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Abstract Rising ocean temperatures affect marine microbial ecosystems directly, since metabolic rates
(e.g., photosynthesis, respiration) are temperature-dependent, but temperature also has indirect effects mediated
through changes to the physical environment. Empirical observations of the long-term trends in biomass and
productivity measure the integrated response of these two kinds of effects, making the independent components
difficult to disentangle. We used a combination of modeling approaches to isolate the direct effects of rising
temperatures on microbial metabolism and explored the consequences for food web dynamics and global
biogeochemistry. We evaluated the effects of temperature sensitivity in two cases: first, assuming that all
metabolic processes have the same temperature sensitivity, or, alternatively, that heterotrophic processes have
higher temperature sensitivity than autotrophic processes. Microbial ecosystems at higher temperatures are
characterized by increased productivity but decreased biomass stocks as a result of transient, high export events
that reduce nutrient availability in the surface ocean. Trophic dynamics also mediate community structure
shifts resulting in increased heterotroph to autotroph ratios at higher temperatures. These ecosystem thermal
responses are magnified when the temperature sensitivity of heterotrophs is higher than that of autotrophs.
These results provide important context for understanding the combined food web response to direct and
indirect temperature effects and inform the construction and interpretation of Earth systems models used in
climate projections.

Plain Language Summary Warming oceans cause a myriad of changes to marine ecosystems,
including both biological changes to the organisms themselves and physical changes to the environment. Here,
we use mathematical models to isolate the effects of warming that arise directly from temperature's effect

on metabolic rates, and the resulting changes to marine food webs and the global carbon cycle. We focus on
how different metabolic rates (e.g., photosynthesis, grazing) may have different temperature sensitivities and
the consequences of those differences on the overall thermal sensitivity of marine ecosystems. We found that
marine food webs had higher productivity, but less overall biomass, when temperatures increase. These effects
were amplified when grazing had greater temperature sensitivity than photosynthesis. Increased temperature
also had effects on community and food web structure. These results provide important context for the kinds of
global models that are used in climate change projections.

1. Introduction

Over the past century, global average sea surface temperature (SST) has increased by 0.7°C (Bindoff et al., 2007).
This surface warming has been accompanied by a steady increase in the heat content of the upper 2,000 m
of the water column since at least the 1950s, with accelerating trends since 1991 (Cheng et al., 2019). Earth
system model (ESM) projections predict additional increases in SST in the 21st century under all Representative
Concentration Pathways (Bopp et al., 2013). In addition to increasing mean conditions, anthropogenic warming
has caused unprecedented marine heatwaves in recent years, which are predicted to increase in both intensity and
frequency (Frolicher et al., 2018; Laufkotter et al., 2020).

Rising ocean temperatures are expected to have significant impacts on pelagic plankton communities, which
form the basis of marine food webs (Benedetti et al., 2021). The relatively short time scale of large spatial scale
(e.g., satellite) observations makes it difficult to test this prediction because of challenges distinguishing between
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climate-driven trends and natural ecosystem variability (Dutkiewicz et al., 2019; Henson et al., 2010). However,
some empirical and modeling studies have indicated changes to phytoplankton biomass and primary productivity
(Winder & Sommer, 2012). Global phytoplankton biomass has declined by about 1% of the global median value
per year since the mid-twentieth century (Boyce et al., 2010), and global net primary productivity (NPP) has been
declining since 1999, particularly in lower latitudes (Behrenfeld et al., 2006). Similarly, satellite observations have
shown an increase in the extent of marine low-productivity zones since at least 1998, and the rate of expansion
of these oligotrophic regions has been increasing in recent years (Irwin & Oliver, 2009; Polovina et al., 2008).
Although observational data are still too short-term to definitively establish climate change-driven trends, mode-
ling studies suggest that there are indeed ongoing significant changes occurring in chlorophyll a, productivity,
and planktonic community structure (Benedetti et al., 2021; Bopp et al., 2005; Dutkiewicz et al., 2019, 2015;
Kwiatkowski et al., 2020; Murphy et al., 2020).

Temperature-driven ecosystem changes arise from the cumulative effects of various mechanisms, including
direct effects of temperature on the intrinsic biology of marine organisms and indirect effects from changes to
the physical environment (Dutkiewicz et al., 2013; Taucher & Oschlies, 2011). Physical drivers of phytoplank-
ton variability include temperature (Behrenfeld et al., 2006; Martinez et al., 2009), water column stratification
and the associated reduction in nutrient availability (Behrenfeld et al., 2006; Falkowski et al., 1998; Martinez
et al., 2009), and wind (Westerling et al., 2006). Here, we are interested in isolating the direct effects of temper-
ature on planktonic food webs, independent of changes to the physical environment.

Temperature has a direct effect on marine organisms because metabolic processes are intrinsically temperature
dependent. At the species level, organisms generally have a temperature optimum at which their growth rate is
maximized, but the optimum temperature (and the maximum growth rate achieved at that temperature) varies
between species (Edwards et al., 2016). When the thermal response curves of many species within a functional
group are combined, the taxon-level maximum growth rates increase exponentially as a function of temperature.
This monotonic relationship between temperature and maximum growth rate is evident in data that integrate
growth rates across many species of phytoplankton (Eppley, 1972) or zooplankton (Rose & Caron, 2007). The
temperature sensitivity of such groups of species (i.e., the rate of exponential growth of the temperature-metabolic
rate curve) can be described using a Q,, temperature coefficient following Eppley (1972). The Q,, coefficient is
defined as the amount a biological rate (e.g., growth rate) will increase with a temperature increase of 10°C (see
Section 2.1).

