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ABSTRACT: Ocean acidification (OA) — a process describing the ocean’s increase in dissolved
carbon dioxide ( pCO2) and a reduction in pH and aragonite saturation state (Ωar) due to higher
concentrations of atmospheric CO2 — is considered a threat to bivalve mollusks and other marine
calcifiers. While many studies have focused on the effects of OA on shell formation and growth,
we present findings on the separate effects of pCO2, Ωar, and pH on larval feeding physiology (initiation of feeding, gut fullness, and ingestion rates) of the California mussel Mytilus californianus.
We found that elevated pCO2 delays initiation of feeding, while gut fullness and ingestion rates
were best predicted by Ωar; however, pH was not found to have a significant effect on these feeding processes under the range of OA conditions tested. We also modeled how OA impacts on initial shell development and how feeding physiology might subsequently affect larval energy
budget components (e.g. scope for growth) and developmental rate to 260 μm shell length, a size
at which larvae typically become pediveligers. Our model predicted that Ωar impacts on larval
shell size and ingestion rates over the initial 48 h period of development would result in a developmental delay to the pediveliger stage of > 4 d, compared with larvae initially developing in
supersaturated conditions (Ωar > 1). Collectively, these results suggest that predicted increases in
pCO2 and reduced Ωar values may negatively impact feeding activity and energy balances of
bivalve larvae, reducing their overall fitness and recruitment success.
KEY WORDS: Ocean acidification · Feeding · Scope for growth · Larva · Physiology · Mytilus
californianus
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Oceanic uptake of anthropogenic carbon dioxide is
altering the ocean’s carbonate chemistry, acidifying
the chemical environment and shifting the system towards more thermodynamically corrosive conditions
for calcium carbonate — a process known as ocean
acidification (OA; Doney et al. 2009). Developing
prodissoconch bivalve larvae are especially sensitive
to OA, and Waldbusser et al. (2015a,b) showed that
initial shell development and growth are negatively
affected as the aragonite saturation state (Ωar) ap-

proaches or falls below 1. OA effects on larval growth
and development are due to the inability of early larvae to isolate shell-forming extra-pallial fluid from
acidified seawater (Waldbusser et al. 2013), the high
kinetic constraints on rapid calcification rates of initial
shell formation (Waldbusser et al. 2013, 2015a,b), and
allocation of limited, egg-derived, energy reserves for
maintenance of cellular homeostasis (Stumpp et al.
2011, Timmins-Schiffman et al. 2013, Pan et al. 2015).
In light of the increased energetic demands that OA
imposes on developing larvae, investigations on energy acquisition and budgets are needed to better un-
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derstand how these commercially and ecologically
important species respond to OA conditions.
Recently, studies have shown that larval invertebrate feeding and digestive functions are disrupted
under OA conditions (Stumpp et al. 2013, Vargas et
al. 2013). Reductions in feeding rates and digestive
efficiencies will limit energy availability for energetically intensive processes like calcification and would
likely impair development to the next life-stage. For
mussel larvae, developmental delays have dire ecological consequences, as they promote greater exposure to pelagic planktivores and increase the likelihood of advection from likely favorable parental
habitats (Rumrill 1990).
In this study, we explored the effects of acute OA
exposure on the feeding physiology of the California
mussel Mytilus californianus Conrad, 1837 and modeled how these physiological impacts might affect
growth to the pediveliger life stage. To provide a
mechanistic understanding of the impacts of OA on
the feeding physiology of larvae, we hatched and incubated M. californianus larvae in a set of seawater
treatments designed to separate the effects of 2 individual components of the marine carbonate chemistry
system: the partial pressure of dissolved CO2 ( pCO2)
and aragonite saturation state (Ωar). The objectives of
this study were (1) to determine the separate effects
of pCO2, Ωar, and pH on initiation of feeding, gut fullness, and ingestion rates of M. californianus larvae
during the first 48 h of development; and (2) to model
how the impacts of this acute OA exposure on larval
feeding physiology may affect growth to the pediveliger life stage.

MATERIALS AND METHODS
We examined several parameters of the feeding
physiology of Mytilus californianus larvae in response
to different seawater carbonate chemistry parameters.
Our study was based on measurements of larvae from
the same spawn as those used in developmental and
respiration experiments reported by Waldbusser et al.
(2015b). We utilized a unique chemistry framework to
fully separate the effects of pCO2 and Ωar on developing larvae. This was accomplished by chemically manipulating the ratio and total quantities of total dissolved inorganic carbon and alkalinity, allowing
pCO2 and Ωar to vary independently of one another in
a fully factorial design (Table 1). Responses to pH
were partially correlated with pCO2 and Ωar, as true
independence of this factor only occurred within a
subset of the experimental treatment matrix.

Chemical manipulations
Chemical manipulations of seawater to create experimental OA conditions were similar to those of
Waldbusser et al. (2015b). Briefly, seawater was
pumped at high tide from Yaquina Bay, Oregon, to
the Hatfield Marine Science Center (HMSC) and filtered to 1 μm. Trace metal grade HCl (34 to 37%) was
added to the collected seawater at near alkalinity
equivalence, and the acidified seawater bubbled with
ambient air to purge it of dissolved inorganic carbon
(DIC). Water was then transferred to 20 l carboys,
pasteurized, and stored at 2 to 5°C. Customized, gasimpermeable bags (EVOH-lined; Sholle Packaging)
were filled with this treated seawater and immediately refrigerated at 2 to 5°C until experimental use
(approx. 1 wk). To create OA seawater treatments,
mineral acids and bases were added to the decarbonated seawater in the bags to achieve desired
pCO2 and Ωar values. At the beginning of the experiment, seawater from each treatment was transferred
to 3 replicate 500 ml biological oxygen demand
(BOD) bottles and warmed to 18°C. Antibiotics were
added (10 ppm ampicillin and 2 ppm chloramphenicol) to the bottles to reduce bacterial activity.
Two control treatments were used in these experiments. Control 1 contained seawater that was collected
at the same time as the water used for decarbonation,
which was then 1 μm-filtered and immediately stored
at 2 to 5°C to control for the effects of our chemical
manipulations. Control 2 contained filtered seawater
collected a day prior to the commencement of the experiment, which was 1 μm-filtered and aerated with
CO2-stripped (soda lime) air for 24 h as a control
for larval development in newly collected seawater.
Larvae from Control 1 were reared in volatile organic
analysis (VOA; VWR) vials for initiation of feeding experiments while larvae from Control 2 were reared in
open 10 l polyethylene aquaria and used as controls
in particle processing experiments.

