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Plastic responses of bryozoans to ocean acidification
Daniel S. Swezey1,*, Jessica R. Bean2,3, TessaM. Hill1,2, Brian Gaylord1,4, Aaron T. Ninokawa1 and Eric Sanford1,4

ABSTRACT
Phenotypic plasticity has the potential to allow organisms to respond
rapidly to global environmental change, but the range and
effectiveness of these responses are poorly understood across taxa
and growth strategies. Colonial organisms might be particularly
resilient to environmental stressors, as organizational modularity and
successive asexual generations can allow for distinctively flexible
responses in the aggregate form. We performed laboratory
experiments to examine the effects of increasing dissolved carbon
dioxide (CO2) (i.e. ocean acidification) on the colonial bryozoan
Celleporella cornuta sampled from two source populations within a
coastal upwelling region of the northern California coast. Bryozoan
colonies were remarkably plastic under these CO2 treatments.
Colonies raised under high CO2 grew more quickly, investing less in
reproduction and producing lighter skeletons when compared with
genetically identical clones raised under current surface atmosphere
CO2 values. Bryozoans held under high CO2 conditions also changed
the Mg/Ca ratio of skeletal calcite and increased the expression of
organic coverings in new growth, which may serve as protection
against acidified water. We also observed strong differences between
source populations in reproductive investment and organic covering
reaction norms, consistent with adaptive responses to persistent
spatial variation in local oceanographic conditions. Our results
demonstrate that phenotypic plasticity and energetic trade-offs can
mediate biological responses to global environmental change, and
highlight the broad range of strategies available to colonial
organisms.

KEY WORDS: Phenotypic plasticity, Acclimatization, Colonial
growth forms, Calcification, Global environmental change, Regional
oceanography

INTRODUCTION
Evaluating the capacity of plant and animal species to acclimatize
and/or adapt to global environmental change is central to efforts to
predict the biological consequences of anthropogenic disturbances
(Jump and Penuelas, 2005; Hoffmann and Sgrò, 2011; Munday
et al., 2013). Phenotypic plasticity may play a crucial role in
buffering organisms against the deleterious effects of global
environmental change, potentially allowing time for genetic
adaptation (Chevin et al., 2010; Munday et al., 2013). Although
infrequently explored, the role of phenotypic plasticity may be

especially pronounced in clonal and colonial organisms. Colonial
organisms produce successive sets of modular units through time,
allowing for adaptive shifts in phenotypes across asexual
generations (Hughes, 2005). Units in colonies are also
interconnected, allowing for diverse strategies of resource
distribution (Alpert, 1991) and adaptive changes in allocation to
different areas of the colony in response to environmental stress
(Callaghan et al., 1992; Stuefer, 1996). Finally, colonial taxa
employ both asexual and sexual modes of reproduction, often
exhibiting distinctive flexibility in the timing and modes of
reproduction, allowing for the delay or acceleration of sexual
reproduction as a risk-spreading strategy to maximize fitness when
challenging environmental conditions prevail (Harvell and
Grosberg, 1988; Callaghan et al., 1992).

The response of an individual clonal unit to environmental
change can be dictated by a variety of biological factors, including
its position in the colony and age (Hutchings and Bradbury, 1986;
McKinney and Jackson, 1989), the level of physiological
integration of the units in the colony (Hutchings and Wijesinghe,
1997), and possibly developmental canalization, i.e. the tendency
for a given genotype to produce a fixed phenotype, regardless of
variability in the environment (Waddington, 1942). These
biological factors, along with the strength and duration of
environmental signals, determine the responses of particular units
within a colony (McKinney and Jackson, 1989; Callaghan et al.,
1992; Sánchez et al., 2007). Colonial organisms can be thought of
as variations on a single theme, with modularity and phenotypic
plasticity allowing clones in a colony to couple or decouple from the
developmental history of prior asexual generations, resulting in a
flexible aggregate form that may make the colony as a whole more
resilient to environmental stress.

In this study, we explored whether phenotypic plasticity mediates
the responses of bryozoan colonies to ocean acidification.
Bryozoans are collections of genetically identical units (termed
zooids) that are formed sequentially through time via asexual
budding. Because most bryozoans are sessile, with encrusting
species expanding laterally during growth, physiological plasticity
in response to environmental change can be observed within
colonies across the continuous time sequence of zooid growth and
development. Bryozoan colonies can also be subdivided to create
assemblages of genetically identical replicate clones, which can
then be assigned to separate treatments (Hughes and Hughes, 1986),
allowing for statistical designs where variation associated with
particular familial lineages and replicate genotypes can be included
as model variance components.

Ocean acidification and the California Current
Calcifying marine organisms are increasingly threatened by ocean
acidification (OA). The world’s oceans have absorbed at least one-
third of the anthropogenic carbon dioxide (CO2) emissions released
to the atmosphere since the beginning of the Industrial Revolution
(Sabine et al., 2004). The absorption of this CO2 has reduced
average surface water pH in the global ocean by at least 0.1 pH unitsReceived 23 May 2017; Accepted 18 September 2017
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compared with pre-industrial values, and reductions are projected to
accelerate in coming years, with a decline of 0.3–0.5 pH units by
2100 (Caldeira and Wickett, 2005).
Along portions of the west coast of North America, patterns of

wind stress and nearshore ocean circulation result in the coastal
upwelling of deep oceanic low-pH waters during spring and
summer months (Feely et al., 2008). Sensor data collected over the
last decade indicate that coastal habitats in northern California
experience periods of low-pH conditions during upwelling, with pH
values frequently dropping below 7.8, accompanied by low CaCO3

saturation states (Feely et al., 2008; Hofmann et al., 2014; Chan
et al., 2017). Paleoceanographic data suggest that similar upwelling
conditions have been a persistent feature of the northern California
Current Large Marine Ecosystem (CCLME) for thousands of years
(Jacobs et al., 2004). Moreover, models suggest that acidification of
the CCLME is expected to be one of most rapid and substantial
modern chemical changes in theworld’s surface ocean, with chronic
low-pH conditions projected by 2050 (Gruber et al., 2012).
As oceans become more acidic, the concentration of carbonate

ions in seawater decreases, potentially making the formation of
shells and skeletons more difficult for calcifying species (Orr et al.,
2005). Acidification can also alter the energetics of proton exchange
between intra- and extra-cellular compartments, incurring energetic
costs and disrupting basic cellular processes (Pörtner, 2008). Recent
results, primarily from short-term laboratory exposures, suggest that
OA negatively impacts growth and calcification in a variety of
marine taxa (Kroeker et al., 2013). However, despite the potential
for a wide array of ecological consequences (Gaylord et al., 2015),
few studies have quantified whether plastic responses in colonial
animals might reduce their susceptibility to these near-future
conditions.

Study system: California bryozoans
We studied plastic responses to OA exhibited by Celleporella
cornuta (Busk 1854), a calcified encrusting colonial bryozoan native
to intertidal and subtidal habitats of coastal California (Morris, 1980).
Celleporella cornuta colonies are derived from sexually produced
swimming larvae, which settle on benthic surfaces (typically
macroalgae) and asexually bud to produce colonies composed of
inter-connected units (zooids). Mature colonies possess both male
and female reproductive zooids, and non-sexual feeding zooids.
We conducted a long-term laboratory experiment to test the

hypothesis that although bryozoans may be sensitive to near-future
OA, they also possess a plastic capacity to manipulate colony form
and function to minimize the impacts of OA.We used lineages ofC.
cornuta clones sampled from two northern Californian populations
to test three specific predictions: (1) colonies raised under high CO2

conditions (low pH, low CaCO3 saturation state) will show reduced
growth and calcification as a result of the negative degradation
effects of OA; (2) colonies raised under high CO2 conditions will
display stress-related energetic trade-offs by varying the proportion
of zooids allocated to feeding versus reproduction as a plastic
compensatory response to OA; and (3) individuals within and
among colonies will reduce investment in calcification and alter the
mineralogical composition of skeletal calcite under high CO2

conditions as a plastic compensatory response to OA.

