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Abstract. Marine heatwaves (MHWs) have become longer,
more frequent and more intense in recent decades. MHWs
have caused large-scale ecological impacts. This includes
coral bleaching; mass mortality of seagrass, fishes and in-
s vertebrates; and shifts in the abundance and distribution of
marine species. However, the implications of these MHW-
induced impacts on marine species for the structure and func-
tioning of marine food webs are not clearly understood. In
this study, we use the EcoTroph-Dyn ecosystem modelling
10 approach to examine the impacts of MHWs occurring dur-
ing the year’s warmest month on the trophodynamics of ma-
rine ecosystems. EcoTroph-Dyn represents marine ecosys-
tem dynamics at a spatial resolution of 1° longitude by 1°
latitude and a temporal resolution of 15d. We applied the
15 model to simulate changes in trophodynamic processes, en-
ergy transfer and ecosystem biomass using daily temperature
and monthly net primary production (NPP) data that were
derived from satellite observations from 1998 to 2021. We
compared and contrasted the simulated changes in biomass
20 by trophic level, with results generated from temperature and
NPP time series that had been filtered to remove MHWs.
Our results show a significant decline in biomass between
1998 and 2021, specifically caused by MHWs. For example,
in the northeastern Pacific Ocean, our model simulated an
2s MHW-induced decline in biomass of 8.7 % =4 1.0 (standard
error) from 2013 to 2016. Overall, MHW-induced biomass
declines are more pronounced in the Northern Hemisphere
and Pacific Ocean. Moreover, the MHW-induced declines in
high trophic-level biomass were larger than in lower trophic
a0 levels and lasted longer post-MHW. Finally, this study high-
lights the need to integrate MHW s into modelling the effects

of climate change on marine ecosystems. It shows that the
EcoTroph approach, and especially its new dynamic version,
provides a framework for understanding more comprehen-
sively the implications of climate change for marine ecosys-
tem structure and functioning.

1 Introduction

Over the last century, marine heatwaves (MHWSs) — defined
as a period of more than 5d of anomalously warm sea sur-
face temperatures (SSTs) exceeding a specific threshold, typ-
ically determined by natural climatological variations — have
increased in frequency, duration and intensity (Frolicher and
Laufkétter, 2018; Oliver et al., 2018). Between the 1920s and
the 2010s, their duration and frequency increased by 17 %
and 34 %, respectively, resulting in more than a doubling of
the number of MHW days at a global scale (Oliver et al.,
2018). Since the 2000s, MHW: s that are spatially and tempo-
rally extensive have been recorded in the world oceans, such
as the North Pacific MHW (“the Blob”) in 2013-2016 (Bond
et al., 2015; Cavole et al., 2016), the Mediterranean Sea in
2003 and the 2022 MHW (Garrabou et al., 2009, 2022), the
Western Australia MHW in 2011 (Pearce et al., 2011) and
the Tasman Sea MHW in 2015-2016 (Oliver et al., 2017).
Marine ectotherms’ physiological functions are directly
affected by ocean temperature changes that are closely re-
lated to impacts on their body temperature (Guibourd de Luz-
inais et al., 2024; Portner and Farrell, 2008). These species
are adapted to perform optimally at a range of body tempera-
tures, with upper and lower temperature limits within which
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they can survive (Portner and Farrell, 2008). When environ-
mental temperatures exceed the temperature optima, e.g. dur-
ing MHWs, the organism is stressed, leading to functional
constraints and declines in performance (Portner and Far-
rell, 2008). Particularly, abnormally high temperatures dur-
ing MHWs often exceed organisms’ thermal limits, impact-
ing their distribution, growth and survival (Guibourd de Luz-
inais et al., 2024; Smale et al., 2019; Smith et al., 2023).
Moreover, the impacts of MHWs at the population level have
cascading effects at the community and ecosystem levels. For
example, MHW-induced declines in phytoplankton biomass
and diversity have led to significant changes in zooplankton
and other marine invertebrate diversity and biomass (Cavole
et al., 2016). MHWs cause coral bleaching that also impacts
coral reef ecosystems (Garrabou et al., 2009, 2022; Pearce et
al., 2011). Range shifts driven by MHWs result in the “trop-
icalisation” of fish communities (Wernberg et al., 2016). Ul-
timately, MHWs result in the mass mortality of fish and in-
vertebrates, modifying ecosystem functioning (Cannell et al.,
2019; Cavole et al., 2016; Collins et al., 2019). However,
these ecological impacts of MHWSs are not ubiquitous and
vary largely between MHW events, species and ecosystems
(Fredston et al., 2023; Oliver et al., 2021; Pershing et al.,
2018; Smale et al., 2019; Smith et al., 2023).

