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ABSTRACT: Scaling experimentally derived effects of CO2 on marine fauna to population 
responses is critical for informing management about potential ecological ramifications of ocean 
acidification. We used an individual-based model of winter flounder to extrapolate laboratory-
derived effects of elevated CO2 assumed for early life stages of fish to long-term population 
dynamics. An offspring module with detailed hourly to daily representations of spawning, growth, 
and mortality that incorporates potential elevated CO2 effects was linked to an annual time-step 
parent module. We calibrated the model using a 40 yr Reference simulation (1977−2016) that 
included gradual warming and then performed ‘Retrospective’ simulations that assumed a suite of 
elevated CO2 effects by changing fertilization rate, mortality rate of embryos due to developmen-
tal malformations, larval growth rate, and size-at-settlement. ‘Recovery’ simulations that started 
at low population size were then used to further explore possible interactions between the effects 
of CO2 and warming on population productivity. Warming had a major negative effect on the sim-
ulated winter flounder population abundance, and reduced larval growth had the largest single 
impact among the CO2 effects tested. When a combination of the assumed CO2 effects was 
imposed together, average annual recruitment and spawning stock biomass were reduced by half. 
In the Recovery simulations, inclusion of CO2 effects amplified the progressive decrease in popu-
lation productivity with warming. Our analysis is speculative and a first step towards addressing 
the need for extrapolating from laboratory effects of ocean acidification to broader, ecologically 
relevant scales.  
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1.  INTRODUCTION 

Absorption of anthropogenic CO2 is projected to in -
crease the acidification of ocean and coastal marine 
waters (Hartin et al. 2016). The physiological and 
ecological effects of elevated CO2 concentrations on 
early life stages of fish have been studied in labora-
tory experiments using a variety of taxa (Munday et 
al. 2010, Clements & Hunt 2015). The laboratory re -
sults for fish and other taxa have been mixed, with ef -
fects ranging from negative to none to positive (Har-
vey et al. 2013, Cattano et al. 2018) depending on 

study species, response variables examined, and CO2 
treatment concentrations used in the experiments. 

Extrapolation of experimentally derived effects of 
CO2, and ocean acidification (OA) in general, to 
 population-level responses in nature is difficult but 
important (Pankhurst & Munday 2011, Queirós et al. 
2015, Nagelkerken & Munday 2016). As is the case 
for  biological effects studies of contaminants (Suter 
2016), laboratory-based CO2 effects studies have 
provided valuable information describing how 
groups of individuals are affected under controlled 
conditions. Such data (e.g. larval growth rate) can be 
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used to identify CO2 concentrations that might lead 
to significant consequences in nature. However, the 
appropriate scale for determining ecological rele-
vance and the scale at which management operates 
are broader and at higher levels of biological organi-
zation (e.g. population, food web). What is needed is 
a set of tools for moving laboratory-demonstrated 
effects closer to the ecologically relevant endpoints 
that align with the scale of resource management 
(Rose et al. 2003, Townsend et al. 2019). 

There are many challenges involved with scaling 
effects on individuals up to higher levels for under-
standing consequences to living marine resources 
(Rose 2000). Populations of fish and many other mar-
ine taxa exhibit complex life cycles that involve life 
stages which often use distinct habitats and whose vi-
tal rates (growth, mortality, reproduction) are influ-
enced by multiple and often interacting environmen-
tal factors (Petitgas et al. 2013, Archambault et al. 
2018). Further, population responses often lag in time 
due to the complex ways that effects propagate 
through the life cycle (Rose 2000, Ottersen et al. 2010, 
Pasquaud et al. 2013). Population responses are also 
influenced by indirect effects, which may be mediated 
by other components of the food web and environ-
mental variables that may themselves be affected by 
the same or other stressors (Sswat et al. 2018, Bartley 
et al. 2019). Analysis of time-series data can provide 
useful information about climate and other environ-
mental effects on such populations (e.g. Morrongiello 
et al. 2014, Rogers & Dougherty 2019), but the annual 
frequency of many of our resource surveys and catch 
data limit the robustness of statistical approaches fo-
cused on correlation (Myers 1998, Gargett et al. 2001). 
One limitation of time-series ana lysis is the risk asso-
ciated with extrapolating beyond the range of envi-
ronmental conditions ob served in the time series.  

Simulation modeling is an additional tool that com-
plements laboratory and statistical approaches for 
tracking the effects of multiple factors through com-
plex life cycles. Simulation models may be parti -
cularly useful for predicting effects of elevated CO2 
due to CO2 affecting multiple processes (growth, 
mortality, development) across multiple life stages. 
Here, we employed an individual-based simulation 
modeling approach to scale up from laboratory-
documented effects of CO2 on fish early life stages 
to long-term population dynamics. We used an 
 individual-based model (IBM) to capture detailed 
ecological processes of the early life stages to enable 
representation of some of the dominant experimen-
tally revealed CO2 effects. The IBM builds on a prior 
winter flounder IBM (Chambers et al. 1995, Rose et 

al. 1996) and a generic larval fish IBM (Huebert & 
Peck 2014). An early life stage (offspring) module 
was linked to a parent module to achieve multi-
 generational simulations and the extrapolation of 
early life stage CO2 effects to long-term population 
re sponses. We chose winter flounder Pseudopleu-
ronectes americanus as our focal species due to its 
historic importance in NE USA, its use in prior CO2 
laboratory experiments, and its historically declining 
populations related to regional warming. Our analy-
sis demonstrates how laboratory information can be 
scaled up to long-term population dynamics under 
changing environmental conditions. With some loss 
of generality, we based the IBM on winter flounder 
information in order to allow for comparisons to field 
data, thereby ensuring sufficient realism of the under-
lying population dyna mics. The simulated effects of 
CO2 are not sufficiently based on species-specific 
information to allow interpretation of results as likely 
winter flounder re sponses. Thus, the elevated CO2 
simulations demonstrate the types of information 
needed from future studies and illustrate the possible 
population-level responses of fish when reasonable 
elevated CO2 effects are coupled to a realistic under-
lying population dynamics model. 

2.  METHODS 

2.1.  Overview 

We coupled a detailed IBM for the early life stages 
(offspring module) with a coarser IBM for age-
class 1 through adults (parent module). The parent 
module explicitly follows females; when totals (males 
and females) were needed (e.g. to compare parent 
module biomass to adult biomass reported in field 
data), we assumed a 1:1 sex ratio. Typical ratios 
(females to males) for winter flounder range from 
1:1 to favoring females (≤3:1) (Klein-MacPhee 1978, 
Danila 2000); assuming a ratio other than 1:1 would 
be accommodated in calibration and generate simi-
lar results. The offspring module tracks offspring of 
each parent individual in terms of daily develop-
ment and survival through early ontogeny (oocytes, 
ova, embryos, and yolk-sac larvae) and then in 
terms of hourly growth (bioenergetics) and daily 
survival through the re mainder of the first year of 
life (i.e. feeding larvae and young-of-the-year [YOY] 
juveniles). The surviving juveniles then enter the 
parent module as age-1 and are tracked until 15 yr 
of age. The parent module updates length and sur-
vival of each individual annually and determines 

138



Huebert et al.: Fish population responses to elevated CO2

reproduction in the next year’s offspring module, 
thereby closing the life cycle. 

The physical environment was modeled as a single 
well-mixed spatial box characterized by daily water 
temperature and day length (daily fraction of day-
light) representative of winter flounder habitat in the 
southern portion of their range (Chambers et al. 
1995). We used the temperature data (Fig. 1) moni-
tored during 1976−2016 at the Niantic River, Rhode 
Island, USA (Millstone Environmental Laboratory 
2017), where the winter flounder has been studied 
for multiple decades (Danila 2000, Lorda et al. 2000). 
Day length was estimated using the NOAA solar cal-
culator (R package ‘maptools’; Bivand & Lewin-Koh 
2021) for a latitude of 41.3° N (Niantic Bay, Connecti-
cut). A suite of assumed CO2 effects were imposed as 
changes to egg fertilization rate, mortality at hatch-
ing, growth rate of feeding larvae, and size-at-settle-
ment. While these changes were based on laboratory 
experiments on winter flounder and other species, 
their magnitudes, and even directions in some cases, 
are not well established. Consequently, model simu-
lation results of responses to elevated CO2 should be 
viewed as speculative and not specific to winter 
flounder. 

The winter flounder IBM is described in general 
terms below; the rationales, supporting information 
for the formulations, and estimation of parameter val-

ues are provided in Supplements 1–3 at www.int-res.
com/articles/suppl/m680p137_supp.pdf (for all sup-
plements). Further de tails are provided on the overall 
flow of model calculations (Fig. 2) and model pa -
rameters (Tables 1 & 2). The IBM uses an approach 
where a fixed number of model super-individuals is 
followed throughout the simulation (Scheffer et al. 
1995, Rose et al. 2015). Each super-individual repre-
sents a variable number or ‘worth’ of individuals that 
is reduced over time by mortality. All outputs are 
expressed in terms of worth-adjusted values to reflect 
population-level dynamics. Both modeling and data 
analysis were performed using R versions 3.3 to 4.0 
(R Development Core Team 2016). 

2.2.  Offspring module 

The offspring module tracks individuals through 6 
sequential ontogenetic stages: oocytes within the 
adult (used to determine onset of spawning); ova 
within the adult (until their release into the environ-
ment and fertilization); embryos (from fertilization of 
ova until hatching); yolk-sac larvae (hatching to first 
feeding); feeding larvae (first feeding until settle-
ment to juveniles); and YOY juveniles (juveniles until 
the end of the calendar year). Oocytes and ova are 
within the adult females. The oocyte stage is only 

used to calculate the onset of the ova 
stage in any given year; the ova stage 
is when the number of gametes pro-
duced by fe males in the parent mod-
ule is determined and then used to ini-
tialize new super-individuals that are 
added to the offspring module. Juve-
nile individuals at the end of the cal-
endar year (31 De cember) are consid-
ered recruits. 