Differences may exist in the temperature sensitivity of the growth rates of different planktonic taxa (Barton &
Yvon-Durocher, 2019). For example, observational data indicate that heterotrophy may be more sensitive to
temperature than phototrophy (Lopez-Urrutia et al., 2006; Rose & Caron, 2007), though the thermodynamic
mechanism is not fully understood (Rose & Caron, 2007). As a result, zooplankton growth rates exhibit greater
temperature sensitivity than phytoplankton (Rose & Caron, 2007). Recent evidence also demonstrates that temper-
ature sensitivity can vary between phytoplankton functional types, even within taxa with the same metabolic
strategy (Anderson et al., 2021). In spite of this, most models that contribute to the Intergovernmental Panel on
Climate Change (IPCC) projections have not accounted for differences in temperature sensitivity between taxa,
despite evidence that such differences can have important effects on model conclusions (Laufkétter et al., 2015).

Here, we explore the mechanisms by which temperature directly affects marine microbial ecosystem provisioning
(e.g., production, biomass, export) and community structure in the absence of indirect effects that accompany
warming, including stratification, reduced nutrient supply, and changes to circulation. Within this framework, we
also evaluate the effects of alternate assumptions concerning temperature sensitivity: first, that all metabolic rates
have the same temperature sensitivity (same Q,, values), or that heterotrophic metabolic processes have increased
temperature sensitivity (i.e., higher Q,, value) compared to autotrophic processes. We utilize a combination of
modeling approaches including both global biogeochemical models and simplified heuristic box models simu-
lated under highly idealized warming scenarios. This approach is designed to provide analytical tools to explore
the ecological mechanisms that mediate the direct effects of temperature on plankton food webs. It is not intended
to make predictions concerning ecosystem states under any future climate conditions.

We find that, as temperature increases, faster metabolic rates drive increased export via the biological
pump. Steady-state ecosystems following a temperature increase were characterized by increased productivity,
but reduced biomass, relative to present day temperature conditions. Warming also causes a shift in commu-
nity structure that increased the ratio of heterotrophs to autotrophs in the plankton assemblage. Ecosystem-level
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thermal responses are amplified, and more strongly favor higher trophic levels, when heterotrophy is assumed to
have a larger temperature sensitivity than autotrophy.

2. Methods

This study examines the impact of increasing temperature on planktonic food webs. To isolate the direct effects
of metabolism on temperature, we used Q,, scaling to approximate the relationship between photosynthesis/
heterotrophy and temperature. We tested the impacts of this parameterization in two models: The Darwin Model
(Follett et al., 2022), a global scale ecosystem model that allows us to quantify the impacts of thermal scaling
across the world's surface oceans, and a simplified box model, which allows us to isolate specific mechanistic
drivers of phenomena observed in the Darwin model.

2.1. Q,, Temperature Coefficients

To estimate the effects of temperature on metabolic rates, we used the same parameterization that is used in climate
change simulation models, such as in the IPCC Coupled Model Intercomparison Project (CMIP6; Kwiatkowski
et al., 2020). Similar to those models, we quantify the effects of temperature on ecosystem dynamics by parame-
terizing metabolic rates as exponentially increasing functions of temperature (following Eppley, 1972, Figure 1a).
A metabolic rate, R, at a given temperature can be calculated from a known rate, R, at the reference temperature,
T,, and the Q,, temperature coefficient following,

R= R()Qg_n])/m (H
This equation assumes that metabolic rates increase monotonically as a function of temperature. Although this is
not true of individual species, which have maximum thermal tolerances, here we model communities of organ-
isms within a given functional group. Therefore, we have implicitly assumed that whenever a given species passes
its thermal maximum, it will be replaced by a different species with a higher temperature range. This monotonic
behavior can be seen in data sets that compile maximum growth rates as a function of temperature across many
species (e.g., Bissinger et al., 2008; Eppley, 1972). There is evidence that phytoplankton communities near the
equator are already nearing their thermal maximum and are therefore more vulnerable to increases in temper-
ature (Thomas et al., 2012). However, we have chosen to simplify our representation of metabolic temperature
sensitivity in favor of idealized cases. Importantly, this assumption of monotonicity is how the temperature sensi-
tivity of metabolism is represented in the IPCC reports (CMIP6; Kwiatkowski et al., 2020; as well as earlier
CMIP models), and so it is useful to do so here so that our results may inform that significant body of work.
We investigated two cases of relative temperature sensitivity in autotrophs and heterotrophs (Table 1). First, we
assumed that all metabolic processes (including photosynthesis, heterotrophy, and mortality) in the models have
the same temperature sensitivity (1.88; Eppley, 1972). Second, and alternatively, we assumed that heterotrophs
have a higher temperature sensitivity (2.7; Huntley & Lopez, 1992).

