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Abstract
Phytoplankton growth is controlled by multiple environmental drivers, which are all 
modified by climate change. While numerous experimental studies identify interactive 
effects between drivers, large-scale ocean biogeochemistry models mostly account 
for growth responses to each driver separately and leave the results of these experi-
mental multiple-driver studies largely unused. Here, we amend phytoplankton growth 
functions in a biogeochemical model by dual-driver interactions (CO2 and temperature, 
CO2 and light), based on data of a published meta-analysis on multiple-driver labora-
tory experiments. The effect of this parametrization on phytoplankton biomass and 
community composition is tested using present-day and future high-emission (SSP5-
8.5) climate forcing. While the projected decrease in future total global phytoplankton 
biomass in simulations with driver interactions is similar to that in control simulations 
without driver interactions (5%–6%), interactive driver effects are group-specific. 
Globally, diatom biomass decreases more with interactive effects compared with the 
control simulation (−8.1% with interactions vs. no change without interactions). Small-
phytoplankton biomass, by contrast, decreases less with on-going climate change when 
the model accounts for driver interactions (−5.0% vs. −9.0%). The response of global 
coccolithophore biomass to future climate conditions is even reversed when interac-
tions are considered (+33.2% instead of −10.8%). Regionally, the largest difference in 
the future phytoplankton community composition between the simulations with and 
without driver interactions is detected in the Southern Ocean, where diatom biomass 
decreases (−7.5%) instead of increases (+14.5%), raising the share of small phytoplank-
ton and coccolithophores of total phytoplankton biomass. Hence, interactive effects 
impact the phytoplankton community structure and related biogeochemical fluxes in a 
future ocean. Our approach is a first step to integrate the mechanistic understanding 
of interacting driver effects on phytoplankton growth gained by numerous laboratory 
experiments into a global ocean biogeochemistry model, aiming toward more realistic 
future projections of phytoplankton biomass and community composition.
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1  |  INTRODUC TION

Temperature, nutrient availability, light, and the concentration of 
inorganic carbon species are the main bottom-up drivers that con-
trol phytoplankton growth rates and, thus, marine primary produc-
tion and phytoplankton community structure (Cooley et al., 2022). 
Ongoing climate change modifies environmental conditions, leading 
to the emergence of new mean states of these drivers, with poten-
tial impacts on phytoplankton growth and ocean productivity (e.g., 
Winder & Sommer,  2012). Global marine biogeochemistry models 
including multiple phytoplankton functional types (PFTs) are used to 
project future marine primary production under a range of different 
climate change scenarios (e.g., Kwiatkowski et al., 2020; Laufkötter 
et al., 2015; Nakamura & Oka, 2019; Stock et al., 2020; Tagliabue 
et al.,  2021). The majority of these models projects a decrease in 
future net primary production (NPP) of 2%–13% by the end of the 
century in a high-emission climate scenario (e.g., Bopp et al., 2013; 
Cooley et al.,  2022; Kwiatkowski et al.,  2019, 2020; Laufkötter 
et al., 2015; Steinacher et al., 2010; Tagliabue et al., 2021). This was 
explained by increasing nutrient limitation with increased upper 
ocean stratification and stronger grazing pressure under future 
conditions (e.g., Laufkötter et al.,  2015; Nakamura & Oka,  2019). 
Interactive effects of multiple co-occurring environmental changes 
on phytoplankton growth are, however, to a large extent not con-
sidered in these large-scale ocean models that usually apply PFT 
models (i.e., based on the trophic structure and taxonomic affilia-
tion of organisms) or trait-based models (i.e., based on the ecolog-
ical function and traits of organisms, Kwiatkowski et al.,  2014) to 
simulate biological and biogeochemical processes (e.g., Kwiatkowski 
et al., 2020; Laufkötter et al., 2015).

For varying single bottom-up environmental drivers, phyto-
plankton growth responses in models are commonly described 
by mechanistic approaches such as the Arrhenius curve for tem-
perature (Arrhenius,  1889), the Michaelis–Menten, Monod, or 
Droop functions for different nutrients (Droop,  1973; Michaelis 
& Menten,  1913; Monod,  1942, 1949), photosynthesis-irradiance 
curves for light (Geider et al., 1996; Geider & Osborne, 1992), and 
functions that describe growth responses to the carbonate system 
(Bach et al.,  2015; Gafar et al.,  2018; Paul & Bach,  2020; Seifert 
et al., 2022). Subsequently, the applied growth descriptions in mod-
els usually consist of the multiplication of these single driver effects; 
for different nutrient limitations, often a minimum-based approach 
is chosen, justified by Liebig's law of the minimum. Physiology-
based models like the model by Geider et al.  (1998), which forms 
the base of the model employed here, take interactions between 
nutrient status and photoacclimation into account. In recent de-
cades, the importance of so-called “interactive driver effects” 
became increasingly evident from laboratory experiments using 

full-factorial manipulations (e.g., Boyd et al., 2018; Folt et al., 1999; 
Gao et al., 2020; Häder & Gao, 2015; Rost et al., 2008), implying that 
the use of mechanistic functions for single drivers is not sufficient 
to describe growth responses of phytoplankton to jointly changing 
drivers. This means that a shift in one driver does not only affect 
the growth of a species directly but can also modulate its sensi-
tivity to other drivers. For instance, ocean acidification decreases 
the tolerance of Southern Ocean diatoms to high light conditions 
(Trimborn, Thoms, et al., 2017) and reduces the temperature above 
which the growth rate of the coccolithophore Emiliania huxleyi be-
comes negative by 1–2°C (Listmann et al., 2016). Mutual modifica-
tions of driver responses may arise from energy re-allocations within 
the phytoplankton cells, that is, energetic and elemental costs are 
reduced at the new level of one driver liberating resources for other 
processes (Rokitta & Rost, 2012; Van de Waal & Litchman, 2020). 
Thereby, such interactions can obviously shape the outcome of en-
vironmental changes, both in strength and direction of the response 
(Boyd et al., 2014; Vinebrooke et al., 2004), and may furthermore 
induce shifts in the phytoplankton community composition (Boyd & 
Hutchins, 2012; Vinebrooke et al., 2004).

Important attempts have been made to develop mechanistic 
functions of bottom-up driver interactions for models. However, 
they either do not yet take into account the wealth of information 
collected in recent laboratory multiple-driver studies or are not thus 
far applicable to large-scale ocean models. For instance, Geider 
et al. (1996, 1998) developed a light limitation term that depends on 
the nitrate limitation of a cell. This function is widely applied in bio-
geochemical models (e.g., Aumont et al., 2015; Hauck et al., 2013; 
Moore et al., 2004) but was developed from a relatively small set 
of experiments (most importantly, Laws & Bannister, 1980) and is 
limited to interactions between light and nitrogen only, although 
there exist extensions for silicon (Hohn, 2009) and iron (Buitenhuis 
& Geider, 2010). The chain model by Pahlow and Oschlies (2009), 
which takes into account interactions between phosphorus, ni-
trogen, and light limitations and which was applied in Arteaga 
et al.  (2016) in a global model, starts from a different, optimality-
based approach. In another early study on parameterizing driver 
interactions, Smith  (2011) developed temperature dependencies 
of Michaelis–Menten terms for nutrient limitation, which are, how-
ever, only based on a confined collection of experiments all per-
formed in waters of the North Atlantic gyre over a 3-year period 
(Harrison et al., 1996). Similarly, Wrightson et al. (2022) developed 
temperature-dependent iron and phosphorus use efficiencies for 
diazotrophs in a global biogeochemistry model based on confined 
laboratory experiments by Jiang et al. (2018) and Yang et al. (2022). 
Thomas et al.  (2017) describe a function for interactive effects of 
temperature and nutrient concentration on phytoplankton growth, 
which was developed based on conceptual understanding, and 

K E Y W O R D S
biogeochemical modeling, bottom-up effects, coccolithophores, diatoms, interactive effects, 
multiple driver, ocean acidification, warming

 13652486, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16799 by IFR

E
M

E
R

 C
entre B

retagne B
L

P, W
iley O

nline L
ibrary on [10/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4236  |    SEIFERT et al.

experiments were only used to assess the application of the func-
tion in a global species distribution model. Finally, Taherzadeh 
et al. (2019) describe a theoretical framework on interactive driver 
sensitivities of community growth rates and cell sizes to changing 
nitrate availability and grazing pressure for a zero-dimensional box 
model. This framework, however, cannot yet be accommodated 
in large-scale ocean models that use PFT and trait-based models 
without significant modifications of the typical model structure. 
In summary, the cumulated knowledge from laboratory studies is 
not yet fully exploited to parameterize interactive driver effects in 
large-scale ocean biogeochemistry models.

In the present study, we develop a parametrization of interactive 
effects between the carbonate system and both temperature and 
light on phytoplankton growth for a global biogeochemical model 
by applying the findings from our recently published meta-analysis 
(Seifert et al., 2020). The meta-analysis assesses growth-rate mea-
surements of published multiple-driver laboratory studies. While 
not sufficient data was available from other driver interactions to 
obtain robust results, increasing partial pressure of carbon dioxide 
(CO2) was found to profusely dampen the growth-enhancing effects 
of high temperature and high light (Seifert et al.,  2020). Here, we 
develop and implement a new parameterization of the dual driver 
interactions of CO2 with temperature and light into the global ocean 
biogeochemistry model FESOM-REcoM (Hauck et al., 2013; Karakuş 
et al.,  2021; Seifert et al.,  2022). In the first step, both the initial 
model setup without driver interactions and the newly developed 
model setup with driver interactions are used to assess changes in 
biomass, NPP, and individual driver limitations between present-day 
and future conditions. In a second step, we compare our findings 
between the simulations with and without driver interactions at 
present-day and future conditions. This allows us to test the hy-
potheses that (i) projections for future global and regional marine 
phytoplankton biomass are altered by driver interactions and that 
(ii) phytoplankton groups are affected differentially, resulting in an 
altered community composition compared with control simulations 
without driver interactions.