2.2.1.  Offspring development 

The offspring module starts on 
January 1 of each year, receives new 
ova super-individuals from the parent 
module (1 per adult female super-
 individual) at the onset of spawning 
(January−March) and ends on 31 De -
cember. The day of spawning onset is 
determined by tracking cumulative 
oocyte development of all parent super-
individuals from 0−100%. A random 
value of required ova development be -
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Fig. 1. Environmental input data for the individual-based model (IBM) of winter 
flounder. (A) Coldest and warmest monthly mean temperature (open symbols, 
months with colored symbols also shown in panel B for each year and the asso-
ciated annual mean temperature (solid circles). (B) Daily photoperiod (dashed, 
not dependent on year) and temperature (solid) affecting the first (blue; 1977) 
and last (red; 2016) year-classes (recruitment) in the Reference simulations. 
Daily temperature was calculated from a time series of monthly mean tempera-
ture by fitting a sinusoidal curve (gray) to all data and shifting segments of this 
curve, one month at a time, to match specific monthly mean temperatures 
(symbols). Both panels show the gradual warming during the 1977−2016  

time period
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fore spawning, drawn from a triangular distribution 
(0−100%, mode of 50%), is assigned to each individ-
ual. Varying the duration of the ova stage in the simu-
lations creates a distribution of times during the 
spawning season when eggs are released into the 
environment. 

In all stages prior to feeding larvae (oocytes, ova, 
embryos, and yolk-sac larvae), stage development 
(S) is represented as a daily (Δt = 24 h) accumu lation 
of fractional increments of development (ΔS) that 
depend on development rate (as) adjusted for the 
effects of temperature (T) using a Q10 effect (Qs): 
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Loop over years

Create SI for new ova

Oocyte development

Loop over adults
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Day of development to ovum
Interpolated adult length
Probability of spawning (maturity)
Fecundity
Interpolated adult worth
Initial mass of ova
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Fig. 2. Flow of calculations for the offspring and parent modules of the IBM. The assumed effects of elevated CO2 included in 
model simulations are shown as blue ovals: decreased (or increased) fertilization, mortality at hatching due to developmental  

malformations, smaller size-at-settlement, and slower (or faster) growth rate of larvae. SI: super-individuals
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                                                                               (1) 

The transition from one stage to the next occurs at 
the end of the day when the sum of the daily frac-
tional increments exceeds 1.0. 

The offspring super-individuals are initiated at the 
onset of the ova stage. The initial worth (Nova) of each 
ova-stage super-individual (one for each female par-
ent) is the product of the worth of the parent interpo-
lated to the date when ova are initiated (Nparent; see 
Eq. 19 for parent module mortality), the probability of 
the parent spawning (P), and the annual fecundity 
(F) of the parent: 

                            Nova = Nparent · P · F                        (2) 

Annual fecundity is calculated from the length of the 
parent interpolated to the date when ova are initi-
ated (Lparent; see Eq. 18 for parent module growth; 
with coefficient af and exponent bf): 

                               F = af · (Lparent)
bf                           (3) 

P increases with Lparent, assuming a triangular distri-
bution of length at sexual maturity (with minimum 
ap, maximum bp, and mode cp). Initial mass of the 
super-individual (Mova; μg dry mass) is a linear func-
tion of Lparent (with intercept a0 and slope b0): 

                          Mova = a0 + b0 · Lparent                      (4) 

At the end of the ova stage, ova are released from 
the female and may become fertilized embryos. Fer-
tilization success is modeled as a linear function of 
temperature (with intercept av and slope bv) and de-
termines the fraction of super-individual worth carried 
over from the ova stage to the embryo stage (Nembryo): 

                     Nembryo = Nova · (av + bv · T)                  (5) 

The embryonic period ends at hatching into yolk-sac 
larvae. An adjustment to yolk-sac larvae mass (Mysl) 

is applied at hatching to account for tissues shed at 
hatching (Cetta & Capuzzo 1982), with a retained 
fraction of tissues (γ): 

                              Mysl = Membryo · γ                          (6) 

Hatching survival is a linear function of the temperature 
on the day of hatching (with intercept ah and slope bh): 

                      Nysl = Nembryo · (ah + bh · T)                  (7) 

Embryos and yolk-sac larvae have a constant length 
(L; mm total length) of 4 mm, which is only used to cal-
culate their mortality rate. When yolk-sac larvae de-
velop into feeding larvae, their development switches 
from purely temperature-dependent to bioenergetics-
based growth. Increases in the length of feeding 
 larvae and juveniles are computed from mass accord-
ing to an allometric relationship in body shape (M = 
ab · Lbb). Feeding larvae metamorphose into juveniles 
and settle when they reach a length of 8 mm. 

 
 

2.2.2.  Respiration and growth 
 

Each day, the mass of ova, embryos, and yolk-sac lar-
vae is decremented based on their respiration rate 
(ΔM/Δt = −R; μg d−1), which is expressed as a proportion 
of mass (ar) and is related to temperature (with Q10 
 parameter Qr): 

                                                                               (8) 

Growth in mass of feeding larvae and juveniles 
uses bioenergetics in hourly (Δt = 1 h) time steps. Dry 
mass is lost to routine respiration and foraging activ-
ity (α), and mass is gained via digestion (D; μg h−1) 
with a conversion efficiency (β): 

                                                                               (9) 

Routine respiration depends on fish length (with 
coefficient ar and exponent br) and temperature   
(with Q10  parameter Qr): 

                                                                             (10) 

Digestion, which depends on length (with coefficient 
ad and exponent bd) and temperature (with Q10 
 parameter Qd), is a fraction of gut content (G; μg) car-
ried over from previous time steps: 

                                                                             (11) 

Gut content is tracked every hour by removal of 
digestion and the addition of new consumption (C; 
μg h−1), up to a limit (Ĝ ; μg): 

                                                                             (12) 

R = M �ar �Qr

T�10
10

�M
�t

= �R � 1+ �( ) +D ��

R = M �ar �Lbr �Qr

T�10
10

D =G �ad �Lbd �Qd

T�10
10

�S
�t

= as �Qs

T�10
10

�G
�t

= min �D +C,Ĝ �G( )
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Symbol Description                        Units   Value  Source 
 
L∞          Maximum length               mm      490        [1] 
kv          Brody growth coefficient              0.31       [1] 
Av         Age at L = 0                         yr       0.25       [1] 
mn         Natural mortality rate                    0.3        [2] 
mf          Fishing mortality rate                   0.29       [2]a 
i             Rate of mf increase                     0.03237   [1,2] 
L50%      Length at 50% mf              mm    247.3     [1,2] 
aEstimate for maximum sustainable yield

Table 2. Model parameters, description, value (Reference 
simulation), and source for growth and mortality in the parent 
module. Sources: [1] Witherell & Burnett (1993); [2] NEFSC  

(2011)
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The gut content limit represents satiation and is a func-
tion of length (with coefficient ag and exponent bg): 

                                                                             (13) 

Consumption is a fraction of mass calculated from the 
daylight fraction (λ) of the time step (e.g. 0.5 if sunset 
occurs halfway through the time step) and depends 
on length (with coefficient ac and exponent bc) and a 
flexible temperature-effect function f(T): 

                                                                             (14) 

If the value of consumption computed from length 
and temperature exceeds the amount that leads to 
satiation, then the excess amount is not added to gut 
content (Eq. 12). The temperature-effect function for 
consumption was proposed by Thornton & Lessem 
(1978) and is widely used in bioenergetics modeling 
(e.g. Deslauriers et al. 2017). The function is a smooth 
curve defined by 4 matched values of temperature 
(t1, t2, t3, and t4) and associated function values (k1, 
k2, k3, k4). In our use of the function for feeding lar-
vae and juveniles, f(T) rises rapidly from a value of 
0.056 at 0°C to a value of 0.98 at 14°C, stays between 
0.98 and 1.00 until 18°C, and then declines above 
18°C to 0.29 at 30°C (Table 1). 

 
 

2.2.3.  Mortality 
 

The worth (N) of each super-individual (ova 
through adults) is decreased daily to account for mor-
tality (in addition to mortality of unfertilized ova and 
embryos that fail to hatch). The natural and fishing 
mortality of adults (Eq. 19 with Δt = 24 h) is used for 
ova because they are within the female. Embryos 
through juveniles are subjected to a mortality rate 
(z), with an additional density-dependent mortality 
for juveniles, which is expressed as a survival frac-
tion (σ): 

                                                       (15) 

Mortality rate is a function of length (with coefficient 
am and exponent bm) and temperature (with Q10 
 parameter Qm): 

                                                                             (16) 

Density-dependent mortality is imposed for the 
space-limited benthic juvenile stage (Myers & Cadi-
gan 1993, van der Veer et al. 2000, DeLong et al. 
2001), and survival is a decreasing function of total 
YOY juvenile abundance (summed worths; with co -
efficient dm): 

                              (17) 

The value of σ for juveniles is nearly 1 at very low 
abundances and decreases to approximately 0.9 at 
high abundances. Daily mortality is applied after the 
last hour of each day for the feeding larvae and juve-
niles. The compounding effect of σ over many days 
has a strong influence on the annual survival fraction 
of juveniles. 

 
 

2.2.4.  Recruitment of offspring 
 

Super-individuals in the offspring module are fol-
lowed from their initiation as ova until 31 December 
(about 9 mo from hatching). Recruitment is defined 
here as the number of surviving juveniles. A represen-
tative sub-sample (see Supplement 1) of super-individ-
uals is taken on 31 December and they are entered into 
the parent module. The sub-sampling step balances 
the number of parent super-individuals lost at the end 
of their lifespan with the number gained from recruit-
ment, and thus enables a fixed number of model super-
individuals to be followed throughout the  simulation. 
To account for the period from their exit from the off-
spring module to when they enter and synchronize 
with the annual cycle of the parent module (i.e. 31 De-
cember to 21 August), we apply a partial year (232 d) of 
growth and natural mortality to the  recruits. 