Larval rearing
Broodstock of M. californianus were collected from
intertidal rocks of Seal Rock (44.7472° N, 124.0615° W)
on the central Oregon Coast, a region which is seasonally exposed to upwelling of naturally ‘acidified’
water (Feely et al. 2008, Barton et al. 2012). Adult M.
californianus broodstock were held under ambient
conditions (10 to 14°C) at HMSC, fed continuously on
an algal diet (Chaetoceros sp. and Isochrysis galbana),
and spawned within 1 wk of collection.
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Table 1. Carbonate chemistry of experimental treatments. Aragonite saturation state (Ωar) is reported over partial pressure of
dissolved carbon dioxide (pCO2) in μatm. Treatment pH (in parentheses) is expressed in the total scale. The control treatment
consisting of freshly collected seawater that was bubbled with CO2-reduced air for 24 h (Control 2), had values of Ωar = 3.25,
pCO2 = 272, and pH = 8.19. Experimental temperature and salinity were 18°C and 31, respectively. For dissociation constants
used for computing the complete carbonate chemistry, we used Millero (2010) for the carbonic acid dissociation with water
temperature and salinity dependencies, Dickson (1990) for constants for the dissociation of boric acid, and Millero (1995) for
water dissociate constants
Ωar

pCO2

a

Low
MedLow
MedHigh
High

Low

MedLow

MedHigh

High

0.50 / 219.0 (7.84)
0.31 / 715.7 (7.48)a
0.51 / 873.8 (7.54)
0.65 / 2228 (7.39)

1.09 / 197.4 (8.03)
1.03 / 437.4 (7.84)
1.17 / 773.7 (7.75)
1.31 / 2175 (7.55)

1.87 / 241.5 (8.11)
2.36 / 396.3 (8.04)
2.33 / 803.5 (7.88)
2.18 / 2457 (7.64)

4.58 / 191.1 (8.35)
4.82 / 385.4 (8.21)
4.69 / 767.6 (8.05)
5.21 / 2063 (7.86)

There was a preservation problem in this treatment which caused pCO2 to be greatly elevated relative to the initial
treatment

Broodstock were stimulated to spawn by placing
them in 10°C water-baths and rapidly increasing
water temperature to 25°C. Although we attempted
to spawn many individuals (> 20), only 2 females and
2 males released their gametes during the spawning
effort. Equal amounts of eggs were held separately
in beakers and fertilized with sperm from different
males to facilitate equal genetic contribution. After
polar bodies were observed, embryos were rinsed of
excess sperm, combined, and resuspended before
being stocked in culture vessels in triplicate for each
seawater treatment. For initiation of feeding experiments, larvae were cultured in 25 ml air-tight VOA
vials to prevent any gas exchange and loss of treatment conditions. For all other feeding experiments,
larvae were stocked in 500 ml BOD bottles, capped,
and placed on their sides for 48 h at a culture temperature of 18°C (Bayne et al. 1976). We found seawater
carbonate chemistry parameters to be well preserved
during static egg incubations under these conditions,
with pCO2 increasing by ~10 to 30% after 48 h of
incubation (Waldbusser et al. 2015a). Although we
were unable to sample carbonate chemistry of VOA
vials due to their small volumes, we assumed a similar small change in seawater carbonate chemistries
because the eggs were incubated under similar conditions as those of BOD bottles. After 48 h of incubation, 3 subsamples were taken from each BOD bottle
and preserved in 20 ml sample vials with addition of
10% buffered formalin (pH 8.1 to 8.2) for later determination of larval development and size, as reported
by Waldbusser et al. (2015b). The remaining larvae
were used for both respiration measurements (reported by Waldbusser et al. 2015b) and particle processing studies, presented here.

Feeding experiments
In all feeding experiments, we used polystyrene
beads as surrogates for algal cells. The bead size
chosen for these experiments was based on the
findings of Baldwin & Newell (1995), who determined that early oyster Crassostrea virginica
larvae preferentially ingested particles ranging
from 1 to 3 μm in size. Fluorescent beads have
been used as analogs for microalgae in feeding
studies for a wide range of aquatic invertebrate
taxa, including bivalve larvae (Solow & Gallager
1990, Thompson et al. 1994, Gray et al. 2015), ciliates (Pace & Bailiff 1987), freshwater and marine
copepods (DeMott 1988), echinoderm larvae (Hart
1991), mosquito larvae (Dadd 1971), and rotifers
(Armengol et al. 2001). Larval bivalve feeding
rates obtained using beads have been found to be
within the range observed in studies that rely
solely on algae as food items (Widdows et al. 1989,
Thompson et al. 1994, Gray et al. 2015). Fluorescent beads also possess useful qualities absent in
natural algal diets because they are (1) inert and
will not react chemically with experimental conditions, (2) uniform in shape, size, and surface characteristics, (3) easily visible and can be enumerated
in the translucent larvae under an epifluorescent
microscope, (4) can be stored without long-term
loss of fluorescence, and (5) have the same specific
gravity as algal cells (Milke & Ward 2003). We
acknowledge, however, that beads lack the surface
characteristics and nutritional content of algal
cells, which may affect some feeding processes of
bivalve larvae (Thompson et al. 1994, Espinosa et
al. 2009).
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Initiation of feeding
Impacts of water treatments on development of
larval particle feeding mechanisms were determined
by measuring the proportion of mussel larvae from
each treatment that ingested fluorescent beads at 44 h
post-fertilization (initiation of feeding, IF). Preliminary
experiments demonstrated that at 44 h after fertilization, > 50% of M. californianus larvae began feeding
when reared at ambient pCO2 (~380 ppm) and 18°C.
Waldbusser et al. (2015b) reported that initiation of
feeding of M. californianus larvae was delayed by
high pCO2 (Fig. 1a). Here, we expand upon these
findings and determine the length of the delay of the
onset of feeding and how this delay affected the
modeled growth of larvae to 260 μm in shell length,