2  |  METHODS

2.1  |  Ocean biogeochemical model

We use the global Regulated Ecosystem Model version 2 (REcoM-
2-M) coupled to the Finite Element Sea Ice-Ocean Model (FESOM 
1.4, Schourup-Kristensen et al., 2014; Wang et al., 2014). We briefly 

introduce REcoM and the relevant model equations here but refer 
the reader to the Supporting Information (Text S.1) for a more de-
tailed description of the model. The structure of REcoM mainly fol-
lows Hauck et al. (2013), Karakuş et al. (2021), and Seifert et al. (2022) 
including two detritus groups (slow-sinking and fast-sinking parti-
cles), two zooplankton groups (small, fast-growing zooplankton and 
slow-growing polar macrozooplankton), and three phytoplankton 
groups (diatoms, coccolithophores, and small-sized phytoplankton). 
Phytoplankton growth, that is, the biomass build-up of each phy-
toplankton group p, depends on a group-specific maximum growth 
rate (μmax, Table  S.1) as well as sensitivities to nutrient availability 
(fN ), temperature (fT), light (fL), and the carbonate system (fCO2):

2.2  |  Parametrizations of dual-driver interactions

We base the new parametrization of dual-driver interactions on the 
meta-analysis by Seifert et al.  (2020), which highlights that dual-
driver interactions between the carbonate system (called “CO2” for 
simplicity) and temperature as well as CO2 and light have statistically 
significant effects on phytoplankton growth rates. As both driver 
interactions (in the following called C × T and C × L, respectively) in-
clude the effect of CO2 on growth, we add interactive effects with 
temperature and light to the model term describing carbonate sys-
tem dependencies (fCO2, Bach et al., 2015; Seifert et al., 2022) which 
reads in the original formulation:

The term fCO2 depends on water column concentrations of bi-
carbonate (HCO−

3
) and CO2(aq), as well as H+ (derived from pH) and 

is limited to be ≤3 (i.e., can triple phytoplankton growth if no other 
driver limits growth) for numerical reasons. It accounts for growth-
enhancing effects of the substrates for photosynthesis (HCO−

3
 and 

CO2(aq)) as well as growth-inhibiting effects by increasing stress on 
cell-internal homeostasis at decreasing pH. The parameters a, b, 
c, and d (with d = dinitial in the original formulation) for each phyto-
plankton group were derived from least-square fits to laboratory 
data (Table  1; following Seifert et al.,  2022). Parameters a and b 
determine the response to substrate availability, c determines the 
minimum CO2(aq) requirement, and d the response to decreasing pH 
levels (i.e., the effect of ocean acidification). For the parameteriza-
tion of interactive effects, we only modify the part of the function, 

(1)GRp = �
max
p

⋅ fN
p
⋅ fT

p
⋅ fL

p
⋅ f

CO2

p .

(2)fCO2 =
a ⋅

[

HCO−
3

]

b +
[

HCO−
3

] − exp
(

− c ⋅
[

CO2(aq)

])

− d ⋅

[

H+
]

,

a b c dinitial RMSE

Diatoms 1.040 28.90 0.8778 2.640 × 106 0.12

Coccolithophores 1.109 37.67 0.3912 9.450 × 106 0.15

Small phytoplankton 1.162 48.88 0.2255 1.023 × 107 0.16

Note: The root mean square error (RMSE) indicates the reproducibility of laboratory data by 
functions fCO2 applying these parameter (more details in Seifert et al., 2022).

TA B L E  1  Parameter values a 
(dimensionless), b (mol kg−1), c (kg mol−1), 
and dinitial (kg mol−1) for fCO2 of each 
phytoplankton group (Seifert et al., 2022), 
yielding growth rates without driver 
interactions.
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    |  4237SEIFERT et al.

which describes responses to acidification, that is, d · [H+], as most 
laboratory studies in multiple-driver research investigate ocean 
acidification effects. Hence, temperature and light will regulate the 
growth response to ocean acidification by a temperature and light-
dependent parameter d.

2.2.1  |  Adjusting the response to ocean acidification 
with interactive effects

For the present study, we select and group the taxa from Seifert 
et al.  (2020) according to our modeled phytoplankton groups 
(Table  2). Hence, we omit the taxon of dinoflagellates, which is 
not represented in our model. There was sufficient data for dia-
toms and coccolithophores, and we assign Synechococcus spp., 
Prochlorococcus spp., and non-colonial Phaeocystis spp. into the 
group of small phytoplankton. We note that Phaeocystis spp. may 
exhibit different physiological characteristics than other small-
phytoplankton taxa in its colonial stage (Schoemann et al., 2005). 
However, multiple-driver experiments were performed on solitary 
cells only (Hoogstraten et al., 2012; Trimborn, Thoms, et al., 2017), 
which fall into the size class of small phytoplankton (3–9 μm, 
Schoemann et al., 2005).

We here use the collection of growth rates from the anal-
ysed laboratory studies in the supporting information of Seifert 
et al. (2020) (Table 2; Figure 1a). The studies were previously filtered 
for a sufficient number of replicates as well as controlled experimen-
tal conditions including stable carbonate system parameters (Seifert 
et al., 2020). In addition, cultures must have been fully acclimated 
to experimental conditions (minimum 1 week or seven generations; 
Table S.2). While the laboratory studies usually consider two driv-
ers at two driver levels (Boyd et al., 2019; Kreyling et al., 2018), ex-
periments accounting for gradients of driver levels are rarely done, 
mostly due to logistic reasons (Boyd et al., 2019; Collins et al., 2022). 
Nonetheless, it is possible to infer the directionality and magnitude 
of the interaction between two drivers. The laboratory studies were 
conducted in a multifactorial design: Phytoplankton growth was 
measured at (i) low control levels of drivers A (either temperature 
or light) and B (CO2; A1B1), (ii) high control levels of drivers A and B 
(A2B2), (iii) low control level of driver A, high control level of driver 
B (A1B2), and (iv) high control level of driver A, low control level of 
driver B (A2B1). The interaction of drivers is synergistic if the ef-
fect of simultaneous changes in multiple drivers on phytoplankton 
growth (A2B2) is larger than the sum of single-driver responses (i.e., 
A2B2 > A1B2 + A2B1 − A1B1). The interaction is antagonistic if driv-
ers mutually dampen the growth response compared with the sum 
of individual driver responses (A2B2 < A1B2 + A2B1 − A1B1; Boyd & 
Hutchins, 2012; Folt et al., 1999; Przeslawski et al., 2015).

For each selected laboratory study, we compute a theoretical 
growth rate A2B2add from the measured growth rates (A1B1, A1B2, 
A2B1; Table 2; Figure 1a), which represents growth at high driver 
levels under the assumption that drivers have no interactive effects, 
that is, are additive:

To assess how much the interaction between drivers affects 
growth at high driver levels, we compute the relative difference grel 
between the measured growth rate A2B2 and the hypothetical ad-
ditive growth rate A2B2add (Table 2; Figure 1a):

The interaction is antagonistic for grel < 0 and synergistic for 
grel > 0. We then calculate the mean grel for each driver interaction 
and phytoplankton group (Table 2; Figure 1b). The values of grel yield 
synergistic effects of C × T for diatoms (grel = 1% ± 13%) and cocco-
lithophores (grel = 11% ± 30%), and antagonistic effects of C × T for 
small phytoplankton (grel = − 6% ± 3%). Interactive effects of C × L 
are antagonistic for diatoms (grel = − 11% ± 15%) and coccolitho-
phores (grel = − 2% ± 34%), and synergistic for small phytoplankton 
(grel = 12% ± 27%; Table 2). We acknowledge that the spread is large 
across studies (standard deviation of up to ±34% for the coccolitho-
phore C × L interaction). We trace this variability back to the diversity 
of species, origins of isolates, and driver ranges within the collection 
of studies (Table S.2). In addition, also the propagated standard de-
viations of A2B2add in the individual studies (i.e., the square-rooted 
sums of the squared standard deviations of A1B1, A1B2, and A2B1) 
are rather high (up to ±0.43 day−1; Table  S.2). Therefore, we per-
formed additional sensitivity simulations to assess the robustness of 
our parameterization (see Section 2.3 and Text S.2).

For the subsequent development of model terms for driver 
interactions, we also calculate the mean temperature, light, 
and CO2 values at low and high control levels from all labora-
tory studies. This calculation yields 380 ± 17 �atm, 14 ± 3°C, and 
52 ± 24 �mol photons m−2 s−1 for the low CO2 (LC), temperature 
(LT), and light (LL) levels, respectively, and 880 ± 125 �atm, 28 ± 2°C, 
and 295 ± 175 �mol photons m−2 s−1 for the high CO2 (HC), tem-
perature (HT), and light (HL) levels, respectively. Laboratory light 
levels are converted to levels of photosynthetically active radia-
tion (PAR), that is, from �mol photons m−2 s−1 to W m−2 following 
Brock  (1981) for a wave length distribution corresponding to PAR 
at the sea surface, resulting in 11.3 W m−2 (LL) and 64.1 W m−2 (HL).

2.2.2  |  Interaction between CO2 and temperature

In the following, we describe how we modify the growth rates 
GRp resulting from the original (initial) model Equation (1) at high 
control levels of CO2 and temperature (HCHT), further on called 
GRHCHT

initial
, according to grel (hence, the relative change caused by 

driver interactions). For that, we use a temperature-dependent 
response to ocean acidification, hence, a term dinter,C×T that sub-
stitutes d in Equation (2) by considering the interaction (inter) be-
tween CO2 and temperature (C × T; Figure 1c; Table 2). The growth 
rates that result from this modified model equation and that take 
interactive effects between CO2 and temperature into account 

(3)A2B2add = A1B2 + A2B1 − A1B1.

(4)grel =
(

A2B2 − A2B2add
)

∕A2B2add.
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4238  |    SEIFERT et al.

TA B L E  2  Growth rates (day−1 ) resulting from CO2 and temperature as well as CO2 and light interactions based on experimental data in 
the literature collection by Seifert et al. (2020).