 
 

2.3.  Parent module — closing the life cycle 
 

The parent module tracks super-individuals that 
enter each year on an annual basis (21 August to 
August 20, the estimated onset of oocyte develop-
ment; see Supplement 2) until their eventual re moval 
at a maximum age (lifespan) of 15 yr. Each year, the 
super-individuals of the terminal age class are 
removed and replaced by super-individuals repre-
senting the recruitment of a new year-class cohort 
from the offspring module. Growth in length (L; mm 
total length) of parent super-individuals follows a 
von Bertalanffy age-length relationship: 

                                                                             (18) 

Age (A; functional years) of entering recruits is ini-
tially assigned by converting the super-individual’s 
length to age, enabling the use of Eq. (18) to propa-
gate length differences originating from the off-
spring module. Length differences are most pro-
nounced for entering recruits and least pronounced 
in the terminal age class (with L close to L∞). Mortal-

�N = N �e�zt ��t �� –N

z = am �Lbm �Qm

T�10
10

� = 1+dm � N juvenile�( )�1 for juveniles

1 otherwise

�
�
�

	�

L = L� � 1�e�kv � A�Av( )( )

C = � �M �ac �Lbc � f T( )

Ĝ = M �ag �Lbg
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ity of parent super-individuals is the combination of 
natural and fishing mortality rates. Each year (Δt = 
1 yr), the worth (N) of each super-individual is 
decreased according to natural mortality (mn) and 
fishing mortality (mf) that depends on a susceptibility 
(q) to harvest: 

                                                                             (19) 

The value of q increases as a sigmoid function of 
length: 

                                                                             (20) 

Once the lengths and worths of adults are updated 
and promoted to the next age class, they are evalu-
ated to start the offspring for the upcoming year in 
the offspring module. 

2.4.  Assumed elevated CO2 effects 

The assumed elevated CO2 effects were esti-
mated from 2 types of information, species-specific 
and generic, and were imposed on embryos and 
larvae (Table 3). Flatfishes and other marine fish 
species ap pear to be more sensitive to elevated 
CO2 in the very early life stages (Chambers et al. 
2014, Kim et al. 2015, Pimentel et al. 2015) than as 
juveniles (Gräns et al. 2014, Machado et al. 2020). 
CO2 effects on fertilization rate and size (length) at 
larval settlement were based on experimental stud-
ies of winter flounder at the NOAA Howard Marine 
Sciences Laboratory (R. C. Chambers unpubl. 
data). We added 2 generic CO2 effects commonly 
demonstrated in laboratory ex periments with other 

q = 1+e�i� L�L50%( )�� ��
–1

�N = N �e�mn ��t � 1�q � 1�e�mf ��t( )�� �� �N
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Effect                                                Comments 
 
Fertilization rate                              Lab experiments on winter flounder; fertilization success varied with CO2 concentration 

(pH from 8−7.4), and was optimal at an intermediate level (pH ~ 7.6). The odds of fertiliza-
tion (i.e. the ratio of fertilized to unfertilized eggs) were approximately 3 times higher at the 
optimum compared to the lowest CO2 level (pH ~ 8.0) and 1.5 times higher at the optimum 
compared to the highest CO2 level (pH ~ 7.4). The in situ CO2 and pH ranges experienced 
by winter flounder gametes in shallow embayments are unknown. We included the full 
range of laboratory results by assuming 80% fertilization success at the reference temper-
ature of 5°C (Reference simulation), which was then increased to 92% (increased fertiliza-
tion simulation) and decreased to 72% (decreased fertilization simulation). See Supple-
ments 2 & 3 for additional details. 

Size-at-settlement                           Lab experiments on winter flounder; size-at-settlement was estimated from maximum prey 
consumption rates of recently metamorphosed winter flounder juveniles that had been 
reared from eggs in CO2 treatments (pCO2 of 481, 860, or 1320 μatm). We converted the 
measured ~20% reduction in consumption to a decrease in length-at-settlement from 8 
(Reference simulation) to 7.5 mm (smaller settlement simulation), which corresponds to a 
~20% reduction in mass. Measured changes in length-at-settlement (8.33−8.15 mm) were 
smaller than our predicted change from consumption; measured changes in length would 
not include all of the effects on mass, such as skinnier fish (lower condition) at settlement. 
See Supplement 3 for additional details. 

Developmental malformations      Elevated CO2 effects experiments in several marine fish species have demonstrated an  
(hatching mortality)                        increased occurrence of larval tissue, skeletal, and organ malformations (Frommel et al. 

2012, Kim et al. 2015, Pimentel et al. 2015, 2016) and increased embryo and larval mortality 
rates (Baumann et al. 2012, Pimentel et al. 2016, Gobler et al. 2018). These CO2 exposure 
effects were represented by adding 25% mortality at hatching (malformed simulation). 
Absolute CO2 associated mortality of 25% lies near the mid-range between ~0% in Thera-
gra chalcogramma (Hurst et al. 2013), Seriola lalandi (Watson et al. 2018), and Cyprinodon 
variegatus (DePasquale et al. 2015, Gobler et al. 2018) and ~45% in Menidia beryllina 
(averaged over Baumann et al. 2012, DePasquale et al. 2015, Gobler et al. 2018), Par-
alichthys dentatus (Chambers et al. 2014), Argyrosomus regius, and Sparus aurata 
(Pimentel et al. 2016). Higher increases in larval mortality have been reported for Gadus 
morhua (Stiasny et al. 2016, 2018, 2019). 

Feeding larval growth                    CO2 concentrations have been shown to increase (Munday et al. 2009, Frommel et al. 2012, 
Chambers et al. 2014) and decrease larval growth rates (Baumann et al. 2012, Kim et al. 
2015, Hurst et al. 2016). We implemented growth rate effects on feeding larvae by changing 
their larval digestive efficiency to obtain ~12% reduced (slower growth simulation) and 
~12% increased (faster growth simulation) growth with respect to the reference simulation.

Table 3. Basis for the assumed effects of elevated CO2 on fertilization rate, size-at-settlement, mortality from developmental 
malformations, and larval growth rate imposed in model simulations. Fertilization and size-at-settlement were based on winter 
flounder data, while developmental (malformation) mortality and larval growth were generic effects based on their occurrence  

with many other species
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fish species. The first generic effect was imple-
mented in the IBM as in creased mortality at hatch-
ing. This was designed as a simplified representa-
tion of deleterious malformations ob served in 
experiments that render individuals nonviable at 
some point between spawning and the end of the 
larva stage. The second generic effect was re duced 
or increased growth rate of feeding  larvae, and was 
imposed as changes to digestive efficiency (this 
could have been done by varying metabolic rate or 
any bioenergetics component of growth — the change 
in growth rate is what affects model dynamics). 
While all of these assumed CO2 effects have some 
empirical basis, they should be considered as spec-
ulative and illustrative of possible fish population 
responses, especially when imposed together on a 
model specific to winter flounder. 

2.5.  Calibration of the reference simulation 

The model was calibrated using a 40 yr Reference 
simulation depicting conditions from 1977−2016. 
This Reference simulation replayed several key fea-
tures of the winter population dynamics while main-
taining well-known parameters at realistic values 
(Tables 1 & 2) and resulted in stage-, size-, and 
 temperature-dependent growth and mortality con-
sistent with observed data. A full description of para -
meter estimation and model calibration is provided 
in Supplement 2. 

2.6.  Simulation experiments 

Two sets of simulation experiments 
were performed. The first set, termed 
Retrospective simulations, modeled 
the cumulative impact on the winter 
flounder population by imposing CO2 
effects on offspring every year over a 
40 yr period (1977−2016). A total of 11 
Retrospective simulations were per-
formed: the Reference simulation with 
no CO2 effects and 10 simulations with 
different combinations of CO2 ef fects 
on offspring (Table 4). The starting 
population (number and length of 
individuals in the parent module) for 
each Retrospective simulation was a 
computed steady-state resulting from 
3 repetitions of environmental data for 
1977−1986 with no CO2 effects. 

Five of the 10 elevated CO2 simulations were for 
combinations of the winter flounder-specific CO2 ef-
fects of lower or higher fertilization and smaller size-
at-settlement. Three simulations were for the generic 
CO2 effects of increased mortality from malforma-
tions, and lower or higher digestive efficiency to gen-
erate larval growth effects. A simulation termed 
‘Tradeoff’ paired a beneficial effect (increased growth) 
with a detrimental one (malformations). This pairing 
is commonly reported in CO2 effects experiments 
(Frommel et al. 2012, Chambers et al. 2014, Kim et al. 
2015, Pimentel et al. 2016, Stiasny et al. 2018). The fi-
nal CO2 simulation, termed ‘Severe’, was a hypothet-
ical combination of negative effects (reduced fertil-
ization, increased malformations, and slower larval 
growth rate) with smaller size-at-settlement. In addi-
tion to analyzing the entire 40 yr of output for all sim-
ulations, we further compared the Reference and Se-
vere simulations by decade. 

The second set of simulation experiments, termed 
Recovery simulations, explored how our assumed 
CO2 effects might interact with the observed trend in 
ocean warming to affect population productivity. 
Productivity was quantified by fitting spawner−
recruit (S−R) relationships to simulation results and 
examining the parameters of the fitted S−R curve: 
maximum spawning stock biomass (SSB), maximum 
recruitment, and steepness. Steepness is the fraction 
of maximum recruitment at 20% of the maximum 
SSB and is widely used in fishery stock assessments 
and management and, along with maximum SSB and 
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Simulation                     Fertilization    Size-at-    Malformation   Digestive  
                                              (%)         settlement     mortality       efficiency   
                                                                  (mm)               (%)                 (%) 
 
Reference                               80                  8                     0                   67.5 
Decreased fertilization          72                  8                     0                   67.5 
Increased fertilization           92                  8                     0                   67.5 
Smaller settlement                80                 7.5                   0                   67.5 
Smaller and decreased         72                 7.5                   0                   67.5 
Smaller and increased          92                 7.5                   0                   67.5 
Malformed                             80                  8                    25                  67.5 
Slower growth                       80                  8                     0                    65 
Faster growth                        80                  8                     0                    70 
Tradeoff                                  80                  8                    25                   70 
Severe                                    72                 7.5                  25                   65

Table 4. Values of fertilization (at 5°C; for temperature effects see Table 1 and 
Supplement 2 & 3), size-at-settlement, increased hatching mortality related to 
malformations, and digestive efficiency (to adjust growth rate) used in 10 sim-
ulations of assumed effects of elevated CO2. Size-at-settlement and fertiliza-
tion were based on winter flounder data, while malformation-related (hatch-
ing) mortality and larval growth were generic effects based on their  

occurrence in many other species



Mar Ecol Prog Ser 680: 137–161, 2021

recruitment, interpreted as an indicator of stock pro-
ductivity (Mangel et al. 2010, Conn et al. 2010). 