2.2. Darwin Model

To assess the effects of temperature on the upper ocean ecosystem, we performed simulations using the Darwin
model (Figure 2). The Darwin simulations incorporate a coupled physical/biogeochemical/ecosystem model
based on that used in Follett et al. (2022). Circulation and mixing are provided by the Massachusetts Institute of
Technology (MIT) general circulation model (MITgcm; Marshall et al., 1997), constrained to be consistent with
altimetric and hydrographic observations (Wunsch & Heimbach, 2007). This three-dimensional global configu-
ration has coarse resolution (1° by 1° horizontally) and 23 depth bins ranging from 10 m in the surface to 500 m
at depth. The biogeochemical/ecosystem component captures the cycling of C, N, P, Si, and Fe as they pass
through inorganic and (dead and living) organic pools (Dutkiewicz et al., 2020, 2015). The specific details of the
ecosystem follow from Follett et al. (2022) and resolve 31 phytoplankton (2 picoprokaryotes, 2 picoeukaryotes, 5
coccolithophores, 5 diazotrophs, 9 diatoms, 8 mixotrophic dinoflagellates), 16 zooplankton, and 3 heterotrophic
bacteria. Phytoplankton have size resolution spanning from 0.6 to 140 pm ESD, zooplankton spanning 4.5 pm to
1,636 pm, and bacteria spanning 0.4—0.9 pm. Parameters influencing plankton growth, grazing, and sinking are
related to size (Dutkiewicz et al., 2020), with specific differences between the six functional groups (Anderson

ARCHIBALD ET AL.

30of 18

d T1 TTOT ‘16T6691T

:sdny wouy paproy

uoNIPUO pue SWIAL, A 998 “[£70Z/80/ST] U0 AIIQIT QUIUQ AAIAL ‘BICqIRE BIULS “BIUIONIED) JO ANSIAL( K9 TEGS10DITTOT/6TO101/10p/wod Kt Areaqriou

//:5dny)

10)/w0d KoM’ ATeIqI]ouT

12 O 198N JO So[NL 10j AIRIQE] SUIUQ AD[LA UO (SUONY

E
a
o
s
E
g
E
Z
g
s
2
ES
Z
s
S
s
=
g
4
g
Q
3
-3
s
3
o
5
E
E
g
z
c
3
g
Z
[



Aot |

NI Journal of Geophysical Research: Oceans 10.1029/2022JC018932

ADVANCING EARTH
AND SPACE SCIENCE

(a) 3
Q,,=1.88
--—Q=27 i
25F 1
)
]
’
=7 ’
k)
o
&
© 15
5
=]
S
2
1
0.5
0 1 1 1 1 1

0 5 10 15 20 25 30
Temperature ("C)

High NPP

Time

Figure 1. (a) Metabolic rates (e.g., photosynthesis, grazing) as a function of temperature using two different Q,, values. See Table 1 for the values used for autotrophic
and heterotrophic metabolic processes in different model simulations. (b) A summary of the proposed mechanism: In the contemporary ocean (left side), phytoplankton
(green) and zooplankton (orange) contribute to export (white arrows) to the deep ocean (black). A hypothetical, acute, and abrupt, increase in temperature causes an
acceleration of all metabolic rates, leading to an increase in primary production (light green background) and an increase in biomass of phytoplankton and zooplankton.
This increased biomass supports a transient increase in export, which drains nutrients from the surface ocean and causes the system to re-equilibrate at intermediate

levels of primary production and lower levels of biomass. (Illustrated by Elise Cypher).
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Table 1 et al., 2021; Dutkiewicz et al., 2020). Phytoplankton growth is limited by
Summary of Darwin Simulations multiple nutrients (N, P, Fe, and Si in the case of diatoms) and light (follow-
T T — A s ing (.‘Jelder et al., 1998). For the purposes of calculat.lnfg NPP, only the phortlon
- ATCC)  sensitivity case 0 01 of mixotroph growth that comes from photosynthesis is included. Grazing by
mixotrophs is considered “secondary production” and grouped with grazing
1 0 Same Q,, 1.88 1.88 .
by other heterotrophic consumers.
2 1 Same Q,, 1.88 1.88
3 3 Same Q,, 1.88 1.88 Grazing is parameterized using a Holling Type II functional response
4 5 Same 0l 1.88 1.88 (Holllr'lg, 1965) and is size-specific suc'h that grz%zers c_an prey ur?on plankton
s 0 T 188 57 5-15 times smaller than themselves, with an optimal size of 10 times smaller
T erent 0 ’ ’ (Hansen et al., 1997; Kigrboe, 2018; Schartau et al., 2010). The emergent size
6 1 Different 0, 1.88 27 distribution of the simulated plankton populations is strongly controlled both
7 3 Different 0, 1.88 2.7 by the rate of supply of limiting nutrients (bottom up) and by grazing (top
8 5 Different Q,, 1.88 2.7 down; Dutkiewicz et al., 2020; Follett et al., 2022). The output from the simu-

lation of Follett et al. (2022) compared well to annual and seasonal obser-
vations of chlorophyll-a, nutrients, and size and biogeochemical functional
group distributions of phytoplankton (Buitenhuis et al., 2013; Ward, 2015).
See further discussion in the appendix of Follett et al. (2022).