MATERIALS AND METHODS
Oceanographic sampling
To characterize regional trends in pH conditions experienced by
colonies in the field, we placed autonomous sensors containing

Durafet® pH electrodes (Martz et al., 2010) in the low intertidal
habitat where bryozoans were collected at our two study sites: Van
Damme State Park (VD; 39°17′3.24″N, 123°48’5.05″W) near
Mendocino, CA, USA, and the Bodega Marine Reserve (BMR; 38°
19′6.72″N, 123°4′26.88″W) in Bodega Bay, CA, USA. From 2010
to 2013, we collected simultaneous pH (total scale) and temperature
data (at 10-min intervals) at these locations during April through
September, which is when C. cornuta reproduces and recruits along
the California coast (Morris, 1976). From these sensor data, we also
calculated aragonite saturation state values (Ωaragonite), a measure of
the thermodynamic potential for CaCO3 to precipitate or dissolve in
solution, which is dependent on both the temperature of seawater
and dissolved Ca2+ and CO3

2− concentrations. We also calculated
the incidence of low CaCO3 saturation state conditions falling below
Ωaragonite<1.7, a threshold observed to be detrimental in other
temperate taxa (Barton et al., 2012; Chan et al., 2017). See
Appendix for further detail on sensor deployments and saturation
state calculations.

To quantify potential differences in phytoplankton concentrations
associated with oceanographic variation at these sites, we
determined surface chlorophyll a (chl a) concentrations at both
sites using a 16-year dataset of satellite imagery (spanning 1999–
2015). In 2013, we also collected bottle samples from shore to assess
chl a concentrations at these sites. See Appendix for further detail on
methodologies.

Collections, spawning and laboratory culture
Fifty C. cornuta colonies with gravid reproductive zooids (ovicells)
were collected on low-intertidal red algal blades (Mazzaella spp.
and Rhodymenia sp.) from BMR and VD during fall 2012. Colonies
were transported to the Bodega Marine Laboratory and spawned to
generate F1 offspring for experiments (see Appendix for spawning
and culture techniques). All experiments were approved by the
administration of the UC Davis Bodega Marine Laboratory. These
offspring were then propagated for 6 months under common garden
conditions (400 μatm CO2, 15.3°C), generating 68 reproductively
mature colonies. Two genetic clones of each genotype were then
generated by dividing colonies evenly in two, resulting in a total of
134 experimental colonies representing 68 genotypes and 20
maternal families across the two populations.

Each clone from a genetic replicate pair was then randomly
assigned to either a high-CO2 or low-CO2 treatment, such that each
replicated genotype was simultaneously exposed to both
experimental conditions. Treatments were maintained using a
custom-designed flow-through OA system (see Appendix for
system details). Colonies were photographed under a stereo
microscope (Leica M125 with a Leica DC290 camera; Leica
Microsystems, Wetzlar, Germany) to quantify the number and
condition of the zooids comprising each colony at the end of the
common garden phase. Individuals assigned to the high-CO2

treatment were then gradually exposed to reduced pH conditions by
adding 200 μatm of CO2 every other day to the air mixture
being delivered to the high-CO2 sump. This CO2 ramp was
performed for 8 days until the air mixture contained approximately
1150 μatm of CO2, generating an experimental in situ Ωaragonite of
0.98, matching partial pressure of CO2 (PCO2

) and saturation state
values experienced by field colonies during peak upwelling events
(Chan et al., 2017). After 8 weeks under the experimental
conditions, the colonies were photographed again, and colony
growth was quantified by comparing the initial and final images.
See Appendix for additional details on experimental culture
protocol.
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Analysis of colony composition and skeletal mass
To quantify changes in colony growth and reproductive investment
over the course of the 8-week experimental period (hereafter
referred to as the treatment phase), we used image analysis software
(ImageJ v1.48) to quantify zooid forms in C. cornuta colonies at
the beginning and the end of this period, following Pistevos et al.
(2011). Each zooid in each colony was classified into one of five
categories: (1) active feeding autozooids (AF), (2) degenerated
autozooids (known as ‘brown bodies’) (AB), (3) male zooids (AM),
(4) female zooids (ovicells) (O) and (5) incomplete zooids that
were still forming when the image was taken. Based on
morphological descriptions (Morris, 1980) and our observations,
we determined that C. cornuta autozooids exist in one of three
states: autozooids, with a well-developed lophophore with many
tentacles and usually a gut containing phytoplankton; a non-
feeding male state, with a reduced lophophore and developing
sperm; and a degenerated zooid state known as a brown body,
indicated by the degeneration of the lophophore and gut, leaving a
darkened remnant. In bryozoans, stressful conditions are known to
trigger the degeneration of active zooids to the brown body state as
a means of energy conservation (Gordon, 1977). Autozooids in this
species thus appear to exist in an interchangeable balance among
these three phases, and, during this study, some individual zooids
were observed to transition from feeding autozooids to males, and
then back again.
At the beginning and conclusion of the treatment phase, we also

observed and quantified the production of organic coverings on
colony autozooids (AC) and ovicells (OC) (Fig. 1). Although
previously observed in this species (Morris, 1980), this
morphological response is poorly understood. Evidence suggests
that these zooid coverings consist of both organic and calcified
components, and may be extensions of the organic cuticle (Morris,
1980; Taylor et al., 2015). At the conclusion of the experiment, we
also weighed whole colonies and regressed both organic and
ash-free carbonate mass against the final number of colony
autozooids to estimate the average organic and carbonate mass
per autozooid (see Appendix for additional methods).

Statistical analyses
Using data compiled from our photo record, we modeled five
growth response variables using a linear mixed effects model
implemented in JMP PRO v12. (1) The total number of new zooids
of all five types added during the treatment phase. (2) AB/
(AF+AM+AB): the number of zooids in a degenerated (brown body)
state in a given colony over the total number of living autozooids of
all forms. An increase in this ratio indicates a decrease in overall
colony condition. (3) log10(O+1)/[(AF+AM+AB)+1]: female
reproductive investment, or the log ratio of the number of ovicells
added during the treatment phase over the number of autozooids
added. Values of this index will increase with increasing numbers of
ovicells relative to autozooids and decreasewith increasing numbers
of autozooids relative to ovicells, and is zero for equal numbers of
either type. This index is analogous to a gonado-somatic index,
applied to growth added during the treatment phase. (4) AM/
(AM+AF): the number of males distributed throughout the entire
colony at the end of the treatment phase over the total number of
males and feeding autozooids. An increase in this ratio indicates an
increase in male reproductive investment. (5) (AC+OC)/
(AF+AM+AB+O): the ratio of zooids that grew new organic
coverings during the treatment phase. The occurrence of new
organic covering formation was quantified in both new growth
(zooids added during the treatment phase) and old growth (original
colony zooids that grew before treatment phase).

To reduce the effects of outliers, response variables were
winsorized at the 5% and 95% level for each of the four
population×CO2 groupings using the residual distributions of each
model. We performed t-tests based on residual maximum likelihood
conditional estimates of the variances to determine the significance of
each fixed effect coefficient against the other fixed effects in the
models (Pinheiro and Bates, 2000), followed by subsequent t-tests on
pairwise comparisons of the least squares means estimates for
different levels within ourmain effect structure (for full model output,
see Table S2). Where applicable, we tested model assumptions by
plotting the residuals versus the fitted values, and used Levene’s test
for homogeneity of variance, and Shapiro–Wilk test for normality.