The Recovery simulations modeled the gradual 
recovery from a very low starting population to a 
long-term equilibrium of productivity under temper-
ature conditions of each of the decades. For each 
simulation, one decade of environmental data (1977−
1986, 1987−1996, 1997−2006, or 2007−2016; Decades 
1 to 4, respectively) was re peated 15 times for a total 
of 150 yr to generate the equilibrium productivity 
associated with that decade. The responses in the 
S−R relationships are therefore the long-term conse-
quences of each decade’s temperature conditions. 
The Recovery experiment in cluded only the Refer-
ence and hypothetical Severe CO2 effects conditions. 
Fishing was eliminated to generate maximum rates 
of population recovery. 

Productivity parameters (i.e. maximum SSB and 
recruitment) were estimated from the final 10 yr. A 

Beverton-Holt S−R relationship was fit to the 150 yr 
of simulated S−R results to estimate the steepness 
(Mangel et. al. 2010). The S−R relationships were 
compared between the Reference and hypothetical 
Severe CO2 conditions for each of the 4 decades to 
assess whether CO2 effects interact with effects from 
warming conditions to impact population productiv-
ity (warmer Decades 3 and 4 vs. the cooler Decades 1 
and 2). 

2.7.  Model outputs 

A variety of model outputs were used to character-
ize the simulated population dynamics of winter 
flounder in the Retrospective and Recovery simula-
tion experiments (Table 5). The main results of the 2 
simulation experiments are reported here (see Sup-
plements 2, 4 & 5 for additional results and calibra-
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Variable                                         Units              Description 
 
Spawning day                         Ordinal day         Average day that embryos are initiated over all parents 

Duration                                         Days               Average days spent by individuals surviving a stage 

Survival fraction                       Proportion          Proportion of entering individuals that exit a stage 

Recruitment                        No. of individuals    Number of YOY juvenile individuals on 31 Dec; will enter parent module 
as age-1 

Recruits per embryo                 Proportion          Proportion of overall survival through YOY stages; cumulative effects of 
stage-specific survivals 

Body mass                                         g                  Final average dry mass of YOY juveniles on 31 Dec; reflects any effects on 
bioenergetics and growth 

Body length                                    mm               Final average length of YOY juveniles on 31 Dec; reflects effects of growth 
and parent module uses length-based growth and mortality 

SSB                                                   kt                 Summed wet mass of mature adult individuals on 21 Aug; proxy for 
reproduction potential 

Fraction mature of age-3a        Proportion          Proportion mature based on interpolated length at onset of spawning (P in 
Eq. 2) for age-3. Age-3 is when year-class productivity peaks and when 
the lagged effects of recruit body mass and length have the strongest 
effects on maturity and fecundity 

Embryos per age-3a                    Unitless            Number of fertilized embryos per age-3 female individual. Age-3 is when 
year-class productivity peaks and when the lagged effects of recruit body 
mass and length have the strongest effects on maturity and fecundity 

Maximum SSB                                 kt                 Averaged SSB in the final 10 yr of recovery simulations without fishing; 
used as a measure of productivity and to estimate steepness of S−R 
relationship 

Maximum recruitment       No. of individuals    Averaged recruitment in the final 10 yr of recovery simulations without 
fishing; used as a measure of productivity and to estimate steepness of 
S−R relationship 

Steepness                                    Unitless            Fraction of maximum recruitment at 20% of the maximum SSB 
 
aLabeled as age-3 because they are approximately 3 yr old at spawning; they became age-2 in the parent module on 21 
August of the previous year

Table 5. Model output variables used in the analysis of the Retrospective and Recovery simulation experiments. SSB: spawning  
stock biomass; YOY: young-of-the-year; S−R: spawner−recruit
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tion method). Percentage deviation from Reference 
simulation values are shown for many of the outputs 
[ ] (absolute deviation values are in 
Supplement 5). To clarify model output nomencla-
ture, parent module SSB labeled as year 1980 reflects 
growth and mortality from 21 August 1979 to 20 
August 1980 and generates offspring module spawn-
ing (during January to March) and recruitment (31 
December) labeled as 1981. 

3.  RESULTS 

3.1.  Reference simulation 

In the Reference simulation, averaged SSB was 
similar (~37 kt) throughout the first 3 decades (i.e. 
1977−2006), but dropped precipitously in the last 
decade (26.3 kt; Fig. 3). The maximum SSB (42.9 kt in 
2001) was similar to the target SSB value of 44 kt esti-
mated in a recent stock assessment (NEFSC 2011). 
The final SSB (20.9 kt in 2016), which was also the 
minimum SSB, was only 56% of the 1977−2006 aver-
age. Simulated annual recruitment showed a similar 
trend as SSB but with more inter-annual variability, 

indicating years with particularly favorable (e.g. 
1996) and unfavorable (e.g. 1995) temperature condi-
tions in the offspring module (Fig. 4). Annual recruit-
ment ranged from 45.8−105.9 million individuals 
during the first 3 decades, peaked a few years earlier 
than SSB (1997 vs. 2002), and followed a steep de -
clining trend for the remaining years. By the final 
decade, averaged recruitment had dropped by about 
half since the first 2 decades (36.0 vs. 70.0 and 72.5 × 
106). 

Average annual temperatures by decade were 
11.4, 11.6, 12.1, and 12.6°C (Decades 1 to 4, respec-
tively), with similar ranges across decades when 
viewed month-by-month (Fig. 1). Approximately half 
of the interannual variability in survival from spawn-
ing to recruitment (recruits per embryo) was 
explained by variability in the annual mean temper-
ature (R2 = 47%, Kendall Tau = −49%, p < 0.0001; 
Fig. 5). The warming trend in the Reference simula-
tion also caused a marked decline in productivity 
(Fig. 6). In the Decades 1 and 2, recruitment was 
about equally likely to fall below or above that pre-
dicted by the S−R relationship used to calibrate the 
model (9 and 11 yr, respectively). In Decades 3 and 4, 
recruitment was consistently below that predicted by 

Y �Yref( ) /Yref �100

147

Fig. 3. Annual projected spawning stock biomass (SSB) during a spin-up period (S1–S3) and then for 1977−2016 for the Refer-
ence simulation and 10 simulations with assumed effects of elevated CO2. The spin-up period is 3 repetitions of the environ-
mental conditions of Decade 1 under reference (no elevated CO2 effects) conditions. The assumed CO2 effects for these simu-
lations are described in Table 4. The effects are single and combinations of changes in fertilization, size-at-settelment,  

malformation-related mortality (imposed at hatching), and changed larval growth (digestive efficiency)
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the S−R relationship (19 of 20 yr; binomial test, p < 
0.0001). The S−R relationship reported in a recent 
stock assessment (NEFSC 2011) and used for calibra-
tion here was based on a 30 yr subset (1981−2010) of 

the simulated time period that included cool and 
warm years, but did not include environmental 
covariates in the S−R relationship. 
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Fig. 4. Annual projected recruitment of YOY juveniles for 1977 through 2016 for the Reference simulation and 10 simulations  
with the assumed CO2 effects. Layout as in Fig. 3 but with spin-up omitted here

Fig. 5. Relationship between recruits per embryo and an-
nual mean temperature from the Reference simulation for  

1977−2016 (numerals indicate year)

Fig. 6. Spawner−recruit results from the Reference simula-
tion for 1977−2016. Points are labeled by the year of YOY 
dynamics leading to recruitment at the end of that year. The 
calibration (curve) is based on a recent winter flounder stock 
assessment (NEFSC 2011). SSB: spawning stock biomass
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Warming over the course of the Reference simula-
tion caused earlier spawning and resulted in longer 
stage duration, slower growth, and reduced survival 
of the post-embryonic life stages (Table 6). Despite 
the inter-decadal warming trend, only some life 
stages were exposed to warmer temperatures in later 
decades (Table 7). Key to these results is that warm-
ing temperatures accelerated oocyte and ova devel-
opment, which led to earlier spawning (Table 6). The 
mean spawning day relative to the first decade was 
3.8 d earlier in Decade 2, 8.3 d in Decade 3, and 16.8 
d in Decade 4. As a consequence of earlier spawning, 
the embryonic stage experienced little net change in 
water temperature, while the yolk-sac larval and 
feeding larval stages experienced cooler water tem-
peratures (contributing to slower growth) in warmer 

decades (Table 7). Juveniles experienced a net in -
crease in temperature in warmer decades, including 
temperatures above the range supporting high con-
sumption and growth. Earlier spawning and slower 
growth resulted in a gradual increase, from Decade 1 
to Decade 4, in the stage durations for feeding larvae 
(from 38.4 to 40.5 d) and juveniles (from 227.1 to 
235.3 d) (Table 6). As a consequence of longer stage 
duration, there was a slight decrease in stage sur-
vival for feeding larvae by Decade 4 (0.0147 vs. 
0.0152−0.0154 in earlier decades). For juveniles, the 
combination of longer stage durations and warmer 
temperatures re sulted in a substantial decrease in 
stage survival from Decade 1 (0.0041) to Decade 4 
(0.0030). This de crease in juvenile survival occurred 
despite the opposing effect of reduced density-
dependent mortality with population decline. Over-
all survival, summarized by the recruits per embryo 
(×10−6) was high in Decades 1 and 2 (2.682 and 
2.789), dropped in Decade 3 (2.293), and dropped 
again in Decade 4 (1.971). 

