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Abstract

The evolution of phenotypic traits is usually studied on generational times or across species
on million-year timescales. We bridge this conceptual gap by using high density sampling of
a species lineage, Microporella agonistes (Bryozoa, Cheilostomatida), over 2 million years of
its evolutionary history, to ask if trait-fitness associations are consistent with evolutionary
trait models often applied to phenotypic time series. We use average fecundity and
competitive outcome as two different fitness components, where competitive outcome is a
proxy for partial survival. Examining three quantitative traits in multivariate analyses, we
present evidence that some traits experienced substantial selective pressures, in part
controlled by past environments. A complex interplay of resource competition with an
altering set of competitors and past temperatures, has contributed to the changing patterns of
phenotypes within the focal species. A comparison with congeneric species living in the same
regional community suggests that size traits are more temporally variable and less
constrained than shape traits. Our analyses also show that while controls on phenotypes are
complex and varied in time, ecological and evolutionary processes that unfold on shorter time

scales are not inconsistent with macroevolutionary patterns observed on longer timescales.
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Introduction

Phenotypic traits are the result of evolution, including stochastic processes and varied
constraints. Realized trait distributions in empirical populations can be used to estimate the
relative contributions of selection, constraints and drift, and conditions under which they play
larger or smaller roles in the outcomes of evolution. Most of the empirical case studies of
population-level trait evolution, from which we have gained insights on the form and rate of
evolution, are based on contemporary populations monitored over time intervals that are short
(Hendry and Kinnison 1999; Stroud et al. 2023) relative to the available time for evolution of
a species lineage. Spatially separated populations/communities are often used as substitutes
for temporally separated populations/communities subject to different environments
(Damgaard 2019). However, insights from data from temporally separated populations from
the fossil record (Hunt 2007; Hunt et al. 2015; Voje et al. 2020) offer a more direct
understanding on constraints (Firmat et al. 2014; Di Martino and Liow 2022) and long-term

changes in adaptive landscapes (Hunt and Roy 2006; Brombacher et al. 2017).

Phenotypic data from temporally separated populations can be modeled with variations on the
Ornstein-Uhlenbeck (OU) process that characterize evolutionary optima and their
accompanying stochastic variation (Hunt et al. 2008; VVoje 2020), just like they have been
applied in comparative phylogenetic contexts to model adaptation and selection (Butler and
King 2004). A better fit to an OU model is often interpreted as support for adaptation and
selection, while a better fit to a purely stochastic model, like Brownian motion, discredits
selection for the trait in question (Butler and King 2004). An alternative approach to studying
fossil time series involves the measurement of fitness components alongside target
morphological traits. This approach enables a more direct investigation of the relative
contributions of selection versus constraints to trait evolution, as well as the identification of
sources and reasons for conflicting signals at shorter versus longer timescales (e.g. Voje et al.

2023), which can be potentially couched in terms of micro- versus macroevolution.

However, proxies of fitness components can be rarely estimated from the fossil record, hence
fitness is seldom studied in fossil populations. Rare examples include Kurtén’s pioneering
cross-sectional population investigation on Ursus spelaeus (a Pleistocene cave bear), where
he used age-at-mortality as a fitness component to study selection on tooth shape (Kurtén
1958). Likewise, Van Valen used age-at-mortality to study selection intensity of Miocene



Ms for Am Nat

horses and rightly pointed out that few types of organisms are amenable to the quantification

of selection using the fossil record (Van Valen 1963).

Cheilostome bryozoans offer a unique opportunity in evolutionary research. These marine
colonial invertebrates have a high preservation potential because of their life-habit (they often
encrust hard substrates) and their calcium carbonate skeletons. Earlier work has suggested
that their skeletal morphologies can be robustly used for species-level identification, even in
the absence of soft tissues (Jackson and Cheetham 1990), and molecular studies have
corroborated this finding (Orr et al. 2021, 2022). Many cheilostome species brood their larvae
in skeletal structures called ovicells (Fig. 1). As each ovicell harbors a single embryo that
develops into a larva, the density of ovicells within a colony of genetically identical feeding
zooids (autozooids) can be used as a proxy for fecundity, a fitness component (Jackson and
Wertheimer 1985; Di Martino and Liow 2021a). The size of ovicells has also been used as a
proxy for larval (offspring) size or maternal investment (Herrera et al. 1996), where larger
larvae may have a survival advantage (Marshall et al. 2006). Note that in this contribution,
we use ovicell size as a trait potentially under selection, rather than as a fitness component
(proxy for larval size and hence larval survival), although we do examine trade-offs involving

ovicell size.

Mortality or survival is a commonly studied fitness component in contemporary populations
of solitary metazoans (Crone 2001). In the case of colonial metazoans, such as corals,
experiments have shown that partial mortality can lead to reduced allocation of resources
towards reproduction (Graham and van Woesik 2013). Cheilostome bryozoans, many of
which are sessile and encrusting as adults, compete for space on substrates. Such competition
often results in one colony partially or completely overgrowing another, which can cause
death or partial death of the overgrown colony (Buss 1979; Buss and Jackson 1979). Partial
mortality is believed to have detrimental effects on the fitness of bryozoan colonies (Buss
1986; Turner and Todd 1994). Autozooid relative size is a relatively good predictor of
winning competitive overgrowths (Liow et al. 2017), although other non-size traits also
contribute to competitive outcomes (Liow et al. 2019). To the benefit of paleoecological
studies, overgrowth competition, analogous to those studied in contemporary bryozoan
communities, is also preserved in fossil assemblages. Overgrowth can be quantified with
relative ease, in the sense that the colony overgrowing another and that being overgrown can