A B

C

0.5 mm

1254 µatm

Fig. 1. Morphological changes
through time in aCelleporella cornuta
colony exposed to high CO2.
(A) Colored boxes over colony zooids
highlight changes in zooids of interest,
magnified in B and C under scanning
electron microscopy (SEM). (B) Under
high CO2, the organic cuticle is reduced,
and the calcite skeleton is exposed.
Arrow in B points to box magnifying a
region of a zooid surface where a
receding cuticle is observed, revealing
the inner calcified surfaces of exterior
walls. This phenomenon was primarily
observed in older zooid generations that
formed prior to exposure to the high CO2

treatment. (C) Later asexual generations
showed signs of acclimation, forming
new organic coverings that appear as an
elevated plane in the lower half of the
image. These layers grew and
encapsulated outer zooid surfaces after
exposure to high CO2. The small
spheres observed under SEM are likely
cyanobacteria growing on the surface of
the zooid.
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For the first response variable (total zooids added), the initial
number of resource-collecting feeding autozooids at the start of the
treatment phase was used as a covariate in our model. This covariate
was crossed with all fixed and random factors in the analysis to
account for initial differences in colonies ability to acquire food,
which might affect overall zooid production rates. Our models
partitioned variation by maternal family and clone genotypes in
each treatment, and we used this nesting structure for all applicable
analyses. Our model included the following fixed/random effects
(where R indicates model factors that were treated as random
effects): population; family [population] (R); genotype [family
[population] (R); CO2 level; CO2×population; CO2×family
[population] (R); and residual error (R).

Skeletal magnesium and thickness analysis
As the Mg content of biogenic calcite increases, skeletal
calcification becomes increasingly soluble and thus more
vulnerable to dissolution under low pH conditions (Morse et al.,
2006; Swezey et al., 2017). To test for shifts in skeletal composition
related to OA exposure, we analyzed molar magnesium to calcium
ratios (Mg/CaC) from zooid calcite, taking measurements from eight
sequentially grown zooids from a clonal replicate pair from the VD
population (n=16 zooids total). One clone was exposed to low CO2

whereas the replicate clone was exposed to the high-CO2 treatment.
At the conclusion of the experiment, each colony was embedded in
epoxy and finely polished to expose sagittal sections of zooids for
quantitative elemental spot analysis. All zooids analyzed from both
colonies were grown under the same temperature (15.3°C) during
the treatment phase. Elemental analyses were carried out using an
electron microprobe (Cameca SX-100, Gennevilliers, France). Prior
to each run, the instrument was calibrated on calcite and celestine
standards. Software (Cameca PeakSight 4.0, Gennevilliers, France)
determined standard-based corrections were then applied to the
data, and drift offsets subtracted. Mg and Ca concentrations were
quantified using 1 μm spots (15 kV, 20 nA beam) distributed evenly
across the upper rim of the primary frontal wall of each zooid. Mol%
element data were then generated from these sample points. Patterns
in the distribution of Mg in the calcified walls of autozooids from
these clones were further visualized using X-ray element maps
(Fig. 2). We also measured the thickness of the calcified walls of
zooids using scanning electron microscopy (SEM) images of the
zooid sagittal sections, measuring the thickness of walls every
40 μm along the upper rims of zooids, collecting an average of 10
measurements per zooid.

Monitoring of seawater chemistry and temperature
Throughout the experiment, we measured the pH (total scale) of
seawater in treatment sumps five times per week and sampled for
total alkalinity (TA) on three days each week. Each week, we also
recorded in situ conditions in a random sample of experimental
containers bearing individual bryozoan colonies. During the course
of the experiment, total alkalinity was sampled from our treatment
sumps via automated Gran titration (Metrohm 809 Titrando),
standardized using certified reference material from A. Dickson at
Scripps Institute of Oceanography. Temperature-corrected seawater
pH from our treatment sumps and experimental containers was
quantified using a potentiometric pH/temperature meter (Accumet
Excel XL60). Sump salinity was determined using a multi-
parameter instrument (YSI 6600V2, YSI, Yellow Springs, OH,
USA). During the treatment phase, pH was further quantified using
a Sunburst Submersible Autonomous Moored Instrument (SAMI)
spectrophotometric pH sensor that was adapted for laboratory

benchtop use. This SAMI instrument recorded pH in total scale
using spectrophotometric characterization of m-Cresol Purple. We
calibrated the Accumet XL probe measurements in total scale
(Easley and Byrne, 2012) using the total scale pH determined by the
SAMI along with the temperature and salinity of the sumps and
incoming seawater.

To verify that conditions in our treatment sumps did not vary
substantially from conditions in our experimental containers, we
measured pH once per week in 14 randomly chosen experimental
containers (seven from each treatment) using the calibrated
Accumet XL instrument. We used these total scale pH data and
sump alkalinity measurements to calculate Ωcalcite and Ωaragonite

values in containers during the 2-month experimental CO2

treatment. Before the treatment phase, we also compared the
alkalinity of the water in six to 10 randomly selected experimental
containers ( just prior to container changes) to alkalinity values in
the source sump once per week for 8 weeks. No significant
differences were found between and among sumps or containers
during these trials, and so alkalinity variation amongst containers
was assumed to be minimal during our experiment. Temperatures in
three experimental containers per manifold were recorded every
15 min using data loggers (Hobo Tidbit v2, Onset Computer,
Bourne, MA, USA). These containers received dripping seawater
from the treatment sump(s), and were distributed evenly among the
containers housing bryozoan colonies.

RESULTS
Laboratory and field variation in seawater pH, carbonate
chemistry, and chlorophyll content
Mean laboratory pH (and PCO2

) during the experiment were
calculated to be 8.04 (400 μatm) and 7.60 (1254 μatm), with
associated Ωaragonite of 2.34 and 0.98 for the low and high CO2

treatments, respectively (see Appendix, Table S1). The mean

400 µatm, 15.3°C

1254 µatm, 15.3°C

100 µm

Fig. 2. Magnesium (Mg) content of skeletal walls in sagittal sections of
Celleporella cornuta zooids from high and low CO2 treatments. Mg
concentration maps were generated using electron microprobe analyses of the
skeletal walls of individual autozooids from genetic replicates. The Mg
concentration scale to the right represents the range of X-ray counts collected
by the electron microprobe from samples, including a small proportion of
background counts. Warmer colors indicate higher Mg concentrations. Mg
concentrations in the calcite of skeletal walls were higher in zooids grown under
current atmospheric CO2 values (top) than under high CO2 (bottom). A thinning
of zooid walls is also apparent under high CO2.
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temperature in experimental containers held on the seawater table
was 15.3°C for both treatments.
VD and BMR field sites experienced 3-year average Ωaragonite

values of 1.73 and 1.92, respectively. Mean (±s.d.) pH at these sites
were similar across years (VD=7.99±0.09; BMR=8.00±0.13),
whereas mean (±s.d.) temperatures were approximately 1.5°C
cooler at VD (VD=10.25±1.28°C; BMR=11.70±1.52°C). Low
saturation states were more frequently observed at VD, with 54% of
intertidal sensor measurements falling below Ωaragonite of 1.7, as
compared with 43% at BMR.
Surface chlorophyll level estimates from our 16-year record of

satellite data differed between sites (t489=−7.286, P<0.0001), with
BMR exhibiting a mean concentration of 6.78 mg m−3 (95%
CI=6.13, 7.43), roughly double the mean of 3.36 mg m−3 observed
at VD (95% CI=2.71, 4.01). Measurements from bottle samples
taken during the summer of 2013 were consistent with this trend,
with average chl a concentrations being between 1.8 and 6.3 times
greater at BMR than VD on each monthly sample date, with an
average concentration of 13.82 mg m−3 (95% CI=10.81, 16.83) at
BMR versus 3.77 mg m−3 (95% CI=0.76, 6.78) at VD.

