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Abstract. The dissolution of anthropogenically emitted excess carbon dioxide lowers the
pH of the world’s ocean water. The larvae of mass spawning marine fishes may be particularly
vulnerable to such ocean acidification (OA), yet the generality of earlier results is unclear. Here
we show the detrimental effects of OA on the development of a commercially important fish
species, the Atlantic herring (Clupea harengus). Larvae were reared at three levels of CO2:
today (0.0385 kPa), end of next century (0.183 kPa), and a coastal upwelling scenario (0.426
kPa), under near-natural conditions in large outdoor tanks. Exposure to elevated CO2 levels
resulted in stunted growth and development, decreased condition, and severe tissue damage in
many organs, with the degree of damage increasing with CO2 concentration. This
complements earlier studies of OA on Atlantic cod larvae that revealed similar organ damage
but at increased growth rates and no effect on condition.
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INTRODUCTION

Atmospheric CO2 levels are currently rising at a high

rate that is largely driven by anthropogenic activities

such as burning of fossil fuels and changes in land use

(Le Quéré et al. 2009). Approximately one-third of the

CO2 in the atmosphere will be absorbed by the oceans,

leading to an estimated global drop in pH of 0.4 units by

the year 2100 and up to 0.8 units (partial pressure of

CO2 gas [pCO2] ’ 0.203 kPa) by the year 2300 (Sabine

et al. 2004, IPCC 2007). However, the magnitude of

change can be locally highly variable (Hofmann et al.

2011). Areas particularly impacted by ocean acidifica-

tion include coastal upwelling regions, where water with

higher than today’s average pCO2 level is seasonally

upwelled onto the continental shelf (Feely et al. 2008,

Fassbender et al. 2011). High latitudes with character-

istic cold water, high primary productivity, and melting

of sea ice will also be more heavily impacted by ocean

acidification (Bellerby et al. 2005, Fabry et al. 2009,

Steinacher et al. 2009), and pH values for the coastal

Arctic Ocean are predicted to reach 7.7 by the year 2100

(Denman et al. 2011). In some parts of the Arctic Ocean,

the decrease in pH may even be doubled due to the

concurrent ocean warming that destabilizes gas hydrates

and releases large amounts of methane, which, in turn,

are respired by methanogenic bacteria to CO2 (Biastoch

et al. 2011).

Elevated CO2 concentrations can disturb the acid–

base regulation, blood circulation, and respiration, as

well as the nervous system of marine organisms, leading

to long-term effects such as reduced growth and

reproduction (Pörtner et al. 2004). Research on fresh-

water fish shows that early life stages such as eggs and

larvae are more susceptible to acidification than are

adults (Sayer et al. 1993), and it is hypothesized that this

should apply to marine species as well. A plausible

functional explanation is that fish are able to control

their acid–base balance by bicarbonate buffering, mainly

across the gills. However, embryos and early larvae use

cutaneous gas exchange, since they often lack gills, as

organogenesis is not yet completed, and therefore are

restricted in their acid–base regulatory capacities. This

may cause either direct acid–base imbalances in the

organism which can lead to tissue damage, and/or

reallocation of energy resources away from other vital

processes such as growth or development. In a previous

study, we found severe tissue damage to many internal

organs in Atlantic cod larvae under elevated CO2

concentrations, coupled, however, with increased larval

growth (Frommel et al. 2012). The question is whether

these responses are unique to Atlantic cod, or whether

other commercial fish species with different life-history

strategies will react similarly to ocean acidification.

Although the body of knowledge of the effects of

elevated CO2 concentrations is growing, little attention

has been paid to histological examination of tissue

responses.

Our study species is Atlantic herring, a benthic

spawner and schooling pelagic fish. It is also of high
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commercial importance with two-thirds of the popula-

tions currently overexploited and outside of the range

defined as biologically safe (Thünen Institute of Baltic

Sea Fisheries 2013). Herring are distributed throughout

the North Atlantic shelf regions from the east coast of

North America to the west coast of Europe and the

Baltic Sea. They are characterized by distinct groups

defined by spawning season and location (Geffen 2009).

Especially in response to salinity clines, a significant

genetic structuring of herring populations has been

observed (Bekkevold et al. 2005, Limborg et al. 2012).