be identified as such using the geometry and direction of growth for inference (Taylor 2016).
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It is commonly accepted that organismal traits, and especially life-history traits, like
fecundity, offspring size and mortality often trade-off under different selective pressures
(Stearns 1989; Schluter et al. 1997). For example, bryozoans that were experimentally halved
(i.e. partial mortality) produced fewer, and smaller larvae more variable in size (Marshall and
Keough 2004), plausibly to channel resources to survival. While large autozooids are in
general advantageous for winning overgrowth competition, colonies with larger autozooids
are sometimes less fecund (Di Martino and Liow 2021a). Autozooid size has also been
shown experimentally to be in part controlled by the temperature at which ontogeny occurs
(O’Dea and Okamura 2000). Trade-offs can also be conditional on environmental conditions
(Lancaster et al. 2017) and are incompletely understood, even in well-studied groups like
birds (Santos and Nakagawa 2012). Unsurprisingly, much less is known about such trade-offs

in most marine species including bryozoans (Di Martino and Liow 2021a).

Although colonies with larger autozooids have a competitive advantage within a community
setting (Liow et al. 2017), those with smaller autozooids have higher fecundity in certain
species (Di Martino and Liow 2021a). On the other hand, on a global, multi-species,
macroevolutionary scale, autozooid size in cheilostome bryozoans seems to be constrained,
even though there is a detectable tendency for within-lineage evolution of larger autozooid
sizes (Liow and Taylor 2019). These apparently contradictory findings highlight the
inadequacy of simply scaling up within-lineage observations to explain across-lineage
evolution (Kingsolver and Pfenning 2004; Belk et al. 2020), sometimes referred to as the
continuity of micro- and macroevolution. While we do not believe that invoking “higher-
level” processes is necessary to explain macroevolution, we argue that within-species,
among-lineage and macroevolutionary patterns and processes should all be considered to
establish plausible evolutionary scenarios (Liow et al. 2023), and to gain a comprehensive
understanding of evolutionary history and processes. Ideally, disparate levels of analyses
should be done on the same organismal group, such that natural history knowledge can help

shed light on the findings.

To contribute to the pursuit of understanding the sources of selection, constraints and drift
within species, as well as their implications for macroevolutionary patterns and processes, we
build on the insights and methods from an earlier study (Di Martino and Liow 2021a) on the
cheilostome Antarctothoa tongima (Ryland and Gordon 1977). In A. tongima, multivariate

analyses detected negative trait-fitness associations for autozooid sizes, but no particular
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relationship between fecundity and ovicell size. On the other hand, in terms of autozooid
shape, colonies with longer zooids (interpreted as having higher feeding efficiency) were
more fecund. Here, we explore a different cheilostome species, Microporella agonistes
Gordon 1984, and a substantially larger and richer dataset, for more than 2 million years of its
history, up to the Recent, in part compiled using computer-vision approaches (Di Martino et
al. 2023). Using Microporella, we ask questions on the nature of phenotypic evolution and
trait-fitness associations, using measures of fecundity and overgrowth (partial mortality) as
proxies for fitness. While our primary focus is on M. agonistes (Fig. 1), we also compare
congeners (Fig. SLA-C) that overlap with this target species in both time and space to study
interspecific similarities and differences. We stress that, although we adopt a quantitative
framework similar to Lande and Arnold (1983), the slopes or curvatures of the trait-fitness
relationships should not be interpreted as selection gradients per se, as the populations under
study, even the contemporary ones, are not “instantaneous” snapshots, but rather temporally-

(and spatially-) averaged populations.

Our study addresses the following questions: (1) What forms of trait-fitness associations are
seen in different traits and are these detectably constant or changing through time? (2) Is
there a detectable trade-off between fecundity and overgrowth, or fecundity and offspring
size? (3) Both fecundity and overgrowth are interpretable as fitness components but how do
the estimated trait-fitness associations differ when using either component as a fitness proxy?
(4) Are there detectable autozooid size advantages for overgrowth, and to what extent is size
controlled by the abiotic environment? (5) Do closely related lineages show similar patterns

of trait evolution or forms of trait-fitness associations in the given time intervals?

We discuss the implications of our findings, considering the interplay between processes
occurring at shorter time scales, such as ecological interactions and reproduction, and patterns

that manifest over longer timescales, such as the long-term evolution of trait means.
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Material and methods

Material

Microporella agonistes is a commonly observed encruster of hard substrates currently having
a widespread distribution off the coast of New Zealand. It has been reported from several
sites including Kermadec Ridge, Cook Strait, Marlborough Sounds, Tasman Bay, Westland,
Fiordland, Puysegur Bank, and the western approaches to Foveaux Strait, at a broad depth
range (i.e. 26-549 m) (Gordon 1989). Microporella agonistes is also a commonly observed
component of the Pleistocene bryozoan fauna of the Wanganui Basin in the North Island of
New Zealand (Liow et al. 2016).