Juveniles surviving to 31 December (recruits) also 
decreased in size from Decades 1 and 2 (mean mass: 
≥1.07 g; mean length: ≥86.25 mm) to Decade 4 
(0.98 g; 84.05 mm). While the negative effects of 
warming on survival during the first year of life had 
major consequences for reduced SSB and recruitment, 
the negative warming effects on growth of YOY indi-
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Stage                                         Decade                       
                                     1                 2                3              4 
 
Ova                             3.0             3.6            3.8          3.9 
Embryo                       4.9             5.1            5.1          4.9  
Yolk-sac larva            6.2             6.2            6.1          5.9 
Feeding larva             8.9             8.7            8.5          8.3 
Settle to 31 Dec        15.6            15.5           16.0         16.4

Table 7. Average temperature (°C) by decade experienced by 
each life stage within the YOY for the Reference simulation

Output                                            Stage                            Overall                                         Decade                                    
                                                                                                                            1                        2                      3                   4 
 
Spawning day (ordinal d)             Embryo                           72.8                    80.0                   76.2                 71.8              63.3 

Duration (d)                                    Embryo                           18.0                    18.4                   17.6                 17.7              18.4 
                                                       Yolk-sac larva                 7.5                      7.5                     7.4                   7.5                7.7 
                                                       Feeding larva                 39.2                    38.4                   38.9                 39.3              40.5 
                                                       Settle to 31 Dec            227.1                  220.1                 224.3               228.5            235.3 

Survival fraction                            Embryo                          0.106                  0.103                 0.108               0.108            0.105 
                                                       Yolk-sac larva               0.428                  0.429                 0.430               0.428            0.426 
                                                       Feeding larva               0.0152                0.0152               0.0154             0.0154          0.0147 
                                                       Settle to 31 Dec          0.00356              0.00407             0.00392           0.00323        0.00303 

Body mass (g)                                 31 Dec                            1.06                    1.07                   1.13                 1.05              0.98 

Body length (mm)                          31 Dec                           85.96                  86.25                 87.74               85.80            84.05 

Recruits per embryo (×10−6)          Embryo to 31 Dec        2.423                  2.682                 2.789               2.293            1.971 

Recruitment (×106)                         31 Dec                            59.0                    70.0                   72.5                 57.3              36.0 

SSB (kt)                                           Adult                               34.6                    37.5                   38.0                 36.7              26.3 

Percent of age-3 mature               Ova                                 37.2                    38.1                   38.6                 36.8              35.3 

Embryos per age-3 (×105)             Embryo                           1.43                    1.49                   1.50                 1.40              1.32

Table 6. Model outputs averaged by decade for the 40 yr Reference simulation. Spawning day is set by temperature effects on 
oocyte and ova development. YOY dynamics are summarized by stage duration, stage survival (fraction), body size (mass, 
length) at recruitment, recruitment, and recruit per embryo. Adult dynamics are summarized by spawning stock biomass  

(SSB), percent of age-3 mature, and embryos per individual of age 3
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viduals had only minor consequences for the size-de-
pendent processes (e.g. maturity, fecundity) of the 
adults. The difference between 0.98 g (Decade 4) and 
1.13 g (De cade 2) dry mass on 31 Dec is equivalent to 
a 10.5 d delay in growth and maturation of adults. Fe-
cundity at age-3 (embryos per individual × 105) was 
higher in the 2 earlier, cooler decades (1.48−1.51) and 
lowest in the final, warmest decade (1.33). This reduc-
tion in  fecundity of ~10% was due to the smaller size 
of recruits during warm periods combined with less 
growth opportunity for subadults (due to earlier 
spawning dates) resulting in a smaller size of adults. 
Over time, the smaller size at spawning resulted in 
less fecund adults at age-3 (5.03, 5.04, 4.94, and 4.84 × 
105, Decades 1 to 4, respectively) and a decreased 
probability of maturity by age-3 (0.38, 0.39, 0.37, and 
0.35, Decades 1 to 4, respectively). The combination 
of reduced fecundity and fewer mature fish at age-3 
accounted for the ~10% reduction in the total age-3 
fecundity over time. 

3.2.  Retrospective experiment: population 
responses to potential elevated CO2 effects 

The assumed generic CO2 effects (mortality due to 
developmental malformations and growth) had larger 
population impacts than the assumed CO2 ef fects 
based on winter flounder experiments (egg fertiliza-
tion rate, size-at-settlement) (Figs. 3 & 4, Table 8). Re-

duced fertilization and smaller size-at-settlement, 
alone and in combinations, resulted in changes of 
<±8% in the 40 yr average SSB compared to the Ref-
erence simulation. Malformation alone and the 
Tradeoff (malformation with increased growth) had 
larger impacts (−14.9 and +10.0%) on the 40 yr aver-
age SSB. Among all CO2 effects, variation in larval 
growth (either increase or decrease) had the largest 
individual effect on SSB (−41.2 and +19.3%). When 
all negative effects plus smaller size-at-settlement 
(which has tentative species-specific evidence) were 
considered together (i.e. Severe condition), SSB was 
reduced by 53.5% from Reference simulation values. 

For each CO2 effect considered, the directly im -
pacted life stages showed large (>±10%) changes in 
survival compared to Reference simulation values. 
Since all of these effects occurred before the juvenile 
stage (i.e. prior to settlement), they were partially 
compensated by changes in density-dependent juve-
nile mortality. With density-dependent mortality, in -
creased juvenile densities due to increased pre-
 juvenile survival led to decreased juvenile stage sur-
vival. For example, modeled changes to fertilization 
rate (−10 and +15%), which changed survival from 
the ova stage to the embryo stage, triggered counter-
acting responses in juvenile stage survival (+8.3 and 
−11.3%, respectively). Similarly, the CO2 effect of 
smaller size-at-settlement resulted in a shortened 
larval stage duration and an increase in larval stage 
survival by 22% relative to Reference values. This 
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                                      Fertilization     Smaller settlement and fert.       Mal-        Growth           Trade-     Severe 
                                            Decr.    Incr.          Same        Decr.         Incr.       formed     Slower     Faster         off 

 
Duration                                                                                                                                                                                        
 Embryo                                                                                                                                                                                       
 Yolk-sac larva                                                                                                                                                                            
 Feeding larva                                                   −6.4          −6.4         −6.4                           14.2        −10.8       −10.7         6.9 
 Settle to 31 Dec                                                                                                                     −1.5                         1.3              
Survival fraction                                                                                                                                                                          
 Embryo                                                                                                                −24.6                                        −24.8       −24.8 
 Yolk-sac larva                                                                                                                                                                            
 Feeding larva                                                   22.0           22.0         21.7                          −50.9        67.2         67.5        −37.7 
 Settle to 31 Dec                 8.3     −11.3         −17.5         −10         −26.9         27.1          70.6        −37.8       −18.8        75.6 
Body mass on 31 Dec                                         1.3             1.4                                             −4.0          2.7           3.7          −1.9 
Body length on 31 Dec                                                                                                           −1.2                         1.1              
Recruits per embryo             8.9     −11.4                             9.9         −10.9         −4.5         −16.0         5.0           2.7         −17.2 
Recruitment                         −5.7      7.5             2.8           −2.5           9.3         −18.5        −50.8        24.2         12.4        −65.6 
SSB                                       −4.5      6.0             2.2           −2.0           7.3         −14.9        −41.2        19.3         10.0        −53.5 
Percent of age-3 mature                                                                                                                                                              
Embryos per age-3              −9.5     14.3                             −9.2         14.6                                                                           −9.6

Table 8. Percentage change of young-of-the-year and adult outputs between each of the elevated CO2 simulations and 
the Reference simulation over the entire 40 yr of simulations in the Retrospective experiment. Percent change is computed 
as: (Y – Yref)/Yref · 100; only changes greater than 1% are shown. The assumed CO2 effects for these simulations are 

described in Table 4
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increase in supply of juveniles from the larval stage 
was mostly offset by lower juvenile stage survival 
(−17.5%) due to its density-dependent mortality. 
When fertilization and size-at-settlement effects 
were combined, the expected direct effects and com-
pensatory responses by juvenile stage survival re -
sulted in net changes in average SSB of −2.0% (for 
re duced fertilization) and +7.3% (for increased fertil-
ization). Similarly, the CO2 effect on embryo malfor-
mation and hatching survival (−24.6%) was partially 
offset by increased juvenile stage survival (+27.1%), 
resulting in a 14.9% (rather than 24.6%) reduction in 
average SSB. 

CO2-induced growth effects in feeding larvae had 
the largest direct impacts. Completing the larval 
stage at a reduced growth rate (~88% of Reference) 
predictably resulted in a protracted stage duration  

, whereas a faster growth rate (~112% 

compared to Reference) resulted in shortened stage 

duration . The compounding effects of  

daily length-dependent mortality strongly amplified 
these changes in stage duration, resulting in large 
changes in larval stage survival (−50.9 and +67.2% 
survival fraction, respectively). Again, compensatory 
changes in density-dependent juvenile survival (+70.1 
and −37.8%, respectively) partially offset these direct 
impacts. The hypothetical combined CO2 effects in 
the Severe simulation (Table 4) had the expected di-
rect effects of reduced life stage survival and, despite 
a large counteracting increase in juvenile stage sur-
vival due to density release (+75.6%), resulted in a 
large reduction (−53.5%) in average SSB. 