Larval survival is an important factor determining year-

class strength in herring, especially in years of poor

recruitment (Nash and Dickey-Collas 2005). Herring

spawn in areas predicted to be severely affected by ocean

acidification. pCO2 values above 0.4053 kPa could be

reached in the future at important herring spawning

grounds in the Baltic Sea such as the Kiel Fjord

(Melzner et al. 2012). At higher latitudes and along

the Scandinavian coast, modeling studies predict a

doubling of pCO2 and decreases in pH of 0.255–0.315

units (Bellerby et al. 2005). We hypothesized that

Atlantic herring larvae would be affected by elevated

CO2 conditions similarly to Atlantic cod larvae. To test

this, we reared Atlantic herring eggs to 39 days post

hatch (dph) in the same large, outdoor mesocosms

simultaneously with Atlantic cod larvae under two

different future ocean acidification scenarios and today’s

levels. For further details on the experimental setup see

Frommel et al. (2012) and Maneja et al. (2013a, b).

METHODS

In this study, we exposed Atlantic herring larvae to

three levels of pCO2 (control, 0.0385 kPa; medium, 0.183

kPa; and high, 0.426 kPa) from newly fertilized eggs to

39 dph. Initially, the experimental design included a

‘‘low’’ treatment level of 0.0871 kPa pCO2, but this failed

for technical reasons. Eggs and larvae were reared

following a balanced randomized design of pCO2 levels

in nine, land-based, replicated, outdoor mesocosms

(2300 L, 1.5 m deep) at the University of Bergen’s

Marine Biological Station near Espegrend. Conditions

for optimal survival were kept via a flow through of

fresh seawater (0.024 6 0.01 L/s [mean 6 SD],

approximately replacing the entire water of each

mesocosm in the course of a day) pumped from a 40

m depth and allowing for natural conditions such as

temperature, salinity, and water quality (such as

ammonia), in addition to the natural light cycle and

intensity. Larvae were sampled for growth (standard

length and dry mass), condition (RNA :DNA), and

histological analysis.

Fertilization and rearing

Eggs from wild caught Norwegian Coastal herring (11

males and 11 females) were strip spawned onto 20 3 20

cm glass plates as ‘‘families’’ (crossing male 1 only with

female 1, male 2 with female 2, etc.) and then placed in

photo trays and fertilized with ambient and CO2-treated

seawater. These glass plates were suspended by ropes at

mid-depth in the mesocosm tanks. The tanks were

aerated with fine bubbles in a ring from the bottom of

the tanks. Oxygen, temperature, salinity, and pH levels

were monitored daily (WTW Oxi 340i, WTW T-S cond

330i, and WTW pH 340i with sentix 81 pH probe, probe

calibrated daily before use; all WTW Wissenschaftlich-

Technische Werkstätten GmbH, Weilheim, Germany).

Shortly before hatching, the egg incubation plates were

transferred into floating buckets with mesh bottoms

(allowing for free gas exchange) inside the mesocosms.

Peak hatch of the larvae occurred 23 days post

fertilization in the floating buckets after approximately

135 degree days (the number of days multiplied by the

temperature experienced). The hatched larvae were then

placed into the replicated mesocosms, taking care to mix

them proportionally from the different families using

ladles to achieve an initial density of approximately 1.5–

1.7 larvae/L in each tank (approximately 3400–3800

larvae/tank). Natural zooplankton from the fjord was

continuously filtered through a size-selective filter

system and collected for feeding to the larvae in the

mesocosms (Seljeset et al. 2010). Each day, a subsample

of the zooplankton remaining in each mesocosm was

counted, and fresh zooplankton was added to achieve a

prey density of 2000 zooplankton/L in all tanks. The

larvae were first provided with zooplankton in the size

range of 80–250 lm, and this range was increased to

350–500 lm during the course of the experiment as the

larvae grew larger (Folkvord et al. 2000).

Seawater manipulation

Three replicate mesocosms were maintained at each of

the three pH levels (control, 8.08; medium, 7.45; and

high, 7.07; measured on the total scale) by dissolving

pure CO2 into the water with fine diffusers in the

treatments (medium and high), while the control was left

to fluctuate freely at ambient conditions without

manipulation but with close monitoring. The addition

of CO2 was controlled by two mobile computers

(Aquastar, iks ComputerSysteme GmbH, Karlsbad,

Germany) that regulated the diffusion of CO2 from a

gas cylinder into the mesocosms via a feedback loop

with pH probes (iks glass electrode, article number

001023, iks ComputerSysteme GmbH) connected to

magnet valves. The pH in each of the tanks was

measured at 15-min intervals, adding CO2 on demand.