Effects on colony growth and skeletal mass
Under high CO2, clones from both VD and BMR populations
exhibited faster growth (more zooids added during the experiment)
than clones held under low CO2 (Fig. 3). Total zooids added varied
with the interaction terms CO2×initial autozooids and
population×initial autozooids (P=0.032 and P=0.019,
respectively) with VD–high CO2 adding more zooids compared
with all other groups (BMR–low CO2: P=0.005; BMR–high CO2:
P=0.016; VD–low CO2: P=0.047).
Colony reproductive investment varied significantly with CO2,

with investment in both female and male reproductive zooids
declining under high CO2 (P=0.003 and P=0.044, respectively;
Fig. 4). Female zooid investment was significantly reduced in VD–
high CO2 compared with VD–low CO2 (P=0.034), and BMR–high

CO2 compared with BMR–low CO2 (P=0.031). There was also
suggestive evidence that the proportion of males in colonies was
reduced in BMR–high CO2 compared with BMR–low CO2

(P=0.087), although this trend was not observed in the VD
population (P=0.235). CO2 also had a significant effect on the
percentage of degenerated zooids observed in colonies (P=0.034).
Both populations had a greater proportion of degenerated zooids
under high CO2, but significant differences between CO2 levels
were only observed in the BMR population (P=0.044).

Under low CO2, bryozoan colonies were predominantly CaCO3

with small amounts of organics which comprised approximately
15–17% of zooid mass (Fig. 5). Compared with clones in the low
CO2 treatment, high CO2 zooids from BMR contained 31% less

BMR
0

50

100

150

VD

Low CO2 High CO2
b

a

a
a

Population

Zo
oi

ds
 a

dd
ed

BMR VD

Fig. 3. Growth of Celleporella cornuta colonies under low and high CO2

treatments. Figure shows least squares groupmeans for total zooids added in
colonies from both populations during the 2-month treatment phase. Shared
letters indicate group means that are not significantly different based on
means comparisons of least squares group estimates (P>0.05). Error bars are
±1 s.e.m. BMR, Bodega Marine Reserve; VD, Van Damme State Park.
Sample sizes: VD–high CO2 n=38, VD–low CO2 n=39, BMR–high CO2 n=28,
BMR–low CO2 n=29.
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Fig. 4. Differences in reproductive investment in Celleporella cornuta
under low and high CO2. (A) The proportion of zooids added that were non-
feeding female ovicells at the end of the treatment phase. (B) The proportion of
non-feeding males amongst non-degenerated autozooids in the colonies.
Under high CO2, a reduction in ovicell investment (after accounting for the
number of autozooids produced) and a declining proportion of males in
colonies was observed in both populations. Shared letters indicate group
means that are not significantly different based onmeans comparisons of least
squares group estimates (P>0.05). Error bars are ±1 s.e.m. Sample sizes: VD–
high CO2 n=38, VD–low CO2 n=39, BMR–high CO2 n=28, BMR–low CO2

n=29.

4403

RESEARCH ARTICLE Journal of Experimental Biology (2017) 220, 4399-4409 doi:10.1242/jeb.163436

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



CaCO3, and high CO2 zooids from VD contained 12.3% less
CaCO3. BMR zooids also possessed 10.3% less organic mass under
high CO2 compared with low CO2 (P=0.042). CaCO3 content
varied significantly with population (P=0.003), CO2 (P=0.040),
autozooids (P<0.0001), population×autozooids (P<0.0001) and
CO2×autozooids (P<0.0001), with CaCO3 content differing
between high and low CO2 levels within each population (BMR:
P<0.0001; VD: P<0.0001). Under low CO2, BMR colonies were
significantly heavier than VD colonies in terms of both CaCO3

(P=0.028) and organic mass (P=0.024). CaCO3 masses were not
significantly different between BMR and VD colonies held under
high CO2 (P=0.116)

Effects on skeletal magnesium and thickness
Bryozoan zooids from VD reared under high CO2 exhibited 23.5%
lower Mg/CaC ratios compared with those grown under low
CO2 conditions (P=0.0007; mean ratios=0.027 versus 0.035;
s.e.m.=0.001, both treatments). Zooids grown under high CO2

conditions also had thinner skeletal walls (P=0.059) than those from
low CO2 treatments, with the mean thickness of the primary frontal
wall being reduced by 23.5% from 7.58 to 5.80 μm.

Organic covering response
The proportion of zooids exhibiting new organic coverings varied
significantly with CO2 treatment (P<0.0001), and both populations
formed more organic coverings under high versus low CO2

conditions (all pairwise comparisons, P<0.0001). For colonies in
the high CO2 treatment, organic coverings were 1.8 times more
common in new zooids formed under high CO2 compared with
older zooids formed during the common garden period (P<0.0001).
Colonies from VD raised under high CO2 exhibited 5.3 times the
number of organic coverings in zooids added during the treatment

phase as compared with zooids that formed prior to high CO2

exposure (P<0.0001). Colonies from VD had 2.1 times the number
of zooids exhibiting organic covering formation in the high CO2

treatment compared with colonies from BMR in the high CO2

treatment (P=0.0006) and a 31% increase overall in the relative
proportion of treatment phase zooids exhibiting this response under
high CO2 compared with BMR (P=0.003).

Dissolution observations
Under high CO2, we observed dissolution of the organic cuticle
(Taylor et al., 2015) and possibly portions of the exterior calcified
walls of zooids that were grown prior to exposure to the high CO2

treatment (Fig. 1). Organic cuticle and the exterior walls of these
zooids gradually receded through time, revealing the inner calcified
layers of exterior walls. Sinuous remnants of the organic cuticle
were observed on the surfaces of older zooids under SEM,
indicating that the exterior organic framework of these zooids had
broken down under high CO2 conditions.

DISCUSSION
Our study demonstrates that native colonial bryozoans distributed
along the northern California coast exhibit a surprisingly broad
array of plastic responses to environmental change. In contrast to our
initial prediction, we found that bryozoans grew faster under high
CO2 conditions. As discussed below, we observed that increases in
overall growth were associated with shifts in the structure and
composition of zooid skeletons and the proportion of reproductive
zooids within colonies, reflecting the plastic nature of calcification
and energy allocation in this colonial species (consistent with
predictions 2 and 3; see Introduction).

Plasticity in reproductive investment
Life-history theory suggests that when resources are limited,
organisms may balance investments in somatic maintenance (e.g.
metabolism, physiological processes, immunity, repair functions)
with investment in growth and reproduction (Roff, 1993; Stearns,
1992). Reproduction is energetically costly and is viewed as the
most expensive life-history investment and trade-off in terms of the
cost to future survival and fitness (Stearns, 1992). The effects of
stress on reproduction have been widely documented in solitary
organisms living in a variety of ecosystems (Schreck et al., 2001;
Moore and Jessop, 2003; Petes et al., 2008; Fitzer et al., 2012),
whereas the manner in which these life-history trade-offs manifest
in colonial species is poorly understood.

In a short-term study, Pistevos et al. (2011) documented that
reproductive investment in colonies of the European bryozoan
Celleporella hyalina increased under increasing temperatures and
decreasing pH. In the present study, we found the opposite pattern in
C. cornuta from the northern California coast, with new colonial
growth under high CO2 being characterized by increased investment
in feeding zooids relative to non-feeding reproductive zooids (both
female and male). This outcome may represent a novel strategy in
Celleporella populations adapted to episodic coastal upwelling,
whereby colonies attempt to compensate for energetic stress related
to periods of low pH by reallocating resources away from
reproduction and into the growth of feeding autozooids to
enhance caloric intake. Recent work indicates that increasing
caloric intake may partially offset reductions in growth and
calcification in other species under elevated CO2 (Kroeker et al.,
2016; Swezey et al., 2017). While this strategy might boost colony
growth rates during episodic upwelling events, it may not convey a
fitness benefit to bryozoans exposed to prolonged periods of low
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Fig. 5. Changes in the CaCO3 and organic components of colony
autozooids based on mass regressions under high and low CO2. Light
bars represent mean autozooid mass for organic components of zooids while
dark bars represent mean CaCO3 mass, each derived from linear regressions
of whole colony mass against number of colony autozooids. Under high CO2,
zooids from both populations were composed of significantly less CaCO3,
while Bodega also showed a reduction in organic mass. Shared letters indicate
group means that are not significantly different based on means comparisons
of least squares group estimates (P>0.05). Error bars are ±1 s.e.m. Sample
sizes: VD–high CO2 n=32, VD–low CO2 n=34, BMR–high CO2 n=24, BMR–
low CO2 n=24.
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saturation state conditions, as is expected to occur in the future
ocean as low pH conditions become the norm (Gruber et al., 2012).