Mortality comes from grazing and an inherent quadratic mortality term that is small for all plankton size classes
except the largest size class, where it serves as a closure term. Organic matter is remineralized by heterotrophic
bacteria and an additional remineralization term that is not dependent on any biological component. Export
occurs via sinking particles, whose sinking speed is size dependent, and by physical transport mediated by circu-
lation. All biological rates (nutrient uptake, grazing, mortality, and remineralization) in Darwin have temperature
dependence and follow the thermal scaling law described in Equation 1. The only difference between the simu-

lation of Follett et al. (2022) and here is in the exact treatment of thermal responses of the biological rates. In
Follett et al. (2022), phytoplankton growth Q,, was based on different functional groups as found in compilation
of laboratory experiments in Anderson et al. (2021). Here, instead, we set all phytoplankton growth response to a
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Figure 2. Size classes and functional groups in the Darwin model. The equivalent spherical diameter of each of the 50
resolved plankton types is shown, including bacteria (gray), phytoplankton (green), mixotrophic dinoflagellates (yellow), and
zooplankton (orange). Zooplankton are plotted on a separate size axis. The grazing relationships between the different size
classes is indicated by arrows, with darker arrows corresponding to higher grazing preference.
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Figure 3. Food Web Box Model. The box model represents the relationships between a nutrient (N), a phytoplankton
population (P), a zooplankton population (Z), a carnivore population (C), and a pool of organic matter (D) in the surface
ocean. Arrows represent mass fluxes between model compartments. Mass is removed from the model by an export flux
proportional to the detritus concentration (fD) and nutrients are supplied back to the surface ocean by upwelling (W).

0,, of 1.88 (following Eppley, 1972), and a Q,, of grazing to either 1.88 or 2.7 following Table 1. Mortality and
remineralization rates are also assigned a Q,, of 1.88 for both temperature sensitivity scenarios.

To quantify the effects of temperature on ecosystem structure, we ran a series of experiments of 10 yr duration,
beginning with the same initial conditions (World Ocean Atlas for nutrients, and previous model output for all
organic matter). The ecosystem quickly (within approximately 3 yr) reaches a quasi-steady state, meaning that the
system maintains a repeated seasonal cycle from year to year. Here, we show results from the 10th yr of the simu-
lations. In the series of experiments, the physical circulation and mixing remained identical, but the temperatures
that the biological rates experience were altered: in each simulation the temperature was raised at each location,
depth, and each time by a specific amount (AT = 1°C, 3°C, 5°C, see Table 1). These experiments are thus highly
idealized and designed specifically to interrogate the direct impact of increasing temperature on biological rates
alone. The representation of warming has been abstracted and includes large increases in temperature on the
upper end of predictions for warming over the next century (Kwiatkowski et al., 2020). Though there are slight
differences in the community composition relative to Follett et al. (2022) given the differences in Q,, for plankton
growth, the default simulation (i.e., where AT = 0°C) compares similarly well to observations of chlorophyll-a,
nutrients, and size distribution of phytoplankton and functional groups.

2.3. Box Model

To provide mechanistic context to the more complex, dynamical Darwin model, we also employed a simplified
box model of the marine food web in the upper ocean (Figure 3). In this model, the surface ocean is represented
as a well-mixed box that contains a single nutrient resource (N), a population of phytoplankton (P), a population
of zooplankton (Z) that graze on the phytoplankton, a population of carnivores (C) that graze on the zooplank-
ton, and a pool of detrital organic matter (D). The rate of change of nutrients in the surface ocean depends on
the balance between upwelling from the deep ocean, remineralization of detritus, and uptake by phytoplankton.
Nutrients are supplied to surface ocean via a fixed upwelling flux, W, and by remineralization of the organic
matter with rate r. Nutrients are removed by phytoplankton uptake, which follows Monod dynamics with maxi-
mum uptake rate » and half-saturation coefficient k ,

— =W+rD -

dt kn+ N’ 2)
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Table 2

Model Symbols and Their Meanings

Phytoplankton growth is determined by the balance between nutrient uptake
and mortality terms. Phytoplankton mortality includes both grazing by

zooplankton, which follows Monod dynamics using a maximum grazing rate

Symbol Description Typical units su:;i:;on g and half-saturation coefficient &, as well as a quadratic mortality term (m)
- to represent density-dependent loss from outside sources,
Variables:
N Inorganic nutrients mmol C m~3 dapP _ _uNP 1424 — mP>. 3)
P Phytoplankton mmol C m~3 dt  kntN k+P
Z Zogg o mmol C m"? Zooplankton growth rate is determined by grazing on phytoplankton minus
C Carnivore mmol C m~ grazing by the carnivore and density-dependent mortality,
D Detritus mmol C m~3 47 I Zzc
Parameters: ar = ki P - k&: 7 -mZ>. (@)
u Nutrient uptake rate d-! 1.0
g Grazing rate d-! 1.0 Carnivore growth rate is determined by grazing on zooplankton minus
k, Nutrient uptake half-saturation mmol C m~3 0.2 density-dependent mortality,
kp Grazing half-saturation mmol C m~3 5 d_C _ gZC — mC? )
k, Carnivory half-saturation mmol C m~3 5 dt k:+Z
" Mortality rate d 01 Organic matter is added to the detrital pool through mortality terms, and
r HemnellEEen P d-! o removed via remineralization and export. The export rate, f, represents the
f Export ratio 0.1 sinking of biogenic particles out of the surface ocean,
w Upwelling flux mmol C m~3 d-! 0.1
% =mP? +mZ*+mC? —rD — fD. (6)

For the purpose of calculating ecosystem provisioning fluxes in the box

model, NPP is defined as uNP/(k, + N) and export is defined as fD. The
model parameters were chosen to be similar to the more complex Darwin model (Table 2). Temperature depend-
ence was added to the following biological rates: u, g, m, and r, following Equation 1. We simulated the model
under the same two assumptions on Q,, between trophic levels: first, we assumed that all rate parameters had
the same temperature sensitivity (Q,, = 1.88), and second, we assumed that the heterotrophic rates had a higher
temperature sensitivity (Q,, = 2.7). Similar to the Darwin model, the results of this box model were examined
under temperature increases ranging from +0°C to +5°C and were used to consider transient behavior following
a temperature increase. We also leveraged the box model to conduct sensitivity tests on our results to the thermal
dependence of other rates (mortality, remineralization).