Reference Species A1B1 A1B2 A2B1 A2B2 A2B2add grel

CO2 × Temperature (C × T)

Diatoms +1% (±13%)

Bermúdez et al. (2015) Cylindrotheca 
fusiformis

0.53 0.59 0.71 0.70 0.77 -9%

Kremp et al. (2012) Skeletonema marioni 0.81 0.89 0.79 0.96 0.87 +10%

Coccolithophores +11% (±30%)

Feng et al. (2008) Emiliania huxleyi 0.37 0.25 0.60 0.73 0.48 +52%

Listmann et al. (2016) Emiliania huxleyi 1.09 0.94 1.52 1.52 1.37 +11%

Schlüter et al. (2014) Emiliania huxleyi 1.14 1.11 1.28 1.24 1.25 -1%

Tong et al. (2019) Emiliania huxleyi 1.19 1.20 1.21 0.99 1.22 -19%

Small phytoplankton -6% (±3%)

Fu et al. (2007) Synechococcus spp. 0.31 0.41 0.65 0.72 0.75 −4%

Fu et al. (2007) Prochlorococcus spp. 0.37 0.38 0.38 0.36 0.39 −8%

CO2 × Light (C × L)

Diatoms −11% (±15%)

Bartual and Gálvez (2002) Phaeodactylum 
tricornutum

0.97 0.91 1.29 1.37 1.23 +11%

Gao et al. (2012) Phaeodactylum 
tricornutum

0.73 0.89 1.02 0.95 1.18 −19%

Gao et al. (2012) Skeletonema 
costatum

0.97 1.03 1.60 1.47 1.66 −11%

Gao et al. (2012) Thalassiosira 
pseudonana

1.11 1.16 1.57 1.33 1.62 −18%

Heiden et al. (2016) Fragilariopsis curta 0.32 0.39 0.53 0.27 0.60 −55%

Heiden et al. (2016) Odontella weisflogii 0.25 0.08 0.59 0.39 0.42 −7%

Li and Campbell (2013) Thalassiosira 
pseudonana

1.42 1.66 1.47 1.50 1.71 −12%

Li et al. (2014) Phaeodactylum 
tricornutum

1.33 1.49 1.21 1.43 1.37 0%

Li et al. (2017) Thalassiosira 
weissflogii

1.13 1.14 1.52 1.45 1.52 −5%

Shi et al. (2015) Thalassiosira 
pseudonana

1.00 1.04 2.05 2.09 2.09 0%

Trimborn, Thoms, et al. (2017) Chaetoceros debilis 0.41 0.31 0.87 0.73 0.77 −5%

Coccolithophores −2% (±34%)

Feng et al. (2008) Emiliania huxleyi 0.37 0.25 0.58 0.73 0.46 +59%

Jin et al. (2017) Emiliania huxleyi 0.73 0.62 0.81 0.62 0.70 −11%

Rokitta and Rost (2012) Emiliania huxleyi 0.63 0.74 1.02 0.81 1.13 −28%

Zhang et al. (2015) Gephyrocapsa 
oceanica

0.72 0.78 1.19 0.95 1.25 −24%

Zondervan et al. (2002) Emiliania huxleyi 0.68 0.66 1.15 1.08 1.13 −4%

Small phytoplankton +12% (±27%)

Hoogstraten et al. (2012) Phaeocystis globosa 1.15 1.16 1.18 1.11 1.19 −7%

Trimborn, Thoms, et al. (2017) Phaeocystis 
antarctica

0.40 0.32 0.44 0.47 0.36 +31%

Note: Driver A is either temperature or light, driver B is always CO2; 1 and 2 denote low and high driver levels, respectively. In the column A2B2add 
theoretical growth rates at high driver levels assuming additive driver interactions are listed (Equation 3), and grel denotes the relative difference 
between A2B2add and the realized growth rates of the experiments A2B2 in % (Equation 4). Positive values of grel indicate synergistic, and negative 
values of grel indicate antagonistic interactions. Mean relative changes for each interaction and phytoplankton group are printed in bold (standard 
deviation in parentheses). For additional details on the individual studies, see Table S.2.
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are called GRHCHT
inter

. That means, if grel = 0.1, dinter,C×T should increase 
GRHCHT

initial
 by 10% yielding GRHCHT

inter
 , which would represent a syner-

gistic interaction of C × T. Note that even though not noted in the 
equations for simplicity, all calculations were performed for each 
phytoplankton group separately.

We first calculate the growth rates at LC and LT levels (i.e., 
380 μatm and 14°C), GRLCLT. To derive concentrations of HCO−

3
, 

CO2(aq), and H+ to use in fCO2 that comply with the CO2 levels ap-
plied in the laboratory experiments, we compute the carbonate 
system parameters with the ScarFace web version 1.3.0 (Gattuso 
et al., 2019; Raitzsch & Gattuso, 2020) at a constant alkalinity of 
2300 μmol kg−1, a salinity of 35, a temperature of 20°C, surface 
pressure (0 bar), and zero silicate and phosphate concentrations, as 
well as the LC level (i.e., 380 μatm; and for the subsequent com-
putations also at the HC level, i.e., 880 μatm). In addition, we as-
sume non-limiting nutrient and light conditions (i.e., nutrient and 
limitation terms are 1), and d = dinitial in fCO2 using Equation (1) (see 
Equations S.3 and S.4 for fT):

GRLCLT (from model equation) corresponds to the values of 
A1B1 (from laboratory experiments, Table  2). Likewise, we calcu-
late growth rates at high CO2 and temperature control levels (i.e., 
880 μatm and 28°C; GRHCHT

initial
):

GRHCHT
initial

 (derived from the model equations) corresponds to the val-
ues of A2B2add (computed as described above, Table 2), and, thus, rep-
resents growth rates at high control levels without driver interaction.

We then assume a relative change in GRHCHT
initial

 according to grel 
(Table 2), which is caused by the interaction of C × T. The resulting 
interactive growth rate, GRHCHT

inter
, is computed from GRHCHT

initial
 by:

In the next step, we compute dHCHT for each phytoplankton 
group, which yields values of d (Equation 2) that result in the interac-
tive growth rates GRHCHT

inter
 by solving the following equation for dHCHT:

We assume that for each phytoplankton group, values of dinitial 
(Table 1) are valid at our low control levels (i.e., 380 μatm and 14°C), 
and values of dHCHT are valid at our high control values (i.e., 880 μatm 
and 28°C). In the absence of information about the functional form, 
we additionally assume that d changes linearly and temperature-
dependent between dinitial and dHCHT (Figure 2). The slope minter,C×T of 
that linear change of d is computed as:

We use the resulting values of minter,C×T to derive a temperature-
dependent formulation for d, which is dinter,C×T:

(5)GRLCLT = �
max

⋅ fT,14
◦C

⋅ fCO2,380 �atm.

(6)GRHCHT
initial

= �
max

⋅ fT,28
◦C

⋅ fCO2,880 �atm.

(7)GRHCHT
inter

= GRHCHT
initial

⋅

(

1 + grel
)

.

(8)GRHCHT
inter

= �
max

⋅ fT,28
◦C

⋅ fCO2,880 �atm
(

dHCHT
)

.

(9)minter,C×T =
dHCHT − dinitial

HT − LT
.

F I G U R E  1  Stepwise description of the parameterization of interactive effects between CO2 and temperature as well as light on 
phytoplankton growth. Abbreviations are given at the right side of the figure, and more details on parameters and calculations are given in 
the text. Note the different annotations for real growth rates that are based on the literature compilation of laboratory data (“Laboratory 
data”) and computed growth rates based on the model equations of phytoplankton growth (“Model equations”).
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4240  |    SEIFERT et al.

with Tdeg being temperature in °C (Figures 2, 3). Values of dHCHT and 
minter,C×T are listed in Table 3, and slopes are illustrated in Figure S.1. 
We assume that the linear change of dinter,C×T and thus, the strength 
of interaction between CO2 and temperature, changes linearly with 
the two variables also outside the calibration interval (Figure 2). This 
means that the mode of interaction changes below 14°C (for cocco-
lithophores, for instance, from synergistic to antagonistic interaction), 
and the magnitude of the interactive effect gets closer to additive in-
teraction below 380 μatm. Above 28°C and 880 μatm, the magnitude 
of interactive effects becomes larger.

We acknowledge that a linear interpolation of interactive ef-
fects between low and high control levels and an extrapolation to 
even lower/higher driver levels is a simplification of interactions 
across possible driver ranges, which can theoretically be described 
as a 3-dimensional landscape (Boyd et al., 2018; Collins et al., 2022; 
Cooley et al., 2022). However, response patterns over multiple levels 
of two continuous drivers, which would be required to develop such 
landscape functions (Kreyling et al.,  2018), have not yet been de-
termined in laboratory studies. Further, fitting complex regressions 
to the small number of driver levels that are available (usually only 
two driver levels are investigated in multiple-driver laboratory stud-
ies) would possibly add bias through overfitting (Babyak, 2004). We, 
therefore, consider a linear regression as the most simple approach 
until enough data are available for three-dimensional landscape 
functions.

2.2.3  |  Interaction between CO2 and light

The effects of C × L interactions are computed analogously to the 
interaction with temperature (Figure 1d). Here, we use the low and 
high control levels of light (11.3 and 64.1 W m−2, respectively) and 
the light function fL (Equation S.5) to compute growth at low and 
high CO2 and light control levels (i.e., GRLCLL and GRHCHL

initial
 following 

Equations  5 and 6). Furthermore, we use the relative growth rate 
changes grel caused by C × L interaction as listed in Table 2 to com-
pute GRHCHL

inter
 (following Equation 7). For the light function fL in the 

present computation, we assume fixed, but physiologically mean-
ingful values for the variable chlorophyll-to-carbon ratio qChl in 
each group (Nielsen,  1997; Sathyendranath et al.,  2009; Thomalla 
et al.,  2017) derived from earlier model simulations [0.01 g Chl a 
(g C)−1 for diatoms and 0.005 g Chl a (g C)−1 for coccolithophores and 
small phytoplankton]. From GRHCHL

inter
 we compute dHCHL and minter,C×T 

following Equations (8) and (9), and derive dinter,C×L:

with PAR in W m−2 (Figure 3b,e). Altogether, this results in a set of val-
ues for dHCHT, dHCHL, and minter for each phytoplankton group (diatoms, 
coccolithophores, small phytoplankton) and interaction (C × T and 
C × L, respectively), which are listed in Table 3.