Changes in survival due to altered fertilization rate, 
hatching mortality, and larval growth were carried 
over to changes in SSB with a predictable, asymmetri-
cal amount of dampening. The causes of dampening 
were primarily compensatory density-dependent ju-
venile mortality and secondarily the time lag from 
how survival effects on early life stages manifest in 
lifetime reproductive output of the affected individu-
als. Large increases in survival were more severely 
dampened while large de creases in survival were 
only slightly offset. For example, 51% fewer indivi -
duals surviving the larval stage due to slow growth 
resulted in 41% lower SSB than in Reference 
(1−0.41/0.51 or 21% dampening), and 25% fewer in-
dividuals entering the embryo stage due to malforma-
tions resulted in 15% lower SSB (40% dampening). In 
comparison, 15% more embryos from increased fertil-
ization resulted in only 6% higher SSB (15 vs. 6% or a 
large 60% dampening), and 67% more surviving lar-

vae due to faster growth resulted in the relatively 
small 19% higher SSB (also a large 71% dampening). 
The asymmetric dampening pattern is a result of the 
interplay among the life stage dynamics during the 
first year of life and is summarized in the model-
generated stock−recruitment relationship (see Fig. 6). 
The simulated Reference population is situated on the 
S–R curve where the curvature of the relationship 
shows how reduced population (SSB) due to re duced 
survival generates larger reductions in re cruitment 
than higher population size (from in creased survival) 
generates increased recruitment. 

Average recruitment tracked the changes in 
 average SSB, while recruits per embryo sometimes 
changed in the opposite direction (Table 6). Recruits 
per embryo is influenced by all direct CO2 effects on 
embryos and larvae as well as density-dependent 
mortality of juveniles, but not changes in SSB. The 2 
metrics had opposite signs when changes were rela-
tively small (fertilization and size-at-settlement), and 
had the same sign when changes were large (mal-
formed, growth, Tradeoff, and Severe conditions). 
Opposite signs occurred when the compensatory re -
lease from density-dependence was sufficient to off-
set annual direct CO2 effects, but not the cumulative 
effects on SSB. The fraction mature and fecundity at 
age-3 did not vary more than 1% from Reference val-
ues across all simulations (Table 8). 

3.3.  Retrospective experiment: time course of 
population responses 

Despite warming through the decades, the 
 population-level responses to elevated CO2 were 
consistent among the 4 decades. Responses in dura-
tion and survival for the life stages directly affected 
were nearly constant when expressed as changes 
relative to Reference simulation values for the same 
decade. Even in the Severe scenario, stage durations 
and pre-juvenile stage survival relative to Reference 
simulations varied little by decade (Table 9). For 
example, in all 4 decades, the larval stage survival in 
the Severe scenario was about 40% lower compared 
to the Reference simulation. Responses in the juve-
nile stage were more variable because of density-
dependent mortality. 

With respect to SSB and recruitment, the impacts of 
the assumed CO2 effects accumulated over time 
(Figs. 3 & 4) but showed similar impacts across de -
cades. For example, average SSB in the Severe simu-
lation fell from 16.80 kt in Decade 2 to 11.37 kt in 
Decade 3. This de crease was in part due to negative 
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CO2 effects during Decade 3 (1997−2006), but also 
be cause SSB at the beginning of Decade 3 was al-
ready much lower than at the beginning of Decade 2 
(14.22 vs. 21.55 kt) from CO2 effects operating during 
the first 2 de cades. Recruitment also showed similar 
accumulation of elevated CO2 ef fects (Fig. 4). How-
ever, overall YOY survival (recruits per embryo) and 
reproduction (em bryos per age-3 fe males) each 
showed similar percentage re ductions across decades 
despite de clining SSB and recruitment and warming 
(Table 9). The fraction of fish mature at age-3 relative 
to the Reference simulation values also did not vary 
across decades. 

3.4.  Recovery experiment 

Many repetitions of the environmen-
tal conditions of each decade showed 
that, although not apparent in the Ret-
rospective experiment, warming am -
pli fied the assumed effects of elevated 
CO2 conditions on long-term popula-
tion productivity (Fig. 7). For each 
decade, annual SSB rose through time 
from the low initial value to an unfished 
equilibrium. Population re covery was 
more sensitive to the hypothetical 
Severe CO2 effects than historic 
warming alone. All 4 simulations (cor-
responding to repetitions of each de -
cade) with Severe CO2 effects showed 

increases in SSB that lagged (slower 
recovery) behind even the warmest 
decade (worst thermal conditions) 
without CO2 effects (Fig. 7). 

Under equilibrium conditions, maxi-
mum SSB and recruitment showed 
similar patterns across decades. Maxi-
mum SSB was highest in De cades 1 
and 2 (134.5 and 136.3 kt), intermediate 
in Decade 3 (105.4 kt), and lowest in 
Decade 4 (72.4 kt) (Table 10). Maxi-
mum recruitment (×106) similarly went 
from 98.6 and 104.4 in Decades 1 and 2 
to 73.5 in Decade 3 and 36.3 in Decade 
4 (Table 10). The reductions in SSB and 
maximum recruitment from Reference 
to Severe simulations were the same 
within each decade but increased from 
one decade to the next (27, 24, 30, and 
50% for Decades 1−4, respectively). 
Thus, warming increased the negative 

effects of the Severe CO2 effects on maximum SSB 
and recruitment. 

All 4 decades had similarly high estimates of steep-
ness for the Reference simulations (0.56−0.66) and 
similarly low estimates of steepness for the Severe 
CO2 simulations (0.35−0.42) (Table 10). Severe CO2 
effects greatly exacerbated the lowered population 
productivity caused by warming. The fitted S−R rela-
tionships were lower and truncated on the right 
(reaching lower equilibrium SSB) with warming 
(Fig. 8A) and even further shifted and truncated with 
warming and assumed CO2 effects (Fig. 8B). 
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Output                                Stage                                   Decade             
                                                                               1            2            3         4 
 
Duration (d)                       Embryo                                                                
                                           Yolk-sac larva                                                     
                                           Feeding larva           7.2       6.9       7.0    6.5 
                                           Settle to 31 Dec                                                  

Survival fraction               Embryo                    −24.9     −24.9     −24.9  −24.5 
                                           Yolk-sac larva                                                     
                                           Foraging larvae      −38.3     −37.9     −37.6  −37.2 
                                           Settle to 31 Dec       55.8      87.3      93.9   67.5 

Body mass (g)                    31 Dec                      −2.0      −1.3      −1.3   −2.8 

Body length (mm)             31 Dec                                                                 

Recruits per embryo          Embryo to 31 Dec  −28.0     −12.1      −8.4  −19.9 

Percent of age-3 mature   Ova                                                                      

Embryos per age-3            Embryo                    −10.3      −9.8      −9.2   −9.1

Table 9. Percentage changes in YOY and adult outputs averaged by decade be-
tween the Severe elevated CO2 simulation and the Reference simulation as 
part of the Retrospective experiment. Percentage change is computed as:  

(Y – Yref)/Yref · 100; only changes greater than 1% are shown

Fig. 7. Projected annual spawning stock biomass (SSB) for the Reference (solid) 
and hypothetical Severe CO2 (dashed) simulations for each decade of environ-
mental data in the Recovery experiment. Blue: 1977−1986; green: 1987−1996;  

orange: 1997−2006; red: 2007−2016
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4.  DISCUSSION 

Assessing the effects of elevated CO2 at the popu-
lation and higher levels has long been a shared goal 
among OA researchers (Le Quesne & Pinnegar 2012, 
Andersson et al. 2015, Gaylord et al. 2015). We used 
an IBM approach to simulate the population dynam-
ics of winter flounder through a multi-decadal series 
of warming temperatures under a range of assump-
tions about possible effects of elevated CO2. The IBM 
approach has been suggested for OA effects model-
ing (Koenigstein et al. 2016) and is now widely used 
to simulate population dynamics of fish and other 
taxa (DeAngelis & Grimm 2014). Our model built off 
an earlier IBM effort for winter flounder at the same 
location (Chambers et al. 1995, Rose et al. 1996, Tyler 
et al. 1997) but was highly modified to include CO2 

ef fects on fertilization, survival, growth, and size-at-
settlement. 

The winter flounder is a good candidate for our 
study because it is well studied (Pereira et al. 1999, 
Lorda et al. 2000), is categorized as very highly vul-
nerable to climate exposure, and is also considered to 
have high biological sensitivity (Hare et al. 2016). 
Although there are many examples of wide-ranging 
CO2 effects in marine taxa, including aspects of 
behavior and sensory capabilities (Clements & Hunt 
2015, Cattano et al. 2018), our analysis focused on 
commonly observed effects on growth, development, 
and mortality during the early life stages. To explore 
legacy population-level effects from early life stages, 
we coupled a detailed offspring module to a simpler 
approach for age-1 and older individuals (parent 
module). Our simplifying assumption of a single spa-
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Decade          Maximum SSB (kt)               Maximum recruitment (×106)                        Steepness 
                          Reference                Severe                         Reference               Severe                          Reference         Severe 
 
1                            134.5                      98.6                                98.7                       72.2                                 0.66                 0.38 
2                            136.3                     104.4                                99.6                       76.1                                 0.63                 0.42 
3                            105.4                      73.5                                77.5                       53.9                                 0.60                 0.38 
4                             72.4                      36.3                                53.4                       26.6                                 0.56                 0.35

Table 10. Maximum spawning stock biomass (SSB) and maximum recruitment  of age-1 to the parent module (both as 10 yr av-
erages), and derived steepness of the fitted spawner−recruit curve for each decade (repeated 15 times) of environmental data  

in the Recovery experiment.

Fig. 8. Beverton Holt spawner−recruit relationships fit to spawners and recruits generated for each decade of environmental 
data in the Recovery experiment. (A) Reference simulation and (B) hypothetical Severe CO2 simulation. Blue: 1977−1986;  

green: 1987−1996; orange: 1997−2006; red: 2007−2016; SSB: spawning stock biomass
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tial box for full life-cycle simulations is reasonable for 
winter flounder because adults spawn in the same 
estuarine habitats where the early life stages reside 
during their first year of life (Klein-MacPhee 1978; 
see Supplement 2). This coupled modeling approach 
simulated how effects in the first year of life might 
translate to longer term population responses. 