Adaptive alterations of zooid morphology
We also observed changes in the observed frequency of organic
coverings, with a striking shift towards increased organic coverings
in new generations of zooids formed by asexual budding under
acidified conditions. We hypothesize that these organic coverings
serve a protective function in C. cornuta, potentially reducing
carbonate dissolution, as has been postulated for other bryozoan
species (Lombardi et al., 2011). The heavy investment in organic
coverings observed in younger generations of zooids could reflect
either developmental canalization or adaptive energy partitioning.
In the first case, it is possible that new zooids have morphological
flexibility, whereas the formation of new organic coverings is rare or
impossible in older zooids after they pass a critical stage of
development and growth. Alternatively, the distribution of organic
coverings under high CO2 may reflect an energetic trade-off, with
colonies exposed to stressful conditions actively diverting resources
from older zooids (whose cuticles appear to deteriorate through
time) to the formation of organic coverings in the younger portions
of the colony. Such patterns of resource diversion to younger clonal
generations are commonly observed in clonal plants (Alpert, 1991;
Hutchings and Wijesinghe, 1997) and may be analogous to other
patterns of resource translocation in invertebrates (Hughes, 2005).

Shifts in zooid calcification
While calcification pathways in bryozoans are diverse and
mechanistically complex (Smith et al., 2006; Taylor et al., 2015),
our mineralogical analyses revealed that C. cornuta colonies are
constructed of low magnesium calcite (Mg/CaC=0.035). Given the
temperature and alkalinity values maintained in our experiment,
PCO2

values of approximately 1700 μatm would be needed to induce
kinetic dissolution of calcite in this species based on generalized
solubility relationships for biogenic calcites with Mg/CaC=0.03
(Ries, 2011). Nevertheless, we saw significant decreases in colony
carbonate mass under our treatment condition of 1254 μatm CO2. If
we assume that the carbonate masses of zooids laid down before the
treatment phase were unaffected by high CO2, as predicted by
solubility curves for low Mg-calcite, new zooids in these colonies
would need to be 46.5% and 43.9% lighter for BMR and VD,
respectively, to account for observed reductions in total colony mass
under high CO2. The fact that zooids were thinner under high CO2

suggests that this bryozoan can plastically reduce its investment in
calcification under high CO2, consistent with our third prediction.
This trend might be related to the ability of C. cornuta to modulate
the Mg content of zooid calcification under changing pH
environments by apparently reducing the solubility of this
material through the downregulation of skeletal Mg (Fig. 2).
Recent work has documented similar plastic shifts in the
mineralogical composition of gastropod shells under OA
conditions, associated with a trade-off in inner shell density
leading to the production of less dense but harder shells (Leung
et al., 2017). In our study system, the full ecological implications of
this downregulation of zooid mass and mineralogical change remain
to be determined.

Adaptive divergence in colonial responses
Our long-term laboratory trials indicate that C. cornuta exhibits a
variety of plastic responses to simulated future OA (Table 1), and
that the nature of these plastic responses differs between the two
populations examined. Although studies of additional replicate

populations are needed, our findings are consistent with local
adaptation to persistent oceanographic differences between these
sites (Sanford and Kelly, 2011). Whereas both of our sites are within
the upwelling zone of northern California, VD lies within a
recognized center of upwelling, immediately south of Cape
Mendocino (Magnell et al., 1990; Feely et al., 2008). Our field
sensor data indicate that intertidal habitats at VD receive more
consistent upwelling compared with BMR, resulting in more
frequent exposure to low Ωaragonite values at VD. VD is also
characterized by significantly lower phytoplankton abundances than
observed at BMR. This observation is consistent with trends
observed at other centers of persistent upwelling activity, where
upwelled waters just reaching the surface frequently move away
from the coast before the development of large phytoplankton
blooms (Pitcher et al., 2010). Thus, counter-gradient selection
imposed by the low-food environment could favor VD bryozoans
that can more efficiently convert normally limited energy into
colony growth and maintenance through metabolic upregulation.
New growth in VD colonies also showed a greater expression of
organic coverings, which may protect against skeletal dissolution
under acidified conditions, consistent with adaptation to greater
CO2 stress. Further, under low CO2 conditions, VD colony
autozooids were significantly lighter than colony autozooids from
BMR (Fig. 5). VD colonies also showed a modest 12.3% reduction
in carbonate mass under high CO2 conditions while BMR colonies
exhibited a 31% reduction. This suggests that colonies from VD
may have adapted to recurring regional exposure to high CO2

conditions by reducing overall investment in skeletal calcification,
and they appear to be less affected by OA overall. In contrast,
colonies from BMR, which may be adapted to higher food and
lower CO2 levels, grew more slowly and built zooids that were 23%
heavier than those from VD under low CO2 conditions. Colonies
from BMR also showed an increased incidence of zooid
degeneration under high CO2 and a reduction in the average
organic mass of zooids, changes that were not observed in VD
colonies under these conditions, suggesting that under high CO2,
BMR colonies experience greater stress and physiological
impairment.

Responses of colonial organisms to global environmental
change
Coupled with prior studies, our results suggest that colonial
organisms can employ a broad range of plastic responses that may
afford special resilience to global environmental change. Analogous
to our findings from bryozoans, physiological integration between
the connected units of clonal plants has been shown to increase
performance under challenging soil conditions and fluctuating

Table 1. Summary of directional population responses under high CO2

Growth
characteristic

Bodega (moderate
upwelling)

Van Damme (high
upwelling)

Zooids added ⇡ ↑*
Female investment ↓ ↓
Male investment ⇣ ⇣
Zooid degeneration ↑ ⇡
Organic coverings ↑ ↑*
Carbonate mass ↓ ↓
Organic mass ↓ ⇣

Solid bold arrows indicate a significant (P<0.05) change under high CO2 within
a population, while dashed arrows represent non-significant directional
changes. Asterisks indicate a significant difference between population
responses under high CO2.
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levels of resource availability (Alpert, 1991; Price and Marshall,
1999; Roiloa and Retuerto, 2006). In these species, clonal units held
in favorable microhabitats were able to provide nutrients and other
resources to developing or stressed clones elsewhere in the colony.
Studies of clonal plants have also documented shifts in the growth
and identity of modular units in response to changing environmental
conditions (Callaghan et al., 1992; Van Kleunen and Fischer, 2001),
including resource diversions to vegetative tiller production and
changes in allocations to sexual reproduction under simulated
climate change (Stenström and Jónsdóttir, 1997; Jónsdóttir et al.,
2005). Many colonial taxa, ranging from clonal plants to colonial
marine invertebrates, show special flexibility in the timing of
investment in reproduction, delaying or reducing investments in
sexual reproduction when unfavorable conditions persist (Harvell
and Grosberg, 1988). For example, some species of clonal plants
possess a relatively fluid ability to shift resources towards or away
from sexual reproduction with changes in prevailing temperatures,
light levels and soil moisture content (Abrahamson, 1980;
Stenström and Jónsdóttir, 1997). Our findings from bryozoans
may therefore reflect general responses to environmental change
that are representative of strategies observed in a much broader
range of colonial taxa.
While assessments of standing level genetic variation and

associated phenotypic diversity within species will continue to
play a key role in predicting adaptive capacity under OA (Pespeni
et al., 2013; Kim et al., 2013), our results also emphasize the
importance of phenotypic plasticity in mediating responses to
global environmental change, and particularly highlight the diverse
strategies that may frequently be available to species with colonial
growth forms. Although these plastic responses may partially buffer
some colonial species against environmental changes, further
studies are needed to fully understand the long-term demographic
and ecological consequences of such shifts in morphology, colony
function and reproductive investment. Our findings provide a
cautionary note about the complexity of responses to global change,
and add to recent calls (Chevin et al., 2010; Munday et al., 2013) for
greater attention to the role that plasticity will play in mediating the
responses of natural populations to global change.

