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Increasing green house gas emissions are expected to raise surface seawater
temperatures and lead to locally intensified ocean acidity in the U.S. Pacific Northwest.
Pacific herring (Clupea pallasi) are ecologically and economically important forage fish
species native to this region. While the impacts of ocean acidification and ocean
warming on organism physiology have been extensively studied, less is known on how
concurrent climate change stressors will affect marine fish. Therefore, our study focused
on the combined effects of ocean acidification and warming on Pacific herring early
life history stages. Pacific herring embryos were incubated under a factorial design of
two temperature (10◦C or 16◦C) and two pCO2 (600 µatm or 1200 µatm) treatments
from fertilization until hatch (6 to 15 days depending on temperature). Elevated pCO2

was associated with a small increase in embryo mortality. Elevated temperature, as a
single stressor, generated greater embryo mortality and embryo heart rates, larger yolk
areas upon hatch, lower hatching success, and shorter larval lengths; compared with
the same parameters measured under ambient temperature. The interaction of elevated
temperature and pCO2 was associated with greater embryo heart rates and yolk areas
compared to ambient conditions. This study suggests that while temperature is the
primary global change stressor affecting Pacific herring embryology, interaction effects
with pCO2 could introduce additional physiological challenges.

Keywords: Pacific herring, ocean acidification, ocean warming, early life, teleost

INTRODUCTION

Pacific herring are key prey for ecologically and commercially important finfish, sea birds and
marine mammals in the U.S. Pacific Northwest (PNW) (Fresh et al., 1981), and their eggs are a
lipid-rich resource for many marine invertebrate and vertebrate foragers (Penttila, 2007). Herring
spawn in shallow, vegetated habitats (Penttila, 2007), where developing embryos may be exposed to
more extreme abiotic variability than in offshore habitats. Pacific herring, which spawn in distinct,
local populations that can differ in genetic structure (Stick et al., 2014), are declining across much
of their PNW range (Schweigert et al., 2010; Shelton et al., 2014; Thompson et al., 2017). This is
especially notable in Puget Sound, the southern half of the Salish Sea in the PNW (Stick et al., 2014),
where some populations in this region are declining by as much as 97% from their historical highs
(Francis and Lowry, 2018; Sandell et al., 2019). Forage fish are known for showing high interannual
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variability in spawning population recruitment (Schweigert,
1994; Williams and Quinn, 2000), but what is causing the long-
term trend of decline in herring populations located in the PNW
is likely a complex amalgamation of factors that include, but are
not limited to, trophic interactions, maternal fitness, human over-
exploitation, and climate variability and change (Houde, 2008;
Siple et al., 2018).

In coastal waters, variable environmental conditions may
lead to early or more extreme exposure of organisms to high
temperature or elevated pCO2 waters (Feely et al., 2008; Cai, 2011;
IPCC, 2019), leading to reduced organismal fitness. However,
organisms in these systems may also have evolved greater
tolerance to a wider range of conditions. Attempts to gain an
understanding about the effects of higher temperatures and
elevated pCO2 on coastal marine species have been under
investigation for some time (Doney et al., 2012; Harvey et al.,
2013), and the effects of these climate variables are context and
species-dependent (Harvey et al., 2013). The influence that these
climate stressors will have on marine fish are beginning to be
understood (e.g., Munday et al., 2009a; Hurst et al., 2013; Sswat
et al., 2018), but to date little is known about the effects of
elevated pCO2 on Pacific herring (Clupea pallasii), especially the
combined effects of temperature and pCO2 on their early life
history stages. Stressors such as climate change and habitat loss
can have strong effects on early life stages, and loss of fitness or
increased mortality in these stages can have serious impacts on
population trends.

Within the context of climate change, it is well known that
temperature affects the development and survival of marine
teleosts at early developmental stages. For instance, shortened
time to hatching is one common effect of increased temperature
(Pankhurst and Munday, 2011). Abnormalities in the formation
of pectoral fins and spinal cords were associated with temperature
increases in Atlantic and Pacific herring (Purcell et al., 1990;
Johnston et al., 1998; Dinnel et al., 2007; Sswat et al., 2018). These
fin and spinal abnormalities may affect the growth and survival of
later stages through diminished swimming performance, leading
to greater mortality from an inability to capture prey or avoid
predators (Vieira and Johnston, 1992; Johnston, 1993; Johansen
and Jones, 2011; Kawakami et al., 2011).

Under elevated pCO2 adult marine fish are often resilient,
having fully developed gills, they have effective ion exchange
and acid-base regulation to prevent acidosis (Deigweiher et al.,
2008). Early life stages of marine fish are hypothesized to be more
susceptible to increases in pCO2 as they have not yet developed
these mechanisms to mitigate the effects of hypercapnia (Kikkawa
et al., 2003; Ishimatsu et al., 2008). Poor ion exchange could
lead to shifting energy allocations, respiration sensitivities, and
metabolic depressions (Deigweiher et al., 2010). Early life stage
responses to elevated pCO2 include mortality (Baumann et al.,
2011), loss of sensory ability (Munday et al., 2009b), changes
in behavior (Dixson et al., 2010; Chung et al., 2014), and, at
the molecular level, plasticity in gene regulation of metabolic
processes (Tseng et al., 2013). Mechanisms driving these effects
may include increased cost of osmoregulation (Kreiss et al.,
2015) and changes in biochemical pathways, and metabolic rates
(Dahlke et al., 2017).