3. Results
3.1. Higher Temperatures Lead to Declines in Biomass Despite Increased Productivity

First, we quantified the effects of thermal change on ecosystem provisioning in the Darwin model (Figure 4).
Increasing temperatures resulted in higher NPP across the globe in both temperature sensitivity cases. However,
despite the increase in productivity, total ecosystem biomass summed across all plankton types decreased. The
largest changes in biomass occurred in high latitudes where phytoplankton and zooplankton abundance is typi-
cally high. The biomass decline was substantially larger in the case where the heterotrophic Q, is larger than
the autotrophic Q,,. Both the increase in NPP and the decrease in biomass were proportional to the temperature
change (Figures 5a and 5b). The direction of these trends was the same for both Q,, cases, but the magnitude of
the response was larger when we assumed that the Q, for heterotrophic metabolic processes was larger than the
0, for autotrophic processes.

More productive ecosystems may contain lower biomass for two reasons: (a) biomass accumulated in the
non-living components of the model (e.g., inorganic nutrients, detritus) or (b) biomass was removed from the
surface ocean along export pathways, such as the biological pump. To distinguish between compensatory mass
redistribution and increased export, we used phosphorus as a mass-conserved tracer, tracking changes in the
phosphorus content of inorganic nutrients, living biomass, and the detrital pool as temperature increased. Other
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Figure 4. Annual mean depth-integrated net primary productivity (NPP; left column; mmol C m~2 d~!) and total ecosystem biomass (right column; mmol C m~2)
in the Darwin model from the tenth year of the simulation for both temperature sensitivity cases (top, same Q,, values; bottom, different Q,, values). The net change
between the +0°C and +5°C experiments are plotted to quantify the thermal response of each variable. In both cases, NPP increases globally while total ecosystem
biomass decreases. The decline in biomass is amplified in the case where the heterotrophic Q,, is larger than the autotrophic Q.

elements, notably N and Fe, are less useful as a diagnostic due to additional source and loss terms (e.g., acolian
deposition, nitrogen fixation). While there were differences between the two temperature sensitivity scenarios, in
both cases the total P content of the upper ocean declined significantly (Figure 6). This decline provides evidence
of an increase in export (sustained or transient) at some point along the trajectory of the simulation.

3.2. Transient Increases in Export Drive Biomass Reductions

Synthesizing the evidence from the suite of Darwin simulations, we propose the following mechanism for direct
temperature effects on marine planktonic food webs (Figure 1b). Warming drives higher productivity via accel-
erating metabolic rates. Increased productivity results in faster rates of export out of the surface ocean via the
biological pump. Increased export, in turn, reduces the total nutrient availability in the surface ocean, resulting
in a reduction in total biomass. The Darwin simulations were conducted for 10 yr, so the timescale of interest for
this proposed mechanism is both ecologically relevant and small compared to large-scale circulation processes.

To explore this mechanism in greater detail, and evaluate the relative impacts of the thermal dependence of
different processes relative to productivity (grazing, mortality, remineralization), we turn to the simplified box
model. Transient behavior plays a key role in establishing the overall ecosystem thermal response (Figure 7).
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Figure 5. Thermal response curves for depth-integrated net primary productivity (NPP) (a and c) and total ecosystem biomass (b and d) in Darwin (a and b) and

the box model (c and d) plotted as the percent change in each variable relative to the +0°C experiment. The data from the Darwin simulations represent globally
integrated values. Each temperature sensitivity case is plotted as a separate line. In both models, NPP increases with temperature while biomass decreases. These trends
are amplified in the case where the heterotrophic Q,, is larger than the autotrophic Q. Note that the y-axis scale is different between the two models and reflects a
difference in the magnitude of the thermal response.

Immediately after the increase in temperature, all biological rates increase following metabolic scaling laws. This
includes productivity across all trophic levels, plankton mortality, and remineralization. Increased productivity
and mortality direct more biomass into the detrital pool. Increased detritus is partially accounted for by higher
remineralization rates, however, it also results in an increased export flux, even though the export ratio is not
directly affected by temperature. The modest increase in the export flux accounts for the observed reduction in
total nutrient availability and, ultimately, the reduction in biomass. The direction of the trends in NPP and total
biomass are the same in both the Darwin and box models (Figure 5), with NPP increasing and biomass decreasing
as a function of temperature under both sensitivity cases. Also replicated by the box model is the characteristic
that assuming different Q,, values for heterotrophic and autotrophic processes amplifies the ecosystem thermal
response.