We examined and imaged 985 fossil, subrecent and Recent colonies of M. agonistes
encrusting mollusk shells, mainly bivalves and subordinately gastropods (see “Imaging”
below). The fossil colonies were collected during three field expeditions conducted in
January 2014, March 2017, and February 2020, from Pleistocene formations of the Wanganui
Basin in New Zealand (see Table S1), where six of these temporal intervals had more than 50
colonies sampled and measured. The formations sampled are shell-beds from transgressive
system tracks (Rust and Gordon 2011), part of a cyclic depositional sequence about 2 km
thick, with a well-established, high-resolution chronostratigraphy spanning the last 2.5 Myr
(Carter and Naish 1998; Naish et al. 1998, 2005; Abbott et al. 2005). Subrecent colonies (i.e.
those with some remains of soft tissues) of an unknown age (but confidently between the last
fossil formation and the contemporary populations, see “Whanganui core” in Table S1) were
available from a piston core (Gillespie et al. 1998). Contemporary colonies, like the subrecent
ones, are analogous to fossil samples, consisting of bryozoan encrusted mollusk shells
dredged from Cook Strait (2012) and South Taranaki Bight (2017), New Zealand with
average depths of 120 m. We treat the colonies studied from separate formations, piston core,
and Recent populations as comparable “populations”, and for brevity we use the term

population or formation to refer to the data corresponding to the rows in Table S1.

We also imaged colonies of three congeners, namely Microporella discors Uttley and
Bullivant, 1972, M. intermedia Livingstone, 1929 and M. speculum Brown 1952 (Fig. S1IA-
C), which co-exist with the focal species (see Table S1 for sample sizes), using the same
protocol (see “Imaging” below). Microporella rusti Di Martino, Taylor, Gordon, Liow 2017
also co-exists with M. agonistes but it is rarely sampled (Di Martino and Liow 2022) and was

hence excluded here.
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Imaging

Colonies were digitized using a Hitachi TM4000plus Tabletop scanning electron microscope
(SEM). Prior to scanning electron microscopy, contemporary colonies were treated overnight
in a dilute solution of commercial bleach to remove soft tissues and to expose the skeleton.
Many of the colonies, whether fossil or Recent, were often only partially preserved or
retained on the substrate, but these partial colonies (fragments) are assumed to be unbiased
with respect to the traits and spatial interactions we measure. To avoid duplicating
measurements, we ensured that multiple SEM images taken of the same colony did not
overlap. Image magnification was standardized at 50x, such that each image covers
approximately the same area (c. 4.5 mm?). Images were taken ensuring that the regions of the
colony from which traits were measured were not tilted with respect to the frontal plane.
Different colonies of the same species on the same substrate were distinguished by their

geometry and direction of growth.

Spatial interactions

We followed an established protocol (Liow et al. 2016, 2017) for observing inter- and
intraspecific spatial interactions. Here, we focus on win-lose overgrowths (Fig. S1D), where
the growing edge of one colony is observed to cover one or more orifices of zooids in the
second colony, but we also documented other spatial interactions, including reciprocal
overgrowths, stand-offs and fouling (Taylor 2016). In addition, we also tabulated the
direction of approach for win-lose and reciprocal overgrowths, where “frontal” means the
two colonies grew towards each other, flank means one colony approached the other laterally,
and “rear” means one colony approached the proximal end of the other (Di Martino et al.
2020). Only in frontal approaches do both interactors play active roles in the competitive
interaction. As part of our standard protocol, we also noted the relative average autozooid
size of the combatants (Liow et al. 2017). If the relative autozooid size of the two combatants
could not be distinguished by visual comparison, they were scored as “equal”. Stand-offs and
reciprocal overgrowths necessarily happen syn-vivo (i.e. occurring when both partners are in
life). These have high proportional representation in our data hence we assume that instances
of overgrowth after death contribute noise but not signal to overgrowth interaction data
(McKinney 1995; Taylor 2016). For analyses in this paper, we use only the interactions
where at least one partner was a Microporella species (e.g. Fig. S1D). Out of the 8438
interactions scored for Microporella, 6521 were collected for the purpose of the current

study, while the remaining 1917 were previously published in Liow et al. (2016).
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Data extraction using Computer Vision

The phenotypic data needed to estimate fecundity are the observed number of modules
(zooids) and the number of fertile polymorphs (i.e. modules bearing a brood chamber called
ovicell) in each SEM image, which often encompass part of a colony (see Fig. 1). Each
colony can be formed by several to tens or even hundreds of zooids. The three focal traits are
the area and shape (maximum length divided by maximum width) of feeding modules
(autozooids), and area of ovicells (Fig. 1). Our total dataset comprises over 400,000
structures, a task that would be inhibitive to measure without automation. Given an input
SEM image, we use a Swin Transformer-based Mask R-CNN for instance segmentation (Liu
et al. 2021) trained on a dataset of 935 annotated cheilostome bryozoan images (Di Martino
et al. 2023). After segmentation, measurements are based on the predicted masks using
contour functions from the opencv 4.6.0 python library (Bradski 2000). The command-line
was used for high-throughput computer vision inference. For more comprehensive details, we
refer to DeepBryo (Di Martino et al. 2023), a deep-learning web-application specifically
designed to perform these tasks. The accuracy of both object classification and measurement
for diverse structures (r? > 0.89) is satisfactorily high for DeepBryo, given the trade-off for
the amount of data we can gain, compared with manual measurements (Di Martino et al.
2023).