In order to better predict the effects of climate change on
coastal fish, the range of temperature and pCO2 exposures in
experiments should be established in the context of the water
chemistry associated with their environments. Predictions for
surface seawater for open ocean systems indicate an increase in
pCO2 from about 400 to 1,000 µatm (decrease from pH 8.1 to
pH 7.7) by the year 2100, driven primarily by equilibrium of
atmospheric CO2 with seawater (Caldeira and Wickett, 2003;
IPCC, 2019, RCP 8.5). In coastal ecosystems of the U.S. Pacific
Northwest, factors such as high photosynthesis and community
respiration, eutrophication, vertical mixing associated with
tidal exchange over complex bottom topography, and coastal
upwelling amplify pCO2 fluctuations, bringing the high pCO2
excursions currently observed well beyond predicted levels for
the end of this century over short time scales (Feely et al.,
2008, 2010; Sunda and Cai, 2012; Duarte et al., 2013; Pacella
et al., 2018). Ocean acidity extreme events such as these, are
also predicted to increase dramatically, as overall variability in
conditions and baseline acidity increases as anthropogenic CO2
is taken up into the global oceans (Burger et al., 2020).

Models and measurements on the regional scale can also
provide some important context. A recent biogeochemical and
hydrodynamic model predicted bottom water pH in the Salish
Sea will decrease between 0.1 and 0.3 units depending on season
and location under the RCP 8.5 emissions scenario (Khangaonkar
et al., 2018). An in situ sensor deployed in the nearshore at Cherry
Point, WA, the herring-spawning site from which fish in this
study were collected, recorded a mean pH of 8.1 and 8.0 during
May and June of 2019 (Department of Natural Resources (DNR),
2019). These means are consistent with open ocean values and
with atmospheric equilibrium, however, the standard deviation
of pH in June 2019 was 0.39 and daily low pH readings regularly
fell below 7.7 during peak spawning periods. This suggests pCO2
close to 1,000 µatm is present during low pH periods of daily
fluctuations under current conditions at Cherry Point.

Temperature varies seasonally across the spawning season
for Pacific herring, which peaks in March for some populations
in the Salish Sea and as late as June for the Cherry Point
population (Sandell et al., 2019). Modeling results indicate that
temperatures in the Salish Sea are between 6–8◦C in March and
10–15◦C in June and that overall seawater temperatures can
be expected to increase by 1.5◦C under the RCP 8.5 emission
scenario (Khangaonkar et al., 2018). However, these changes
may be larger in nearshore areas with temperature predictions
increasing up to 4◦C, depending on the proximity to freshwater
inputs (Khangaonkar et al., 2018). If peak flows of the Fraser
River in June were reduced, or the river temperature increased,
then seawater temperatures at Cherry Point could increase
markedly (Khangaonkar et al., 2018). In 2019, an in situ sensor
package at Cherry Point in an eelgrass meadow recorded a mean
temperature of 15.5◦C during June and just over 14◦C in May.
Standard deviation of temperature measurements was about
2.5◦C during both months, resulting primarily from substantial
diurnal fluctuations (Department of Natural Resources (DNR),
2019).

As both temperature and pCO2 are expected to increase in
concert, investigation of multiple stressor interactions on teleost
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early life stages is necessary. Interacting temperature and pCO2
may cause additive, synergistic, or antagonistic effects on a
range of physiological factors depending on fish life stage and
species (Pimentel et al., 2014; Dahlke et al., 2017; Sswat et al.,
2018). Individual factors were also investigated, as temperature
and CO2 do not always vary in concert with each other. For
instance, upwelling events bring cold, CO2 rich water to the
surface and as sea surface temperatures increase during summer
months after upwelling events occur. Our study was designed
to assess the effects that elevated temperature and pCO2 have
on Pacific herring embryo development. While we may expect
developmental differences to occur under temperature stress,
the interaction of temperature and pCO2 may provide a more
representative scenario of developmental impacts under multiple
environmental stressors; which may reveal significant reductions
in viable Pacific herring embryos and larvae that were not
observable under single environmental stressors. Overall, the
potential for reduced embryo survival and hatching success will
limit the population growth of this critical forage fish species in
the PNW. Given that negative effects from high temperature are
well established and effects of high pCO2 are not, Pacific herring
embryos were reared in seawater under two pCO2 conditions
and two temperatures to determine if high pCO2 alone, or when
combined high temperature would result in greater mortality and
other sub-lethal physiological outcomes in embryonic herring
than temperature stress alone.

MATERIALS AND METHODS

Animal Collection
All experimental procedures were carried out in accordance with
the recommendations and approval of the Animal Care and
Use Committee at Western Washington University (protocol
approval 16-004). Pacific herring spawn in the Puget Sound
region from early January through late June, depending on the
stock. The Washington Department of Fish and Wildlife collected
adult Pacific herring via gill netting from Cherry Point, Puget
Sound, WA in May 2017. Male and female gonads were dissected
in the field, placed on ice, and transported on the same day to the
Shannon Point Marine Center (SPMC) in Anacortes, WA, where
fertilization occurred.