2.2.4  |  Full interaction between CO2, 
temperature, and light

Finally, dinter,C×T and dinter,C×L are combined with the interaction term 
dinter,C×T×L (Figure 1e):

We use dinter,C×T×L in fCO2 (Equation 2; Figure 3c,f) to account for 
the full interaction between drivers.

2.3  |  Model simulations

We perform two sets of climatological simulations, one with present-
day and one with future repeated year atmospheric forcing includ-
ing CO2 to assess the possible range of interactive effects between 
two climate states (Table  4). All runs are performed on the mesh 
that was also used in FESOM for the CORE-II model intercompari-
son (126,000 surface nodes; Danabasoglu et al.,  2014) simulating 
dynamic areas with higher resolution (up to 20 km; e.g. coastlines, 
equatorial belt, and northern high latitudes) and less dynamic areas 
with coarser resolution (up to 150 km; open ocean, Sidorenko 
et al., 2011; Wang et al., 2014). Our model experiments are forced 
with 3-hourly atmospheric output from the AWI Climate Model 
(AWI-CM, Sidorenko et al.,  2015; Semmler et al.,  2020). AWI-CM 

(10)dinter,C×T = dinitial + minter,C×T ⋅
(

Tdeg − LT
)

,

(11)dinter,C×L = dinitial + minter,C×L ⋅ (PAR − LL),

(12)

dinter,C×T×L=dinitial+minter,C×T ⋅
(

Tdeg−14◦C
)

+minter,C×L ⋅

(

PAR−11.3 Wm−2
)

,

F I G U R E  2  Conceptual representation of the relation between 
driver levels (LCLT, HCHT = low and high CO2 and temperature 
control levels, respectively), dinter,C×T including the slope of 
the linear relationship minter,C×T, and the relative change in the 
growth rate (GR). For instance, to derive a growth rate GRHCHT

inter
 

at high control levels of both drivers that is 11% higher than the 
respective non-interactive growth rate GRHCHT

initial
 (as given by grel in 

Table 2), dHCHT (Table 3) is lower than dinitial (Table 1). The driver 
space between dinitial and dHCHT, dinter,C×T, is assumed to be linearly 
dependent on temperature (Equation 10). For a detailed overview 
of temperature- and light dependent changes in dinter of the 
separate phytoplankton groups, see Figure S.1.
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output for our present-day simulations was taken from the first en-
semble member of the historical simulation of Semmler et al. (2020). 
For our future simulations, we use the AWI-CM output that ap-
plied the high-emission scenario SSP5-8.5 (O'Neill et al., 2016). The 

likelihood of the SSP5-8.5 scenario is still being actively discussed in 
the community (Hausfather & Peters, 2020; Schwalm et al., 2020). 
While it was criticized for its underlying assumption on maybe unre-
alistic high emissions (Hausfather & Peters, 2020), the resulting cli-
mate state may nevertheless be reached even with lower emissions 
due to carbon cycle feedbacks that are currently not accounted for 
(Schwalm et al., 2020). Acknowledging this uncertainty, we use it to 
test maximal future effects of driver interactions on phytoplankton 
and biogeochemistry. To reduce the impact of climate variability, 
we identify “normal” atmospheric conditions by jointly assessing 
the state of the Southern Annual Mode (SAM index), the El-Niño 
Southern Oscillation (Oceanic Niño index), and the North Atlantic 
Oscillation (NAO index) for the present day (2000–2020) and the fu-
ture (2080–2100) period. In particular, we compute seasonal anom-
alies of all indices over the respective periods and rank the years 
according to the annual means of the anomalies and their standard 
deviations, which yields 2014 and 2088 as years with the smallest 

F I G U R E  3  (a–c) Coccolithophore growth rates (arbitrary scale) for an example CO2 system at high temperature and light control value 
with (solid lines) and without driver interaction (original parametrization, dashed lines). Arrows at 880 μatm mark the growth rate increase 
(+11%) for the CO2 and temperature interaction, and the growth rate decrease (−2%) for the CO2 and light interaction compared with the 
original parametrization. The growth rate resulting from the full interaction [(c), +9%] is caused by the individual interactions between 
CO2 and temperature (a) and between CO2 and light (b). (d–f) Display the respective fCO2 functions at increasing pCO2 levels. In addition 
to the interactive (solid lines) and the original growth rate formulation (dashed lines) at high driver control levels, we display fCO2 for low 
temperature and light levels (dotted lines). At high pCO2 with dinter and with temperature and light values below 14°C and 11.3 W m−2 (2°C 
and 5 W m−2 in the example) the direction of change in the slope of fCO2 reverses.

dHCHT minter,C×T dHCHL minter,C×L

Diatoms 2.092 × 106 −3.914 × 104 8.668 × 106 11.410 × 104

Coccolithophores 3.783 × 106 −40.480 × 104 1.048 × 107 1.954 × 104

Small phytoplankton 1.361 × 107 24.131 × 104 4.026 × 106 −11.744 × 104

Abbreviations: C × L: CO2 and light interaction; C × T: CO2 and temperature interaction; HC, high 
CO2; HL, high light; HT, high temperature.

TA B L E  3  Parameter values for dHCHT 
and dHCHL, respectively (in kg mol−1) and 
minter (in °C mol kg−1 and W mol m−2 kg−1, 
respectively) of each phytoplankton group 
and driver interaction.

TA B L E  4  List of model simulations performed in this study.

Forcing

Interaction

None C × T C × L C × T × L

Present-day
AWI-CM, year 2014
400 ppm atm. CO2

PR_CTRL PR_CT PR_CL PR_INTER

Future
AWI-CM, year 2088
971 ppm atm. CO2

FU_CTRL FU_CT FU_CL FU_INTER

Abbreviations: C × L = CO2 and light interaction; C × T = CO2 and 
temperature interaction; C × T × L = both CO2 and temperature and CO2 
and light interaction.
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4242  |    SEIFERT et al.

anomalies for the present-day and the future period, respectively. 
We use annual mean atmospheric CO2 levels of 400 ppm for 2014 
and of 971 ppm for 2088 corresponding to the global atmospheric 
CO2 levels of the respective years used in the AWI-CM simulations. 
The difference between the present-day and the future climate 
under the chosen scenario outweighs any interannual variability, and 
the choice of any particular year within the present-day and future 
periods, therefore, has a negligible effect on the analysis performed 
here. Temperature and salinity are initialized with hydrographic data 
from the Polar Science Center Hydrographic Climatology (Steele 
et al.,  2001). The nutrients dissolved inorganic nitrogen and dis-
solved silicic acid are initialized from the World Ocean Atlas (Garcia 
et al.,  2013), and dissolved iron from PISCES output (Aumont 
et al.,  2003), which was corrected using observed profiles (Boye 
et al., 2001; de Baar et al., 1999). Alkalinity and present-day dissolved 
inorganic carbon fields are initialized from GLODAPv2 (using data of 
the years 1972–2013; Lauvset et al., 2016). Biomass of phytoplank-
ton and zooplankton as well as phytoplankton chlorophyll are ini-
tialized from small values (2.23 × 10−5 for biomass in nitrogen units, 
14.77 × 10−5 for biomass in carbon units, that is, converted with the 
Redfield ratio, and 1.56 mmol Chl a (mmol N)−1 for chlorophyll).

In both the present-day (PR) and the future (FU) set, we perform 
four simulations (Table 4). In a control simulation, we use the origi-
nal CO2 function with d = dinitial (Table 1) in Equation (2) for phyto-
plankton growth without interactions (PR_CTRL and FU_CTRL). In a 
second and third simulation, we use either the C × T or the C × L in-
teraction alone in Equation (2), that is, setting d = dinter,C×T or dinter,C×L, 
respectively, to study the two interactive effects separately (PR_CT, 
PR_CL and FU_CT, FU_CL). In a fourth simulation, the combined in-
teractive effects of C × T and C × L are used by setting d = dinter,C×T×L in 
Equation (2) (PR_INTER and FU_INTER). Each simulation was run for 
32 years to reach quasi-equilibrium in the ecosystem compartment. 
The annual mean over the last 5 years of each simulation is analysed. 
To test the sensitivity of modelled phytoplankton biomass to values 
of A2B2 derived from laboratory experiments, we perform two ad-
ditional simulations in which we vary grel by ±10% (Text S.2). These 
sensitivity simulations reveal that the difference between present-
day and future biomass of all phytoplankton groups (Figure 4e–h) is 
two orders of magnitude larger than changes in present-day biomass 
caused by altered grel by ±10% (up to ±0.09 mg C m−2, Figure  S.2). 
Phytoplankton biomass is, hence, relatively robust against variations 
of grel.

2.4  |  Model analysis

We evaluate total biomass, NPP, limitation terms, and biogeochemi-
cal fluxes for each simulation globally and in three larger regions, 
namely the northern and southern high latitudes as well as the trop-
ics/subtropics (Fay & McKinley, 2014) Total biomass and NPP were 
integrated vertically over the whole water column and horizontally 
over the respective region. Limitation terms (fN, fT, fL, and fCO2) were 
calculated online and averaged over the depth layer from surface 

to the euphotic zone depth, that is, where PAR is 1% of its surface 
value (Figure S.3). We note that thereby, we mix different ecologi-
cal niches with diverging environmental conditions (e.g., low nutri-
ent concentrations and high light in the mixed layer, high nutrient 
concentrations and low light below the mixed layer), but we con-
sider limitation terms in the euphotic zone to be most representa-
tive for the bulk biomass (about 60%–80% of total biomass for all 
phytoplankton groups in most regions). Changes in fN, fT, fL, and fCO2 
(Equations S.2–S.5; Equation 2) are hereafter referred to as nutrient 
limitation term, temperature term, light limitation term, as well as 
CO2 term, respectively. We compare present-day levels (PR_CTRL 
and PR_INTER simulations) of sea surface temperature, chlorophyll 
a, dissolved inorganic carbon, alkalinity, as well as mixed layer (ML) 
depths in March and September to observations (more details in 
Text S.3; Figure S.5). In addition, changes of environmental drivers 
between present-day and future conditions are analysed by comput-
ing absolute differences in global ML depth (March and September), 
ML pCO2, temperature, and PAR between PR_CTRL and FU_CTRL 
(more details in Text S.4).

