Schluter, 1996). We also calculated the standard deviation 
of our randomized evolvability estimates, and used them to 
construct 95% confidence intervals.

We assessed the significance of our calculated angles of 
deviation between trait-specific species divergence and the 
first eigenvector of our evolvability matrices by generating a 
distribution of angles computed between 10,000 randomly-
generated vector pairs. We computed the mean and standard 
deviation of this distribution to compare with our calculated 
angles.
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Results and Discussion

The Partial Evolvability of Colony‑Level Phenotypic 
Distributions

We find that median trait values of phenotypic distributions 
are largely evolvable in both species, with more nuanced 
results for MAD traits (Tables 1, 2). Notably, the median 
trait values of orifice width were found to have no genetic 
covariation for either species. For our MAD evolvabilities, 
each species has different traits with evolvabilities of zero 
(stemming from the corresponding parent-offspring covari-
ance values falling below zero): for Stylopoma species 1, 
the MADs of pore density and orifice length have genetic 
variations of zero, and for Stylopoma species 2, the MADs of 
body length and body width have genetic variations of zero.

The mean evolvability of nonzero MAD values is higher 
than that of the medians in both species (0.0090 versus 
0.0021, respectively, in S. species 1; 0.027 and 0.0048, 
respectively, in S. species 2), but MAD evolvabilities 
also have larger error, likely due to the similarity in MAD 
values between unrelated colonies. It is possible that the 

controlled environment in which colonies were reared may 
have impacted the range of phenotypic variation expressed, 
thereby increasing the phenotypic similarity expressed 

Fig. 2  Schematic figure of 
our deviation angle analysis. 
Each ellipse corresponds to the 
evolvability matrix of species x 
and species y, simplified in two 
dimensions, i and j. We estimate 
the angles between the first two 
eigenvectos of each ellipse, v⃗1 
and v⃗2 , respectively, and each 
trait dimension, i and j. In the 
scenario of evolution along 
genetic lines of least resistance, 
we would expect more divergent 
traits to be more closely aligned 
with v⃗1 and v⃗2 in each species

Table 1  Trait evolvabilities, with error and null estimates, for Stylo-
poma species 1 

Evolvability values for five trait medians and five trait MADs
ol orifice length, ow orifice width, pd pore density, evol. evolvability

Evolvability Standard  
error

Mean null evol. ±95% 
confidence intervals

Median length 0.0019 ± 0.00026 − 0.000036 ± 0.000079
Median width 0.0053 ± 0.00031 − 0.000095 ± 0.00026
Median ol 0.0023 ± 0.00043 0.0000063 ± 0.00018
Median ow 0.00 ± 0.00040 0.0000068 ± 0.00014
Median pd 0.017 ± 0.0013 0.00016 ± 0.0014
MAD length 0.0065 ± 0.0047 0.000066 ± 0.0019
MAD width 0.018 ± 0.0042 − 0.00017 ± 0.0027
MAD ol 0.00 ± 0.0048 0.00021 ± 0.0018
MAD ow 0.010 ± 0.0057 0.00057 ± 0.0017
MAD pd 0.00 ± 0.030 − 0.0058 ± 0.017
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among colonies within each species, and artificially reduc-
ing our estimated evolvabilities for MAD traits. Prior stud-
ies have found that estimates of genetic and phenotypic 
variation can change depending on environmental plastic-
ity (Bégin & Roff, 2001). In our case, general phenotypic 
similarities across all colonies may be the result of similar 
environmental influence (Bull, 1987).

Regardless of its source, the large error in MAD traits 
indicates that some nonzero MAD evolvabilities may not be 
significantly above the null evolvability value. In contrast, 
all nonzero median evolvabilities are significantly above 
the null evolvability value. Furthermore, there are more 
MAD traits with no evolvability than there are median traits 
(Tables 1, 2). This indicates that evolution of the central 
location of a colony-level phenotypic distribution in mor-
phospace may evolve more readily than its dispersion around 
the median. In other words, aggregate traits within colo-
nies primarily evolve according to translational shifts of the 
median.