Fertilization
Upon same day arrival to the SPMC, ova from a female gonad
were lifted using a micro-spatula and dispersed in a single layer
onto groups of four glass microscope slides (25 × 75 × 0.1 mm)
under treatment combinations. Each slide had an average of 72
eggs and while some egg clusters were present this is a natural
occurrence in the field during spawning season. Testis samples
(∼1 cm3) from four males were combined and macerated in
one of four 200 mL bowls at the 4 treatment conditions.
A 1 mL aliquot of the homogenized sperm suspension was
used to fertilize each egg slide. After 10 min of gamete contact,
slides were gently rinsed with their respective treatment water
to remove sperm and ovarian remnants. Each slide with eggs
from a single female, was then transferred into a 200 mL glass

bowl filled with treatment water and covered with fine mesh to
allow water circulation and prevent escapement. This process was
repeated for each of the other three female gonads. Following
fertilization, slides were photographed to determine initial counts
of ova and assess fertilization (Stereomicroscope: Olympus SZ40,
6.7× magnification; Camera: Nikon DSLR D3300 55 mm lens).
The presence of a raised membrane around the embryo was
recorded as an indication of successful fertilization. Bowls were
then distributed into their respective treatment basins, each basin
receiving a bowl with eggs from each of the 4 females.

Incubation
Embryos were incubated in a triplicated 2 × 2 factorial
framework consisting of two water temperatures (10◦C, 16◦C),
and two pCO2 treatments (∼600 µatm, pH 7.8;∼1200 µatm, pH
7.5). The temperature range in this study (10–16◦C) represents
a reasonable range for spawning temperatures currently present
in the Salish Sea. The high temperature of 16◦C is only slightly
higher than the average temperature recorded last year during
probable spawning periods at Cherry Point, and the lower
temperature is representative of more southerly sites, which
may experience temperature increases in the future. The pH
difference of about 0.3 tested here is similar to the higher end
of predictions for the Salish Sea (Khangaonkar et al., 2018).
Fluctuations currently bring pH regularly to 7.7 in nearshore
waters (Feely et al., 2010). The low pH of 7.6 used in this
study, while lower than typical pH conditions found currently,
will likely be present in bottom waters in the Salish Sea by
the year 2100 (Khangaonkar et al., 2018). It is also likely to
be common during low pH periods of nearshore fluctuations
given that it is even now sometimes reached during these
fluctuations (DNR). Therefore, the pCO2 and temperature levels
chosen for our study are appropriate in this context, and
the high treatments are reasonable to establish the existence
of physiological effects of high pCO2 when combined with
temperature stress.

A header tank (170 L) received filtered seawater drawn
from the Salish Sea. Seawater was then gravity fed into twelve,
40 L mixing tanks at 4 L min−1. Within each mixing tank,
submersible power head pumps circulated the seawater. Six
pumps continuously received food grade CO2 gas (40 mL
min−1), which was regulated by an 8 channel Masterflex R© L/S
Digital Drive peristaltic pump. Gas was fed directly into the
intakes of the power head pumps, where the gas stream was
broken into fine bubbles that quickly dissolved into the water
(Jokiel et al., 2014). Water flowed from the mixing tanks into
treatment basins (n= 3 basins per treatment x 4 treatments= 12
total basins) by gravity through tubing restricted to 1/16” ID
at the lower end. The basin volume (11 L) and water flow rate
into the basins (3.6 mL s−1) allowed a residence time (50 min)
that permitted heaters (Aqueon R© 100 W Submersible Aquarium
Heater) to raise the ambient seawater temperature (10◦C) to
16◦C in half of the basins. Water circulation pumps (Hydor
Koralia Nano 240) ensured uniform temperatures within all the
basins. Standpipes within the basins maintained sufficient water
depth and allowed excess seawater to flow to waste. A single
header tank and individual mixing tanks for each basin reduced
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pseudoreplication (Cornwall and Hurd, 2015). Four glass bowls
fitted with mesh lids containing the developing embryos were
submerged in each basin. It is possible that gradients could
develop across the mesh lids or within the bowls, but water
circulation was vigorous in the basins, and bowls were refreshed
with new water daily during data collection.