We first assess differences in environmental drivers, biomass, 
NPP, and limitation terms between the present-day and future simu-
lations focussing on the PR_CTRL and FU_CTRL simulations to reveal 
climate change impacts on phytoplankton. We then assess differ-
ences in biomass, NPP, and limitation terms between the control and 
interaction simulations (PR_CTRL vs. PR_INTER as well as FU_CTRL 
vs. FU_INTER) to investigate the impact of our new parametriza-
tion of driver interactions and relate these differences to changes 
in biogeochemical fluxes, that is, particulate organic carbon (POC), 
opal, and calcium carbonate export. The simulations PR_CT, PR_CL, 
FU_CT, and FU_CL are used to examine the dominant interaction on 
a spatial scale. Model data necessary to produce the findings of this 
study are openly available (Seifert & Hauck, 2023).

3  |  RESULTS

3.1  |  Projections of end-of-century biomass and 
attribution to drivers in the control simulations

Global total biomass and NPP decrease by 68.0 Tg C and 
1.6 Pg C year−1 between the FU_CTRL and the PR_CTRL simulation 
(Figure  5; Figure  S.4; Table  5). From present-day to future condi-
tions, the ML depth changes by about ±50 m (shallower mainly in 
the tropics, subtropics and at temperate latitudes, deeper mainly in 
the Southern Ocean and parts of the northern high latitudes), ML-
averaged pCO2 and temperature increase by about 550 μatm and 
about 2°C, respectively, and ML-averaged PAR changes by about 
±20 W m−2 (strongest increase in the tropics) from present-day to 
future conditions (more details in Text S.4; Figure S.6).

Globally, decreasing coccolithophore and small-phytoplankton 
biomass (−10.8% and −9.0%, respectively; Figure  5) are primar-
ily driven by stronger growth-limitation by CO2 and light (Table 6). 
Stronger light limitation is caused by a deepening of the euphotic 
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    |  4243SEIFERT et al.

zone in most parts of the ocean (Figure S.7). Light limitation terms 
are additionally modified by alterations in nutrient availability, 
temperature, and the chlorophyll-to-carbon ratio (Equation S.5). 
Warming-induced growth enhancement (up to 9.9%) dampens the 
negative effect of changes in the CO2 and light limitation terms 
for small phytoplankton and coccolithophores, and outbalances 

completely the growth-decreasing effects of these drivers on dia-
toms (Figure 5; Table 6).

In the northern high latitudes of the control simulations, en-
hanced growth limitations by CO2 and light (up to −7.0%; Table S.3) 
result in lower small-phytoplankton biomass compared with 
present-day conditions (−9.1%, Figure 5). Diatom biomass decreases 

F I G U R E  4  Depth-integrated phytoplankton biomass at present-day (PR; a–d) and future (FU; e–h) conditions in the interaction 
simulations (PR_INTER and FU_INTER). Biomass in the FU_INTER simulation is shown as difference to the PR_INTER simulation.

F I G U R E  5  Relative differences of spatially and depth-integrated phytoplankton biomass between the control simulations at future 
(FU) and present-day (PR) conditions (FU_CTRL and PR_CTRL; hatched bars) as well as between the interaction simulations at future and 
present-day conditions (FU_INTER and PR_INTER; filled bars) globally, in the northern and southern high latitudes, as well as in the tropics/
subtropics. Regions as indicated on the map. Total biomass differences are denoted at the respective bars.
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4244  |    SEIFERT et al.

by −0.8% because of stronger growth limitation by CO2 and nutri-
ents (up to −3.4%; Table S.3). The decrease in biomass of both groups 
is reinforced by a warming-induced stronger grazing pressure (up to 
+34%). Coccolithophores benefit from a strong warming-related 
growth enhancement under future compared with present-day con-
ditions (+27.6% biomass increase).

In the tropics/subtropics, where the deepening of the euphotic 
zone is most pronounced (up to 300 m; Figure S.7), the decrease of 
phytoplankton biomass from present-day to future conditions is 
largest amongst all regions (−64 Tg C; Figure  5). CO2 and light are 
the main factors for decreasing phytoplankton biomass (diatoms: 
−13.0%, coccolithophores: −29.7%, small phytoplankton: −7.3%; 
Figure 5; Table S.3).

In the southern high latitudes, small-phytoplankton biomass de-
creases from present-day to future conditions (−13.1%; Figure 5) due 
to stronger limitations by CO2, nutrients, and light (up to −8.5%) as 
well as increasing grazing pressure (+6.8%; Table S.3). Diatoms and 
coccolithophores benefit (+14.5% and +49.7%, respectively) from 
the growth-increasing changes in the temperature limitation terms 
(up to 24%; Table S.3). In addition, the grazing pressure on diatoms 
becomes smaller (−41.7%).

3.2  |  Effects of driver interactions on 
phytoplankton biomass in the present-day simulations

The consideration of driver interactions affects total present-day 
biomass only little in all regions, with relative changes between the 
PR_CTRL and the PR_INTER simulation of total global phytoplank-
ton biomass being in the range of ±2.5% (Figure 6a). However, bio-
mass differences between both simulations are larger on regional 
scales and within phytoplankton functional groups. Regionally, 

biomass differs most in the southern high latitudes, with lower dia-
tom biomass (−20.9% or 32.3 Tg C) and higher small-phytoplankton 
biomass (+10.6% or 23.1 Tg C) in the PR_INTER compared with the 
PR_CTRL simulation (Figure 6a). High relative differences between 
the PR_CTRL and the PR_INTER simulation in coccolithophore bio-
mass of +35.9% in the northern high latitudes and −10.5% in the 
southern high latitudes translate into small total biomass differences 
(1.3 and 0.4 Tg C, respectively) due to the generally low coccolitho-
phore biomass in these regions (Figures 4b and 6a). Limitation terms 
in the PR_INTER simulation are in a similar range as in the PR_CTRL 
simulation (Tables S.3 and S.4).

In the tropics/subtropics and partly in the subpolar regions, 
interactive effects between CO2 and light or temperature change 
phytoplankton growth rates by more than 0.001 day−1 between the 
PR_INTER and the PR_CTRL simulation (which corresponds to a rel-
ative growth rate change of more than 1–2%), while driver interac-
tions barely alter the growth rates in the polar regions compared 
with the control simulation (difference in growth rates <0.001 day−1; 
compare white and colored regions in Figure 7a–c). Diatoms are pre-
dominantly affected by the C × L interaction (Figure 7a), which lowers 
their growth rates compared with the CO2 term without the driver 
interactions (Table  2). Regions with high coccolithophore biomass 
(Figure 4b) are mainly influenced by the growth-enhancing C × T in-
teraction (Figure 7b; Table 2). For small phytoplankton, the growth-
stimulating C × L interaction dominates in most parts of the ocean 
(Figure 7c; Table 2). In subpolar regions, the growth-dampening C × T 
interaction is more prevalent but likely outbalanced by the C × L 
interaction indicated by a higher small-phytoplankton biomass in 
the PR_INTER compared with the PR_CTRL simulation (Figure  7c; 
Table 2). Overall, the effects of our newly implemented driver inter-
action (mainly C × L for diatoms and small phytoplankton and mainly 
C × T for coccolithophores) on present-day phytoplankton biomass 

CTRL INTER

PR FU PR FU

Global

Biomass (Pg C) 1.33 1.25 1.33 1.27

Net primary production 
(Pg C year−1)

29.24 26.92 30.00 28.34

Particulate organic carbon 
export (Pg C year−1)

4.56 3.96 4.58 4.00

Opal export (Tmol C year−1) 75.19 78.28 61.39 53.24

CaCO3 export (Pg C year−1) 1.00 0.80 1.19 1.47

Southern high latitudes

Biomass (Pg C) 0.38 0.37 0.37 0.36

Net primary production 
(Pg C year−1)

5.91 5.61 6.06 6.04

Particulate organic carbon 
export (Pg C year−1)

1.88 1.76 1.89 1.79

Opal export (Tmol C year−1) 50.49 56.44 35.99 28.91

CaCO3 export (Pg C year−1) 0.11 0.14 0.10 0.19

TA B L E  5  Depth-integrated total 
phytoplankton biomass and net 
primary production, as well as export 
of particulate organic carbon, opal, and 
calcium carbonate (CaCO3) at 100 m depth 
of the global ocean and the southern high 
latitudes in all simulations (PR_CTRL, 
FU_CTRL, PR_INTER, and FU_INTER, 
respectively).
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and community structure are, with the exception of the southern 
high latitudes, rather small.