The CO2 diffuser was connected to the water inflow at

the bottom of the tank, and, together with the aeration

via the bubble ring, this insured that there was rapid

mixing and a homogeneous water pH. In addition to the

pH measurements from the system, the pH was

measured daily with a laboratory-grade glass pH probe

(WTW pH 340i, WTW Wissenschaftlich-Technische

Werkstätten GmbH) calibrated with a seawater stan-

dard and certified reference material (oceanic carbon

dioxide quality control; obtained from Andrew G.
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Dickson, Scripps Institution of Oceanography). We

initially included a ‘‘low’’ treatment level of 0.0871 kPa

pCO2 (pH 7.7) that failed for technical reasons. This

level of pCO2 stimulates phytoplankton growth and may

have been triggered by a phytoplankton bloom,

elevating the pH of the water above the threshold pH

and triggered the addition of excessive CO2 to the tanks.

The extent of the pH drop (2 pH units) and the speed of

the drop (within 12 hours) rules out biological issues and

can only be accounted for by mechanical error.

Once each week, water samples were collected for

dissolved inorganic carbon (DIC) and total alkalinity

(TA) measurements in order to calculate actual CO2

values in the water (Pierrot et al. 2006). The mean values

over the course of the experiment for dissolved inorganic

carbon were 2106.5 lmol/kg seawater (SW) for control,

2330.6 lmol/kg SW for the medium, and 2471.8 lmol/

kg SW for the high treatment. Total alkalinity for the

control treatment was 2282.3 lmol/kg SW, 2287.5 lmol/

kg SW for the medium, and 2290.7 lmol/kg SW for the

high treatment. This resulted in mean pCO2 levels of

0.0365 kPa for the control, 0.1906 kPa for the medium,

and 0.4313 kPa for the high treatment. Mean calculated

pH values were 8.08 for the control, 7.45 for the

medium, and 7.08 for the high treatment tanks. (More

details on the carbonate chemistry are given in Maneja

et al. [2013a]). Temperature at the start of the

experiment in March was 58C and reached 108C when

the experiment was terminated in May, while the salinity

remained at a mean of 33.3. Oxygen was measured daily

with a handheld oxygen probe (WTW Oxi 340i) and

consistently remained above 90% saturation.

Sampling

Forty fish from each tank were sampled each week

using a cylindrical tube that reached to the bottom of the

mesocosm in order to sample larvae over the entire

water column. Three weeks into the experiment, the

larvae were able to avoid the cylinder, and the fish had

to be sampled using large plastic ladles in addition to the

tube in order to catch enough larvae. Twenty larvae per

tank were photographed live for morphometrics and

staging, and they were shock-frozen on dry ice and

stored at�808C for future analyses. Larvae collected for

histological examination (10 per tank) on two sampling

days were preserved in 4% buffered formaldehyde.

Samples for histological analysis were taken on 25 dph

and 39 dph, RNA :DNA ratios were determined at 32

dph and at 39 dph to evaluate larval fish condition at a

time period where changes in the organ structure were

expected (Frommel et al. 2012). The remaining larvae

were used for otolith analyses. At the termination of the

experiment, all tanks were drained and the remaining

larvae sampled.

Morphometrics and staging

The standard lengths of the larvae were determined

from the photographs using image analysis software

(ImagePro Plus, WEISS Imaging and Solutions GmbH,

Bergkirchen/Günding, Germany). The larvae were then

staged according to the developmental key by Doyle

(1977) by looking at the degree of the flexion of the

notochord and the differentiation of the dorsal fin. The

distribution of larval developmental stages was then

contrasted across treatments at each sampling date and

larval age, and then related to critical developmental

landmarks (Fig. 1).

RNA :DNA determination

RNA :DNA ratios are good estimates of relative

condition, due to the fact that while DNA content is

stable in the cell, the RNA content varies with the

nutritional state of the larvae. All larvae were freeze

dried for 16 hours (Christ Alpha 1-4 freeze dryer, Martin

Christ Gefriertrocknungsanlagen GmbH, Osterrode,

Germany) and weighed (dry mass [DM]; Sartorius SC

2 microbalance, Sartorius AG, Göttingen, Germany;

precision 60.1 lg). Measurements of RNA and DNA

were made using the fluorometric method described by

Clemmesen (1993) and modified by Belchier et al. (2004)

with slight adjustments. Larvae were freeze dried,

decapitated, and the muscle tissue was homogenized in

400 lL or 800 lL 0.01% sodiumdodecyl sulfate (TE-

SDS) buffer, depending on the dry mass. When

necessary, the homogenate was diluted up to 10-fold

with 0.01% TE-SDS. Ethidium bromide was used as a

specific nucleic acid fluorescent dye for both RNA and

DNA, and the total fluorescence was measured (Fluo-

roskan Ascent, Thermo Scientific, Waltham, Massachu-

setts, USA). RNAse was then used to digest all RNA

enzymatically. The RNA fluorescence was calculated by

subtracting the DNA fluorescence from the total

fluorescence. By using the calibration curve fitted to

the standard measurements (23 s r RNA Boehringer,

Boehringer Ingelheim GmbH, Ingelheim am Rhein,

Germany, R2 ¼ 0.99), the amount of RNA was

calculated. Following Le Pecq and Paoletti (1966), the

DNA concentration was calculated using the relation-

ship between RNA and DNA fluorescence with a slope

ratio of standard DNA to standard RNA of 2.2, which

adjusts for the relative fluorescence intensity difference

of RNA and DNA.