Water chemistry was monitored throughout the study. Daily
temperature and pH values were recorded using a hand-held,
Orion StarTM A329 pH conductivity meter calibrated with
NBS-buffers at 10◦C. Basin seawater samples were drawn on
days 2, 7, and 12 for carbonate chemistry analyses. Samples
were passed through a 0.6 µm glass fiber filter before filling
20 mL scintillation vials with no headspace for duplicate
pH and duplicate total dissolved inorganic carbon (DIC)
samples. Samples were preserved with 10 µL of mercuric
chloride (HgCl2) and refrigerated at 2◦C before being analyzed
with a DIC analyzer (Apollo SciTech AS-C3) a week after
collection. Room temperature and sample salinity (measured
with refractometer) were used to calculate water density and
convert DIC measurements from µmol L−1 to µmol kg−1.
DIC values were calibrated against a standard curve generated
using certified reference material (CRM, Batch 149, Dickson,
Scripps Institute of Oceanography). Seawater samples for pH
measurements were analyzed within hours of collection using a
diode array spectrophotometer (Agilent 8453A UV-VIS). These
samples were brought to 25◦C in a water bath before transferring,
via syringe, into a jacketed 5 cm cuvette also maintained at the
same temperature. One 30 µL aliquot of m-cresol indicator dye
was added to each sample, and the pH was calculated from
absorbance at 730 nm, 578 nm, and 434 nm and corrected for the
dye addition (Dickson et al., 2007). DIC and pH measurements
were used to calculate pCO2, pH (total scale), and aragonite
saturation states (�) using CO2SYS (Lewis and Wallace, 2012)
with K1 and K2 equilibrium constants (Dickson and Millero,
1987). Mixing tank salinity was measured during carbonate
chemistry sampling, using an YSI Pro-20.

Fertilization and Hatching Success
Fertilization success for each treatment was quantified as the
percentage of the initial egg count that was fertilized. Unfertilized
eggs were carefully removed from the slide with a micro-
spatula when not attached to a fertilized embryo. Dead embryos
post-fertilization were counted and removed from the slides
every 24 h until hatching commenced. To determine hatching
success, daily counts of malformed and successfully hatched
larvae were recorded. Hatching success was calculated as the
percentage of the initial egg count that hatched as larvae with
no deformities. Larvae were anesthetized in a 10 mL bath of
tricaine methanesulfonate (MS-222) and then fixed in a 5%
formalin solution. Fixed larvae were preserved with 15 mL of
200-proof ethyl alcohol in high-density polyethylene vials and
were later dried and measured using the tracing tools of ImageJ
analysis software.

Yolk Areas and Heart Rate
Developing embryos and larvae rely heavily on yolk provisions
and increased metabolic costs associated with environmental

stress could cause the reallocation of this energy source to
maintain other physiological processes, at the cost of growth or
development (Dahlke et al., 2017). The amount of yolk in Pacific
herring embryos was characterized by measuring the areal extent.
Beginning on day 2, three embryos for which positioning made
the embryo stage easily visible were chosen from each slide. These
selected embryos were photographed daily using identical camera
and microscope settings described for fertilization. The stage of
embryo development was categorized for each of the embryos
selected for heart rate analysis (Kawakami et al., 2011). Embryo
yolk areas were measured from 2 days of digital photographs
taken before the developing embryo obscured the yolk sac (days
9–10 at 10◦C and days 3–4 at 16◦C). Yolk areas were measured
using ImageJ analysis software. Heart visibility depended on
embryo development stage and position, which contributed to
the difference in sample size. Video recordings of embryo heart
rates were taken as soon as hearts were visible, which occurred
on day 4 for the 16◦C treatment and days 5 and 6 in the
10◦C treatment. One-minute video recordings were taken from
haphazardly selected embryos from each slide in the basins
(n = 62 videos at 16◦C, and n = 143 videos at 10◦C). Videos
were recorded by angling a 55-mm Nikon D3300 lens into an
Olympus SZ40 Stereomicroscope viewfinder (6.7×). Heartbeats
were visually counted during video analysis. Measurement of
oxygen uptake was also attempted, but technical issues resulted
in compromised data that could not be used.

Hatched Larvae
Larval size at hatch was measured using standard length. The
number of larvae per sample varied depending on daily hatch
numbers, where a sample consisted of all larvae hatched from
each bowl on a given day. Larvae were rinsed and photographed
with a Nikon D3300 DSLR 55-mm lens. Each sample was
then dried at 70◦C for 24 h minimum and reweighed on the
analytical scale to determine dry weight. Digital photographs
were analyzed using ImageJ analysis software to measure larval
standard length (from the tip of the snout to the last vertebrae) to
the nearest 0.1 mm.

Statistical Analysis
A linear mixed-effects model with fixed factors including
temperature, pCO2 and their interaction effect was generated
for each measured parameter (fertilization and hatching success,
embryo mortality, yolk area, embryo heart rates, larval length
and dry weight). Random factors (basin and parental female)
were added to the models, fit by restricted maximum likelihood
(REML) with individual slopes and intercepts, to determine if
random factors improved the model fit. Linear mixed-effects
models and random effects models were compared and model
quality was chosen based on Akaike information criterion (AIC)
values, with lower AIC values indicating a better model fit.
A summary of statistical results from these linear models is
presented in Supplementary Table 1. Random factors were
found to be not significant and the additional flexibility of the
linear mixed-effects models were not needed. We present the
results of multifactorial analysis of variance (two-way ANOVA)
for each variable for simplicity. Measurement endpoints were
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expressed as means ± standard deviations and tested for
equal variance and normality using Levene’s and Shapiro-Wilk
methods, respectively. A multifactorial analysis of variance
(two-way ANOVA) was performed to evaluate the effects of
temperature and pCO2 on each measurement endpoint (n = 7).

Tukey’s HSD post hoc comparisons were used to detect significant
differences between the means. Linear models were generated
using the nlme package and the multcomp package for ANOVA’s
and post hoc comparisons in RStudio (version 3.1.2, 2014).
Statistical significance was determined by p ≤ 0.05.