the size at which larvae typically develop into pediveligers. We quantified the delay by first determining
the relationship between the proportion of larvae
feeding under optimal conditions and time since
fertilization. This relationship was best described by
the following 3 parameter logistic equations (F1,11 =
675.72, p < 0.0001, R2 = 0.99):
%Feeding =

94.1

{1 + exp [−0.74 × (h − 45.1)]}

(1)

where h is the hour post-fertilization. The logistic
equation was then rearranged and linearized, enabling us to estimate the functional age of larvae feeding in each OA treatment, by comparison with the
proportion of larvae feeding under normal conditions.

Particle processing

Fig. 1. (a) Proportion of Mytilus californianus larvae feeding at 44 h postfertilization (initiation of feeding), (b) larval gut fullness at 48 h, and (c) larval
ingestion rates at 48 h over treatment carbonate chemistries. pCO2 is in μatm,
and pH is expressed in the total scale. Significant relationships between physiological parameters and carbonate chemistry parameters are shown by linear
and non-linear functions (lines). Larval ingestion rate and gut fullness from
control treatments (Control 2 shown by asterisks in b and c) were identified as
outliers and were not included in analyses. Larvae from control treatments in
initiation of feeding studies (Control 1 shown by asterisks in a) were included
in analyses. Error bars: ±1 SD

To assess the effects of OA on particle processing, 48 h old larvae from
each treatment were stocked in nine
25 ml VOA vials (10 larvae ml−1) containing the same water treatment in
which they developed from fertilized
eggs. After an acclimation period of
1 h, larvae were then exposed to 2 μm
Fluoresbrite® Polychromatic (Polysciences) yellow (Y) beads (excitation
maxima of 441 nm and emission maxima at 485 nm) at a concentration of 20
beads μl−1 and allowed to feed on these
beads for 1 h. A second and equal dose
of 2 μm red (R) beads (excitation maxima of 491 nm and 512 nm and emission maxima at 554 nm) were added to
the vials at a concentration of 20 beads
μl−1 following the hour-long exposure
to Y beads. Triplicate vials were assigned to 1 of 3 exposure groups (10,
30, or 50 min) after R beads were added to the vials. To terminate feeding
activity at the prescribed exposure
time and preserve larvae for later analysis, 40 μl (0.2% v/v) of 10% buffered
formalin (pH: 8.1 to 8.2) were added to
the vials. Later, larvae were crushed
under a cover slip to flatten gut contents and allow better enumeration of
all ingested beads in larvae under an
epifluorescent microscope (objective
20×; Leica DM 1000). Larval sample
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sizes consisted of ≥20 larvae per replicate vial per
treatment.

Gut fullness was defined as the mean total number
of ingested beads (Y + R beads) per larva over 10, 30,
and 50 min sampling periods.
Ingestion rates were estimated by determining the
uptake of R beads after the first 10 min of exposure to
this bead type. We then doubled the number of ingested beads, as larvae were found to consume R and
Y beads at equal rates in preliminary experiments.

Standardizing particle processing for
shell-length effects
We examined the relationship between larval shell
length (SL), gut fullness, and ingestion rate from a
subset of treatments spanning the range of experimental Ωar categories (≥10 larvae from 10 different
VOA vials). Shell lengths, defined as the longest axis
parallel to the shell hinge, were obtained by photographing larvae under a light microscope (50×) and
measured using Image-Pro v.7.
After finding a significant relationship between larval shell size and feeding metrics (see ‘Results’), we
applied the following hyperbolic function from Waldbusser et al. (2015b), which strongly predicted the
shell lengths of these larvae from the Ωar (adj. R2 =
0.88) for the first 48 h of development, to estimate
shell lengths of larvae for all treatments:
SL =

884.378 × Ω ar
1 + 7.691 × Ω ar

relationship between estimated total body energy
content (ESL; μJ) and larval shell size reported for
Mytilus edulis larvae by Sprung (1984a):
ESL = 2.28 × 10–7 × SL3.12

Gut fullness and ingestion rates

(2)

Next, we divided gut fullness values and ingestion
rates of each treatment by their shell length estimate
using Eq. (2). We then reexamined the effects of carbonate chemistry parameters on these feeding metrics after accounting for shell length.