Histopathology

Formalin fixed samples were blocked up in 2-

hydroxymethyl-methacrylate (HEMA) following dehy-

dration in 50%, 70%, and 95% ethyl alcohol and stained

in Lee’s methylene blue/basic fuchsin (Bennett et al.

1976) for general structure and Alcian blue/PAS

(Bancroft and Stevens 1975) for acid and neutral

muco-substances. The herring larvae for these observa-

tions were sampled on 25 dph and 39 dph only and were

sectioned whole in either a longitudinally horizontal or

lateral plane depending on whether they had been fixed

straight or curved. Possible effects on all tissues,

including the gills, skin, and skeleton (backbone), were
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considered in the analysis. However, changes to major

organs associated with metabolic control (i.e., liver,

kidney, and pancreas) received particular attention.

Damage was measured via stereology, and each organ

was scored as to its degree of severity by an observer

blind to the experimental treatment from which the

tissue was derived. Stereology is a quantitative technique

based on systematic and randomized sampling for the

interpretation of two-dimensional histological sections

from three-dimensional material, and it is a powerful

tool for analysis of tissue and organ development/

condition in fish larvae (Hill et al. 2002).

Data analysis

Assumptions of normality and homogeneity of

variance were confirmed using Kolmogorov-Smirnoff

and Levene’s tests. Due to low replicate size, classical

statistics are limited; therefore, an additional statistical

analysis using 95% confidence intervals around statisti-

cal effect sizes (Nakagawa and Foster 2004) was used to

verify the results shown by random effect mixed model

nested ANOVA analyses. This can provide further

information to be included into a metaanalysis such as

the one by Kroeker et al. (2010). Therefore, the effect of

treatment for different parameters was analyzed by

effect size analysis, which calculates the natural loga-

rithm of the response ratio (ln RR) of the mean effect of

a treatment to the mean of the control, along with the

variance and the 95% confidence intervals using the tank

means (see Hedges and Olkin 1985, Kroeker et al. 2010).

Response ratios allow quantification of the change

arising from manipulation proportional to the control

group in experiments. In experimental studies, ln-

transformed response ratios are commonly used, as they

are statistically robust and facilitate interpretation in a

biological context (Hedges and Olkin 1985). Histolog-

ical data was analyzed using the PERMANOVA

(Primer 6, PRIMER-E Ltd., Lutton, UK) data analysis

package for a nonparametric multivariate treatment

comparison. This approach is based on similarity

matrices, makes no assumptions about data distribution,

and estimates test statistics through permutations. It is

especially useful for analyses of data sets that include

different data types.

RESULTS

Larval growth measured by change in dry mass (Fig.

2) and standard length (Fig. 3) was significantly reduced

at elevated pCO2, with the difference increasing with

time. Random effects mixed model nested ANOVA with

tank as random factor, treatment as category, and time

as continuum factor was analyzed for dry mass,

standard length, and RNA :DNA of the herring larvae.

Age of the larvae (dph), treatment, and the interaction

between dph and treatment significantly affected the dry

mass (mixed model ANOVA for dry mass, dph P ,

0.0001, F1, 380 ¼ 520.37, sum of squares [SS] ¼ 44.33;

treatment, P , 0.0001, F2, 380¼ 13.88, SS¼ 2.36; dph 3

treatment, P , 0.0001, F2, 380 ¼ 25.84, SS ¼ 4.40) and

standard length of the herring larvae (mixed model

ANOVA for standard length, dph P , 0.0001, F1, 963 ¼
4133.5, SS ¼ 7843.1; treatment, P , 0.0001, F2, 963 ¼

FIG. 1. Developmental stages of herring larvae in relation to size, including critical landmarks in boldface type: hatching, first
feeding, and switch from cutaneous to branchial respiration. Compiled from Allen et al. (1976), Blaxter et al. (1983), and de Silva
(1974). Data on developmental stages from this study are included.
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41.76, SS¼ 158.5; dph3 treatment, P , 0.0001, F2, 963¼
30.93, SS ¼ 117.37). Mixed model ANOVA using

RNA :DNA ratios resulted in a significant effect of

treatment, but no effect of age (dph) or the interaction

of age and treatment (mixed model ANOVA for

RNA :DNA, dph P ¼ 0.149, F1,83 ¼ 2.12, SS ¼ 1.62;

treatment, P ¼ 0.0067, F2,83 ¼ 5.32, SS ¼ 8.13; dph 3

treatment, P ¼ 0.5482, F2,83 ¼ 0.60, SS¼ 0.92).