Characterizing phenotypic evolution

Our phenotypic time series are short and is well-known that short time series tend to best fit
random walks, even when the underlying generating model differs. Given this caveat, we fit
five commonly invoked models, namely an unbiased random walk (URW), a biased random
walk (GRW), stasis (S), strict stasis (SS) and Ornstein-Uhlenbeck (OU) to each measured
Microporella agonistes trait individually using paleoTS (Hunt 2015) and evoTS (Voje 2023).
Data best-fitting an OU model is typically interpreted as demonstrating stabilizing selection
and those best fitting a biased random walk interpreted as directional selection (Hunt 2006).
The URW reflects pure drift (Butler and King 2004). The stasis model is implemented as
white noise around a constant mean, and strict stasis a special case of stasis with zero
variance around the long-term mean (Hunt et al. 2015), both meaning to capture a part of the

“punctuated equilibrium” concept commonly applied to the fossil record (Eldredge and

Gould 1972).
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Multivariate trait-fitness modeling: binomial model for fecundity

We estimate a component of fitness as average fecundity of colonies, equivalent to genetic
individuals in solitary organisms, using counts of gravid female polymorphs (i.e. zooids with
ovicells that hold embryos or larvae) per polymorph within the colony (Fig. 1). This measure
of fitness we term fecundity is used as the response variable in a binomial generalized linear
model (glm). The predictor (focal) traits, namely autozooid area, ovicell area and autozooid
shape (shown in Fig. 1), are each natural logged and standardized to their global mean,
following (Di Martino and Liow 2021a). Note that autozooid areas have limited predictive
power for ovicell areas (r> = 0.38 see Di Martino and Liow 2022), and the variance inflation

factor (VIF) is approximately 1 for each predictor trait in our dataset.

Initially, we model trait-fitness relationships without distinguishing among the populations
from which the data originate, using linear and quadratic combinations of the traits to allow
forms of trait-fitness associations that resemble stabilizing or directional selection.
Subsequently, we test whether including population identity (i.e. the population from a
specific formation or a particular Recent location) as a factor improves the fit of the best
models, after removing the populations with less than 20 colonies measured. As including
population identity as a factor improves the model fit, we proceed to estimate trait-fitness
relationships within each population separately. As before, we fit various linear and quadratic
combinations of the traits. We present both model averaged fits and those of the best models
in the main text and Sl results, respectively. While there are some trait outliers in the dataset,
we chose not to remove them for two reasons. First, removing outliers made the logged data
non-normally distributed. Second, we believe that the outlier data represent genuine empirical
values we are interested in analyzing. To explore the sensitivity of our results to the vagaries
of sampling, we fit and plot the same models to 30 random draws (without replacement) of
75% of the available data in each time interval.

Modeling spatial interactions

We use interaction data where Microporella is observed to have overgrown or was
overgrown by another cheilostome species. We estimate the binomial probability of M.
agonistes winning the combat, first regardless of the relative average autozooid size of the
competitor, and then the binomial probability of M. agonistes winning the combat when it is
the larger combatant. As a more stringent alternative, we also used a subset of the data

comprising only frontal encounters, as there is a much greater chance that both colonies are
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investing metabolically to tackle the head-on encounter that involves survival. This is
because encrusting cheilostomes respond to spatial encounters by growing in their distal end

(i.e. growing edge), while rear encounters do not elicit an active overgrowth response.

Trait-fitness modeling: binomial model for partial survival

The colonies from which phenotypic data and spatial interactions are quantified do not
entirely overlap. The following analyses were performed exclusively with colonies where
both phenotypic data and overgrowth outcomes were available. We use frontal overgrowth
outcomes as a proxy for partial mortality/survival (an alternative fitness component to
fecundity). In this case, a win is scored as for partial survival, while a loss is indicated as 0
for partial death. These outcomes are used as the response variable in a binomial glm, with
autozooid area, ovicell area and autozooid shape as predictor variables, just like in the
fecundity above. Due to the limited data available for each population, we initially examined
trait-fitness relationships without distinguishing among populations. Subsequently, we
analyzed selected populations (each with at least 20 measured colonies) with richer data to

gain further insights.

Paleoenvironment links to phenotypes

Cheilostome autozooid size has been shown to be influenced by the temperature at the time
of autozooid formation within a colony (O’Dea and Okamura 2000). This size-temperature
association is also detectable across multi-species communities, where smaller zooids are
linked to higher temperatures (Okamura and Bishop 1988; Kuklinski and Taylor 2008). Here,
we are interested in the association between traits and paleotemperature as approximated by
5180, a widely used proxy for seawater temperature in paleontological studies. Using each
trait in turn as a response variable, we compared linear models that combined the other two
traits as well as the mean and standard deviation of the 580 values estimated using the data
available in each time interval (data from Lisiecki and Raymo 2005), approximated with their
known duration (see Table S1). For the Recent populations, we obtained 680 data spanning
1988-2016 for the southern hemisphere latitude encompassing New Zealand (25-90°S) from

NASA data repository (https://data.giss.nasa.gov/018data) to ensure an equivalent dataset

(see SI). We present fits obtained from the best models selected using AIC criteria.

10
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Analyses for congeners
Data for Microporella discors, M. intermedia and M. speculum were analyzed in the same

fashion as for the focal M. agonistes.

Data and code

The data and R code necessary to replicate our results can be found at Dryad
https://doi.org/10.5061/dryad.3ffbg79rj. The images used to generate the data can be found at
https://zenodo.org/records/10795305. The DeepBryo source code can be found at
https://github.com/agporto/DeepBryo.