APPENDIX
Field sensor deployments
We deployed custom-designed Durafet® pH sensors (Martz et al.,
2010) adjacent to our bryozoan collection areas in the low-intertidal
zone at Van Damme State Park (VD) and the Bodega Marine
Reserve (BMR). Sensors were deployed from April to September of
2011–2013, recorded pH and temperature at 10-min intervals, and
were typically returned to the laboratory every 4 to 8 weeks for
maintenance and calibration. To identify potential anomalies,
seawater bottle samples were taken for comparison with sensor
records monthly at BMR and every other month at VD. Samples
were preserved using HgCl2, and pH, dissolved inorganic carbon
(DIC) and total alkalinity (TA) of these samples were analyzed.
Prior to re-deployment, each sensor unit was calibrated against both
seawater and/or TRIS-based certified reference material provided by
A. Dickson, Scripps Institute of Oceanography (La Jolla, CA,
USA). Tidal height time series were used to identify when the
sensors were exposed to air at low tide, and values from these
periods were removed from the pH and temperature datasets.
Occasional data spikes were removed using a ±4 standard deviation
window filter. Ωaragonite values from our results were calculated
using the carbonate system software CO2SYS (Lewis and Wallace,
1998) by defining pH and temperature data as input variables, using

an average salinity value of 33.5, and an average total alkalinity of
2200 μmol kg–1. These salinity and alkalinity values were chosen
based on local averages common at these sites as observed by the
Ocean Margin Ecosystems Group for Acidification Studies
(OMEGAS) consortium (Chan et al., 2017).

Analysis of chlorophyll concentrations from satellite data
We determined surface chl a concentrations at our two study sites
using publicly available satellite imagery data collected by the
Scripps Institution of Oceanography photobiology group (http://
spg.ucsd.edu). We selected points forming a 1.75 km radius around
our study locales, and merged data from SeaWiFS,MODIS, MERIS
and VIIRS sensors, and calculated chl a concentrations with
standard algorithms (Kahru et al., 2012). We generated average
monthly sea surface chl a concentrations in 15-day increments
during the months of April to October from 1998 to 2014. Pixel
resolution of points analyzed was set at 1 km, and we included all
cells where the center of the cell fell inside a 1.75 km radius.

Quantification of chlorophyll concentrations from bottle
samples
To verify that the chl a concentrations at our two intertidal sites were
accurately characterized by the satellite dataset, we alsomeasured chl a
concentrations in water samples from each location. On sampling
dates, we collectedwater in acid-washed opaqueHDPE sample bottles
(250 ml) attached to a 2 m sampling pole. The bottle was rinsed in
seawater three times, and then the sample was collected from ∼1 m
below the surface of the water. A volume of 50 ml of seawater was
immediately filtered from the bottles using 3 μm pore size combusted
Whatman glass fiber filters (GF/F) at a low vacuum pressure
(<5 mm Hg). Filters were placed in tubes and immediately frozen at
−20°C for transport to the laboratory, where theywere stored at−80°C
until further processing. Samples were extracted for 12 h in 90%
HPLC acetone held in darkness at −20°C. Chl a concentrations were
then determined using a Turner Designs Model TD 70 fluorometer,
following established methods (Aminot and Rey, 2000).

Spawning and culturing protocol
Celleporella cornuta colonies with gravid female reproductive
zooids (ovicells) were collected on low-intertidal red algal blades
(Mazzaella spp. and Rhodymenia sp.) from BMR and VD on 31
October 2012 and 11 November 2012, respectively. Colonies were
transported to the Bodega Marine Laboratory for spawning, and
each colony was placed at the bottom of an individual 120 ml plastic
container (Starplex Scientific Leak Buster™) filled with 40 ml of
10 μm filtered UV-treated seawater (pre-equilibrated to
400 µatm CO2, 15°C, pH=8.04). To prevent the settlement of
coronate larvae on the algal substrate bearing the parent colony,
algal blade material surrounding each colony was carefully trimmed
away prior to the placement of colonies onto the bottoms of
individual containers. To ensure that larvae settled onto transferable
surfaces, the inner walls of each container were lined with acetate
sheeting (Manríquez et al., 2001). Acetate sheets were conditioned
under unfiltered running seawater for 2 weeks prior to use as
settlement substrate. Containers with colonies were placed in a
temperature-controlled incubator held at 15°C. Each container
received aeration from an individual airline delivering ambient
room air (390 μatm CO2).

Following an initial 24-h exposure to darkness, colonies were
exposed for 13 days to a 12 h:12 h light:dark cycle, using overhead
fluorescent lighting in the temperature-controlled incubator to
induce the episodic release of swimming coronate larvae. Larvae
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settled on the experimental acetate substrate within 24 h of release
from ovicells (D.S.S., personal observation). Parent colonies and
experimental substrates with newly settled founding zooids
(ancestrula) were transferred every other day into clean containers
filled with pre-equilibrated filtered seawater held at 15°C. Unsettled
larvae still swimming at the time of water changes were individually
collected using a glass Pasteur pipette and transferred to the new
containers along with individual parent colonies. Following each
water change, concentrated suspensions of the live microalgae
Rhodomonas sp. and Isochrysis galbana (approximately
30 cells μl−1, with 15 cells μl−1 of each species) were fed to
colonies in each container.
At the end of the 13-day light:dark spawning period, sections of

acetate sheeting bearing individual newly settled colonies
(approximately two to five zooids in size) were removed and
affixed to 5×5 cm polycarbonate squares using a pinpoint drop of
cyanoacrylate (Manríquez et al., 2001). Each polycarbonate square
had been previously attached to a polycarbonate tube suspended
from the lid of a new 120 ml sample container. Each colony was
oriented vertically in the center of each container to reduce the
buildup of colony feces. Individual colonies in experimental
containers were then transferred to our flow-through CO2 system,
and the colonies were reproductively isolated for the remainder of
the experiment.
Live algal cultures of the phytoplankton species Rhodomonas sp.

and I. galbana were continuously maintained at the Bodega Marine
Laboratory during the course of the experiment in order to feed
colonies. During feedings, aliquots of these cultureswere centrifuged
at low speed and algal cells were re-suspended in 0.35 μm filtered
seawater to create concentrated solutions. A hemocytometer was
used to quantify algal cell concentrations, and this solution was
added proportionately to experimental containers. Water delivery
pumps were shut off for 1 h during each feeding to allow colonies
time to filter feed at these high cell concentrations before resuming
water flow in the system. All experimental containers were replaced
with clean containers weekly to reduce the accumulation of dead
algal cells. Every 2 weeks, each colony was removed and cleaned
gently with a soft artist’s brush to prevent surface fouling. Between
each cleaning, brushes were immersed in distilled water for a
minimum of 5 min and then rinsed with filtered seawater to reduce
the possibility of live sperm transfer between colonies.

Flow-through CO2 culturing system
Temperature control of experimental containers in our flow-through
system was maintained by partially immersing the bottom half of
the experimental containers in controlled water baths. Each bath had
aquarium pumps to recirculate water past titanium 500 W heaters
(Jehmco TSHW-500-20). The water baths were held at
approximately 15°C using individual temperature controllers
(OMEGA Engineering CN76020) linked to heaters. Overhead
PVC manifolds delivered water to each container via individual
3.2 mm plastic tubing lines, and each tube terminated in an
irrigation dipper (0.95 liters h−1, Drip Works Miniquart Drippers).
Drippers were held flush with the bottom of experimental containers
to create directional water flow from the bottom to the top of each
container, facilitating suspension of algal cells for bryozoan filter
feeding. Containers were sealed with threaded plastic lids, each of
which possessed an embedded dripping tube, allowing for visual
verification of water flow through the experimental containers.
Dripper function and water flow in each experimental container was
assessed daily, and any drippers showing reduced flow rates were
immediately replaced.