TABLE 1 | In situ seawater parameters and calculated discrete carbonate chemistry values during experiments.

In situ measurements Discrete samples

Treatment pH Temperature Salinity pCO2 DIC pH

(µatm:◦C) (NBS Scale) (◦C) (PSU) (µatm) (µmol kg−1) (Total)

600:10 7.92 ± 0.03 (47) 10.4 ± 0.03 (47) 28.9 ± 0.05 (3) 572 ± 17 (18) 1946 ± 13 (18) 7.87 ± 0.01 (18)

600:16 7.87 ± 0.03 (42) 16.1 ± 1.5 (42) 28.8 ± 0.15 (3) 666 ± 18 (18) 1942 ± 12 (18) 7.81 ± 0.01 (18)

1200:10 7.60 ± 0.06 (48) 10.4 ± 0.03 (48) 28.3 ± 1.0 (3) 1034 ± 145 (17) 2004 ± 20 (17) 7.63 ± 0.06 (17)

1200:16 7.58 ± 0.04 (42) 16.4 ± 1.0 (42) 27.3 ± 0.60 (3) 1221 ± 138 (17) 2000 ± 12 (17) 7.57 ± 0.05 (17)

Mean experimental values ± standard deviation (see parentheses).

TABLE 2 | Two-way analysis of variance of each measured parameter (in bold) of Pacific herring early life stages as a function of temperature and pCO2.

Fertilization Success Df Sum Sq Mean Sq F-value Pr (>F) η2
p

pCO2 1 0.09 0.09 0.00 0.96 0.00

Temperature 1 0.68 0.67 0.01 0.90 0.00

pCO2:Temperature 1 0.03 0.02 0.00 0.98 0.00

Error 44 1908.6 43.4

Hatching Success

pCO2 1 503.1 503.1 1.96 0.16 0.04

Temperature 1 14145.3 14145.3 55.1 <0.01* 0.55

pCO2:Temperature 1 26.1 26.1 0.10 0.75 0.00

Error 44 11291.7 256.6

Embryo Mortality

pCO2 1 1297.9 1297.9 4.57 0.03* 0.09

Temperature 1 11322.2 11322.2 39.8 <0.01* 0.47

pCO2:Temperature 1 283.2 283.2 0.99 0.32 0.02

Error 44 12491.7 283.9

Heart Rates

pCO2 1 369 369 4.33 0.03* 0.02

Temperature 1 55337 55337 650.4 <0.01* 0.76

pCO2:Temperature 1 479 479 5.63 0.01* 0.02

Error 201 17101 85

Yolk Area

pCO2 1 0.35 0.35 8.57 0.00* 0.01

Temperature 1 3.36 3.36 80.5 <0.01* 0.10

pCO2:Temperature 1 0.19 0.19 4.74 0.02* 0.00

Error 691 28.8 0.04

Larval Length

pCO2 1 0.02 0.02 0.05 0.81 0.00

Temperature 1 32.8 32.8 75.5 <0.01* 0.34

pCO2:Temperature 1 0.51 0.51 1.18 0.27 0.00

Error 141 61.3 0.43

Larval Weight

pCO2 1 0.00 0.00 0.32 0.56 0.00

Temperature 1 0.00 0.00 3.23 0.07 0.05

pCO2:Temperature 1 0.00 0.00 0.01 0.91 0.00

Error 54 0.04 0.00

*Indicates significance.
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RESULTS

Incubation Conditions
Treatment levels are referred by their target pCO2 and
temperature combination. The ambient pCO2 (∼ 600 µatm)
treatments deviated less than 20 µatm over the course
of experiments. The difference from “current-day” pCO2
(∼400 µatm) conditions, from our ambient pCO2, may be due
to CO2 accumulation from respiration in the seawater system
and from slightly elevated pCO2 in the waters of the Salish
Sea. The high pCO2 treatments (∼ 1200 µatm) showed greater
variability than the 600 µatm (Table 1). Since DIC in the high
pCO2 treatments at 10◦C and 16◦C did not differ (p > 0.05),
CO2 outgassing was not higher at 16◦C, and the pCO2 differences
between the 1200 µatm:10◦C and 1200 µatm:16◦C treatments
can be attributed to the temperature effect on solubility of pCO2.
Temperature, pH, and salinity were consistent within replicate
basins for each treatment (Table 1).

Fertilization and Hatching Success
Fertilization success was greater than 80 ± 6% in all dishes
and was not affected by temperature, pCO2, or their interaction
(p > 0.05, two-way ANOVA, Table 2). Within the ambient pCO2
(600 µatm), at elevated temperature (16◦C) hatching success
was 31 ± 6% (F1,44 = 55.1, p < 0.01, η2

p = 0.55, two-way

ANOVA, Figure 1 and Table 2), a significant decrease compared
to 61 ± 10% hatch success at the ambient temperature (10◦C).
The difference in hatching success at elevated pCO2 was driven
by temperature, with 50 ± 12% at 1200 µatm:10◦C compared to
22 ± 7% at 1200 µatm:16◦C. Embryo mortality increased with
temperature, from 16 ± 10% at 600 µatm:10◦C to 42 ± 16%
at 600 µatm:16◦C (F1,44 = 39.8, p < 0.01, η2

p = 0.47, two-way
ANOVA). Elevated pCO2 also had an effect on embryo mortality,
which increased from 42 ± 16% at 600 µatm:16◦C to 58 ± 19%
at 1200 µatm:16◦C (Figure 2 and Table 2) (F1,44 = 4.5, p < 0.05,
η2

p = 0.09, two-way ANOVA). While both stressors significantly
affected embryo mortality the effect size of pCO2 was small,
accounting for only 9% of the overall variance, and mortality was
primarily driven by temperature.