Steady-state dynamics in the box model represent a delicate balance between multiple, temperature-sensitive
processes (productivity and grazing on one side and mortality and remineralization on the other) and the ther-
mal responses in the box model provide insight into the relationship between these different rates. The biomass
changes in the case in which all the Q,, values are the same are relatively small and represent a close-coupling
of all the biological processes. Here, we have explored the relative effects of photosynthesis and grazing with
our alternative Q,, scenarios, but mortality and remineralization are also temperature dependent and have the
potential to vary in sensitivity relative to productivity. Generally speaking, the positive thermal dependence of
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5 (a) Total P

these terms helps to buffer the biomass changes driven by temperature by
balancing the accumulation of biomass in the detrital pool (Figures S1-S3 in

g Same Q

-10 =g Different Q,

s

1 1

-15

\\ Supporting Information S1).

3.3. Thermal Responses Include Community Structure Changes

(b) Phosphate (Inorganic)

The changes to bulk ecosystem provisioning characteristics (i.e., NPP and
biomass) were accompanied by shifts in the community structure that resulted
in more heterotrophic biomass relative to autotrophic biomass. Simulations

Loon
O'IOU'IQU‘I

1 1

—_———* of the box model suggest that this shift occurs in both temperature sensi-
tivity cases, despite differences in the trophic level-specific biomass trends
(Figure 8). In the case where the Q,, values are all the same, all trophic levels
decrease at higher temperatures. However, phytoplankton decrease more than
zooplankton and carnivores, leading to an increase in the ratio of heterotrophs

5 (c) Biomass (Living Organic)

to autotrophs (Figures 8a and 8c). In the case where the heterotrophic Q)
value is higher, the carnivore actually increases with temperature, resulting in
a similar increase of heterotrophs relative to autotrophs (Figures 8b and 8d).

Percent Change (%)

These results are mirrored in the Darwin simulations, using plankton func-
tional type as a proxy for trophic level (Figure 9). In the “same Q,,” case,
we observed declines in biomass across all functional types with larger
declines farther down the food chain. When the heterotrophic Q,, was

-15 L L

5 (c) Detritus (Dead Organic)

higher, however, the large zooplankton (which tend to be more carnivorous)
increased at higher temperatures, while all other functional types declined.
The net result of all the individual functional type changes is an increase

in the ratio of heterotrophs to autotrophs. Within the autotrophic plankton
functional types, there were community structure changes as well. Picoplank-
ton declined much less than the larger-bodied diatoms in all experiments
(Figure 9) and even increased in abundance in some locations (Figure S4 in
Supporting Information S1), despite the overall negative trend.

Figure 6. Proportional change in total P content at the surface (0 m)

The Darwin model showed significant regional differences in the community
changes across different biogeochemical regimes (Figure 10). For example,

within different ecosystem components as a function of temperature in both in the high-latitude Southern Ocean, a 5°C increase was sufficient to allow

temperature sensitivity cases: (a) total ecosystem P, (b) inorganic phosphate, some larger-bodied size classes to persist where they were previously unable
(c) living organic P, and (c) dead organic P. The decline in total ecosystem Pin  to due to prohibitively low temperatures. The appearance of these larger size

the surface ocean indicates an increase in export.

classes can cause local increases for certain functional types, even when the
global trend is negative. Mixotrophic dinoflagellates showed especially high
spatial variability compared to both pure autotrophs and pure heterotrophs.
This is likely due to their complex metabolism and intermediate size that encourages many inter-type interactions,
maximizing the potential for ecological feedbacks.

The relative changes in different functional types across multiple trophic levels also creates the potential for
trophic cascades. Evidence for this can be seen by comparing the size-class specific thermal responses in locations
with food chains of different lengths (Figure 11). At the scale of individual size classes, biomass changes tend to
alternate between positive and negative moving down the food chain, with the largest size classes at the top of the
food chain typically seeing increases. Specific size classes that increase in one location may decrease in another
location because the food chain is a different length (Figure 11). This is consistent with the overall trend that
higher temperatures benefit the highest trophic level, but which size class is at the top of the food chain may vary
from place to place. Of course, size class is not a perfect proxy for trophic level in the Darwin model, given the
complexity of grazing relationships (Figure 2). Furthermore, the specific differences between different functional
types within the same trophic level introduces additional complexity to these patterns (Figure S5 in Supporting
Information S1).
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Figure 7. Time series of the box model showing transient behavior in model variables (a, b) and fluxes (c, d) for both temperature sensitivity scenarios as the model
converges to a new equilibrium following an instantaneous temperature increase of 5°C at ¢ = 25.

4. Discussion

The oceans' ecosystems are responding to multiple changes that accompany anthropogenic climate change,
including warming, reduced sea-ice, alterations to the supply of nutrients, changes to the light environment, and
ocean acidification. Here, we specifically target ecosystem-level changes caused by the direct effect of warming
on metabolic rates. Rising ocean temperatures are expected to accelerate the metabolic rates of marine organisms.
However, we show that even this relatively simple positive relationship between temperature and metabolic rate
does not translate to easily predictable thermal responses at the ecosystem level. Increased productivity driven by
warming results in additional export of material out of the surface ocean, resulting in ecosystems that are more
productive, but contain less biomass, as the temperature increases. These results are consistent with observations
of the thermal response of plankton communities in mesocosm experiments, which have empirically shown that
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Figure 8. Proportional changes in the community structure of the box model as a function of temperature for both
temperature sensitivity cases ((a and ¢), all Q,, values equal; (b and d) heterotrophic Q,, higher). In the case in which the
autotrophic and heterotrophic Q,, values are the same, all trophic levels decline with temperature. However, when the
heterotrophic Q, is larger than the autotrophic Q,, the top trophic level increases at higher temperatures, while the lower
trophic levels decline significantly more. In both cases, however, the ratio of heterotrophs to autotrophs is positively related to
temperature.

warming can drive declines in phytoplankton biomass despite the positive effect of temperature on productivity
(Klauschies et al., 2012; Lewandowska & Sommer, 2010; O’Connor et al., 2009).