Modeled effects of initial 48 h OA exposure
on subsequent larval energy budgets, growth,
and development
To estimate the effects of exposure to OA treatments during the first 48 h of larval development on
subsequent energy budgets of M. californianus larvae, we first estimated energy contents of larvae in
treatments at 44 h post-fertilization by applying the
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(3)

where SL is the shell length (μm). To our knowledge,
this is the only known allometric relationship between energy content and shell length for any larval
Mytilus species. Additionally, the relationship provided by Sprung (1984a) seemed appropriate to use
here as M. edulis and M. californianus are similar
with respect to egg size and, presumably, energy
content (Strathmann 1987).
The total energy contents of larvae (ET) at 48 h
post-fertilization (i.e. after a 4 h period during which
larvae could be feeding on algal cells) were then estimated to evaluate the energy budgets of larvae
among OA treatments. ET was estimated by accounting for ESL and other potential energy gains and
losses using the following equation:
E T = ESL + ⎛
⎝

I × AE
× ( 4 − D )⎞ − R
⎠
h

(4)

where I is the ingestion rate (μJ h−1), AE is the assimilation efficiency (%) that describes the conversion of
ingested food to energy available to larvae, R is the
energy loss due to respiration (μJ) over the 4 h
period, and D is the energy gain or loss (μJ) to ET as a
result of developmental advancement or delay in
feeding activity. Physiological rate processes were
converted to energy units under the following assumptions: (1) growth or change in ESL was negligible between initiation of feeding experiments (44 h)
and when the sizes of larvae were measured at 48 h;
(2) larval ingestion rates were constant over the
period from 44 to 48 h and were equivalent to algal
ingestion rates with an estimated algal cell energetic
content of 0.61 μJ cell−1 (Isochrysis galbana; Sprung
1984a), which was also the food source underpinning
the relationship between energy content and shell
length (Eq. 3); (3) total time for potential gains from
ingestion was 4 h ± any advancement or delay in the
initiation of feeding among early larvae; (4) assimilation efficiencies of larvae were 0.38 (Sprung 1982);
(5) respiration rates were similar among larvae in all
treatments except for those of larvae in the lowest pH
treatment (based on Waldbusser et al. 2015b); and (6)
1 nl O2 was equivalent to 20.1 μJ of respired energy
(Crisp 1971).
To estimate the impacts of OA during the first 48 h
of development on subsequent larval growth, we
modeled the developmental time larvae took to reach
a shell length of 260 μm, the approximate size of
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pediveliger mussel larvae under normal conditions
(Sprung 1984a) and a proxy for larval competency for
settlement and metamorphosis; however, we note
that larval competency is frequently correlated with
but not necessarily dependent on larval size (Coon et
al. 1990, Pechenik et al. 1996). To make these extrapolations, we first estimated energy content gains of
larvae in 24 h intervals (ΔE) using the following
equation:
ΔE = ESL + (I × AE × NGE)

(5)

where ESL is the estimated energy content of the larvae based on their shell length at 48 h post-fertilization, I is the ingestion rate (μJ h−1), AE is the assimilation efficiency (%), and NGE is the net growth
efficiency (%). ESL and I in this study were assumed
constant between 48 and 72 h post-fertilization. After
this initial 24 h period (i.e. 48 to 72 h post-fertilization), modeled gains in larval energy content were
added to those of larvae of each treatment, and larval
shell lengths were adjusted by rearranging Eq. (2).
From 72 h post-fertilization onward, we modified larval ingestion rates and larval respiration rates in
accordance with allometric equations for M. edulis as
described by Sprung (1984b,c). This model explicitly
tests how an acute initial 48 h OA exposure could significantly alter the subsequent duration and energy
budgets of mussel larvae. Assimilation efficiencies
were 0.38, 0.29, and 0.27 for larvae < 200, between
200 and 250, and > 250 μm, respectively (Bayne
1983). NGE were also adjusted for changes in larval
size and estimated at 0.78, 0.67, and 0.65 for larvae
< 200, between 200 and 250, and > 250 μm (Bayne
1983). The impacts of differences in initiation of feeding, initial feeding rates, and shell size after 48 h of
development on subsequent larval growth to 260 μm
were estimated by non-linear multiple regression
analysis.

linear and non-linear relationships among carbonate
chemistry parameters, including possible pH effects
within treatment levels of the primary factors. Models
for linear and nonlinear regression were selected
based upon Akaike’s information criterion (Akaike
1973). Assumptions of normality and heteroscedasticity were checked by inspection of data and ShapiroWilk’s test, and Levene’s test, respectively. Initial
data analysis found unequal variance across treatment groups and replicates in the proportion of mussel larvae feeding; therefore, treatment means were
used to reduce heteroscedasticity. In particle processing experiments, larvae from all the control treatment
replicates (Control 2 larvae: unaltered, filtered seawater reared in open 10 l polyethylene aquaria) fed
on R beads at unusually low rates and were identified
as outliers from residual plots and leverage tests
when we examined their ingestion rate and gut fullness values. These larvae we likely either mishandled
or improperly exposed to R beads during this portion
of our study; although we left the points in the figures,
data from these control treatments were removed
prior to both gut fullness and ingestion rate analyses.
Larvae across all ‘MedLow’ pCO2 treatments also
had unusually low ingestion rates. We attributed this
to human error due to either bead stocking error or
improper handling of vials after introducing beads;
therefore, we removed data from these samples prior
to regressing ingestion rate data against carbonate
chemistry and gut fullness data. For their inclusion
in other modeling efforts (scope for growth, SfG;
growth, etc.), ingestion rates of larvae from MedLow
pCO2 treatments were estimated from the Ωar and
applying Eq. (6). All statistical analyses were conducted using JMP v.12 (SAS Institute).

RESULTS
Chemistry manipulations

Data analysis
Our experimental seawater treatment design was a
4 × 4 factorial with Ωar and pCO2 as the primary factors, with 4 treatment levels of each and 3 replicates
treatment−1. Replicates in our experiments represented operator but not biological replicates as they
allowed determination of measurement error for the
various response metrics but not variation due to biological factors resulting, for example, from genetic
differences among mussel populations. Our initial
data analysis for all measured responses was a 2-way
ANOVA followed by regression analyses to examine

Although there was some variability in carbonate
chemistry parameters within treatment levels, the
variability was generally far less than the differences
among treatments. Two treatments deviated from
targets: Low Ωar / MedLow pCO2, and MedHigh Ωar /
Low pCO2. In the former, a preservation issue appeared to have caused pCO2 to be 3× higher than expected with a concomitant decrease in Ωar. In the
latter deviation, we suspected precipitation to be the
cause of unexpected low alkalinity (82 μmol kg−1), resulting in the pCO2 of this treatment to be greater (excess of 41 μatm) than for other low pCO2 treatments.