Results

Phenotypic traits through time

There is substantial temporal variation in each of the three quantitative traits and fecundity
over the observed evolutionary history of Microporella agonistes, most notably in autozooid
size (Fig. 2). Best-fitting models among the five studied models for trait means are the
unbiased random walk (URW), generalized random walk indicating directional evolution
(GRW) and strict stasis (SS) for log autozooid size, log ovicell size and autozooid shape,
respectively (Fig. S2). Notice that the mean-standardized standard deviations are strikingly
different for each trait, with autozooid areas having considerably lower values compared to
autozooid shapes (Fig. S2), as shapes within colonies are very plastic due to epigenetic
factors. Because Figs. 2 and S2 suggest that temporal trait means are different, we tested for
inter-population differences (Table S2), finding that autozooid size is in general more
variable temporally. For each trait, variances are generally comparable across populations
with a few exceptions (Table S2). However, there is no detectable relationship between
population variance and temporal duration represented by the data for any of the traits, i.e. the
amount of time represented did not inflate variance (Fig. S3).

Trait-fitness associations via fecundity

When considering all temporal populations of Microporella agonistes as a unified “super-
population”, the best-fitting multivariate model for trait-fitness associations includes
quadratic terms for all three traits, introducing curvature to the relationships (Table S3, Fig.
S4). According to this model, colonies with autozooids at both size extremes are predicted to
have higher fitness, as are colonies with larger and smaller ovicells, even though the 95% Cls

are wider at these extremes. In contrast, colonies with average shapes have the highest
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fitness. However, including formation/population identity as a factor significantly improves
the log likelihood values of equivalent models (Table S4), hence we proceed to analyze each
population separately, as the patterns in Fig. S4 may result from combining heterogenous
populations. Three of the seven populations analyzed show a similar concave prediction of
autozooid size fitness relationships, while others show a convex pattern (Fig. 3), although not
all of these fits yield statistically significant coefficients (Fig. S5). It is also worth noting that
the highest density for autozooid size (Fig. 3) do not align at the same relative size (x-axis
values), suggesting that the optimal autozooid size is different in different temporal
populations. The ovicell size fitness relationships in most populations are perceptibly linear
(Fig. 3 and Fig. S5). These are in contrast to autozooid shape which seems to have a
“universal” optimum (Fig. 3 and S5). In summary, trait-fitness associations in M. agonistes
are time-varying for autozooid size but are relatively stable for ovicell size and autozooid
shape. Subsampled versions of these data show similar results where those populations with
smaller sample sizes show more sampling noise (Fig. S6). There is no to little trade-off

between fecundity and ovicell area (indicative in middle panels of Fig. 3, see also Fig. S7).

Trait-fitness associations via overgrowth

Microporella agonistes is not, on average, a consistent winner in spatial combats (Fig. 4A,
see also Liow et al. (2016) for examples of consistent winners). However, it tends to win
when it is the larger partner in such combats (Fig. 4B). Using overgrowth outcomes (win or
lose) as a proxy for fitness in 284 colonies of M. agonistes for which we also have phenotypic
measurements, we find that the best model of multivariate trait-fitness association is the null
model, although competing models have very similar loglikelihood values (Table S5). Model

averaged predictions look quite “flat” as suggested by the (best) null model (Fig. S8).

Using a two-sample t-test, there is no relationship between autozooid size (t = 0.23, df = 305,
p-value = 0.80, Fig. 5A) or fecundity (t = 1.53, df = 309, p-value = 0.13, Fig. 5B) and the
probability of winning, also when populations are examined separately (Table S6). These
results do not necessarily contradict with Fig. 4 as this shows the probability of winning an
overgrowth regardless of the opposing species when M. agonistes is comparatively larger,

while Fig. 5 compares size differences in conspecifics.

12
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Relationship between phenotypic traits and the environment

Autozooid size is more strongly associated with 6§80 than ovicell size or autozooid shape
(Figs. 6 and S9, Tables S7 and S8), although there is still much unexplained variation in the
models. A one-unit change in 680 is predicted to result in 0.19 + 0.02 log unit of change in
autozooid size, and 0.13+ 0.04 log unit of change in ovicell size and -0.01 + 0.005 change in
autozooid shape, respectively for each of the best models. Consequently, while we detect
relative size advantages in overgrowth interactions, it is likely that long-term mean size

evolution is in part controlled by both paleotemperature and its variability.

Traits in closely related species

Three Microporella species, other than M. agonistes, are observed in substantial numbers
(Table S1). When disregarding any heterogeneity among temporal populations, the overall
trait-fitness association for autozooid shape are similar among the four species (compare Fig.
S4 and Fig. S10), exhibiting an optimal value, i.e. a concavity in the quadratic function.
However, autozooid area has a different estimated curve for each species. When comparing
temporal populations, the pattern for autozooid area deviates more significantly compared to
ovicell area and shape (compare Fig. 3 and Fig. S11A-C).

When other species are treated to the same models as M. agonistes (Fig. 6) to investigate the
temperature control of traits, best linear models for autozooid size when accounting for the
other two traits always includes 680, with a significant or close to significant positive slope,
even if slight (Figs. S12 and S13), indicating that higher temperatures are associated with
smaller autozooids. This is not the case for ovicell size and is inconsistent for shape (Figs.
S12 and S13).