Calculated effect sizes and 95% confidence intervals

around effect sizes for dry mass and standard length of

the medium vs. the control and the high vs. the control

treatment are shown in Figs. 4 and 5. At 39 dph, herring

larvae from the medium treatment had 30% 6 13%

(mean 6 SD) less dry mass than did the control, while the

high treatment had 40% 6 14% less dry mass than did the

control (Fig. 4). For standard length, herring larvae at 39

dph from the medium treatment had a 6% 6 3% lower

standard length than did the control, while the high

treatment showed a 10% 6 6% lower standard length

than did the control (Fig. 5). Similarly, RNA :DNA

ratios were reduced with increasing CO2 treatment and

time, with the medium treatment being 7% 6 11% lower

than the control and the high treatment 10% 6 7% lower

than the control treatment (Fig. 6). Along with reduced

growth and condition in the CO2 exposed larvae, a

decrease in relative age was observed. There were no

treatment differences in the development of the larvae up

to 32 dph. However, at 39 dph, the larval development

stages diverged between treatments, varying between 2c

and 3c (see Fig. 7) with significantly more larvae in the

control treatment at later development stages, compared

to the medium and the high treatment (ANOVA, P ,

0.005, F2,59¼ 40.3; Fig. 7).

There was proportionally a greater incidence of larvae

with histological evidence of organ damage at 25 dph

than at 39 dph (Fig. 8). Significant treatment-related

damage was found at 25 dph (PERMANOVA, P ¼
0.023, F2,29¼ 37.75, mean square [MS]¼ 8894.4) with no

significant tank effect (P ¼ 0.849, F2,11 ¼ 0.530, MS ¼
226.5). The affected tissues included internal organs

such as the kidney, pancreas, and liver, as well as the

external structures of the fins. At 39 dph, there was no

significant effect of CO2 treatment on the tissues

(PERMANOVA, P ¼ 0.979, F2,9 ¼ 0.115, MS ¼ 179.6;

Fig. 8). Damage to the liver was mainly in the form of

enlarged lipid vacuoles that increased in number with

FIG. 2. Dry mass (mean and standard deviation) for each of the three treatment levels of partial pressure of CO2 gas ( pCO2;
control, medium, and high) over the entire experimental period (days post hatch [dph]).N¼10–15 larvae per tank and 30–45 larvae
per replicate.

FIG. 3. Standard length (mean and standard deviation) for
each of the three treatments over the entire experimental period.
N ¼ 20 larvae per replicate and 60 larvae per treatment.
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increasing CO2 concentration. More than 50% of 25 dph

larvae in the medium and high treatments were

determined to have damage scores 2 or 3, based on

these enlarged lipid vacuoles. Vacuolation of the kidney

tubule epithelial cells was present, leading to a loss in

structural integrity of the pronephric tubules and

cellular atrophy. Over 60% of the 25 dph larvae in the

medium and high treatments were determined to have

damage scores of 3 to 5, based on the presence of these

vacuoles and their size (Fig. 8 and Table 1). In larvae

from the high CO2 treatment, some of the neck cells of

kidney tubules also stained darker and showed signs of

breaking up (Fig. 9). Damage to the pancreas consisted

of vacuolation (damage scores 3–5) and degeneration

(damage score 6), plus alterations to tissue architecture

whereby the normal pyramidal exocrine cells sitting on a

well-defined basement membrane were replaced by

rounded cells on an irregular basement membrane.

The rosettes of the acini that form around zymogen

granules were also absent. In addition to internal

organs, damage to the fins was found in 10–20% of

the 25 dph larvae from the medium and high treatments,

in the form of abnormal structure of the bone and

cartilage, as well as enlarged tissue structure around the

bone (Fig. 9). No abnormalities were found in the heart

tissue, primary gill structures, or skeleton (backbone).

Besides roughly counting larvae into each tank, we

also counted the number of hatched, live, dead, and

unfertilized eggs on the glass plates when they were

removed from the tanks to check our starting numbers.

There was no indication of catastrophic mortality

during the experiment and no significant difference in

mortality rates among CO2 treatments. Average survival

rates were high, with daily survival rates above 0.9 for all

of the tanks. This is in keeping with patterns that we see

using these experimental methods in our system based

on natural plankton (Vollset et al. 2009, Seljeset et al.