Connecting Aggregate Traits to Division of Labor

The evolution of polymorphism involves the diverging and 
splitting of phenotypic distributions over evolutionary time-
scales, which can presumably occur as a random process 
or a result of selective pressure (Banta et al., 1973; Silen, 
1977). Translational shifts in medians of trait distributions, 
which our results strongly support, may underpin part of this 
evolutionary process. However, full understanding of this 
evolutionary transition requires a deeper understanding of 
how the shape of phenotypic distributions (i.e., trait MADs) 
can evolve. We explore some of these possibilities below.

There are some MAD traits that have evolvability values 
significantly above the null value: body width and orifice 
width in S. species 1 and pore density and orifice width 
in S. species 2. The non-null evolvabilities of these traits 

suggests that they can potentially respond to direct selec-
tion. While the evolvability of trait variation is not a novel 
concept (Bruijning et al., 2020; Hill & Mulder, 2010), it has 
never before been studied with respect to aggregate traits. 
Our results suggest that phenotypic variation can itself be 
an evolvable trait in colonial animals, thereby indicating that 
the shape of a phenotypic distribution, and not just its loca-
tion in morphospace, is able to respond to selection.

The non-null evolvability of both median and MAD val-
ues for some of our measured phenotypic distributions, like 
that of width in S. species 1 and that of pore density in S. 
species 2, is significant because it indicates that the first two 
moments of a phenotypic distribution can both respond to 
selection. Furthermore, our concatenated covariance matri-
ces reveal that median and MAD traits have some degree of 
covariation (Tables 3, 4). Selection on some median traits 
may lead to changes in variation of other traits, and vice-
versa. MAD traits that have nonzero but nonsignificant 
evolvability values can potentially still evolve through their 
covariance with more evolvable traits. For example, MAD of 
orifice width in S. species 2 is close to the null evolvability 
value when considering standard error, which indicates it 
may not have significant evolvability. However, the MAD 
of orifice width has covariation with traits that are signifi-
cantly evolvable, like median pore density. Thus, traits with 
null evolvabilities may still be able to evolve through their 
covariation with other highly evolvable traits.

Trait Divergence and the Evolution of Evolvability

The comparison of our evolvability matrices between 
species varies depending on the trait type. For median 
traits, the evolvability matrices for S. species 1 and S. 
species 2 are similar (Table 1, Random skewers Pearson’s 
r = 0.801, p < 0.05 ; Krzanowski Pearson’s r = 0.756 ). 
However, for MAD trait evolvabilities, the matrices are 

Table 2  Trait evolvabilities, 
with error and null estimates, 
for Stylopoma species 2 

Evolvability values for five trait medians and five trait MADs
ol orifice length, ow orifice width, pd pore density, evol. evolvability

Parent-offspring covari-
ance evol.

Standard sample error Null evol. ±95% confi-
dence intervals

Median length 0.0021 ± 0.00039 − 0.000055 ± 0.00023
Median width 0.0013 ± 0.00041 − 0.000025 ± 0.00015
Median ol 0.0019 ± 0.00032 0.0000095 ± 0.000059
Median ow 0.00 ± 0.00020 0.000023 ± 0.000034
Median pd 0.073 ± 0.00041 − 0.00055 ± 0.0019
MAD length 0.00 ± 0.0055 − 0.00067 ± 0.0015
MAD width 0.00 ± 0.023 − 0.00063 ± 0.0019
MAD ol 0.021 ± 0.0060 − 0.00015 ± 0.00083
MAD ow 0.044 ± 0.012 − 0.00069 ± 0.0030
MAD pd 0.16 ± 0.033 − 0.0012 ± 0.0045
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unrelated (Random skewers Pearson’s r = 0.106, p ∼ 0.4 ; 
Krzanowski Pearson’s r = 0.290 ). This indicates that the 
evolvabilities of MAD traits in these two species are likely 
significantly different. Thus, the major axes of variation for 
MAD traits appear to have evolved (Arnold et al., 2008) 
since S. species 1 and S. species 2 diverged (Table 5).