3.3  |  Effects of driver interactions in the future 
simulations

While the difference in total global phytoplankton biomass between 
the FU_CTRL and the FU_INTER simulation remains small (1.5%, 
19.1 Tg C), biomass differences of the individual phytoplankton 
groups are three to four times more pronounced than in the present-
day simulations when accounting for driver interactions, with 

globally 15.4% fewer diatoms, 65.2% more coccolithophores, and 
9.5% more small phytoplankton (Figure 6b). Regionally, the south-
ern high latitudes exhibit the largest relative and total differences 
of diatom and small-phytoplankton biomass between the FU_CTRL 
and the FU_INTER simulation, respectively, with 36.1% lower diatom 
biomass (63.9 Tg C) and 26.3% higher small-phytoplankton biomass 
(49.7 Tg C; Figure 6b). Here, coccolithophore biomass barely changes 
between both simulations, and total phytoplankton biomass is 3.8% 
lower in the interaction simulation. In the northern high latitudes, 
driver interactions have the strongest relative effect on total phyto-
plankton biomass (+5.3% or 12.6 Tg C compared with the FU_CTRL 
simulation; Figure  6b). Here, diatom biomass is lowered by 10.5% 

Diatoms Coccolithophores
Small 
phytoplankton

Control simulations

PR_CTRL

Present-day biomass (Pg C) 0.454 0.028 0.844

Present-day biomass (% of 
total community)

34.3 2.1 63.6

FU_CTRL

Future biomass (Pg C) 0.454 0.025 0.768

Future biomass (% of total 
community)

34.3 1.9 57.9

FU_CTRL − PR_CTRL

ΔCO2-term (%) −2.5 −8.4 −4.7

ΔN-term (%) −0.7 +5.3 +1.7

ΔL-term (%) −3.4 −15.7 −8.4

ΔT-term (%) +9.9 +9.2 +9.9

ΔGrowth rate (%) −2.8 −3.1 −4.1

ΔGrazing rate (%) −12.8 −9.6 −13.7

ΔBiomass (%) 0.0 −10.8 −9.0

Interaction simulations

PR_INTER

Present-day biomass (Pg C) 0.418 0.031 0.885

Present-day biomass (% of 
total community)

31.4 2.3 66.3

FU_INTER

Future biomass (Pg C) 0.384 0.041 0.840

Future biomass (% of total 
community)

30.3 3.3 66.4

FU_INTER − PR_INTER

ΔCO2-term (%) −2.5 −6.3 −5.9

ΔN-term (%) +2.4 +4.2 +0.9

ΔL-term (%) −7.9 −16.3 −5.5

ΔT-term (%) +9.9 +9.2 +9.9

ΔGrowth rate (%) −1.3 −3.3 −4.2

ΔGrazing rate (%) −6.2 −7.1 −17.3

ΔBiomass (%) −8.1 +33.2 −5.0

Note: Average limitation terms and growth rates were computed for depth layers which contain 
95% of the biomass from the respective phytoplankton group.

TA B L E  6  Relative differences of 
globally averaged limitation terms and 
growth rates and total differences in 
global depth-integrated biomass between 
the present-day and future simulations 
(control simulations: PR_CTRL and FU_
CTRL, interaction simulations: PR_INTER 
and FU_INTER) as well as total biomass 
and relative biomass contributions of the 
three phytoplankton groups within each 
simulation.
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4246  |    SEIFERT et al.

and small-phytoplankton biomass is enhanced by 18.7%. Like in the 
present-day simulations, large relative interactive effects on coc-
colithophore biomass in the polar regions translate into only small 
total biomass differences. In the tropics/subtropics, higher phyto-
plankton biomass in the FU_INTER compared with the FU_CTRL 

simulation (diatoms: +5.6%, coccolithophores: +60.9%, small phyto-
plankton: +0.8%) results in a higher total phytoplankton biomass of 
3.2% (20.3 Tg C; Figure 6b).

Generally, the CO2 term (Equation 2), which includes the parame-
trization of driver interactions in the FU_INTER simulation and which 

F I G U R E  6  Total differences of spatially and depth-integrated phytoplankton biomass (a) between the interaction (INTER) and the control 
(CTRL) simulation at present-day conditions (PR_INTER and PR_CTRL), and (b) between the interaction and the control simulation at future 
conditions (FU_INTER and FU_CTRL) globally, in the northern and southern high latitudes, as well as the tropics/subtropics. Regions as 
indicated on the maps. The bars reveal the effect of the interactive driver parametrization at present-day and future conditions, respectively. 
Percentages above/below each bar specify the relative biomass changes. (c) Relative changes in limitation terms (CO2, nutrients, light, 
temperature) and growth rates between the FU_INTER and the FU_CTRL simulation for the same regions. Limitation terms and growth rates 
were averaged over the euphotic zone (1% PAR). Negative values indicate stronger limitations or lower growth rates, positive values indicate 
alleviated limitations or higher growth rates in the FU_INTER compared with the FU_CTRL simulation. See Tables S.3 and S.4 for total 
limitation terms.
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is the only difference to the FU_CTRL simulation, varies by −6% 
to +8% between both simulations but is not always the dominant 
driver that causes differences in phytoplankton biomass (Figure 6c). 
Instead, variations in the CO2 term additionally propagate onto the 
phytoplankton responses to other drivers (nutrient concentration, 
light) as well as grazing pressure under future conditions. Variations 
in the temperature term between the FU_CTRL and the FU_INTER 
simulation are small (Figure 6c; Tables S.3 and S.4) and caused by 
modest differences in the future compared with the present-day eu-
photic depth (globally between −18 and +11 m; Figure S.7).

Globally, differences in diatom and small-phytoplankton bio-
mass between the two future simulations (Figure  6b) are mainly 
caused by the light limitation term (−6.5% and +6.4%, respectively, 
in the FU_INTER compared with the FU_CTRL simulation; Figure 6c). 
Coccolithophores benefit from a more growth-enhancing CO2 term 
(+3.0%; Figure 6c), which is likely the result of the interaction be-
tween increasing CO2 and warming (Figure 7e; Table 2).

In the northern and southern high latitudes, biomass differences 
of diatom and small phytoplankton between the future simulations 
are mainly caused by the light limitation term (up to −7.8% and 
+9.6% in the FU_INTER compared with the FU_CTRL simulation; 
Figure 6b,c), similar to the global ocean. Small-phytoplankton growth 
is additionally enhanced by changes in the CO2 term (up to +2.6%; 
Figure 6c). In contrast to the global ocean, the CO2 term of cocco-
lithophores is more growth-limiting in the FU_INTER compared with 
the FU_CTRL simulation (up to −5.9%; Figure 6c). This dampens the 
growth-enhancing effect of alleviated nutrient limitation (+0.9%; 

Figure 6c) in the northern high latitudes and balances the growth-
enhancing effects of reduced light limitation (+2.4%; Figure 6c) in the 
southern high latitudes. In the tropics/subtropics, alleviated nutrient 
(+2.9%, diatoms) and light limitation (+6.1%, small phytoplankton) as 
well as a higher CO2 term (+7.7%, coccolithophores; Figure 6c) result 
in higher biomass of all groups in the FU_INTER compared with the 
FU_CTRL simulation (Figure 6b). Growth-enhancing light effects on 
small phytoplankton are dampened by stronger nutrient limitation 
(−1.7%) and a smaller CO2 term (−3.7%; Figure 6c), likely due to the 
interaction of CO2 and warming (Figure 7f; Table 2).

Compared with the present-day simulation, modifying effects 
of the C × T interaction become more important globally and for all 
phytoplankton groups than the C × L interaction (Figure  7d–f) due 
to the climate-change-induced increase in ocean temperatures. 
This dampens the negative effect of the C × L interaction on diatom 
growth rates and reduces the positive effect on small-phytoplankton 
growth rates (Table 2). Coccolithophores benefit from the increasing 
importance of the growth-enhancing C × T interaction (Figures  6b 
and 7e; Table 2).

3.4  |  Altered phytoplankton response to climate 
change with driver interactions

The decrease in global total biomass and NPP from present to future 
conditions is about the same in the simulation with driver interac-
tions (−79.3 Tg C and −2.3 Pg C year−1; FU_INTER minus PR_INTER) 

F I G U R E  7  Spatial distribution of the dominating interaction for present-day and future climate in the control and the interaction 
simulations. For the present-day (PR) simulations (a–c), mesh nodes with a growth rate difference of ≥0.001 day−1 between the control 
simulation (PR_CTRL) and the simulation with CO2 and temperature interaction (PR_CT) or CO2 and light interaction (PR_CL) were extracted 
and categorized according to the larger impact on growth rate changes into CO2 and temperature interaction (C × T) and CO2 and light 
interaction (C × L). Subsequently, these categories at each node were summarized over depth by weighting according to the size of the depth 
level and by selecting the most common interaction. No interaction dominates when the differences in growth rates between the PR_CTRL 
and the PR_CT or PR_CL simulations are <0.001 day−1. A similar computation was performed for the future (FU) simulations (d–f; i.e., by 
using the FU_CTRL, FU_CT, and FU_CL simulations).
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4248  |    SEIFERT et al.

and the one without (−68.0 Tg C and −1.6 Pg C year−1; FU_CTRL 
minus PR_CTRL), that is, about 5%–6% (Figure 5; Figure S.4; Table 5), 
but we identify differences on a regional and group-specific level. 
From present to future conditions, global diatom biomass decreases 
(−8.1%) in the interaction simulation while remaining constant in the 
control simulation (Figures 4e and 8; Figure S.8; Table 6). This can 
mainly be attributed to a stronger decrease of the light term (−7.9% 
in the interaction simulations vs. −3.4% in the control simulations; 
Table 6). Small-phytoplankton biomass decreases less (−5.0% instead 
of −9.0%) from present to future conditions in the interaction simula-
tion (Figures 4g and 8; Figure S.8; Table 6) because light limitation 
intensifies less severely than in the control simulation (−5.5% instead 
of −8.4%; Table 6). The biomass of coccolithophores even increases 
(+33.2%) instead of decreases (−10.8%) once driver interactions are 
considered (Figure 4f; Table 6), mainly because the CO2 term damp-
ens future growth less without driver interactions (−6.3% instead 
of −8.4%; Table 6). A reduced grazing pressure on coccolithophores 
(−7.1%) despite increasing coccolithophore biomass, likely because 
of the higher availability of small phytoplankton as preferred prey, 
contributes to a stronger biomass build-up (Table  6). In sum, this 
results in a future phytoplankton community composition with a 
lower share of diatoms compared with the control simulation (30.3 
vs. 34.3%) and a higher share of coccolithophores (3.3 vs. 1.9%) and 
small phytoplankton (66.4 vs. 57.9%) (Figures 4e–g and 8; Table 6).

Similar to the global ocean, the phytoplankton community in 
the northern high latitudes and in the southern high latitudes is 

composed of a higher share of coccolithophores and small phyto-
plankton, and a smaller share of diatoms if driver interactions are 
considered (Figure 8; Figure S.8). This is largely caused by a combi-
nation of small differences between the control and the interaction 
simulations in the responses to all drivers under present-day and 
future conditions (Tables  S.3 and S.4). In the southern high lati-
tudes, the responses of diatoms to future conditions is even inverse 
in the interaction simulation to that in the control (−7.5% instead 
of +14.5% in the control simulation; Figure 5). This results from a 
stronger growth-reducing effect of the light limitation (−3.4% in-
stead of −1.2%) and a smaller reduction of the grazing pressure 
(−2.0% instead of −41.7%) in the interaction simulations compared 
with the control simulations (Tables  S.3 and S.4). In the tropics/
subtropics, the shares of diatoms and small phytoplankton of the 
total phytoplankton community are similar in the interaction and 
the control simulations. The response of coccolithophores to future 
conditions is reversed from decreasing (−29.7%) to increasing bio-
mass (+2.4%; Figure 8; Figure S.8) because the increasing growth 
limitation by the CO2 term from present-day to future conditions 
is dampened once interactions are considered (−3.4% instead of 
−7.8%; Tables S.3 and S.4).