Discussion

Phenotypes change over the lifetime of an organism, with development, growth, and via
interactions with the environment. Ecologists and evolutionary biologists studying natural,
contemporary systems have access to repeated observations of the same individuals from a
population, sometimes across consecutive generations, to capture information on fitness and
phenotypes (e.g. Petrullo et al. 2023). Phenotypic data from individuals of different
populations and/or related species can shed light on the relationships between adaptation on
shorter versus longer time scales, represented by the evolutionary time that has elapsed

13
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among species (e.g. De Lisle et al. 2022). A complementary but more direct approach to
accessing past phenotypes is through fossil remains. Here, we use the rich fossil record of a
lineage to study its morphology, including intra-individual, intra-population, inter-population,
temporal and interspecies variation. Our empirical system allows us to combine charting
phenotypic change using standard evolutionary models of trait evolution, characterizing trait-
fitness associations and quantifying the influence of factors associated with phenotypic

differences, including paleoclimate and competition on the same species lineage.

In general, we find that trait-fitness associations are temporally variable for some traits
(autozooid size) and quite constant for others (shape). We did not detect the trade-offs which
might be expected (between fecundity and overgrowth; fecundity and offspring size).
Competition (survival) and fecundity are different fitness components and do not show
similar trait-fitness associations. While overgrowth outcomes are highly predictable at
community level, there is no clear selective advantage at the species level. On the other hand,
temperature predicts autozooid size to some extent for the species we studied. Given the
somewhat complex empirical results we have presented, we discuss each of the traits we
studied in turn, in the context of fitness, the evolutionary community and temporal backdrop.
We then explore the implications of our findings in the light of the current literature
discussing micro- versus macroevolution, contrast between contemporary species versus
fossil species approaches, before turning to discussion of caveats necessary for interpreting

our results.

Size is plastic and likely subject to both biotic and abiotic controls

The three quantitative traits we studied are best fit to different phenomenological models of
trait evolution. Autozooid size is a trait as important ecologically and evolutionarily as body
size in solitary organisms (Peters 1983), but perhaps more analogous to leaf size in plants
(e.g. Reich et al. 1998) as autozooids are clonally replicated within a genetic individual (the
colony) and are tasked with feeding. Autozooid size is variable within a colony (see e.g. Di
Martino and Liow 2021b) and shows fluctuating colony means through the evolutionary
lifetime of Microporella agonistes (Fig. 1). With the caveat that our time series is short (Hunt
et al. 2015), the best-fit univariate phenomenological model is an unbiased random walk and
hence consistent with either fluctuating evolutionary optima or stochastic temporal changes.
These temporal fluctuations in average autozooid size are also consistent with changing

multivariate trait-fitness associations, estimated from time-interval to time-interval (Fig. 3
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and S5). There are time-intervals during which there is a detectable single optimal size, while
in others, selection seems to be disruptive where both larger and smaller autozooids are
favored. Autozooid size may not be a trait that is good at tracking selective peaks: when there
are changes in (multiple) selective pressures, populations may lag behind in autozooid size
changes. While what these selective pressures are is unclear, there is strong independent
evidence that larger relative autozooid sizes increase competitive abilities (Fig. 4, and see
Liow et al. 2016, 2017) among a changing species competition pool (Rust and Gordon 2011).
Yet, when either fecundity (Figs. 3, S4, S5) or competitive outcomes (Fig. S8) were used as a
fitness component, there were indications that both larger and smaller zooids are at a
selective advantage, which is puzzling. Simultaneously, there is no detectable advantage of
being a larger autozooid-sized M. agonistes colony with a population of conspecifics (Fig. 4).
There is also independent evidence showing that sea-water temperature contributes to the
control of autozooid size (this study and see also O’Dea and Okamura 2000; Di Martino and
Liow 2021a). Via 680, temperature is the only environmental variable accessible to us for
the Pleistocene. Temperature is statistically associated with autozooid size (Figs. 6 and S9)
but explains a rather small part of the phenotypic variation (Tables S7 and S8). Ideally, to
firmly establish a causal relationship between temperature and autozooid size, formal time-
series analyses should be implemented (Reitan and Liow 2019), but this was not possible
because of the short length of the phenotypic time series. In summary, while autozooid size is
one of the best studied phenotypic traits in cheilostome bryozoans, we are far from being able
to accurately predict autozooid size variation as multiple selective pressures and constraints

seem to be interacting in complex ways.

Ovicell size and autozooid shape each show different evolutionary patterns

Ovicell size reflects maternal investment into offspring where the size of the ovicell is
correlated with the size of the larva (Herrera et al. 1996). As in autozooid size, ovicell size
fluctuates through the evolutionary history of M. agonistes (Fig. 2). The best-fit univariate
phenomenological model is a biased random walk and hence consistent with either
directional changing evolutionary optima or stochastic temporal changes that are directional.
Ovicell sizes closer to the recent are somewhat larger than those from earlier in the
Pleistocene (Figs. 2, S2 and Table S2), however, within any time-interval, there is barely any
indication of a relationship between ovicell area and fitness (Figs. 3 and S5), consistent with
findings from an earlier study of the same genus (Di Martino and Liow 2021b). Likewise,

there is no convincing pattern for multivariate trait-fitness association between competition
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and ovicell size (Fig. S8). Our third multivariate trait was autozooid shape. An earlier study
of a different cheilostome species showed that colonies with longer autozooids were favored
(Di Martino and Liow 2021a). In Microporella, however, colonies with “average” shaped
autozooids consistently have the highest fecundity through time (Fig. 3), and this pattern of
“stabilizing selection” is consistent with the best phenomenological univariate model being
strict stasis (Fig. S2), where the variation in the data can be attributed to sampling noise.