Warming also broadly drives community structure changes that result in increased abundances of heterotrophs
compared to autotrophs. Both modeling and empirical studies have shown that the consumer-resource interaction
can strengthen as an effect of increasing temperature (Gilbert et al., 2014; O’Connor, 2009). Such strengthening
will benefit the trophic level at the top of the food chain most strongly. In our case, the highest trophic level was
carnivorous zooplanktivores; the real ocean, however, contains additional higher-level consumers. Whether or not
the temperature-driven gains are passed all the way up the food chain is unclear, and likely depends on the relative
temperature sensitivities at each trophic level.

Although autotrophs as a whole declined in our simulations, we did observe a relative increase in small-bodied
picoplankton relative to large-bodied diatoms. The shift toward smaller phytoplankton types is a classic ther-
mal response in oceanography that has been proposed as a universal biological response to warming (Gardner
et al., 2011; Yvon-Durocher et al., 2011). Water column stratification and reduced nutrient supply are often
suggested as proximate causes of this decline in mean body size (Lewandowska et al., 2014; Moran et al., 2010;
O’Connor et al., 2009). Here, we have found a similar result using the direct effects of temperature alone, suggest-
ing this trend may occur due to changes in grazing pressure or nutrient availability that occur as a result of shifts
in community structure.
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Figure 9. Thermal response for each plankton functional type in the Darwin model. The left column shows the globally integrated biomass of each type as a function
of the change in temperature and the right column shows the percent change for each type change between the +-0°C and +5°C experiments. All functional types
decline with temperature when the Q,, values are the same, while the large zooplankton increase when the heterotrophic Q,, is larger than the autotrophic Q. In both
temperature sensitivity cases, functional types toward the bottom of the food chain tend to decline more than types toward the top, resulting in a proportionally larger
fraction of heterotrophs as temperature increases.

The increase in heterotroph to autotroph ratio has biogeochemical consequences as well. Increased zooplank-
ton grazing can have effects on the bottom of the food chain through trophic cascades, and has been shown
to reduce both the abundance and diversity of bacterioplankton and inhibit microbially mediated ecosystem
services (Zollner et al., 2009). The shift toward respiration also reduces the efficiency of the biological pump
(Barton et al., 2020), which may have compounding effects with other temperature-driven changes, such as the
accumulation of dissolved organic carbon compared to particulate (POC; Wohlers-Zollner et al., 2012). The net
result is a shift in marine ecosystems toward bacteria-dominated systems that recycle carbon in the surface ocean
rather than export carbon via the biological pump. A reduction in the carbon export flux has been described
more broadly as a consequence of warming (Long et al., 2021; Wohlers et al., 2009). The transient nature of the
increased export flux described in this study could represent a temporary re-equilibration event on the way toward
steady-state conditions characterized by reduced export.

Transient dynamics were an important component of the results in this study. The decline in total biomass was
accounted for with temporary increases in export as a result of the build-up of detritus. The time scale of these
transient export events, and the resulting changes in biomass, was on the order of days to weeks. These are
significantly smaller time scales than the time scales typically observed in real world trends, which are more
likely to be on the order of years to decades (e.g., Behrenfeld et al., 2006). In our models, we employed a
very large and instantaneous temperature increase and allowed the ecosystem to re-establish equilibrium. The
time scales observed in the model, therefore, represent the biological time scales of the re-equilibration of the
ecosystem. In the real world, warming occurs gradually over many years, imposed over a large seasonal signal.
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Figure 10. Annual mean depth-integrated biomass (mmol C m~2) in the Darwin model for autotrophic phytoplankton (first row), mixotrophs (second row), and small
(third row) and large (fourth row) zooplankton under the two temperature sensitivity scenarios (first column, same Q,, values; third column, different Q,, values). The
net change between the +0°C and +5°C experiments are plotted to quantify the thermal response of each variable. The Data are from the tenth year of the Darwin

model simulations.

Our results suggest that the time scale of the ecosystem response is quite small relative to the time scale of the
driver, so empirically observed ecosystem trends likely represent quasi-steady states and not transient responses
to perturbation.