If evolvabilities have been conserved in each species since 
S. species 1 and S. species 2 diverged, we would expect v⃗1 
and v⃗2 , which are the first two eigenvectors of each evolv-
ability matrix, to have similar angles of deviation from 
each trait dimension. While this holds true for median trait 
evolvabilities (Fig. 3A, B), this is not the case for MAD trait 
evolvabilities (Fig. 3C, D). This result is unsurprising, since 
we find evolvability matrices for MAD values are divergent 
between species. However, to understand how this diver-
gence between MAD evolvability matrices emerged, we can 
compare correlations of trait-specific species divergence and 
the angles of deviation between the first two eigenvectors of 
each evolvability matrix and each trait dimension.

We find that the angles of deviation between v⃗1 and v⃗2 
of MAD traits and each MAD trait dimension in S. spe-
cies 2 have a negative correlation with corresponding trait 
divergences between species (Pearson’s r = − 0.964 for v⃗1 
and Pearson’s r = − 0.731 for v⃗2 ). Additionally, in both spe-
cies, we find that there is a negative correlation between trait 
divergence of medians and the angle of deviation between 
the first two eigenvectors of trait median evolvability and 

Table 3  Evolvability matrix for S. species 1 

med median, mad MAD, ol orifice length, ow orifice width, pd pore density

Med length Med width Med ol Med ow Med pd Mad length Mad width Mad ol Mad ow Mad pd

Med length 0.00194 0.00263 0.00075 0.00000 − 0.00041 0.00424 0.00123 0.00000 − 0.00278 0.00000
Med width 0.00528 0.00187 0.00000 − 0.00343 0.00144 − 0.00026 0.00000 − 0.00605 0.00000
Med ol 0.00225 0.00000 0.00220 0.00993 0.01088 0.00000 − 0.00605 0.00000
Med ow 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Med pd 0.01720 − 0.00985 0.00300 0.00000 − 0.00100 0.00000
Mad length 0.00654 0.01566 0.00000 − 0.00033 0.00000
Mad width 0.01811 0.00000 0.00779 0.00000
Mad ol 0.00000 0.00000 0.00000
Mad ow 0.01018 0.00000
Mad pd 0.00000

Table 4  Evolvability matrix for S. species 2 

med median, mad MAD, ol orifice length, ow orifice width, pd pore density

Med length Med width Med ol Med ow Med pd Mad length Mad width Mad ol Mad ow Mad pd

Med length 0.00213 0.00065 − 0.00006 0.00000 − 0.00222 0.00000 0.00000 − 0.00640 0.00560 − 0.00833
Med width 0.00133 − 0.00036 0.00000 − 0.00225 0.00000 0.00000 0.00103 − 0.00619 − 0.00313
Med ol 0.00190 0.00000 0.00399 0.00000 0.00000 0.00458 0.00545 − 0.01098
Med ow 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Med pd 0.07253 0.00000 0.00000 0.03264 0.02457 0.09083
Mad length 0.00000 0.00000 0.00000 0.00000 0.00000
Mad width 0.00000 0.00000 0.00000 0.00000
Mad ol I 0.02076 0.03823 − 0.00889
Mad ow 0.04414 − 0.02023
Mad pd 0.15696

Table 5  Matrix Comparisons: Here we show the results of our matrix 
comparisons between species and trait type

Pearsons’s r values are shown for each statistical test. When applica-
ble, significant similarity values are indicated by ∗

evol. evolvability matrix, sp1 S. species 1, sp2 S. species 2, med 
median, MAD median absolute deviation

Matrix 1 Matrix 2 Random skewers Krzanowski 
correlation

Evol. sp1 med Evol. sp2 med 0.801* 0.756
Evol. sp1 MAD Evol. sp2 MAD 0.106 0.290
Evol. sp1 med Evol. sp1 MAD 0.301 0.407
Evol. sp2 med Evol. sp2 MAD 0.761* 0.500
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each trait dimension (Pearson’s r = − 0.978 for v⃗1 and 
Pearson’s r = − 0.827 for v⃗2 for S. species 1; Pearson’s 
r = − 0.977 for v⃗1 and Pearson’s r = − 0.19 for v⃗2 in S. spe-
cies 2). In other words, we find that trait dimensions which 
are closely aligned to v⃗1 and v⃗2 are also more divergent 
between species. This finding connects our microevolution-
ary observation of trait covariation with the macroevolution-
ary pattern of trait divergence between species.