Yolk Area and Heart Rate
Under ambient pCO2, elevated temperature was associated with
an a mean area of 0.75 ± 0.12 yolk area (F1,691 = 80.5, p < 0.01,
η2

p = 0.10, two-way ANOVA), and embryo yolk areas were
larger (mean area 0.82 ± 0.13) in the combined treatment of
1200 µatm:16◦C (F1,691 = 4.7, p < 0.05, η2

p < 0.00, two-
way ANOVA) (Figure 3 and Table 2). Embryo heart rates
were significantly faster (78 ± 10 beats per minute) in the
600 µatm:16◦C treatment (F1,201 = 650.4, p < 0.01, η2

p = 0.76,
two-way ANOVA) than embryo heart rates in the 600 µatm:10◦C

FIGURE 1 | Treatment effects on Pacific herring hatching success. Data represent the mean ± 1 SD of the percentage per slide, with 12 slides per 3 basins for each
treatment. Lower-case letters indicate statistically different treatments based on a Tukey’s HSD post hoc comparison.
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FIGURE 2 | Treatment effects on Pacific herring embryo mortality. Data represent the mean ± 1 SD of the percentage per slide, with 12 slides per 3 basins for each
treatment. Lower-case letters indicate statistically different treatments based on a Tukey’s HSD post hoc comparison.

(46 ± 7 beats per minute, Figure 4). The 1200 µatm:16◦C had
the highest heart rates among all treatment combinations at an
average of 86 ± 10 beats per minute (F1,201 = 5.63, p < 0.01,
η2

p = 0.02, two-way ANOVA, Figure 4 and Table 2).

Hatched Larvae
Larvae reared at 600 µatm:16◦C were shorter (5.6± 7 mm mean
length) than larvae in the 600 µatm:10◦C treatment (F1,41 = 75.5,
p < 0.01, η2

p = 0.34, two-way ANOVA), but were not affected by
pCO2 nor the treatment interaction (p > 0.05, two-way ANOVA,
Figure 5 and Table 2). Lengths were also on average 16% shorter
between 1200 µatm:10◦C than 1200 µatm:16◦C. The magnitude
of the temperature effect did not change with pCO2 treatment
as indicated by the lack of a significant interaction effect of
temperature and pCO2. Average dry weights did not significantly
differ among treatments, averaging 0.08 mg per larvae (p > 0.05,
two-way ANOVA). Larvae in the 16◦C treatment hatched earlier
(between 6 and 11 days post fertilization) than those in the 10◦C
treatment (between 10 and 15 days post fertilization).

DISCUSSION

The principle environmental variable affecting Pacific herring
embryos and larvae in this study was elevated temperature. This

finding is congruent with the understanding of temperature’s
effect on developing Pacific herring, in which development was
accelerated along with a greater embryo mortality and reduced
hatching success (Alderdice and Velsen, 1971; Alderdice and
Hourston, 1985; Pepin, 1991; Dinnel et al., 2007; Kawakami et al.,
2011). Given that the mean temperature measured at Cherry
Point during spawning season is already within 1 degree of
the high temperature investigated here (DNR), and that further
increases of between 1.5 and 4◦C can be expected (Khangaonkar
et al., 2018), temperature stress may become critical for larval
herring at Cherry Point and in the Salish Sea. Elevated pCO2 as a
single stressor did not elicit a discernable effect on the metrics
of Pacific herring fitness surveyed here. Pacific herring in this
region may be desensitized to the elevated pCO2 level used in
this study. The carbonate system in coastal oceans is dynamic
and in the Salish Sea daily and seasonal pCO2 variability can
be extreme, due to freshwater inputs, respiratory activity from
biological communities, and the intrusion of pCO2-rich deep
water into the Salish Sea basin (Feely et al., 2010; Hoffman et al.,
2011; Moore-Maley et al., 2016).