The magnitude of the ecosystem thermal response depends, in large part, upon the assumption made concerning
the temperature sensitivity of various metabolic processes. In both the Darwin and the box model simulations,
ecosystems had greater sensitivity to temperature if the Q,, values differed across different metabolic processes.
Here, we compared the case in which all the Q,, values in the model are equal against the case in which the Q,,
for heterotrophic metabolic processes is higher than that of autotrophic processes. These assumptions were based
on empirical evidence that show increased temperature sensitivity in the growth rates of heterotrophs (Rose &
Caron, 2007). However, our knowledge of the variability in real world Q, is incomplete. Temperature sensitivity
certainly varies across phytoplankton taxa (Anderson et al., 2021) and between phytoplankton and zooplankton
(Eppley, 1972; Rose & Caron, 2007), but the variability in temperature sensitivity for other important ecosys-
tem rates, including mortality and remineralization, and the regional variability across biogeochemical regimes
remains largely undescribed. Our results suggest that this variability in temperature sensitivity may have signif-
icant effects on the thermal sensitivity of the ecosystem as a whole. A more complete understanding of how
specific biological rates depend on temperature will provide insight into the sensitivity of ocean biogeochemical
fluxes (Riebesell et al., 2009). A better description of the variance in Q,, coefficients between different taxa and
biogeochemical regimes will expand our understanding of how marine ecosystems will respond to warming and
should be a priority in future research (Edwards et al., 2016; Sherman et al., 2016).

It is important to note that these temperature sensitivities are likely not fixed (Maraiién et al., 2018). Organ-
isms adapt to their environment and evolution in response to warming may function to modulate the ecosystem
response (Padfield et al., 2016). Increased thermal diversity has been shown to dampen ecosystem thermal sensi-
tivity because communities are better able to track temperature fluctuations in the environment (Chen, 2022). A
“flattening” of the Q,, curves via adaptation could reduce the temperature sensitivity of ecosystems and lead to
smaller thermal responses (Bishop et al., 2022; Ward et al., 2019). Notably, the capacity for some phytoplank-
ton communities to adapt to rising temperatures may be limited in regions with the highest mean temperatures
since these species are already living in conditions approaching their thermal maxima (Thomas et al., 2012).
This physiological restriction may make tropical species more vulnerable to warming and result in reductions in
phytoplankton diversity near the equator (Deutsch et al., 2008; Thomas et al., 2012).
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Figure 11. (a) Global variability in food chain length in the tenth year of the Darwin model simulation, under the assumption
that the heterotrophic Q,, value is higher than the autotrophic value (Exp. 5 in Table 1). Shown in the lower panels are

the size class-specific biomass changes (depth-integrated; mmol C m~2) between the +0°C and +5°C experiments for the
following regions: (c) the global mean, (d) the Southern Ocean, (e) the Indian Ocean, and (f) the North Pacific gyre. Open

circles indicated size classes that fall below a concentration threshold of 10~* mmol C m~3.
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This study has particular relevance to ESMs, including those used in the IPCC CMIP ensembles. These models
include Q,, parameterizations of temperature sensitivity for biological rates, and as such the mechanisms we
describe in this study will be at play in their future change scenarios. These mechanisms, including the direct
effects of temperature on NPP and biomass and the shift in the heterotroph to autotroph ratio, will occur in their
projections, but they have not been isolated before. Other effects such as alterations in nutrient supplies and light
environment will occur in the ESM as well. The combination of all these stressors will lead to different outcomes
in different regions (see e.g., Dutkiewicz et al., 2013). But no previous study has focused on the plankton commu-
nity consequences as found in this study.

The Darwin model's sensitivity to assumptions concerning Q,, values may therefore also provide insight into
the differences in results from various ESMs. There is a high degree of variability among the ESMs participat-
ing in CMIP6, with disagreement in the sign of the ecosystem response over the twenty-first century in many
locations (Henson et al., 2022; Kwiatkowski et al., 2020). Some of this uncertainty likely arises from differ-
ences in the implementation of temperature sensitivity, varying from using the same sensitivity for all plankton
types (e.g., GFDL-COBALT; Stock et al., 2020), to using different Q,, values for phyto- and zooplankton (e.g.,
IPSL-PISCES; Aumont et al., 2015), to implementing phytoplankton temperature dependent but zooplankton
independent (e.g., UK-ESM-MEDUSA; Yool et al., 2013). The lack of consistency could at least partially be due
to the mechanisms described here, which are already at work in the CMIP6 models, albeit alongside other sources
of ecosystem change.

We have taken a diagnostic approach in our modeling method and worked to isolate one mechanism of
temperature-driven ecosystem change that arises from the direct effects of temperature on metabolism. However,
it is important to acknowledge that this mechanism exists in the context of a suite of direct and indirect effects
that temperature has on marine food webs. These effects include changes to water column structure and strati-
fication, changes to circulation at multiple scales, and ocean acidification (Behrenfeld et al., 2006; Dutkiewicz
etal.,2019,2015,2013; Falkowski etal., 1998; Martinez et al.,2009). Multiple, simultaneous mechanisms of ecosys-
tem change will alter nutrient availability, biomass, and community structure in complex ways. Ecosystem-level
thermal responses are therefore an emergent behavior of a complex assemblage of temperature-driven changes to
both physics and biology in the ocean. A complete understanding of ecosystem thermal sensitivity is an iterative
and ongoing process of building up layers of understanding of individual mechanisms of change and how they
interact. The purpose of this study was specifically to examine the thermal response of metabolism, an effect that
is present in previous models, but not fully examined.

Data Availability Statement

The code and specific parameters and simulation output used in this study are available at Harvard Dataverse
under DOI https://doi.org/10.7910/DVN/NEVQZI (Archibald et al., 2022).
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Erratum

In the originally published version of this article, Figure 1b was not the final version. Figure 1b has been replaced,
and this may be considered the authoritative version of record.
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