Treatment seawater was delivered to two overhead manifolds
using two aquarium pumps (Lifegard Quiet One 3000), each
drawing from a sump receiving a continuous supply of filtered UV-
treated seawater and treatment gas. Sump 1 (680 liter capacity)
received a constant delivery of 25 standard liters per minute (SLPM)
treatment air mix at 350 μatm CO2. Carbon dioxide concentrations
were quantified using an infrared CO2 gas analyzer (S151, Qubit
Systems). Sump 2 (340 liters) received a constant supply of
1150 μatm CO2 treatment air delivered at 35 SLPM. Air was
mixed with treatment seawater using sets of fine bubble diffusers
(Membrane Check Valve Fine Bubble Diffuser, Cole Parmer). The
temperature of each sump was held at 15°C, regulated using 1000-
W titanium aquarium heaters attached to OMEGA controllers, and
water was circulated using submersible pumps. Incoming
unequilibrated 10 μm filtered UV-treated seawater was delivered
continuously to each sump at approximately 1.5 SLPM.

Treatment air delivered to each sump was generated by blending
dry CO2-free air with pure CO2 gas using pairs of digital mass flow
controllers (MFC) for both air (SmartTrak 50C, 0–50 l min−1,
Sierra Instruments) and CO2 [SmartTrak 50C, 0–100 sccm
(standard cubic centimeters per minute), Sierra Instruments].
CO2-free air was supplied to the air MFCs by delivering
atmospheric air to an air dryer/CO2 scrubber (CAS2, Puregas
LLC) using two linked, oil-free air compressors (Thomas
1207PK80). Pure CO2 was supplied to MFCs using a high-
pressure industrial cylinder of pure CO2 (Airgas LLC Pure Clean
CO2). Flows of both gases were set digitally via a laptop computer
and mixed in individual lines, such that custom atmospheric values
could be created by digitally turning flows of either gas up or down
relative to one another to create and then deliver the desired
treatment gas level to the fine bubble diffusers in the sumps.

Quantifying mass
Prior to weighing, live bryozoan colonies were removed from the
experimental apparatus, immersed in distilled water and brushed
clean. Surface water was then gently removed using Kimwipes and
colonies were carefully scraped from their acetate growing surfaces
into individual pre-weighed foil weigh boats (pre-ashed at 500°C for
3 h). Colonies were left to dry for 24 h at 30°C and then weighed on a
microbalance (Sartorius Ultramicro) to determine their total mass,
which included organic and carbonate components of colony zooids.
Colonies in weigh boats were then placed in crucibles in a muffle
furnace (Thermo Scientific FB1415M) and heated to 460°C for 4 h
to volatilize organic components of colony zooids. Colonies were
then re-weighed to determine their total carbonate skeletal mass.

The organic component mass of each colony was calculated by
subtracting final colony carbonate mass from initial total colony
mass. We then performed linear regressions of zooid counts against
carbonate and organic mass. Outliers were identified and excluded
using jackknife distances for each population×CO2 group at the 0.05
level (using either organic or carbonate mass with ovicells and
autozooids as multivariate factors). Ovicells were a non-significant
predictor of colony mass in individual population×CO2 regressions,
while number of autozooids was highly significant (all P<0.0001),
so end autozooid number was used as the independent variable in
colony mass regressions.
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Table S1.  Experimental chemistry conditions.  

Mean carbonate system parameter values, 95% confidence intervals and significance of 

difference between low and high CO2 treatments during the course of the study.  Partial pressure 

of CO2 (pCO
2calc

), aragonite and calcite saturation state (Ω
aragonite/calcite) and total dissolved

inorganic carbon (DICcalc) were calculated from the measured values of total alkalinity (TA), pH 

total (pHT), temperature and salinity.  The significance of differences between CO2 treatments 

were assessed using Student’s t-test. 

Sea Water 
Property 

Low CO2 High CO2 Significance 

Temperature (°C) 15.308 (15.305, 
15.312) 

15.319 (15.316, 
15.323) 

P<0.0001 

Salinity 33.72 (33.619, 
33.821) 

33.71 (33.635, 
33.791) 

P=0.3669 

TA (μmol kgsw
-1) 2249 (2245, 2253) 2250 (2246, 2254) P=0.7388 

DICcalc (μmol kgsw
-1) 2221 (2216, 2226) 2315 (2309, 2322) P<0.0001 

pHT 8.04 (8.03, 8.06) 7.60 (7.58, 7.63) P<0.0001 

pCO2CALC 400 (389, 412) 1254 (1213, 1296) P<0.0001 

Ωaragonite 2.34 (2.29, 2.40) .98 (.90, 1.07) P<0.0001 

Ωcalcite 3.65 (3.57, 3.74) 1.53 (1.40, 1.66) P<0.0001 
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13.
89 

72.3
4 

130.
63  

BMR Low 
- VD High 
CO2 -53.85 

18.
46 

46.
90 

-
2.92 

0.00

5* 

-
90.9

9 

-
16.7

2 

 

BMR 
High 
CO2 108.46 

14.
42 

78.1
9 

138.
74  

BMR High 
- VD High 
CO2 -46.88 

18.
86 

46.
90 

-
2.49 

0.01
6* 

-
84.8

2 -8.94 

 
VD Low 
CO2 131.11 

12.
32 

103.
83 

158.
39  

VD Low - 
VD High 
CO2 -24.23 

11.
90 

46.
90 

-
2.04 

0.04
7* 

-
48.1

7 -0.29 

 
VD High 
CO2 155.34 

12.
16 

128.
41 

182.
28  

BMR Low 
- VD Low 
CO2 -29.62 

18.
56 

46.
90 

-
1.60 

0.11
7 

-
66.9

7 7.73 

       

BMR High 
- VD Low 
CO2 -22.65 

18.
96 

46.
90 

-
1.19 

0.23
8 

-
60.7

9 
15.5

0 

       

BMR Low- 
BMR High 
CO2 -6.98 

13.
49 

46.
90 

-
0.52 

0.60
7 

-
34.1

1 
20.1

6 
Female 
Investm
ent:             
log

10 
(O+1)/([
AF + AM + 
AB]+1):                

 
BMR 
Low CO2 -0.66 

0.0
5 -0.77 -0.55  

BMR Low-
BMR High 
CO2 0.12 

0.0
5 

21.
00 2.30 

0.03
1* 0.01 0.23 

 

BMR 
High 
CO2 -0.78 

0.0
5 -0.89 -0.67  

VD Low-
VD High 
CO2 0.11 

0.0
4 

13.
90 2.35 

0.03
4* 0.01 0.21 

 
VD Low 
CO2 -0.67 

0.0
4 -0.77 -0.58  

BMR Low-
VD High 
CO2 0.12 

0.0
7 

25.
10 1.78 

0.08
7 -0.01 0.27 

 
VD High 
CO2 -0.79 

0.0
4 -0.88 -0.69  

BMR 
High-VD 
Low CO2 -0.10 

0.0
7 

25.
50 

-
1.52 

0.14
1 -0.25 0.03 

       

BMR Low-
VD Low 
CO2 0.01 

0.0
7 

25.
10 0.20 

0.84
5 -0.13 0.15 
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BMR 
High-VD 
High CO2 0.004 

0.0
7 

25.
50 0.06 

0.95
4 -0.14 0.14 

Male 
Investm
ent: 
AM/(AM+
AF):                