These environmental conditions may influence the relative
sensitivity of species-specific responses to ocean acidification.
For example, Leo et al. (2018) suggest that the differing
responses to high pCO2 observed in Atlantic herring, a congener
species to Pacific herring, may be explained by environmental
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FIGURE 3 | Mean yolk area (mm2) for Pacific herring embryos under treatment conditions. Data are from images collected over 2 days before the developing
embryo obscured the yolk sac (days 9–10 at 10◦C and 3–4 at 16◦C. Data are based on the mean ± 1 SD of (n) measurements: 600 µatm:10◦C (n = 60),
1200 µatm:10◦C (n = 54), 600 µatm:16◦C (n = 49), and 1200 µatm:16◦C (n = 43). Lower-case letters indicate statistically different treatments based on a Tukey’s
HSD post hoc comparison.

acclimation. High pCO2 is regularly observed in the Kiel Fjord,
and little to no effect of highly elevated pCO2 was observed
in Atlantic herring larvae from this location (Franke and
Clemmesen, 2011), compared to significant effects in larvae
from populations spawning in relatively low pCO2 in the Oslo
Fjord (Frommel et al., 2011; Leo et al., 2018). Diel and tidal
cycles in coastal environments may also contribute to a lack
of embryo sensitivity to elevated pCO2 (Cross et al., 2019).
Coastal species, such as the Pacific herring, that experience
short-term pCO2 fluctuations could produce offspring that are
tolerant of these conditions, as the cost of acid-base regulation
decreased during diel pCO2 cycles in several teleost species
(Jarrold et al., 2017; Cross et al., 2019). The possibility for
parental acclimation to elevated pCO2 on larval survival is a
fundamental parameter for population recruitment. A recent
study on Atlantic cod (Gadus morhua) found that parental
acclimation, along with high food availability, alleviated some
negative effects of high pCO2 on larval mortality (Stiasny et al.,
2018). Atlantic silverside offspring were more susceptible to
acidified conditions early in the spawning season, compared
to later in the season, perhaps because of better parental
conditioning later in the season when these conditions are more
common (Murray et al., 2014).

While our study solely focused on the early life stages, until
hatch, of Pacific herring embryos from one spawning event
under static conditions, the results are suggestive that effects
may be present under more fully realized simulations including
variable conditions and with more widely sampled individuals.
The potential for parental acclimation in this species, or varying
adaption between populations is another area of research that
could yield valuable information about potential responses to
ocean acidification in Pacific herring populations. Below we
discuss how the synergy of these climate variables affected the
various aspects of Pacific herring early life stages in this study.

Hatching Success and Mortality
As an individual stressor, high pCO2 did not affect hatching
success, which is a congruent finding with a previous study
on Atlantic herring. Franke and Clemmesen (2011) found no
linear relationship between high pCO2 and negative effects on
Atlantic herring larval total length, dry weight, yolk sac and
otolith area. While temperature has clear effects on Pacific
herring embryo mortality and hatching success (Alderdice
and Velsen, 1971; Alderdice and Hourston, 1985), this study
demonstrates that high pCO2 when combined with temperature
stress, may further increase mortality. The increased mortality
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FIGURE 4 | Treatment effects of Pacific herring embryo heart rates (beats min−1). Heartbeats were recorded during 1-min intervals on either day 4 (16◦C) or day 5
and 6 (10◦C). Data are based on the mean ± 1 SD of (n) measurements 600 µatm:10◦C (n = 72), 1200 µatm:10◦C (n = 71), 600 µatm:16◦C (n = 32), and
1200 µatm:16◦C (n = 30). Lower-case letters indicate statistically different treatments based on a Tukey’s HSD post hoc comparison.

at combined high temperature and pCO2 observed here calls for
further investigation.

The broad temperature effects measured in this study are
similar to those observed in other investigations (Alderdice and
Velsen, 1971; Johnston et al., 1998, 2001; Dinnel et al., 2007). For
instance, Pacific herring hatching success at a salinity of 30 PSU
is predicted to be 80% and 36% at 10◦C and 16◦C, respectively
by Alderdice and Velsen (1971), compared to measured values
of 70% and 32% is this study. Predicted mortality rates are also
similar to our observed values (Alderdice and Velsen, 1971).
Mechanisms for increased mortality in the high temperature
treatment may be related to oxygen supply, respiratory activity
and metabolic activity, as suggested by heart rate and yolk sac
data combined with results of previous studies (Alderdice and
Hourston, 1985; Rombough, 2011; Dahlke et al., 2017). The
interaction of pCO2 and temperature was not significant for
hatching success. This metric is closely related to mortality, but
includes larvae that hatch, yet are not likely to survive due
to malformations.

Size and Development
While the effects of increased embryo mortality on Pacific herring
populations are obvious, subtle effects on elevated heart rates and
changes in size and development at hatch can have important

survival impacts at later life stages, and can provide insight
into mechanisms that may be driving the changes in embryo
mortality. We found that Pacific herring incubated at higher
temperatures hatched earlier and were smaller in length than
those incubated at lower temperatures, which is consistent with
patterns found in Atlantic herring, including length association
with age (Geffen, 2002; Leo et al., 2018). Larval lengths at hatch
may have an indirect effect on swimming performance. Shorter
lengths (∼ 7 mm total length difference) decreased swimming
velocity (m s−1) by 24% of Atlantic herring larvae (Johnston et al.,
2001). Energetic tradeoffs may also continue into later life stages.
For example, elevated temperature was associated with increased
swimming ability, but decreased growth and survival in Atlantic
herring larvae (Sswat et al., 2018).