Shape, on the other hand, has no detectable consequence for competitive outcomes (Fig. S8).

Do shorter term processes scale up to macroevolutionary patterns?

There is an ongoing discussion on whether (and when) microevolutionary processes can
predict macroevolutionary patterns (Rolland et al. 2023). While conceptual and theoretical
research can contribute to this research, empirical studies are important in helping us think
about this question. In contrast to the study of a different species of cheilostome bryozoans
from the same community (Di Martino and Liow 2021a), where shorter-term trait-fitness
associations were interpreted as not scaling up to macroevolutionary patterns, the current
study suggests that they could. With orders of magnitude more measurements generated in
part with deep-learning tools, and more data in terms of the number of time points for time
series analyses, a more nuanced picture of trait evolution on shorter (tens of thousands of
years, represented by trait-fitness associations within time intervals) to longer (hundreds of
thousands of years, represented by phenomenological evolutionary models) time scales is
emerging. However, what seems key over the lifetime of a genetic individual, such as a
relatively larger autozooid size to contribute positively to competition for resources and
survival, does not indefinitely increase, as autozooid size is kept in check by environmental
constraints (temperature) and trade-offs (smaller zooids sometimes are associated with more
fecund colonies), and conspecifics with larger zooids do not win competitions more
frequently, suggesting additional predictors of such combats (see e.g. Liow et al. 2019).
These complexities within the study system, where we have only scratched the surface,
suggest that shorter-term processes may often have limited predictive power for longer-term
outcomes (Rolland et al. 2023). Nevertheless, there are no deep conflicts among plausible
explanations over different time scales, as previously suggested in the past (Erwin 2000) with
variation accountable for by sampling noise, environment, multivariate constraints and likely

changing selective pressures.
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Stasis versus sources of variation

Eldgredge and Gould’s widely cited work on phenotypic stasis in the fossil record (Eldredge
and Gould 1972) has sparked considerable research and debate (Pennell et al. 2014) with
some of the key conflicts arising due to a mismatch between the interpretation of links
between data and conceptual frameworks. The current study adds data and insights to the
“Punc-Eq” battleground. The documented long-term temporal trait variation in our focal
species is clear and hardly exceptional among cheilostome bryozoans (Liow et al. 2017; VVoje
et al. 2020; Di Martino and Liow 2021a) and other organisms (Hunt et al. 2008; Brombacher
etal. 2017; Voje 2020). We do agree broadly that “stasis is data” (Gould 1991), finding that
one of the traits we investigate (autozooid shape in M. agonistes) best fits a model of little
change and lots of sampling noise. Yet “best-fit” is conditioned on the suite of models
applied, the length of the time series and the amount of available data per time interval, where
a fossil time series best fitting a stasis model can still exhibit significant temporal variability
(Voje 2018). Deciphering the causes of this variability, whether due to poor sampling, mixing
of temporal populations within sedimentary layers, or other factors or combinations of
factors, is challenging but with multiple lines of investigation and high-throughput
phenotyping as an aid, may be attainable, as shown by our study system.

Beyond the focal species: contrasting congenerics with distant relatives

The Microporella species in New Zealand, including those presented here, are likely to be
monophyletic (Orr et al. 2022). Given their phenotypic similarity and close phylogenetic
relationships, we expected these congenerics to respond more similarly to their past shared
environment, compared to a distinct genus, Antarctothoa that lived in the same community
over 2 million years (Di Martino and Liow 2021a). While average autozooid sizes are
consistently associated with temperature across all the Microporella examined, trait-fitness
associations differed among them, also in time (Fig. S11). In contrast, unlike Antarctothoa,
where there is selection for skinner zooids, all Microporella species we studied show
evidence for an optimal average autozooid shape (“stabilizing” selection). In general, our
results (Figs. 3, 5, S11) here are consistent with the general lack of a relationship or trade-off
between fecundity and ovicell size, a proxy for maternal investment, at least among marine
invertebrates (Marshall and Keough 2007; Di Martino and Liow 2021b).
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Caveats, challenges and opportunities

Cheilostome bryozoans are great model systems for evolutionary studies for the reasons
discussed in the introduction. In addition, their clonal nature allows us to partially account for
phenotypic plasticity that is due solely to environmental variation (Di Martino and Liow
2021b, 2022). But the clonal/colonial/sessile-as-adult lifestyle likely faces different
constraints because of the plasticity of the modular units, the possibility of survival after
partial mortality, and asexual growth as a means of population growth and spread (Sebens
2002; Gorné and Diaz 2019). While no study system is perfect for answering general
questions, diverse empirical systems can lend support to increasing our understanding of
common processes, including selection, constraints and the processes that link shorter versus
longer timescale patterns. A brief list of the caveats of the study system and approaches is
warranted. First, the trait-fitness associations we studied are reminiscent of those observed in
selection studies (Lande and Arnold 1983; Hendry and Kinnison 1999), yet the data presented
within each temporal population represent multiple generations that have experienced a
plethora of environmental pressures. The amount of time potentially represented in each of
our temporal sample does not detectably inflate phenotypic variance (Fig. S3, see also Hunt
2004). And while the shape of the multivariate trait-fitness relationships (Fig. 3) may not be
selection gradients, they do represent broad-sense selection and can indicate changing
optima. Second, even though we have greatly increased the amount of phenotypic data
available for analyses by applying automated phenotyping tools, some combinations of
species and time are still noticeably poor in data in this study, even in such a rich fossil
system. This is in part due the well-known pattern in community ecology, some species are
naturally more abundant than others, but also due to remaining bottlenecks in collecting,
processing, and analyzing fossil material. Third, a key fitness component may be missing
from our analyses, namely colony growth rate, a parameter that is almost impossible to
estimate in fossils and challenging to estimate in natural populations. Growth rates for only a
handful of cheilostome bryozoans have been compiled (Smith 2014). Fourth, while we have
performed separate analyses for the two fitness components that we identified (fecundity
versus competition as a proxy for colony survival), it might have been ideal to combine these
via population growth (Gomez-Llano et al. 2023) but population dynamics is a challenge to
estimate well (Reitan et al. 2022). Fifth, we have estimated partial mortality using discrete
outcomes of competition, yet such spatial competition could involve very varied numbers of