0.81
< 0.0001
43.89
1,11
a = 3.79 (1.63), b = 0.11 (0.01)

Shell length

Ingestion rate
Gut fullness

GF = a + b IR

0.56

0.40
0.0256
6.76
1,11
a = −137.38 (87.6), b = 2.18 (0.84)

0.75

Ingestion rate

IR = a + bSL

0.0053

0.0022
8.52

12.58
a = 102.03 (5.62), b = −278.79 (333), c = −3.43 (2.34)

1,11

See Table S1 in the Supplement for intercept estimates 4,15

Ωar
Ingestion rate

IR = a + be(c × Ωar )

Ωar × pCO2
Gut fullness

GF = a + b pCO2 by Ωar

0.49

0.75

0.25
0.0472
1,14
pCO2
Gut fullness

GF = a + b pCO2

a = 13.42 (0.99), b = 0.002 (8.1 × 10−4)

4.73

0.0026
13.37
1,14
a = 2.32 (1.47), b = 0.08 (0.28), c = 16.59 (0.84)
GF = c / {1 + e [−a(Ωar − b)]}
Ωar
Gut fullness

0.73
< 0.0001

< 0.0001
42.42

43.73
1,14

1,14
a = 46.33 (0.16), b = −0.0008 (0.0001)

a = 0.84 (0.03), b = −0.0001 (0.00000)

pCO2

Age = a + b pCO2

pCO2

% Feeding = a + b pCO2

R2
p
F
df

Relative functional age

Fig. 2. Relative functional age of Mytilus californianus larvae
for pCO2 treatments were estimated based on the proportion
of larvae feeding at 44 h in each treatment and are relative to
larvae in preliminary studies in which 50% of larvae were
observed to be feeding at 44 h post-fertilization under optimal conditions (~380 ppm pCO2 and 18°C). The relationship
between % feeding over time as larvae develop can be found
in Table 2. Colored circles represent actual pCO2 values in
treatments (μatm) with their actual % feeding values superimposed on the age function. Asterisks: Control 1 treatments

Initiation of feeding

Gut fullness varied significantly among treatments
due to Ωar (F3, 32 = 17.51, p < 0.0001) and pCO2 (F3, 32 =
11.30, p < 0.0001) with a significant interaction term
(F9, 32 = 3.06, p = 0.0093; Fig. 1b, Table 2). A 3-parameter logistic equation similar to Eq. (1) best described how gut fullness varied as a function of Ωar
(F1,14 = 13.37, p = 0.0026, R2 = 0.48). Gut fullness was
also found to weakly, yet significantly, respond positively to increasing pCO2 (F1,14 = 4.73, p = 0.0472, R2 =
0.25) (Fig. 1b). Gut fullness was not predicted by pH
(F1,15 = 0.09, p = 0.7608).

Parameter estimates

Gut fullness

Model

Particle processing

Effect

After rearranging and linearizing Eq. (1), we regressed larval age estimates against their respective
pCO2 values and found a significant predictive linear
relationship (F1,14 = 34.55, p < 0.0001, R2 = 0.70). From
this analysis, we estimated a 5 min functional delay
in initiation of feeding for every 100 μatm increase in
pCO2 in treatment seawater, relative to the functional age of larvae reared under optimal conditions
(Fig. 2, Table 2).
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Metric

Delay of initiation of feeding

Table 2. Linear and non-linear effects of seawater carbonate chemistry on initiation of Mytilus californianus larval feeding (% larvae feeding at 44 h post-fertilization), relative age (hours), gut fullness (GF; beads larva−1), and ingestion rate (IR; beads larva−1 h−1). Standard errors for parameter estimates are given in parentheses. ‘Relative
functional age’ of larvae is expressed as relative to the age of larvae when 50% were found to feed under normal conditions (44 h)
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To explore the interaction between Ωar and pCO2
on gut fullness, we constructed a multiple linear regression with pCO2 among Ωar treatment categories
(see Fig. S1 in the Supplement at www.int-res.com/
articles/suppl/m563p081_supp.pdf). In a full multiple
linear regression model (factors: Ωar, pCO2, and Ωar ×
pCO2), slope estimates of regressed Ωar categories
were found to be similar (F7,15 = 4.92, pCO2 × Ωar p =
0.538). Under a reduced multiple linear regression
model (factors: Ωar and pCO2), pCO2 was still a significant predictor of gut fullness (F3,15 = 13.31, p =
0.0038), and significant differences were observed
between the intercepts of some Ωar treatments (F3,15 =
7.57, Ωar category p = 0.0051). Larvae from the low
Ωar category had significantly lower gut fullness values as a function of pCO2 relative to all other Ωar categories (Tukey’s HSD, α = 0.05).

Ingestion rates
Using a 2-way ANOVA, larval ingestion rates were
not found to vary significantly with pCO2 (F2, 24 =
2.28, p = 0.1239), but were significantly predicted by
Ωar (F3, 24 = 15.22, p < 0.0001; Fig. 1c). The interaction
term between pCO2 and Ωar was not found to be a
significant predictor of ingestion rates (F6, 24 = 2.08,
p = 0.0925). We regressed ingestion rates against Ωar
(F1,11 = 12.58, p = 0.0053, R2 = 0.56; Fig. 1c) and this
relationship was best described by the following 3parameter exponential model:
Ingestion = a + b Exp(c × Ωar)

(6)

where a is the asymptote, b is the scale, and c is the
curve’s growth rate (see Table 2 for parameter esti-

mates). A significant and positive relationship was
found between ingestion rates and gut fullness measured across the entire spectrum of Ωar treatments
(F1,11 = 43.89, p < 0.0001, R2 = 0.81; Fig. 3c).