It is worth noting that trait dimensions are, in many 
cases, nearly orthogonal to v⃗1 and v⃗2 . We anticipated the 
correlations for v⃗2 to be weaker than those for v⃗1 , but 
even in our estimates of v⃗1 , most angles are close to 90◦ 

(Fig.  3A–D). Our computed negative correlations are 
largely driven by a single character that is highly diver-
gent between species: frontal pore density. For both the 
median and MAD trait evolvabilities of S. species 2 and 
the median evolvabilities of S. species 1, frontal pore den-
sity is the trait dimension most closely aligned with v⃗1 and 
v⃗2 . Furthermore, it is the trait with the highest component 
loading for the first principal component of S. species 1 
median trait evolvabilities, and of S. species 2 median and 
MAD trait evolvabilities (Table 4). Thus, it is not surpris-
ing that the median and MAD values of this trait comprise 
much of the structure of variation.

Fig. 3  Deviations between axes of variation and trait dimensions plot-
ted against corresponding trait divergence. A Angle between each 
median trait dimension and v⃗1 of median trait evolvabilities plot-
ted against the trait divergence vector (Pearson’s r = − 0.978 for S. 
species 1; Pearson’s r = − 0.977 for S. species 2). B Angle between 
each median trait dimension and v⃗2 of median trait evolvabilities in 
each species plotted against the trait divergence vector (Pearson’s 

r = − 0.827 for S. species 1 and Pearson’s r = − 0.19 for S. species 
2). C Angle between each MAD trait dimension and v⃗1 of MAD trait 
evolvabilities plotted against the trait divergence vector (Pearson’s 
r = 0.21 for S. species 1, Pearson’s r = − 0.964 for S. species 2. D 
Angle between each MAD trait dimension and v⃗2 of MAD trait evolv-
abilities plotted against the trait divergence vector Pearson’s r = 0.075 
for S. species 1 and Pearson’s r = − 0.731 for S. species 2 
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We expected to see a negative correlation between the 
trait divergence and the deviation of v⃗1 from each trait 
dimension, since that indicates that most evolution occurs 
in traits with the largest contributions to v⃗1 . This represents 
a trait-specific version of evolution along genetic lines of 
least resistance, which has been readily observed in a wide 
array of solitary animals (Schluter, 1996; Hunt, 2007; Hop-
kins et al., 2016). Therefore, it appears that the structure of 
variation in median traits for S. species 1 and median and 
MAD traits in S. species 2 follows the expected pattern of 
trait divergence along evolutionary lines of least resistance.

However, v⃗1 and v⃗2 of the MAD trait evolvability matrix 
in S. species 1 do not align most closely with the most diver-
gent traits between species (Fig. 3C, D). Instead, v⃗1 and v⃗2 of 
MAD evolvabilities in S. species 1 appear to have a slightly 
positive correlation with pattern of trait divergence, as the 
angles between each eigenvector and a vector of trait dimen-
sions show no correlation with trait divergence (Pearson’s 
r = 0.21 for v⃗1 and Pearson’s r = 0.075 for v⃗2 ). This indicates 
that less divergent MAD traits have more variation in S. spe-
cies 1. Furthermore, the angles of deviation between each 
eigenvector and each trait dimension fall close to our mean 
null angle value of 74.9◦ , which indicates that there is likely 
no relationship between MAD trait evolvability in S. species 
1 and the pattern of divergence between species. This pat-
tern is largely driven by the lack of genetic variation for the 
MAD of frontal pore density in this species, which is highly 
divergent between species (Table 6). However, there is no 
genetic covariation of this trait across colony generations, 
making it non-evolvable in this species.