Pacific herring larval dry weights did not statistically differ
between treatments and an examination of embryo yolk sacs
may provide an explanation. Yolk conversion efficiency reaches a
maximum within the thermal tolerance range of a given species,
and tends to decrease near the upper and lower boundaries
of tolerated temperatures (Galloway et al., 1998). For example,
Atlantic cod embryos incubated at a low temperature (1◦C)
produced smaller larvae with larger yolk sacs, than embryos
incubated at 5◦C or 8◦C (Galloway et al., 1998); suggesting that
the reduced larval length obtained at the low temperatures may be
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FIGURE 5 | Mean Pacific herring larval lengths (mm) upon hatch. Length data are represented by the mean ± 1 SD of (n) measurements 600 µatm:10◦C (n = 414),
1200 µatm:10◦C (n = 425), 600 µatm:16◦C (n = 338), and 1200 µatm:16◦C (n = 271). Lower-case letters indicate statistically different treatments based on a
Tukey’s HSD post hoc comparison.

a sub-lethal response an unfavorable environment. Conversely,
under increased temperature (12◦C) and pCO2 (1100 µatm),
Atlantic cod embryos experienced higher metabolic rates and
reduced larval length at hatch, while the consumption of yolk
reserves remained unaffected; indicating embryos were not
able to convert yolk energy to other physiological functions
(Dahlke et al., 2017).

In this study, Pacific herring embryos reared in the
1200 µatm:16◦C treatment had the largest yolk area. Greater
yolk areas in Pacific herring embryos reared at increased
temperature and pCO2 indicate less energy was used for other
developmental processes, such as growth. This may explain why
no differences were detected in larval dry weights, with mass
either remaining within the yolk sac for larvae under the high
temperature or converted into growth for larvae in the ambient
temperature treatment.

Metabolism
The effects of increased temperature on metabolism are well
known and have been widely studied on marine fish, while the
pCO2 effects on metabolic rates and processes are only now
beginning to be explored. The increase in heart rate in both 16◦C
treatments observed in this study could be caused by increased
oxygen demand at higher temperature, and appears to be

exacerbated by high pCO2. The effect of temperature on oxygen
availability may help to explain these results. Thermally regulated
limits to oxygen supply can be a major driver in determining the
thermal window through both limited circulatory capacity and
solubility driven reductions in O2 availability (Pörtner and Knust,
2007). While elevated pCO2 conditions can impose additional
metabolic demands through acid-base regulation, basal oxygen
demand and standard metabolic rate have not been found to
increase in marine fish under existing and projected globally
relevant pCO2 levels (Lefevre, 2016; Esbaugh, 2018).

While oxygen consumption rates appear to respond to
increased temperature in Atlantic herring larvae (Leo et al., 2018),
enzyme activity – which indicates overall aerobic capacity – did
not exhibit a strong temperature response (Overnell and Batty,
2000). Increased oxygen uptake in Atlantic herring appears to be
partially linked to a reduction in the efficiency of mitochondrial
ATP production as temperature increases (Leo et al., 2018).
When efficiency in energy conversion decreases, both oxygen
uptake and respiration must increase, potentially reallocating
energy resources away from growth and development when
energy becomes limiting. A similar mechanism for reduced
metabolic scope with increased temperature was detected in
Atlantic cod, and in this case, elevated pCO2 caused an earlier
onset of the thermal stress to metabolic rates (Dahlke et al., 2017).
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This pairing of increased respiration with impaired energy
conversion fits with the elevated heart rates and slower yolk
utilization observed in the Pacific herring embryos exposed
to high temperature and elevated pCO2 in this study. Direct
oxygen uptake measurements were not successful here, but future
investigation of mitochondrial oxygen uptake could determine
if the interaction effects of temperature and pCO2 on Pacific
herring heart rates are driven by this mechanism as well.

Resilience to pCO2 stress may result from acclimation to
the dynamic environment in the Salish Sea, where the pH
and pCO2 regularly fluctuate to extreme values on diurnal and
tidal cycles during early to mid-summer months in nearshore
eelgrass meadows where Pacific herring regularly spawn. These
fluctuations often exceed the magnitude of predicted climate
change related shifts for the end of the century in both
temperature and pH. However, as climate changes progresses
and the additional inputs from upwelling events, freshwater
inputs, and other natural processes within the Salish Sea further
reduces environmental pH, Pacific herring embryos may exhibit
a reduced tolerance to elevated pCO2, particularly with the
co-occurrence of warmer temperatures. The high temperature
and high pCO2 conditions tested in this study are present
currently, at least during some periods of the diurnal and tidal
cycles for late spawning Cherry Point population. They may
become increasingly common during those cycles at this location,
and for earlier spawning populations in the coming decades,
perhaps bringing increased metabolic stress and mortality
as thresholds for harmful temperature and pCO2 are more
frequently crossed.

CONCLUSION

Our study demonstrated that pCO2 had little effect on
developmental endpoints in Pacific Herring as an individual
stressor, but mortality and metabolic effects of pCO2 on yolk sac
area and heart rate were distinct when combined with increased
temperature. Therefore, the potential for negative effects of ocean
acidification must be considered along with the known effects of
increasing temperature on reproductive success.

The ecological outcomes for Pacific herring populations in
the Salish Sea will depend on how the effects of environmental
stresses on their early life stages interact with potential behavioral
changes, direct or indirect food web effects, reproductive and
ecosystem level drivers. So, further investigation of the larger
implications of these findings is needed.
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