Standardizing gut fullness and ingestion rate for
differences in shell lengths
The relationship between Ωar and shell lengths
examined among a subset of data was similar to that
found by Waldbusser et al. (2015b) for all larvae
across all treatments (Fig. 3a). Furthermore, we
found ingestion rates were positively correlated with
larval shell lengths (F1,11 = 6.76, p = 0.0265, R2 = 0.40;
Fig. 3b) among the subset of treatments examined.
After standardizing physiological processes by shell
lengths, Ωar was found to no longer be a significant
predictor of gut fullness (F1,15 = 4.02, p = 0.0644, R2 =
0.019) but still explained 41% of the variation in larval ingestion rates (F1,11 = 7.0007, p = 0.0245).

Modeled effects of initial 48 h OA exposure on
subsequent larval energy budgets, growth,
and development
Larval energy content based on shell length (ESL)
and total larval energy content (ET) for 48 h old larvae
were both strongly correlated with Ωar (ESL: F1,16 =
235.76, p < 0.0001, R2 = 0.94; ET: F1,16 = 268.29, p <
0.0001, R2 = 0.94), while treatment pCO2 and pH
were not significant predictors of ESL or ET (p > 0.05).
ESL ranged from 304 to 708 μJ larva−1 (see Table S3 in
the Supplement) and was a function of Ωar (Fig. 4a,
Table S2). After adding the potential gains from in-

Fig. 3. Relationships between experimental conditions and morphological and physiological metrics: (a) Mytilus californianus shell length versus aragonite saturation state (dots are from this study and are fitted to Eq. 2 derived from Waldbusser
et al. 2015b), (b) ingestion rate versus shell length, and (c) gut fullness versus ingestion rate. For (a) and (b), dots represent
single replicate means within treatments from the subset of data analyzed for the effect of shell size (see ‘Materials and
methods; Standardizing particle processing for shell-length effects’), while dots in (c) represent treatment means. Values
for each ‘Ωar Cat.’ can be found in Table 1
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gestion and subtracting expenditures of respiration
and delay in the initiation of feeding, ET at 48 h postfertilization ranged from 336 to 790 μJ larva−1. By
subtracting ET from ESL, we arrived at an estimate of
SfG, as this was the energy gained or lost during the
4 h period between 44 and 48 h (Fig. 4b). We estimated that SfG ranged from −6.72 to 82.9 μJ larva−1
(Table S3); the only larvae estimated to have negative
SfG were those from treatment Low Ωar / MedLow
pCO2, which were previously measured by Waldbusser et al. (2015b) as having elevated respiration
rates. On average, SfG was significantly lower (mean
27.19 μJ larva−1) for larvae incubated in undersaturated Ωar conditions (t15 = 4.68, p < 0.0179). Conversely, larvae in supersaturated Ωar treatments had a
much greater surplus of energy (mean: 80.71 μJ
larva−1) that was available for growth (Table S3).
Non-linear regression analysis was used to model
shell growth of Mytilus californianus larvae over time
to the pediveliger stage by Ωar category because Ωar
alone predicted larval shell length (see Eq. 2) and,
consequently, larval energy content (Eq. 3). Esti-

Fig. 4. (a) Estimated Mytilus californianus larval energy content based on shell size (ESL; open circles), total energy content (ET; closed circles) and (b) scope for growth (diamonds)
of 48 h old (post-fertilization) M. californianus larvae plotted
against aragonite saturation state (Ωar) (see Eq. 4). Data
points: treatment means
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mated development time to the pediveliger stage
(260 μm) was 22.6, 18.5, 18.0, and 17.6 d for Low,
MedLow, MedHigh, and High Ωar categories, respectively (Fig. 5, Table 3). Larvae from undersaturated
Ωar treatments were predicted to grow at a significantly slower rate than those in supersaturated conditions (Ωar ≥ 1; analysis of means [ANOM], α = 0.05).
We modeled the potential effects of differences in
larval size, initiation of feeding, and ingestion rates
due to Ωar treatments during the first 48 h of development on subsequent development time to the pediveliger stage. To separate the effects of initiation of
feeding, we started by removing the energetic impacts of delay of feeding so that larvae from all OA
treatments were modeled to begin feeding at exactly
44 h of development. We then compared the time for
larvae to grow to 260 μm under each Ωar treatment
and control. To estimate the impacts of OA on ingestion rates, shell size, and respiration on larval development time, we first applied the average values for
each metric (15 beads larva−1 h−1, 104 μm, 0.15 nl O2
larva−1 h−1, respectively) across treatments for the
first 48 h of development. These average physiological rates were close to values found for larvae at Ωar =
1. We then modeled development times for larvae to
reach 260 μm and subtracted development times
from full models containing all impacts. Therefore,
we report on the hours gained or lost by larvae as a
result of OA impacts relative to larvae held at Ωar ≈ 1.
We used 95% confidence intervals for estimates of

Fig. 5. Modeled shell growth of Mytilus californianus larvae
over time after exposure to various aragonite saturation
state categories (Ωar Cat.; see Table 1 for values) during the
first 48 h of development. Intersections of the colored lines
and the dashed horizontal line indicate the estimated ages
of Mytilus larvae reaching the pediveliger stage (260 μm).
Error bars: SD
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Table 3. Modeled development times of Mytilus californianus larvae to reach the pediveliger stage (260 μm) across aragonite
saturation state categories (Ωar Cat.; see Table 1 for values). Factors influencing developmental time among Ωar categories are
initiation of feeding (IF; % larvae feeding) at 44 h post-fertilization, and ingestion rates (beads larva−1 h−1), and shell length (μm)
at 48 h. Developmental time advancement (negative values) or delay (positive values) are expressed in hours with significant
impacts denoted by asterisks (*). Upper and lower 95% confidence intervals (CI) are for development times to the pediveliger
stage. Delay and advancement of developmental times are relative to larvae held at approximately Ωar = 1 and under similar Ωar
conditions to category ‘MedLow’
Ωar Cat.