2010).

FIG. 4. Effect sizes (natural logarithm of the response ratio, ln RR) and 95% confidence intervals for dry mass of herring larvae
at different ages. Data presented are based on the differences between medium vs. control and high vs. control treatment.

FIG. 5. Effect sizes and 95% confidence intervals for standard length of herring larvae at different ages. Data presented are
based on the differences between medium vs. control and high vs. control treatment.
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DISCUSSION

Our data collected on herring larvae grown in open air

mesocosms revealed increased levels of morphological

and physiological abnormalities under simulated ocean

acidification. In particular, the reduction in growth rate

both in terms of size and age-at-development in each

stage can have severe consequences for the larvae. Early

life-history stages are subject to very high rates of

mortality (Bailey and Houde 1989), selectively acting on

the smaller and slower growing larvae within an age

class (Meekan et al. 2006). Thus the effect of CO2

leading to smaller larvae will consequently extend the

predation window for a longer period and therefore

could lead to fewer larvae reaching the next develop-

mental stage. Furthermore, growth is a critical factor for

survival because of match-mismatch with larval zoo-

plankton prey (Cushing et al. 1990) and matching

oceanographic situations, as well as the timing of

metamorphosis (Iles and Sinclair 1982, Sinclair and

Tremblay 1984). Lower RNA :DNA ratios in CO2-

exposed larvae further demonstrate lowered nutritional

condition and growth potential (Buckley et al. 2008,

Huwer et al. 2011) suggesting carry-over effects

throughout development.

The reduction in growth could be due to the observed

decrease in zymogen granules of the exocrine acinar cells

in the pancreas. With its endocrine–exocrine role the

pancreas is central to organ development and growth.

Depending on whether they have a lipid- or glycogen-

based metabolism, the presence of small lipid vacuoles in

hepatocytes of some fish species is normal. However, the

presence of enlarged lipid vacuoles in hepatocytes such

as those observed in these studies can be the result of a

failure in the lysosomal vascular system leading to

lysosomal dysfunction, a response found in fish from

chemically polluted areas (Köhler 1991, Lowe et al.

1992). So-called fatty degeneration is an adaptive

response to stress and indicates reduced functionality.

Likewise, the atrophy exhibited in the kidney tubules

infers reduced functionally, especially when combined

with the presence of vacuolated regions within the cells.

Cellular and tissue atrophy following exposure to

chemical pollution can be the result of an increase in

protein breakdown, a decrease in protein synthesis, or

membrane damage, notably lysosomal, leading to

cellular dysfunction (Lawrence 2003). Insomuch as they

are responsible for maintaining homeostasis of body

fluids and excretion, any failure or impairment of kidney

function can have severe consequences for the organism.

This is particularly true in early life stages, as they are

one of the key sites for ion regulation before the onset of

functional gills.

The stages at which most organ damage was observed

correlate with a phase of energy-costly processes taking

place in the larvae, mainly linked to the switch from

cutaneous to branchial respiration (Fig. 1). At elevated

CO2 conditions, the larvae remained longer in these

stages (Fig. 7). The development of the circulatory

system and respiratory vascular apparatus, as well as the

use of respiratory pigments, happens late in the

development of herring larvae at metamorphosis.

Additionally, gills are not present until a larval length

of above 20 mm (de Silva 1974), a size that was only

reached in the control group at 39 dph. Therefore, most

of the larvae in our study depend on cutaneous gas

exchange, and this leaves them vulnerable, since the

absence of accessory and osmoregulatory structures

suggests a less efficient acid–base regulation system. It

could be speculated that the energy needed for efficient

cutaneous acid–base regulation leads to a decrease in

energy available for growth, leading to significantly

smaller and less developed larvae in the treatment

groups than in the control fish. Studies comparing

growth, development, and metabolic rate in sea urchin

FIG. 6. Effect sizes and 95% confidence intervals for
RNA :DNA ratios of herring larvae at 32 and 39 dph. Data
presented are based on the differences between medium vs.
control and high vs. control treatment.

FIG. 7. Percentage of larvae at various stages of develop-
ment (Doyle 1977) 39 dph for each of the three treatment levels
(control, medium, and high). N¼ 30 larvae per tank and N¼ 90
larvae per treatment.
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(Strongylocentrotus purpuratus) showed a greater energy

demand in the CO2-treated animals compared to the

control group (Stumpp et al. 2011). In addition to the

kidney, acid–base regulation in the larvae is achieved via

highly specialized chloride cells, or mitochondrial-rich

cells. These cells are located on the yolk sac in herring

embryos as early as three days post fertilization

(Bodenstein 2012), changing their distribution over the

body surface during larval development (Wales and

Tytler 1996) to be concentrated on the gills of juveniles

and adults (Hwang and Lee 2007). A decrease in

chloride cell abundance, distribution, and size has

previously been documented as a mechanism to cope

with ionic stress (Hiroi et al. 1999, Kikkawa et al. 2002).