Fossils show that S. species 1 diverged from S. species 
2 approximately 3 million years ago (Jackson & Cheetham, 
1999). Our results indicate that speciation occurred accord-
ing to the variance structure of the ancestral species (S. spe-
cies 2), with that of the descendent species (S. species 1) 
(Jackson & Cheetham, 1999) possibly diverging after specia-
tion. Instability of genetic variations on macroevolutionary 

timescales has been observed previously (Roff, 2000; Arnold 
et al., 2008). Whether aggregate traits in colonies are less 
stable than traits in solitary animals on geologic timescales 
is still unclear. At the very least, the case of MAD traits 
in Stylopoma appears to be an example in which aggregate 
trait evolvabilities themselves evolve (Pigliucci, 2008). 
The evolving evolvability of aggregate traits may explain 
the relatively rapid trait evolution observed in some bryo-
zoan taxa (Di Martino & Liow, 2022). If trait evolvabilities 
change frequently, then new axes of morphological varia-
tion can emerge as colonies evolve. On macroevolutionary 
timescales, this can lead to unexpected patterns of species 
divergence and, potentially, the emergence of novel morpho-
logical adaptations and features (Wagner & Draghi, 2010).

Conclusions

In this study, we have investigated aggregate trait evolvabil-
ity in two sister species of the bryozoan Stylopoma. There 
are several key takeaways that we want to highlight. We find 
that aggregate traits evolve in bryozoans. Our results suggest 
that phenotypic distributions evolve through translational 
shifts in morphospace. Still, some phenotypic distributions 
can evolve through changes to trait dispersion, providing an 
avenue for the evolution of trait variation. MAD trait evolv-
abilities also appear more unstable than those of median 
traits, indicating that they may change more readily on 
macroevolutionary timescales. This brings us to our final 
point, which is that the structure of variation in colonies can 
evolve, and that changes to this variation can contribute to 
evolution of aggregate trait distributions.

How changes to evolvability, especially in aggregate 
traits, may contribute to directions of speciation is a topic 
worthy of future investigation, since bryozoans appear to 
undergo morphological evolution on geologically rapid 
timescales. The key to understanding how modular animals 

Table 6  First two principal 
components of each parent-
offspring evolvability 
matrix, with corresponding 
loadings and eigenvalues

Here we show the eigenvalues and component loadings corresponding to each trait for the first two princi-
pal components of our four evolvability matrices
sp 1 med evolvability matrix for median traits of S. species 1, sp 1 mad evolvability matrix for MAD traits 
of S. species 1, sp 2 med evolvability matrix for median traits of S. species 2, sp 2 mad evolvability matrix 
for MAD traits of S. species 2, ol orifice length, ow orifice width, pd pore density

sp 1 med sp1 mad sp 2 med sp 2 mad

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

Eigenvalue 0.018 0.0071 0.031 0.0098 0.073 0.0024 0.16 0.067
Length − 0.060 − 0.44 − 0.51 − 0.42 − 0.032 0.88 0 0
Width − 0.25 − 0.76 − 0.81 − 0.067 − 0.032 0.47 0 0
ol 0.099 − 0.44 0 0 0.056 − 0.075 − 0.12 0.59
ow 0 0 − 0.29 0.91 0 0 − 0.20 0.77
pd 0.96 − 0.179 0 0 0.99 0.047 0.97 0.23
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like bryozoans express and maintain such a wide array of 
morphologies in colonies is the study of how their aggregate 
traits and underlying evolvabilities evolve and may underpin 
the evolution of polymorphism.

The evolution of polymorphism remains one of the great-
est unknowns in the study of colonial animals. The evolu-
tionary potential of aggregate traits provides one avenue for 
polymorphism to evolve, as the development of polymorphs 
stems from the splitting of phenotypic distributions of traits 
in colonies. Since such phenotypic distributions are evolv-
able, the study of how they shift and change shape on mac-
roevolutionary timescales is the key to understanding the 
emergence of division of labor in colonies.
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