4.1.  Interpretation and implications of our results 

Warming temperatures were found to have a major 
negative effect on the simulated winter flounder pop-
ulation. In the Reference simulation, we traced long-
term (40 yr) effects of warming, which included a 
cascade of impacts beginning with earlier spawning 
and the occurrence of embryos and subsequent life 
stages earlier in the year, followed by exposure to 
temperatures unfavorable for growth (too cool for lar-
vae, too warm for juveniles), resulting in extended 
life stage durations, and ultimately causing lower 
YOY survival. Recruits-per-embryo was lowest in the 
last decade of these 40 yr projections. This pattern is 
consistent with field evidence. Able et al. (2014) ana-
lyzed field data for winter flounder during 1980−2010 
and identified that warm springs consistently re -
sulted in reduced recruitment. Warm summer tem-
peratures frequently coincide with reduced juvenile 
growth (Sogard 1992, Meng et al. 2000, Manderson 
et al. 2002). 

In our simulations, the effects of warming on 
growth during the early life history, culminating in 
reduced sizes of recruits, were small and did not dra-
matically alter the subsequent dynamics of the adult 
population. Nevertheless, average recruitment was 
reduced by 45% by Decade 4 compared to Decade 1 
(36.0 vs. 70.0 × 106), and this was reflected in a reduc-
tion in mean SSB of ~30% (Table 6). 

Among the assumed CO2 effects considered here, 
reduced growth of feeding larvae had the largest 
 single-factor impact on the simulated winter flounder 
population. Average recruitment was reduced by 
50.8% and average SSB was reduced by 41.2% over 
the 40 yr relative to the Reference simulation 
(Table 8). Of the remaining elevated CO2 effects, 
mortality from malformations had moderate conse-
quences, whereas effects on fertilization and size-at-
settlement had smaller consequences. The ultimate 
population consequences of the assumed CO2 effects 
were partially offset by density-dependent juvenile 
mortality. This caused an increase in juvenile sur-
vival when the mortality of earlier life stages was 
higher. Importantly, the largest reductions in recruit-

ment (−65.6%) and SSB (−53.5%) occurred for our 
hypothetical combination of multiple CO2 effects. 
This was called the Severe simulation here, but the 
occurrence of multiple CO2 effects in situ seems 
likely, due to a common underlying physiological 
basis of CO2 responses. Analysis of the Reference 
and Severe simulations by decade showed that the 
direct effects of the Severe CO2 conditions were not 
amplified by warming (Table 9). 

Our Recovery simulation experiment showed how 
warming and our hypothetical combination of Severe 
CO2 effects can interact in a synergistic way to nega-
tively affect population productivity. We used model 
simulations to estimate decade-specific S−R relation-
ships. Representation of density-dependent mortality 
(and other processes) in population dynamics models 
is a long-standing challenge but is necessary to real-
istically simulate long-term population dynamics 
(Rose et al. 2001). In our model, the mechanism for 
population resilience was density-dependent sur-
vival of juveniles. Density dependence dampens the 
ef fect of warming and the negative (as well as posi-
tive) effects of elevated CO2. Besides winter flounder 
(DeLong et al. 2001), density-dependent mortality 
has been described for the juvenile stage in many 
finfish species and especially in other flatfish, which 
metamorphose from a pelagic larva inhabiting a 3-
dimensional habitat to benthic juveniles occupying a 
2-dimensional one (Myers & Cadigan 1993, van der 
Veer et al. 2000). Natural mortality of adults is gener-
ally assumed to be density-independent in winter 
flounder (e.g. NEFSC 2011) and species with similar 
life history (Rose et al. 2001), although some evi-
dence exists for density dependence in adult growth, 
mortality, and reproduction for some species (Loren-
zen & Enberg 2002), including flatfish (Rijnsdorp 
1994). Further analyses should address how density 
dependence in adults modifies the simulated popula-
tion responses here. 

The results of the Recovery experiment illustrated 
how effects of elevated CO2 might amplify negative 
effects of warming on population productivity. Maxi-
mum SSB and maximum recruitment decreased with 
warming alone (Reference conditions; Table 10). For 
example, maximum SSB and recruitment both de -
creased by about 45% (134.5−72.4 mt; 98.7−53.4 × 
106) from Decades 1−4. When the hypothetical Severe 
CO2 effects were added to warming effects (Table 10), 
maximum SSB and recruitment between Decades 1 
and 4 were both reduced by about 63% (vs. 45% in 
Reference). This synergistic effect was not apparent 
in the Retrospective experiment, likely due to the 
shorter duration of the simulation, smaller range of 
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values of SSB, and populations that were in sharp de-
cline at the end of the simulation as opposed to being 
in equilibrium. The 33−42% decrease in S−R relation-
ship steepness caused by assumed CO2 effects in 
each of the 4 decades did not depend on warming. 
With declining productivity, the years used to estimate 
the S−R relationship become critical so as to not over-
estimate the productivity of the stock into the future. 

A cautionary note is that the model-generated 
steepness values, especially in Decade 4 with Severe 
CO2 conditions (0.35−0.42), were lower than re -
ported values and, while reflective of the Severe ef -
fects within our virtual world, are unrealistic (see 
Rose et al. 2001). Shertzer & Conn (2012) and Mid-
way et al. (2018) included values of steepness as low 
as 0.2 in their analyses for flatfish but noted that 
these were included as extremely low values to illus-
trate their analyses. Our values of steepness are 
meant for comparison of relative changes among 
simulations and do not represent empirically based 
realistic values in absolute terms and are not in -
tended for management use. 

Our result that uncertain OA effects could range 
from dramatic and exacerbating to partially compen-
sating better-understood temperature effects has 
been extensively discussed by others (Gobler et al. 
2018, Watson et al. 2018, Baumann 2019). Field stud-
ies and analysis of long-term monitoring data also 
have shown declines in winter flounder on the north-
east coast of the USA, likely due to warming temper-
atures (Able et al. 2014, Bell et al. 2014). While future 
climate scenarios were not explicitly modeled here, 
the historical temperature data offered a test of 
warming effects because of general warming of 
about 1.2°C that occurred between 1977 and 2016. 
Our simulated decline in winter flounder for the Ref-
erence simulation of the Retrospective experiment 
seems reasonable in this context. 

The Severe simulation used in the Retrospective 
and Recovery experiments should not be interpreted 
as a realistic worst-case scenario. By including 4 dif-
ferent CO2 effects, the Severe simulation allowed us 
to explore how multiple effects on multiple stages 
translate to population-level responses. We did not 
scrutinize whether multiple individual effects would 
realistically occur together in a single location or 
whether effects on earlier stages would affect the 
sensitivity of later stages by culling more sensitive or 
susceptible individuals. Further specificity of OA 
effects on winter flounder tailored to a location and 
benchmarked to a specific climate change scenario 
would allow for better assessment of expected and 
worst-case conditions. 

4.2.  Testing several key model assumptions 

As with any complex model, a number of assump-
tions were made here, and 2 specific assumptions 
related to temperature effects warrant further com-
ment. The assumption that temperature-dependent 
oocyte and ova development would act to adjust the 
timing of spawning resulted in spawning earlier in 
the year but at similar temperatures in all 4 decades. 
To test the influence of this assumption, we repeated 
the Reference and Severe CO2 simulations of the 
Retrospective experiment but with timing of spawn-
ing fixed for all decades reflecting the spawning 
dates exhibited in Decade 1. The effects of warming 
on average SSB with fixed spawning were similar to 
the original Reference simulation results and the 
assumed effects of elevated CO2 were also similar 
(Supplement 4). For example, the reductions of aver-
aged SSB between the Reference and fixed spawn-
ing simulations were 18.8 versus 18.6% in Decade 1 
and 77.9 versus 84.5% in Decade 4. 

A second temperature-related assumption was the 
dependence of embryonic through juvenile mortality 
rate on temperature (Qm in Eq. 16). Field observa-
tions support the assumption of elevated mortality 
during summer and warmer years. This appears to be 
especially true in the warmer, southerly reaches of 
the geographic range, and indirect negative effects 
of the predatory guild during warmer years may also 
play a role (Jeffries & Terceiro 1985, Taylor 2005). To 
assess the importance of our temperature-related 
mortality as sumption, we eliminated the temperature 
effects (i.e. set Qm = 1.0) and repeated the Reference 
and Severe CO2 simulations (Supplement 4). Pre-
dicted reductions in averaged SSB due to warming 
and due to the hypothetical combination in the 
Severe effects by decade were also comparable to 
those obtained with the original temperature-depen-
dent mortality. Averaged reductions in SSB for the 
original Reference versus temperature-independent 
morality version of the Reference simulation were 
18.8 versus 16.2% in Decade 1 and 77.9 versus 
75.6% in Decade 4. 

The representation here of elevated CO2 concen-
trations and effects requires further investigation. 
Regarding CO2 concentrations, values employed in 
laboratory studies used to inform the IBM were be -
tween 800 and 2000 μatm CO2. Rather than using re -
sponses in the model drawn from a simple, dicho -
tomous, present−absent depiction, we recommend 
that the responses to elevated CO2 be quantified over 
a wider range of CO2 concentrations and with more 
finely parsed treatment levels in order to provide a 
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robust functional form of the response. Elevated CO2 
concentrations used to quantify biological effects 
should also be allowed to vary at seasonal or even 
higher temporal frequencies, as this would more 
accurately reflect reported patterns of estuaries such 
as those used by winter flounder (Baumann et al. 
2015) and other coastal fishes (Potter et al. 2015). Use 
of OA conditions from other models under specific 
IPCC scenarios, as done with some other population 
modeling (e.g. Koenigstein et al. 2018), would im -
prove the realism of our simulations. Our model 
forced all individuals to experience the warming and 
elevated CO2 conditions. We did not allow behavior 
to modify the thermal and CO2 regimes experienced 
by individual fish, e.g. movement or migration in 
response to CO2 or temperature (Nye et al. 2009, 
Ziegler et al. 2018). Lastly, our model ignored plasti-
city, acclimation, and the potential for adaptation 
(Hofmann et al. 2010, Gaylord et al. 2015, Nagelker-
ken & Munday 2016). 