FIG. 8. Percentage of larvae at 25 and 39 dph displaying different degrees of tissue damage (liver, kidney, pancreas, and fins) in
each treatment level (control, medium, and high treatment). Severity of damage increases with increasing score (1 is no damage)
and shading. See Table 1 for a description of damage scores. N ¼ 21–44 larvae per treatment.

TABLE 1. Damage scores in Fig. 8.

Damage score Liver, tissue score 2 Kidney, tissue score 3 Pancreas, tissue score 2 Fins, tissue score 4

1 normal normal normal normal
2 vacuoles moderate atypical structures atypical, irregular, atrophic tissue atypical
3 vacuoles abundant vacuoles present vacuoles present
4 atypical structures and vacuoles atypical structures and vacuoles
5 large vacuoles vacuoles moderate
6 degenerated tissue
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However, this response was not found in Baltic herring

embryos reared at CO2 concentrations up to 0.4053 kPa

(Bodenstein 2012).

Previous studies on the effects of ocean acidification

on herring are limited to embryonic development in the

Baltic population. While these studies found no effect on

growth, embryogenesis, or hatch success (Franke and

Clemmesen 2011, Bodenstein 2012), elevated CO2

concentrations around 0.4053 kPa were found to double

the mortality rate of embryos from fertilization to hatch

(Bodenstein 2012) and lead to a decrease in condition

(RNA :DNA) in newly hatched larvae (Franke and

Clemmesen 2011).

Many of the responses observed in the Atlantic

herring larvae are similar to those reported for the

Atlantic cod larvae co-reared in the same system

(Frommel et al. 2012a). There are important differences

however, and it is interesting to compare these two

species, as they have very different life history charac-

teristics. Cod eggs are pelagic, while herring lay adhesive

benthic eggs. Thus, these two species should encounter

very different hydrographic conditions during egg

FIG. 9. Histological sections of different organs of herring larvae at three different pCO2 treatment levels. Observed tissue
alterations for fins are enlarged soft tissue (et) and abnormal bone and cartilage structure (as). Observed tissue alterations for
kidney are vacuolated epithelial cells (v). Observed tissue alterations for liver are enlarged lipid vacuoles (lv). Observed tissue
alteration for pancreas is cellular necrosis (nec).
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development, with bottom waters often depleted of

oxygen and enriched in CO2, while surface waters are

aerated. Yet, in both species, severe organ damage under

ocean acidification scenarios was observed at similar

developmental stages. While the internal organs were

affected similarly in both species, damage to the fins was

only found in herring. Also, the cod larvae increased in

growth under elevated CO2 conditions, but size-at-

developmental stage was not affected by treatment,

while exposed herring larvae were smaller than the

control and slower in development as could be shown by

the differences in developmental stages.

The present study confirms the negative effects of high

CO2 concentrations on developmental processes, organ

damage, and growth found in other temperate (Bau-

mann et al. 2012, Frommel et al. 2012) and tropical fish

species (Munday et al. 2009a). The pCO2 treatment

levels (except for the aborted low treatment) exceed the

generally predicted concentrations and represent worst-

case scenarios expected in high latitudes and under

upwelling conditions. These concentrations are higher

than in most of the studies cited here.

Other effects of CO2 on marine fish include hyper-

calcification of otoliths and disrupted behavior patterns.

An increase in otolith size in relation to increases in CO2

was found in temperate fish such as sea bass larvae

(Checkley et al. 2009), newly hatched herring larvae

(Franke and Clemmesen 2011), juvenile walleye pollock

(Hurst et al. 2012), and cod larvae (Maneja et al. 2013b)

as well as in tropical fish such as clownfish larvae

(Munday et al. 2011b) and cobia (Bignami et al. 2013b).

A change in otolith size and density may affect the

auditory sensitivity and perception in the larvae

(Bignami et al. 2013a). Sensory and cognitive impair-

ment in respect to homing behavior (Munday et al.

2009b, Devine et al. 2011), prey detection (Cripps et al.

2011), predator avoidance (Dixson et al. 2010, Munday

et al. 2010), and risk assessment (Ferrari et al. 2012) has

been observed in coral reef fishes and has been linked to

effects of CO2 on neurotransmitter functions in the

brain (Nilsson et al. 2012). Behavioral changes including

boldness, exploratory behavior, lateralization, and

learning were recently also documented in a temperate

fish, the three-spined stickleback (Jutfelt et al. 2013).