Changes in the future phytoplankton community composition in 
the interaction simulations compared with the control simulations 
affect global biogeochemical fluxes. While the decrease in global 
future POC export at 100 m depth is similar in both the control and 
the interaction simulation (0.60 and 0.58 Pg C year−1, respectively; 

F I G U R E  8  Schematic figure summarizing phytoplankton biomass changes from present-day (PR) to future (FU) climate (regions as 
indicated on the maps). Dashed arrows represent the biomass changes between the control simulations (PR_CTRL and FU_CTRL; upward-
directed = higher biomass, downward-directed = lower biomass) for each phytoplankton group separately and together, without specifying 
the magnitude of change. For each group, the dominant drivers responsible for the biomass change are indicated on the arrows. Solid arrows 
represent the biomass changes between the interaction simulations (PR_INTER and FU_INTER) and are scaled according to the magnitude of 
change compared with the control simulations. For instance, diatom biomass in the northern high latitudes decreases stronger from the PR_
INTER to the FU_INTER simulation than from the PR_CTRL to the FU_CTRL simulation, while the decrease in small-phytoplankton biomass 
is weaker. In case both arrows have the same size, changes were not affected by accounting for interactive effects. The delta signs at each 
arrow indicate the main drivers responsible for the difference to the control simulations (only indicated when the biomass change differs 
between the control and the interaction simulations).
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Table 5), opal export at 100 m depth increases by +4% in the con-
trol simulations from present-day to future but decreases by −13% 
in the interaction simulations (Table 5). Calcium carbonate export at 
100 m depth increases (+24%) instead of decreases (−20%) between 
present-day and future conditions once driver interactions are con-
sidered (Table 5). Similar to the global ocean, POC export at 100 m 
depth of the southern high latitudes decreases by a similar amount 
from present-day to future conditions in the control and the interac-
tion simulation (by 0.12 and 0.10 Pg C year−1, respectively; Table 5). 
Alongside with a decreasing instead of increasing diatom biomass 
in the interaction simulation (Figure  5), opal export at 100 m be-
comes lower (−20%) and not higher (+12%) under future conditions 
(Table 5). The stronger increase in coccolithophore biomass in the 
interaction compared with the control simulation (Figure 5) results in 
a stronger increase of the calcium carbonate export at 100 m depth 
(+90% instead of +27%; Table 5).

4  |  DISCUSSION

Our study introduces a parametrization that accounts for interact-
ing effects between CO2, temperature, and light on phytoplankton 
growth in a global ocean biogeochemistry model. We show that the 
overall decrease of global phytoplankton biomass and productivity 
under future conditions remains unchanged when accounting for 
driver interactions, whereas the projected changes on a regional 
scale are altered, with implications for biogeochemical fluxes.

4.1  |  Drivers of changes in future phytoplankton 
biomass without interaction

Under future climate conditions assuming persistently high emis-
sions, our simulations with and without driver interactions reveal 
5%–6% lower phytoplankton biomass and 6%–8% lower NPP com-
pared with present-day levels. This is in the range of previous mod-
eling studies that apply similar scenarios [e.g., −2% to −13% NPP in 
the models analysed by Steinacher et al.  (2010), −8.6% NPP in the 
models analysed by Bopp et al. (2013), −6.1% biomass in the mod-
els analysed by Kwiatkowski et al. (2019), −3.0% NPP in the models 
analysed by Cooley et al. (2022)]. The patterns of change are consist-
ent with previous findings, with declines in NPP and biomass mainly 
in the temperate, subtropical, and tropical regions, and increases in 
parts of the Southern Ocean, the North Atlantic, and the equato-
rial Pacific (Figure 4h; Bopp et al., 2013; Cabré et al., 2015; Cooley 
et al., 2022; Lotze et al., 2019; Moore et al., 2018; Vichi et al., 2011).

In our study, decreasing growth rates and shifts in the phyto-
plankton community under future conditions are not driven by one 
dominating driver but rather by a combination of all bottom-up driv-
ers. Only growth rate changes in the low latitudes are mainly caused 
by modified CO2 and light limitation terms. In contrast, other mod-
eling studies (e.g., Dutkiewicz et al., 2013; Laufkötter et al., 2015; 
Marinov et al.,  2010; Nakamura & Oka,  2019) identified stronger 

nutrient limitation in low latitudes, and stronger light limitation in 
high latitudes as the main bottom-up driver. Furthermore, warm-
ing compensates completely for any growth-decreasing effect of 
increasing nutrient and light limitation in most models analysed in 
Laufkötter et al. (2015), causing unchanged NPP under future con-
ditions in some of the analysed models (Laufkötter et al.,  2015). 
Yet, the identification of dominant drivers critically depends on the 
depth layer considered for the computation of driver strengths. In 
the low latitudes, light limitation barely changes from present to 
future conditions in the study of Laufkötter et al.  (2015), who in-
vestigate surface limitation terms, and nutrient limitation becomes 
significantly stronger in the study of Marinov et al.  (2010), who 
compute limitation terms over the ML depth, which is projected to 
become shallower in the future tropics and subtropics. Limitation 
terms in our study were computed over the euphotic zone, which 
deepens under future conditions and, hence, decreases light avail-
ability but increases nutrient availability. Moreover, the growth-
increasing effect of warming in Laufkötter et al.  (2015) may be 
an upper limit as the increase in temperature at the sea surface is 
higher than at depth (Fu et al., 2016). Our study shows, however, that 
warming within the euphotic zone can in most cases not fully com-
pensate, but dampen the growth-decreasing effects of other driv-
ers. Finally, growth responses to future environmental conditions 
in our model are additionally modified by changes in the carbonate 
system (Seifert et al., 2022), which can even dominate the response 
for some regions and phytoplankton groups and is not considered 
in other models. While the decreasing phytoplankton biomass in 
most models analysed by Laufkötter et al. (2015) was mainly caused 
by warming-induced increasing grazing pressure on a global scale, 
this effect appears more important on a regional and group-specific 
scale in our model (small phytoplankton in the northern high lati-
tudes and only diatoms globally). Top-down effects will be discussed 
in more detail in Section 4.3. In summary, the identification of pre-
dominant drivers responsible for changes in phytoplankton biomass 
depends on which depth layer is considered.

4.2  |  Future changes in phytoplankton biomass and 
biogeochemical fluxes

Based on our model projections, coccolithophores and small phy-
toplankton are ‘winners’ and diatoms are ‘losers’ in the simula-
tions that include driver interactions on a global scale (Figure 8). 
In the northern high latitudes, the increase of coccolithophore 
biomass from present-day to future conditions in the simula-
tions without driver interactions (Figure  8; Figure  S.8) is in line 
with observed recent coccolithophore biomass increase in the 
North Atlantic (Beaugrand et al., 2013; Rivero-Calle et al., 2015). 
We show that this trend intensifies with dual-driver interactions 
(Figure 8; Figure S.8). Coccolithophore biomass also increased in 
the future tropics/subtropics when interactive effects were con-
sidered, while it decreased in the future tropics/subtropics of 
the control simulation (Figure  8). Laboratory experiments show 
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that coccolithophores are often negatively affected by ocean 
acidification (Hoppe et al., 2011; Meyer & Riebesell, 2015; Seifert 
et al., 2020). While this is mirrored in the growth-decreasing CO2 
term in the model equations and in the result of our control sim-
ulation, interactions with other environmental drivers as well as 
physiological and ecological feedback can even reverse the sign of 
the biomass change (Seifert et al., 2022).

Notably, in the southern high latitudes, diatom biomass is pro-
jected to increase in the control simulations but to decrease in 
the interaction simulations. Previously, future Southern Ocean 
diatom biomass and NPP were projected to increase in the 
PlankTOM5 Biogeochemical Model (Laufkötter et al., 2015) and the 
Biogeochemical Elemental Cycle model (BEC, Krumhardt et al., 2022) 
because of warming and enhanced nutrient supply due to increas-
ing upwelling rates and nutrient trapping (Krumhardt et al.,  2022; 
Laufkötter et al., 2015; Moore et al., 2018). In our control simulation, 
diatom biomass in the future Southern Ocean increases because of 
warming, improved light availability, and reduced grazing pressure, 
but driver interactions counteract these biomass-enhancing effects. 
In addition to warming, reviews of modeling, experimental, and ob-
servational results identified increasing iron supply as a likely cause 
for increasing diatom biomass in the Southern Ocean (Deppeler & 
Davidson,  2017; Henley et al.,  2020). Further, experiments have 
shown that ocean acidification dampens the positive effect of 
iron enrichment on Southern Ocean diatoms (Trimborn, Brenneis, 
et al.,  2017). Thus, including interactions involving the nutrient 
limitation term may yield a more complete picture of the future of 
Southern Ocean diatoms.