 
BMR 
Low CO2 0.41 

0.0
3 0.35 0.47  

BMR Low 
- VD High 
CO2 0.08 

0.0
4 

18.
77 2.08 

0.05
1 0.01 0.16 

 Co 0.36 
0.0

3 0.30 0.42  

BMR Low 
- BMR 
High CO2 0.05 

0.0
3 

18.
77 1.80 

0.08
7 -0.01 0.12 

 
VD Low 
CO2 0.36 

0.0
3 0.31 0.42  

VD Low - 
VD High 
CO2 0.03 

0.0
3 

18.
77 1.23 

0.23
5 -0.02 0.09 

 
VD High 
CO2 0.33 

0.0
3 0.28 0.38  

BMR Low- 
VD Low 
CO2 0.05 

0.0
4 

18.
77 1.20 

0.24
5 -0.03 0.13 

       

BMR High 
- VD High 
CO2 0.03 

0.0
4 

18.
77 0.68 

0.50
6 -0.05 0.11 

       

BMR High 
- VD Low 
CO2 -0.01 

0.0
4 

18.
77 

-
0.21 

0.83
7 -0.09 0.07 

Degene
rated 
Zooid %               

 
BMR 
Low CO2 0.19 

0.0
2 0.15 0.24  

BMR Low 
- BMR 
High CO2 -0.05 

0.0
2 

17.
50 

-
2.17 

0.04
4* -0.09 0.01 

 

BMR 
High 
CO2 0.24 

0.0
2 0.19 0.29  

BMR Low 
- VD High 
CO2 -0.05 

0.0
3 

17.
50 

-
1.78 

0.09
1 -0.12 0.01 

 
VD Low 
CO2 0.23 

0.0
2 0.19 0.27  

BMR Low 
- VD Low 
CO2 -0.04 

0.0
3 

17.
50 

-
1.19 

0.24
9 -0.10 0.03 

 
VD High 
CO2 0.25 

0.0
2 0.20 0.29  

VD Low - 
VD High 
CO2 -0.02 

0.0
2 

17.
50 

-
1.00 

0.33
2 -0.06 0.02 

       

BMR High 
- VD Low 
CO2 0.01 

0.0
3 

17.
50 0.31 

0.75
7 -0.06 0.07 

       

BMR High 
- VD High 
CO2 -0.01 

0.0
3 

17.
50 

-
0.28 

0.78
0 -0.07 0.06 

Colony 
CaCO3 
Weight 
(10-5 g)               

 
BMR 
Low CO2 64.49 

2.1
1 

60.1
8 

68.8
1  

VD Low- 
VD High 
CO2 11.01 

2.0
0 

29.
17 5.49 

<0.0
01* 6.91 

15.1
1 

 

BMR 
High 
CO2 51.69 

2.1
8 

47.2
3 

56.1
5  

BMR Low 
- BMR 
High CO2 12.80 

2.0
3 

29.
17 6.31 

<0.0
01* 8.66 

16.9
5 

 
VD Low 
CO2 57.96 

1.9
9 

53.8
1 

62.1
0  

BMR Low 
- VD High 
CO2 17.54 

2.8
8 

29.
17 6.09 

<0.0
01* 

11.6
6 

23.4
3 

 
VD High 
CO2 46.95 

2.0
8 

42.6
8 

51.2
2  

BMR Low 
- VD Low 
CO2 6.54 

2.8
3 

29.
17 2.31 

0.02
8* 0.75 

12.3
2 

       BMR High -6.27 2.8 29. - 0.03 - -0.38 
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- VD Low 
CO2 

8 17 2.18 7* 12.1
6 

       

BMR High 
- VD High 
CO2 4.74 

2.9
3 

29.
17 1.62 

0.11
6 -1.25 

10.7
3 

Colony 
Organic 
Weight 
(10-5 g)               

 
BMR 
Low CO2 16.86 

2.3
5 

12.1
9 

21.5
3  

BMR Low 
- VD High 
CO2 7.64 

3.0
2 

88.
0 2.53 

0.01
3* 1.60 

13.6
5 

 

BMR 
High 
CO2 10.06 

2.3
12 5.47 

14.6
6  

BMR Low 
- BMR 
High CO2 6.80 

3.3
0 

88.
0 2.06 

0.04
2* 0.24 

13.3
5 

 
VD Low 
CO2 9.96 

1.8
6 6.26 

13.6
6  

BMR Low 
– VD Low 
CO2 6.90 

3.0
0 

88.
0 2.30 

0.02
4* 0.94 

12.8
6 

 
VD High 
CO2 9.22 1.9 5.45 

12.9
9  

BMR High 
- VD High 
CO2 0.84 

2.9
9 

88.
0 0.28 

0.77
8 -5.10 6.79 

       

VD Low - 
VD High 
CO2 0.74 

2.6
6 

88.
0 0.28 

0.78
2 -4.50 6.03 

       

BMR High 
- VD Low 
CO2 0.11 

2.9
7 

88.
0 0.04 

0.97
2 -5.80 6.01 

% of 
Zooids 
with 
Organic 
Coverin
gs               

 
BMR 
Low CO2 0.01 

0.0
1 -0.01 0.02  

BMR Low 
- VD High 
CO2 -0.09 

0.0
1 

19.
16 

-
10.9

7 
<0.0
01* -0.10 -0.07 

 

BMR 
High 
CO2 0.09 

0.0
1 0.08 0.10  

BMR Low 
- BMR 
High CO2 -0.08 

0.0
1 

19.
16 

-
9.69 

<0.0
01* -0.10 -0.07 

 
VD Low 
CO2 0.01 0 0 0.02  

VD Low - 
VD High 
CO2 -0.08 

0.0
1 

19.
16 

-
11.9

0 
<0.0
01* -0.10 -0.07 

 
VD High 
CO2 0.09 

0.0
1 0.08 0.10  

BMR High 
- VD Low 
CO2 0.08 

0.0
1 

19.
16 9.91 

<0.0
01* 0.06 0.10 

       

BMR Low 
- VD Low 
CO2 0 

0.0
1 

19.
16 

-
0.60 

0.55
3 -0.02 0.01 

       

BMR High 
- VD High 
CO2 0 

0.0
1 

19.
16 

-
0.43 

0.67
4 -0.02 0.01 

% of 
Zooids 
with 
Organic 
Coverin
gs in 
Treatme
nt 
Phase 
Growth               

 
BMR 
Low CO2 0.0006 

0.0
1 -0.01 0.02  

BMR Low 
- VD High -0.13 

0.0
1 

25.
51 

-
13.0

<0.0
01* -0.15 -0.10 
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CO2 6

BMR 
High 
CO2 0.09

0.0
1 0.07 0.1

VD Low - 
VD High 
CO2 -0.13

0.0
1

25.
51

-
14.6

9
<0.0
01* -0.15 -0.10

VD Low 
CO2 0

0.0
1 -0.01 0.01

BMR Low 
- BMR 
High CO2 -0.09

0.0
1

25.
51

-
8.41

<0.0
01* -0.12 -0.06

VD High 
CO2 0.13

0.0
1 0.12 0.14

BMR High 
- VD Low 
CO2 0.09

0.0
1

25.
51 9.12

<0.0
01* 0.06 0.12

BMR High 
- VD High 
CO2 -0.04

0.0
1

25.
51

-
3.93

0.00
3* -0.07 -0.01

BMR Low 
- VD Low 
CO2 0

0.0
1

25.
51 0.07

0.99
9 -0.03 0.03

Mg/CaC 

VD Low 
CO2 0.035

0.0
01

0.03
2

0.03
8

VD Low - 
VD High 
CO2 0.008

0.0
02

12.
0 4.53

0.00
07*

0.00
4 0.01

VD High 
CO2 0.027

0.0
01

0.02
4

0.02
9

Skeletal 
Wall 
Thickne
ss (μm) 

VD Low 
CO2 7.53

0.5
8 6.29 8.78

VD Low - 
VD High 
CO2 1.68

0.8
2

13.
81 2.05

0.05
9 -0.08 3.43

VD High 
CO2 5.85

0.5
8 4.61 7.09

Table S2.  Least squares group means estimates and significance assessments derived from 

mixed effects model output for colony response variables. 
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