High
MedHigh
MedLow
Low

Mean % IF Mean ingestion
Mean shell
Development
Lower
among 44 h
rates among
length among
time to
95%
old larvae
48 h old larvae 48 h old larvae pediveliger stage
CI
(% feeding) (beads larva−1 h−1)
(μm)
(d)
0.56
0.56
0.55
0.55

17.74
17.66
16.34
7.82

111.68
109.14
104.94
87.99

development time to determine the significance of
factors that might impact development (Table 3).
The energetic effects of pCO2 on the initiation of
feeding (range: −0.08 to 0.04 μJ larva−1) were not significant in delaying the modeled larvae growth. Conversely, Ωar impacts on initial shell length and ingestion rates during the first 48 h of development were
significant factors in determining subsequent larval
developmental times among many of the Ωar categories; however, the intensity of their impacts varied
by Ωar category (Table 3). The effect of Ωar on initial
shell length advanced or delayed larval development
to 260 μm by −54.19 and 20.84 h, respectively. Ωar
effects on larval ingestion rates resulted in −53.60
to 7.21 h in developmental advancement or delay,
respectively.

DISCUSSION
Mechanistic understanding of OA impacts on
larval feeding physiology
Initiation of feeding, gut fullness, and ingestion
rates of Mytilus californianus larvae all varied in
response to OA but were not necessarily driven by a
common carbonate chemistry parameter. In Waldbusser et al. (2015b), we found the initiation of feeding among M. californianus was primarily correlated
with pCO2 (Fig. 1a) and suggested that CO2 might
have been impacting feeding organ functionality (i.e.
velum cilia beat frequency) (Schmid et al. 2007) or
possibly disrupting nerve synapse performance (Peracchia 2004). Upon incorporation of additional data
and reanalysis, we determined CO2 created a 5 min
functional age delay in initiation of feeding for every
increase of 100 μatm pCO2 in ambient seawater

17.72
18.06
18.65
22.65

17.66
18.01
18.59
22.25

Upper IF delay Ingestion Shell
95%
effect
rates
length
CI
(h)
effect
effect
(h)
(h)
17.77
18.11
18.70
23.05

0.00
0.00
0.00
0.00

7.21* 20.84*
1.94
12.87*
3.64*
4.35*
−53.60* −54.19*

(Fig. 2) and that eventually almost all larvae (> 90%)
began to feed in our studies. Reduced developmental
rates and delayed onset of critical behaviors occurred
among other invertebrate species when held in high
pCO2 environments (Kurihara et al. 2004, Mayor et
al. 2007, Ellis et al. 2009), but it remains poorly
understood how elevated concentrations of this
carbonate species impact larval development and
physiological processes.
Gut fullness is rarely measured in larval feeding
studies, but it provides insights into relationships
between particle processing behaviors (Penry 2000,
Gray et al. 2015). pCO2 was found to be weakly and
positively correlated with gut fullness (R2 = 0.25). In
addition, gut fullness was positively correlated with
Ωar, with a 49% change in gut fullness across the
tested range of Ωar treatments (Fig. 1b); however, further analysis indicated that Ωar impacted gut fullness
as a result of its positive correlation with shell size.
High pCO2 values may have slowed bead passage
through the gut lumen, resulting in bead accumulation. Internal organs and digestive mechanisms involved in particle processing (e.g. cilia activity, peristalsis and crystalline style rotation) may be sensitive
to pCO2, especially if intracellular pH is not maintained due to changes in CO2 diffusion rates across
cellular membranes caused by elevated extracellular
pCO2 conditions (Vandenberg et al. 1994).
Ωar effects on larval ingestion rates were, in part,
due to a positive correlation with larval shell length
(Figs. 1c & 3a,b); however, Ωar also had a substantial
independent effect on ingestion rates (41 of the 56%
of explained variance) after accounting for shell
length effects. Shells form structures for the attachment of feeding organs and could play a key role in
their functioning (Simkiss & Wilbur 1989); for example, poor attachment of velar retractor muscles to the
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interior of the larval shell may affect velar movement
and particle processing efficiencies. Additionally,
shell abnormalities, which were more evident under
low Ωar conditions (Waldbusser et al. 2015b), may affect hinge structure and shell movements associated
with velar swimming and feeding (Talmage & Gobler
2010). Several studies have indicated the importance
of food supply in meeting increased energetic demands of calcification under OA conditions (Melzner
et al. 2011, Pansch et al. 2014, Ramajo et al. 2016).
Reductions in larval ingestion rates due to the effects
of low Ωar conditions will have a negative effect on
rates of energy acquisition and reduce the capacity of
larvae to meet increased energetic demands due to
OA conditions.