Our results show that the future POC flux is reduced by a 
similar amount in both the control and the interaction simulation 
compared with present-day fluxes (Table 5). However, while a com-
munity shift from large to small phytoplankton was detected in 
Bopp et al. (2005) without driver interaction, this shift is only seen 
in the simulation with driver interaction. As diatoms form silicious 
cell walls (frustules) and coccolithophores build calcium carbonate 
structures around the cells (coccospheres), the altered projection 
of the future phytoplankton community composition affects the 
export of these minerals to depth. More specifically, the export of 
opal is reduced (−13.3%) instead of increased (+4.1%) and the ex-
port of calcium carbonate increases (+23.5%) instead of decreases 
(−20.0%, Table 5) at 100 m depth from present-day to future con-
ditions. In the southern high latitudes where the consideration of 
driver interactions has the largest effects on phytoplankton com-
munity composition, the opal export is decreasing (−20%) instead 
of increasing (+12%), and the calcium carbonate export increases 
more strongly (+90% instead of +27%, Table 5). The contribution 
of these minerals to the total sinking flux at >1000 m depth was 
observed to correlate with the POC flux, leading to the assump-
tion that minerals ballast sinking particles and thereby increase 
the transfer of carbon to the deep ocean (Francois et al.,  2002; 
Klaas & Archer,  2002). To date, our model does not account for 
the ballasting of minerals, and we can only speculate how these 
shifts in mineral export can affect carbon transfer to deeper water 

layers. While the ballasting effect of frustules is still a matter of 
discussion and presumably depends on the diatom species compo-
sition and the degree of silicification (Tréguer et al., 2018), there 
is consensus about the ballasting effect of coccospheres (Bach 
et al., 2016; Francois et al., 2002). In addition, zooplankton fecal 
pellets were found to sink faster when they contain frustules or 
coccospheres (Iversen & Ploug, 2010; Ploug et al., 2008). Because 
of the smaller share of coccolithophores compared with diatoms, 
we assume that an enhanced calcium carbonate flux cannot bal-
ance the reduced ballasting effect of frustules both on global scale 
and in the southern high latitudes, which may lead to a further re-
duction of the future POC flux. This could be amplified by a reduc-
tion of a cell's silicification or calcification caused by acidification 
(Findlay et al., 2011; Petrou et al., 2019; Raven & Beardall, 2021), 
and by a diet-related shift toward a microzooplankton-dominated 
grazer community producing fecal pellets with a lower sinking ve-
locity (e.g., Steinberg & Landry, 2017; Wilson et al., 2008), which is 
due to the fact that small phytoplankton cells are the usual diet of 
microzooplankton, while copepodes and heterotrophic dinoflagel-
lates usually graze on large diatom cells (e.g., Calbet, 2008; Landry 
& Calbet, 2004; Sommer et al., 2005; Sommer & Sommer, 2006). 
A reduction in the dissolution of sinking opal by ocean acidifica-
tion (Taucher et al.,  2022) could furthermore strengthen silicic 
acid deficiencies in surface layers and lead to an ever stronger de-
crease in diatom biomass and silicification, especially in regions 
where silicic acid is limiting. The reduced usage of silicic acid in 
the southern high latitudes due to a lower diatom biomass, how-
ever, could reduce the role of the Southern Ocean as a “silicon 
trap” (Hauck et al., 2018; Holzer et al., 2014; Nissen et al., 2021) 
as less silicic acid is exported and trapped in the Southern Ocean's 
interior. Consequently, more silicic acid could be available for di-
atoms outside the Southern Ocean (Hauck et al.,  2018). Finally, 
other modeling studies show that not only the transfer of carbon 
(Gehlen et al., 2006; Lima et al., 2014), but also the transfer of nu-
trients (Oka et al., 2008) is largely determined by the mineral load 
of sinking particles globally, which is directly linked to the plank-
ton community structure (Lima et al., 2014; Nissen et al., 2021).

4.3  |  Do interactions matter for projections of 
future phytoplankton?

Our results show that interactive effects between bottom-up drivers 
can alter the magnitude and even the direction of future phytoplank-
ton biomass projections and are, hence, important amendments to 
the traditional temperature-nutrient-light-driven system in PFT 
models. The quantitative effects of modified bottom-up drivers can 
yet be obscured by the grazing function applied and by the number 
of grazer groups considered in the model (e.g., Karakuş et al., 2022; 
Le Quéré et al., 2016; Prowe et al., 2012; Vallina et al., 2014). For in-
stance, solely the separation of the generic small zooplankton group 
into micro- and mesozooplankton in a different version of our model 
lead to a 25% increase in NPP (Karakuş et al., 2022). Furthermore, 
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driver interactions can also affect the response of zooplankton and, 
hence, grazing to changing environmental conditions, although the 
database is still very limited, for example, due to the longer genera-
tion time of zooplankton (Otto et al.,  2020). For example, the ac-
climation of the copepod Acartia tonsa to warming was shown to be 
impaired by ocean acidification (Dam et al., 2021), but responses to 
concurrent warming and acidification are highly variable depending 
on the trait measured in the experiment (e.g., growth, size, mortality; 
Garzke et al., 2020). Nonetheless, despite the regulating effect of 
grazing on phytoplankton biomass, the regional and seasonal effect 
of altering environmental conditions on phytoplankton is controlled 
by a close interplay between bottom-up and top-down effects 
(Hashioka & Yamanaka, 2007; Ward et al., 2014) and an improved 
consideration of bottom-up processes in a model is a vital step to-
ward more realistic future projections of phytoplankton biomass.

4.4  |  Limitations and caveats

Given the complexity of driver interactions and knowledge gaps, 
there are some aspects that could not be considered in our study. 
For example, only the knowledge about interactions between CO2 
and temperature or light were considered robust enough in Seifert 
et al.  (2020) to be implemented into our biogeochemical model. 
Other dual-driver interactions, e.g., those including nutrients, are 
also important, although they could not be underpinned by a com-
prehensive statistical analysis. For instance, it was shown that the 
nutritional status of a phytoplankton cell can change its response to 
other environmental drivers (e.g., Trimborn, Brenneis, et al., 2017; 
Van de Waal & Litchman,  2020). Stronger nutrient limitation sup-
presses the temperature dependence of metabolic rates in sev-
eral species (Marañón et al., 2018) and modulates the response to 
ocean acidification (Eberlein et al., 2016) and high light conditions 
(Alderkamp et al., 2012) with likely implications on phytoplankton 
community composition (Alvarez-Fernandez et al.,  2018; Flynn 
et al., 2015). Because changes in nutrient limitation are one of the 
most important drivers for changes from present-day to future 
phytoplankton communities (Dutkiewicz et al.,  2013; Laufkötter 
et al., 2015; Marinov et al., 2010; Nakamura & Oka, 2019) it is im-
portant to gain a better understanding on the interaction between 
nutrients and other drivers to allow for the implementation into 
models (Van de Waal & Litchman, 2020). Besides, processes other 
than phytoplankton growth, such as calcification, are affected by 
driver interactions (e.g., Sett et al., 2014), but the number of studies 
investigating interactive driver effects on these processes is lower 
than on growth rates (Harvey et al.,  2013). On top of that, driver 
interactions are not restricted to two drivers but can include sev-
eral drivers that all interactively affect any phytoplankton's growth 
sensitivity to varying environmental conditions (Griffen et al., 2016; 
Ye et al.,  2021). Following up on the assessment of mean climate 
states (i.e., present-day vs. future), transient simulations could fur-
thermore provide additional information about decadal changes in 
phytoplankton responses to interacting drivers.

We simplified the mode of interaction by a linear interpolation 
between growth responses at low and high control levels, despite ac-
knowledging that interactions are likely non-linear and should rather 
be described by a three-dimensional landscape (Boyd et al., 2018; 
Van de Waal & Litchman, 2020). However, given that most multiple-
driver laboratory studies assess only two levels per driver (Kreyling 
et al., 2018), linear interpolation between two points is the most pru-
dent approach (Babyak, 2004). More laboratory experiments inves-
tigating multiple levels of each driver would be required to develop 
three-dimensional reaction norms (i.e., response surfaces) for mod-
els based on mechanistic understanding (Collins et al., 2022). These 
elaborate and time-consuming experiments should focus on key spe-
cies of large-scale ocean biomes (e.g., Fay & McKinley, 2014) to allow 
for group- and region-specific considerations of driver interactions.

The increasing availability of omics-data (i.e., genetic data and data 
on gene expression; e.g., Chust et al., 2017) may constitute a solution 
to the limitations by laboratory experiments. Implications of interac-
tive drivers on the genetic and transcriptomic level could then be used 
by cell-based models (e.g., Clark et al., 2011; Toseland et al., 2013), 
which in turn inform large-scale models about the mechanistic basis 
of plankton community shifts on a global scale (Caputi et al., 2019). In 
addition, the modification of phytoplankton responses to bottom-up 
effects by evolutionary processes could be simulated by adaptive 
models (Le Gland et al., 2021). Although the process understanding 
to translate omics-data into changes in biological rates, e.g., growth, 
is still limited (Strzepek et al., 2022), complementing PFT models by 
a combination of different model types (e.g., cell-based, trait-based 
and adaptive models; D'Alelio et al., 2019) may be an emerging and 
promising field of biogeochemical modeling.

4.5  |  Conclusion

In summary, our study shows that

	(i)	 by the end of the century, global phytoplankton biomass de-
creases by almost the same amount (5%–6%) in simulations 
with and without driver interactions in a high-emission scenario. 
However, considering driver interactions alters the future pro-
jections of phytoplankton biomass on a regional and group-
specific level (e.g., by up to 65% for coccolithophores; Figures 6b 
and 8).

	(ii)	 the biomass shifts between phytoplankton groups in turn lead 
to an altered community composition (Figure 8). Specifically, di-
atoms will belong to the ‘losers’, whereas coccolithophores and 
small phytoplankton will be ‘winners’ of the anticipated changes 
within the future ocean when considering interactive effects.

Essentially, processes that are identified to be important in field 
and laboratory studies (e.g., interactive driver effects) should be 
implemented into models, and modellers, in turn, are in need of a 
database that is comprehensive enough to simulate processes for 
an entire phytoplankton community on the global scale (e.g., Chust 
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et al., 2017; Davidson, 2014; Everett et al., 2017; Lombard et al., 2019; 
Moore,  2022). In addition, experimental set-ups using shipboard-
based mesocosms on natural plankton communities (Boyd et al., 2022) 
can test our finding that phytoplankton communities in the southern 
high latitudes are more susceptible to be affected by driver interde-
pendencies than communities in the tropics and subtropics. This is 
especially important in light of the role of Southern Ocean diatoms in 
sustaining an efficient export flux of carbon and silicate. A continued 
collaboration between both fields will facilitate the improvement of 
models used for future projections of phytoplankton.
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