zooids in both parties. Last, we have assumed that in the colonies we examined each ovicell
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is used only once for the production of a single larva, but this might not hold true in all the

samples we had available.

Concluding remarks

Generation to generation survival and reproduction must contribute to the existence of a
species, but linking these to longer-term population dynamics on the geological time scales is
challenging (Reitan et al. 2022). Selection agents can be obscure even for contemporary
populations (MacColl 2011) and stabilizing selection, even on generational timescales, may
be rarer than we might have realized (Stroud et al. 2023). Non-model calcifying marine
organisms, such as cheilostome bryozoans, have a rich fossil record that allows us to peer
into past using ecological and evolutionary parameters that are equivalent to and comparable
with those commonly studied among contemporary species. Colonial organisms in addition
allow us to quantify environmental variation (Di Martino and Liow 2022), yet there are only
a handful of selection studies based on extant colonial organisms (Kenyon et al. 2020;
Burgess and Bueno 2021) leaving us to base much of our premises and assumptions in this
study on those from solitary organisms. Cheilostome bryozoans are one of our best bets for
solidifying the mechanistic and phenomenological links between micro- and macroevolution

(Rolland et al. 2023) and require more attention from evolutionary biologists.
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Figure 1: Study species and traits measured. A scanning electron micrograph shows part
of a Microporella agonistes colony (Recent, Cook Strait KAH1204.04, shell 1, colony 23;
SEM number: edm8185) and the traits measured. Outlined are the perimeter of an autozooid
(the space enclosed is the first focal trait autozooid area), and the perimeter of an ovicell (the
space enclosed is the second focal trait ovicell area). Scale bar is 500 pm. Autozooid length
(ZL) and autozooid width (ZW) are indicated on the stylized figure of a single autozooid. The
third focal trait autozooid shape is the ratio ZL/ZW.

Figure 2: Trait and fecundity variation of Microporella agonistes. A. through D. show
natural logged mean autozooid area (um?), logged mean ovicell area (um?), mean autozooid
shape (length divided by width, dimensionless), and mean colony fecundity (approximated by
ovicell per polymorph, i.e. density). Colony means (blue dots) are jittered for visibility. In A.
to C., population means and 1 standard error are shown, while in D., means and 95%
quantiles are marked. The numbers on the x axes are tags for the formations/populations
studied (see Table S1). Panel background colors delineate populations within each million-
year, with olive green (furthest right panels) indicating the Recent and Whanganui core

populations. Some colonies do not have ovicells preserved (see Table S1).

Figure 3: Model-averaged trait-fitness associations for temporal populations of M.
agonistes. Populations are ordered from top (oldest) to bottom (youngest) labeled with their
names (Shakespeare Cliff Basal Shellbed is shortened) and ages. Columns from left to right
show fecundity (ovicell density) versus mean-standardized log autozooid area measured in
um? (Az.), mean-standardized log ovicell area measured in um? (Ov.), and mean-
standardized autozooid shape (Sh.) is unitless. Grey dots are colony averages and solid
colored lines are the model averaged predictions of the multivariate trait-fitness relationships
within each population. For the ease of comparison, y-axes (ovicell density) are the same

throughout, and x-axes the same for each trait.

Figure 4: Outcomes of overgrowth competition for Microporella agonistes. A. The
binomial probability of wins, regardless of the relative autozooid size of M. agonistes in the
frontal overgrowth competition for populations. B. The binomial probability of wins, given
that M. agonistes is the larger combatant (i.e. this is a subset of A where M. agonistes has
larger autozooids). Numbers are sample sizes and vertical lines are 95% CI. Horizontal grey

dashes at 0.5 show the null expectation. The x-axes are in millions of years ago (mya).

28



Ms for Am Nat

Figure 5: Winners are not predicted by autozooid size and fecundity. Panels show
boxplots of A. autozooid size and B. fecundity for losers (L) and winners (W), see Fig. S1D
for an example. T-tests confirm that the two groups are not different, also when analyzed
population by population. C. shows that there is no trade-off between ovicell area and
fecundity. The data are in grey (all populations) and black lines show individual predictions
from 10 populations for which there are > 20 colonies for which data are available. See Sl for

details.

Figure 6: Relationship between paleoclimate and Microporella agonistes traits. Grey dots
are average trait values for colonies given mean §*80 value for each of the formations plotted
with a jitter for visibility. Black dots are mean traits for each time interval. The black line is
the prediction when other variables in the model are held constant and the grey its 95% CI for
the best models. In this figure, the Recent is excluded as 580 values are extreme compared
to the rest of the Pleistocene (but see Fig. S9 and Table S8 for plot and estimates including

data from the Recent).
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