Modeled effects of carbonate chemistry parameters
on larval energy budgets and growth
Energetically, the impacts of delays in initiation of
feeding were minor (range: −0.08 to 0.04 μJ larva−1)
and orders of magnitude lower than those of other
impacted energy budget components estimated in
this study (see Table S3 in the Supplement at www.
int-res. com/ articles/ suppl/ m563 p081_ supp. pdf).
Additionally, when this delay was incorporated into
larval growth models, it was found to have a negligible effect on subsequent growth (Table 3), suggesting that not all measured OA physiological impacts
on larvae have significant long-term effects on animal fitness.
Estimates of larval energy content based on shell
length (i.e. ESL) varied significantly among experimental treatments (range: 304 to 708 μJ larva−1) and
provided a coarse measure of the energetic impact of
OA on development from the fertilized egg to the
shelled stage. Across Ωar treatments, larvae from Ωar
< 1 treatments had half the estimated energy content
of larvae in Ωar ≥ 1 treatments (Fig. 4a). Accounting
for metabolic energy gains and losses (ET) from
ingestion and respiration (measured in Waldbusser
et al. 2015b) accentuated these differences in larval
energy content (Fig. 4a).
SfG across the range of Ωar was estimated from differences between energy gains and losses (i.e. ingestion–respiration). Differences in SfG estimates were
largely driven by varying ingestion rates across Ωar
treatments. SfG values indicated that larvae in Ωar ≥ 1
seawater treatments would have acquired energy (i.e.
74 to 82 μJ in 4 h) while larvae from Ωar < 1 seawater
treatments, which had much lower ingestion rates, acquired less energy (SfG range: −6.72 to 42 μJ; Fig. 4b
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& Table S3). The negative SfG value for Low Ωar /
MedLow larvae was due to their greater respiration
rates (measured in Waldbusser et al. 2015b) in combination with low ingestion rates, indicating these
larvae were still likely be reliant on maternal energy
stores to fuel metabolism. To put our SfG values into a
development context, Waldbusser et al. (2013) estimated an energetic cost of ~24 μJ for Crassostrea gigas larvae to synthesize their first layer of shell. SfG
values in combination with Ωar-dependent size data
from Waldbusser et al. (2015b) agrees well with other
observations that larvae held in Ωar < 1 conditions
must allocate more energy towards other developmental processes at the expense of shell growth and/
or are less efficient at growing shell due to the energetic constraints of shell synthesis (Kurihara 2008,
Gaylord et al. 2011, Waldbusser et al. 2013).
We were able to model larval development over
time by utilizing established allometric relationships
between Mytilus larval shell length, energy content,
and ingestion rates. We estimated the average time
for larvae, initially exposed to Ωar ≥ 1 conditions for
48 h, to reach the pediveliger stage (260 μm) to be
approximately 18 d post-fertilization i.e. within the
reported range of 9 to 35 d for the larval stage of
M. californianus (Bayne et al. 1976, Strathmann 1987,
Seed & Suchanek 1992, Gaylord et al. 2011). After
accounting for the physiological impacts of OA on
M. californianus during the first 48 h of larval development, we estimated that larvae from Ωar < 1 treatments would subsequently incur a developmental
delay of 4.9 d in reaching the pediveliger stage, compared with larvae initially exposed to supersaturated
conditions (Ωar >> 1; Fig. 5) i.e. a 27% increase in the
duration of the larval stage.
Larval developmental delays due to OA stress have
been reported previously for bivalves (Kurihara et al.
2007, Talmage & Gobler 2009, Gazeau et al. 2010,
Gaylord et al. 2011, Timmins-Schiffman et al. 2013),
urchins (Dupont & Thorndyke 2008, Stumpp et al.
2011), krill (Kawaguchi et al. 2013), crabs (Walther et
al. 2010), and other taxa. Delays in metamorphosis
may have significant ecological implications. A prolonged planktonic stage may reduce survival as it increases exposure time to predators (Rumrill 1990) and
other stresses such as ultraviolet radiation (Peachey
2005). Greater time spent in the pelagic zone also increases the potential for larval advection away from
favorable habitats (Strathmann 1985). Furthermore,
delaying the arrival time of pediveliger larvae may
put M. californianus at a competitive disadvantage
compared with earlier settling species, if available
settlement substrate is limiting (Kennedy 1996).
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There are several assumptions and limitations in
our approach in estimating ESL, SfG, ET, and development of larvae by our model. First, we estimated larval energy content at 44 h (i.e. ESL) based on the relationship between ash free dry tissue weight (AFDW)
and larval shell length reported by Sprung (1984a).
This relationship did not account for possible differences in the ratios of shell size and tissue weights
that can occur in M. californianus larvae under OA
stress (Gaylord et al. 2011). Second, the model did
not account for possible differences in growth efficiencies of larvae in OA treatments that have been
observed with M. californianus larvae (Gaylord et al.
2011). For instance, we assumed similar digestive
and assimilation efficiencies across treatments; however, other investigators have found that digestive
efficiencies and digestive rates of larval urchins are
impacted by OA (Stumpp et al. 2013). Third, we did
not allow for any compensatory growth of OAimpacted modeled larvae, yet we acknowledge this
may be important in the recovery of nutritionallystressed bivalve larvae and other marine invertebrates (Moran & Manahan 2004, Yan et al. 2009).
Given these assumptions and uncertainties surrounding our model, further studies should be conducted to directly measure OA impacts on larval
physiological and energetic processes that could
affect development.
In summary, OA impacts on the feeding physiology
of bivalve larvae may limit their ability to efficiently
acquire energy. This finding is supported by studies
that have shown that OA can affect various feeding
physiological and metabolic processes, including
particle selection (Vargas et al. 2013), ingestion (Vargas et al. 2015), gut fullness (this study), digestion
(Stumpp et al. 2013), and SfG (Stumpp et al. 2011) in
marine invertebrate larvae. We identified pCO2 and
Ωar as 2 carbonate chemistry parameters that affected
larval feeding responses. Our model suggested that
acute OA impacts on larval development and feeding
physiology during the first 48 h of development could
delay subsequent growth to the pediveliger stage.
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