4.3.  Generality of our results 

Relatively few previous studies have used models 
to simulate population-level responses to warming 
temperatures and OA effects (elevated CO2) alone 
and in combination; we summarize representative 
examples below, including an analysis at the level of 
the food web, and compare results for fish with our 
simulated responses of winter flounder. 

Several analyses have attempted to predict changes 
in life-history parameters (e.g. growth rate, mortality) 
under various emissions scenarios and used these 
predictions to estimate population dynamics. Fernan-
des et al. (2017) used the output of coupled hydrody-
namics−biogeochemical models (including tempera-
ture and pH) under future emissions scenarios as 
inputs to a dynamic bio-climate envelope model 
(DBEM). OA effects were imposed on the growth of 
adults and the mortality rate of larvae. Their projected 
stock biomass and catch for multiple shellfish and de-
mersal finfish species from present day to 2099 
ranged from modest changes to positive effects for a 
few species (moderate emission scenarios) to major 
reductions in multiple species (mostly under the high 
emissions scenario). Queirós et al. (2015) used the 
same approach to simulate the changes in spatial dis-
tribution and abundance of dog whelk Nucella lapil-
lus. A 60% decline in this mollusk was projected to 
oc cur by 2081−2100 relative to 1981−2000 abun-
dances under a business-as-usual scenario (AR5 
RCP8.5; IPCC 2014). Tai et al. (2018) also used life-

history modeling and a sophisticated habitat-based 
DBEM approach to predict the changes in distribution 
and abundance of 10 NW Atlantic or NE Pacific mar-
ine invertebrate species. The modeling approach 
used Earth System Models to generate the inputs 
(temperature, CO2, and primary production) as the 
basis for changing von-Bertalanffy growth curves and 
infer changes in life-history variables (mortality, ma-
turity). The maximum projected change in abun-
dances due to OA alone under emission scenarios (in-
cluding RCP8.5) for 2091−2100 relative to 1996−2005 
was 10%. Larger negative and positive responses 
across species were predicted when OA effects were 
combined with changes in temperature and primary 
production. 

Two analyses illustrate how OA might affect S−R 
relationships. Koenigstein et al. (2018) developed a 
stage-oriented flow model that follows the number of 
individuals of Atlantic cod Gadus morhua from egg 
to 5 mo old juveniles (age-0) at a daily time step for a 
~35 yr period (1983−2009) and then applied warmer 
temperatures and elevated CO2. Their approach was 
similar to ours by simulating stages within the first 
year of life to predict recruitment and by imposing 
warming and OA effects as changes in mortality and 
duration of eggs, yolk-sac, and feeding larvae. The 
projected number of annual survivors of age-0 cod 
under the IPCC RCP8.5 scenario decreased by ~50% 
by 2100 with warming and OA. Stiasny et al. (2016) 
used an S−R approach and mortality based on ele-
vated CO2 from laboratory experiments for Western 
Baltic and Barents Sea cod stocks. They projected 
recruitment to decline by 8−24% by 2100 as pCO2 
increased from ~425−1100 μatm. 

The Atlantis model has been used to simulate OA 
ef fects on complex food webs that depict ecosystems 
(Olsen et al. 2018). The general approach limited 
representation of OA effects to simple increases in 
mortality rates of the calcifying functional groups 
(e.g. corals, coccolithophores, echinoderms, and mol-
lusks). The coordinated analysis reported by Olsen et 
al. (2018) uses versions of the model for 8 different 
regions and reported mostly small to moderate 
responses (one exception was large responses of Fay 
et al. 2017 at the functional group level). The magni-
tude of responses was further dampened when 
results were aggregated to the guild level. 

Our study is the only one among the above-cited 
examples that used an individual-based modeling 
approach. There are a variety of reasons for follow-
ing individuals rather than using habitat-based or 
Eulerian (e.g. population biomass) approaches (De -
Angelis & Mooij 2005, DeAngelis & Grimm 2014). 
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Koenigstein et al. (2016) advocated for using an IBM 
approach for assessing OA effects because IBMs can 
be readily parameterized from experiments, can con-
sider individual heterogeneity, and often facilitate a 
mechanistic understanding of how multiple factors 
(e.g. temperature and OA) interact. We opted for an 
IBM approach to capture the complicated exposures 
to temperature that interplay with elevated CO2 
effects imposed on specific processes and life stages. 
For example, the IBM approach naturally tracks the 
history of individuals, including how warming affects 
their development as embryos and yolk-sac larvae, 
and thereby determines their timing as larvae and 
juveniles. In terms of effects of elevated CO2, altered 
growth rates of larvae are then superimposed on this 
warming effect and thus influence the timing of and 
the temperatures subsequently experienced by juve-
niles. Our use of super-individuals does reduce inter-
individual variation and can be viewed numerically 
as a very detailed cohort model, with each super-
individual acting as a cohort. 

Our results from the Retrospective and Recovery 
simulations are largely comparable to the examples 
cited above that analyzed OA effects on fish. Consis-
tent with our results, Fernandes et al. (2017) also 
found for their demersal fish species (sea bass, cod) 
that long-term biomass (2090−2099 vs. 1990−2000) 
was more affected by warming than the OA effect, 
and that OA responses were driven by OA effects on 
larvae. Under a high emissions scenario (warming 
and OA), they reported that the long-term biomass of 
both species was reduced by about 40%. This is in 
general agreement with our results for the Severe 
simulation that resulted in a 53.5% reduction in SSB 
over 40 yr. They also found evidence of the asymmet-
rical response that we documented; in their case, a 
positive OA effect on sea bass larvae was dampened 
(i.e. not manifested in biomass) by other processes in 
their model. 

Our results were also similar in magnitude to the 2 
analyses that examined OA effects directly on the 
S−R relationship. The prediction by Stiasny et al. 
(2016) that recruitment of cod would decrease to 8−
25% of their reference levels is more dramatic than 
our predicted downward shift in the winter flounder 
S−R relationship (shown in Fig. 8). When our Severe 
simulation (combining several effects on early life 
stage mortality) was examined by decade (Table S3), 
we predicted average recruitment would be 22−50% 
of reference. Under warming and OA, Koenigstein et 
al. (2018) predicted recruitment to be 50% of their 
reference around 2050 (after about 30 yr), which was 
similar to our simulated recruitment with the Severe 

simulation (over 40 yr) being 34% of our reference. 
However, they found OA to have a larger effect than 
warming (20 vs. 35% of average recruitment by 
2100). Using our Recovery experiment results (Table 
10), we predicted warming (Reference conditions) 
would result in recruitment under Decade 4 condi-
tions (warmest) that was 54% of the recruitment in 
Decade 1 (cool) conditions, while the Severe CO2 ef -
fects generated a similar to smaller effect (50−76%, 
Severe/Reference for each decade). When Koenig-
stein et al. (2018) added adaptation, their predicted 
warming and OA effects were reduced, bringing 
their predicted responses more in alignment with our 
predictions. 

When viewed from a high level, our methods and 
results can be considered consistent with the other 
modeling analyses that focused on fish. All relied on 
experimental results to specify the OA effects and 
typically imposed mortality and growth effects, often 
on early life stages. Each modeling analysis used dif-
ferent experimental results, involved different species, 
systems, and approaches, and used the environmental 
changes from different sources. Despite these differ-
ences, our short compilation of results suggests that 
for fish, warming has an important (if not dominant) 
role, implying that OA effects should be considered 
conditional on the temperature conditions. In addition, 
isolated OA effects (if multiple effects co-occur and 
are large individually) on recruitment and long-term 
population abundance are consistently pre dicted to 
be of ecologically important magnitude. However, the 
wide variety of ways OA effects were imposed in 
models shows there remain major knowledge gaps in 
how to translate OA effects measured in the labora-
tory into changes in growth and mortality processes of 
population and other modeling ap proaches. 

4.4.  Going forward 

We view our modeling effort as a first step towards 
advancing the often-stated need for extrapolating 
laboratory effects of elevated CO2 and OA effects to 
ecologically relevant scales. We have demonstrated 
how such population-level analyses, using laboratory 
results with individual-based modeling, could be 
done to provide quantitative projections of fish popu-
lation dynamics under multiple stressors anticipated 
with climate change. Although our model included 
many uncertainties and assumptions that need empir-
ical confirmation, and elevated CO2 effects were im -
posed in a species-specific (winter flounder) model, 
our analysis provided a mechanistic view of how 

157



Mar Ecol Prog Ser 680: 137–161, 2021

warming and elevated CO2 can interact and influ-
ence the long-term population dynamics of coastal 
fish species. 

We advocate for more comparison and synthesis of 
the existing laboratory results so that a wide suite of 
effects can be represented with greater precision 
(Heuer & Grosell 2014, Pimentel et al. 2016, Cattano 
et al. 2018). This should be done in parallel with ad -
ditional modeling (likely at the population to multi-
species level) that enables direct comparisons of pre-
dictions across the different modeling analyses. A 
coordinated approach with different modeling groups 
using the same key environmental inputs from the 
same source, the same scenarios, and in cluding 
analyses that isolate OA effects from other factors 
(e.g. temperature) would help in further determining 
likely OA effects at the population and higher levels. 
Determining why analyses generated similar or in-
consistent results is difficult when many aspects of 
the models, imposed OA effects, and simulations (e.g. 
duration) differed. This was apparent with our cited 
examples, as well as within our analysis when a syn-
ergistic effect between warming and elevated CO2 
emerged with the Recovery experiment but was not 
detected in the Retrospective experiment. We agree 
with Tai et al. (2018) that the formulation of OA 
effects and climate change scenarios remain as major 
contributors to uncertainties in modeling OA effects 
on fish and shellfish populations. 
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