There are however a number of studies that have

found no significant effect of elevated CO2 conditions on

development, growth, survival, otoliths, or behavior

(Munday et al. 2009c, 2011a, b, Franke and Clemmesen

2011, Frommel et al. 2013, Hurst et al. 2013). An

explanation for the observed differences between the

studies could be the shorter duration compared to the

experiment presented here. It is possible that effects of

ocean acidification are not evident until later stages of

development. Another explanation could be the envi-

ronmental conditions of the study location. Fish

populations that already experience a high variability

in CO2 concentrations may naturally be adapted to

increased CO2, and thus their larvae may be more

robust. Recent work on oysters and coral reef fishes has

demonstrated that the sensitivity of early life stages to

elevated CO2 levels may be affected by the parental

environment. Exposure of the parents to high levels of

CO2 was shown to moderate the negative effects of CO2

on the offspring (Parker et al. 2011, Miller et al. 2012,

Parker et al. 2012) with population specific differences

(Parker et al. 2011). Similarly, trans-generational

acclimation to increasing temperatures has recently been

demonstrated for tropical reef fishes (Donelson et al.

2011). The experiment on walleye pollock (Hurst et al.

2012) used larvae from parents caught in the Puget

Sound, an area with a naturally high variability in CO2

(Feely et al. 2010).

Similarly, Baltic cod (Frommel et al. 2013) and

herring (Franke and Clemmesen 2011) come from areas

with high variability and higher mean CO2 levels than

the mean values observed in the oceans. The Boknis Eck

monitoring station gives a 1986–1995 mean pCO2 level

.0.203 kPa during the summer months when older

herring larvae occur in the system (Melzner et al. 2012).

In the Bornholm Basin, a major spawning area for cod

in the Baltic, pH values down to 7.2 have been observed

during the spawning period (Frommel et al. 2013).

Decadal and seasonal variability in pH levels from 1960

to 2010 analyzed by von Dewitz (2012) confirmed pH

values as low as 7.2 in the Bornholm Basin.

Clear evidence for the link between environmental

and biotic factors in terms of temperature has been

demonstrated for cod. While recruitment in some stocks

is predicted to increase with temperature, others

decrease, and again others are not affected at all

(Drinkwater 2005).

Therefore, differences in the reaction to ocean

acidification must be expected not only from different

species, but also from different stocks of the same

species, depending on the environment they actually

experience. Additionally, changes in the production of

lower trophic levels and changes in the biochemical

composition in the food web have been found as a

response to OA (Rossoll et al. 2012) and may indirectly

affect larval fish by decreasing the quantity and quality

of food organisms.

An analysis of studies on fish larvae and juveniles

indicates that sensitive and more robust species exists.

This could potentially lead to winners and losers, who

will either suffer or benefit from the change in the

environmental situation. For example, the antipredatory

behavior of coral reef fish shows striking differences

between species in the sensitivity to CO2, although the

fish share very similar life history and ecological traits

(Ferrari et al. 2011). But differences in the reaction to

OA are not only found in the extent but also the mode of

reaction to OA between species. Bignami et al. (2013a)

predict differences in the sound reception in cobia larvae

based on an otolith hearing model, whereas behavioral

studies performed on larval Atlantic cod using swim-

ming kinematics have shown that Atlantic cod larvae
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seem rather resilient to increased pCO2, despite a

significant difference in otolith growth (Maneja et al.

2013a, b). Further studies should be performed using

older fish and applying the behavioral approaches used

for coral reef fish.

At present it is impossible to generalize the effects of

OA on fish larvae, probably because of the diversity in

the actual mechanisms of action on developmental

processes and early life history traits. Whether species

will be able to adapt to the rapidly changing climatic

conditions is still uncertain (Merilä 2012). Herring, with

their wide range of distribution, different and large

population sizes, and relatively short generation could

benefit through rapid adaptation (Geffen 2009). Indica-

tions for the possibility of local adaptation have been

shown by Limborg et al. (2012) and Lamichhaney et al.

(2012), comparing genes responsible for environmental

adaptation in different herring stocks in the Baltic,

North Sea, and North Atlantic. However, herring

populations experience high fishing mortality in addition

to other environmental stressors such as pollution,

warming, and hypoxia, which affect larval herring

growth, development, and survival. Therefore, potential

effects of ocean acidification must be added to the

growing list of anthropogenic disturbances leading to

increased mortality in the early life phases, and they

should be incorporated in future stock assessment

models.
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