The ecological impacts of MHWs have predominantly
been studied using laboratory experimentations, analyses of
ecological time series and numerical modelling (Joyce et al.,
2024). For example, Carneiro et al. (2020) assessed the evo-
lution of physiological and biochemical parameters and sur-
vival rates of the clam Anomalocardia flexuosa in response
to simulated MHWs. Under laboratory conditions, A. flexu-
osa was allowed to adapt to a stable control condition before
being exposed to simulated conditions of MHW occurrence
lasting up to 21 d by warming the tank water by 3 °C above
the control temperature. Fredston et al. (2023) studied the
effects of MHWs on marine species biomass by analysing
scientific trawl survey data (FishGlob data) and historical
temperature records. Previous studies assessed MHW im-
pacts through numerical modelling approaches. For example,
Cheung et al. (2021) and Cheung and Frolicher (2020) em-
ployed climate-fish-fisheries models to investigate MHW im-
plications for biomass and potential catches of exploited ma-
rine species and their implications for fisheries. They found
that MHWs may cause biomass decreases and shifts in the
biogeography of fish stocks that are faster and bigger in
magnitude than the effects of decadal-scale mean changes.
They projected a doubling of impact levels by 2050 amongst
the most important fisheries species over previous assess-
ments that focus only on long-term climate change. Gomes et
al. (2024) use the Ecopath with Ecosim (EwE) modelling ap-
proach to assess the ecological impacts of “the Blob” MHW
(2013-2016). They highlighted the alteration of trophic in-
teractions and energy flux following the MHW, which might
have profound consequences on the specific ecosystem struc-
ture and function. However, there is a gap in applying the

ecosystem modelling framework to study the global impacts
of MHW:s on ecosystem structure and functions.

Trophic dynamics of marine ecosystems are affected by
ocean temperature (Eddy et al., 2021; du Pontavice et al.,
2020). In particular, ocean warming affects biomass trans-
fer efficiency and the flow kinetic, which corresponds to the
speed of energy transfer through the food web (du Pontavice
et al., 2020). A faster flow kinetic under ocean warming rep-
resents the increasing dominance of short-lived species so
that each unit of biomass spends less time at a given trophic
level (TL) and, on average, across all TLs, ultimately leading
to a decrease in total biomass (Gascuel et al., 2008). Simul-
taneously, ocean warming is expected to induce a decrease in
biomass transfer efficiency, altering both consumer produc-
tion and biomass due to larger energy losses between each
TL (du Pontavice et al., 2020). Therefore, ocean warming
alters both the amount and speed of matter and energy trans-
fer in the food web, potentially leading to a decline in con-
sumer biomass through independent and cumulative effects
(du Pontavice et al., 2021; Guibourd de Luzinais et al., 2023).
We expect that temperature changes during MHWSs will also
impact trophodynamics and marine animal biomass. How-
ever, the effects of MHWs on ecosystem structure and func-
tion have not yet been clearly understood on a global scale.

This study aimed to disentangle the additional or syner-
gistic consequences of MHWSs occurring during the year’s
warmest month, when species are undergoing thermal stress,
from the effects of the slow-onset climate change in marine
ecosystems. We used the EcoTroph-Dyn ecosystem model
that was developed and applied to study the responses of
marine ecosystems to MHWs (see Guibourd de Luzinais et
al., 2024). We explored the effects of different scenarios of
MHW-induced community mortality that were dependent on
climatic conditions and species’ resistance capacities. We
undertook a global-scale hindcast analysis over the 1998
to 2021 period and analysed the added impacts of MHWs
on marine ecosystem biomass and trophodynamics under
climate change. Subsequently, we delved into distinct ge-
ographical characteristics and identified marine ecosystems
that are particularly sensitive to MHW-induced biological
impacts. Last but not least, as a case study, we examined a
recognised MHW (the Blob, which occurred in the northeast-
ern Pacific Ocean from 2013 to 2016) and highlighted how
MHWs can trigger long-term changes in the ecosystem.

2 Material and methods
2.1 The EcoTroph dynamic model

We used EcoTroph-Dyn, a dynamic version derived from the
steady-state EcoTroph trophodynamic modelling approach
first proposed by Gascuel (2005) and further developed by
Gascuel and Pauly (2009). In EcoTroph, biomass is pro-
duced by primary producers (TL = 1) and consumed by het-
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erotrophic organisms (TL > 1). Thus, the food web’s func-

tioning is represented as a continuous flow of biomass surg-

ing up the food webs, from primary producers (low TLs)
to top predators (high TLs). The resulting ecosystem struc-
ture is a continuous distribution of biomass along a gradient

of TLs, i.e. biomass trophic spectra (Gascuel, 2005; Fig. 1).

Practically, each biomass trophic spectrum with a TL above

1 is split into small trophic classes bounded by predefined

lower and upper trophic levels (with conventional TL width

10 = 0.1 — primarily because of computational efficiency while
maintaining a good representation of food web structure and
functions — in the steady-state version of EcoTroph). The
biomass spectrum in EcoTroph generally refers to the to-
tal biomass of all consumers, including organisms living in

15 pelagic, mid-water and benthic habitats. The time needed for
the biomass to flow from one trophic class to the next varies
along the food chain, with biomass transfers generally be-
ing faster in lower TLs (as species generally have short life
expectancies) than in the higher ones.

20  EcoTroph has been applied to study the long-term effects
of fishing (e.g. du Pontavice et al., 2023; Gasche et al., 2012;
Gasche and Gascuel, 2013; Halouani et al., 2015; Tremblay-
Boyer et al., 2011) and climate change (du Pontavice et
al., 2021) on ecosystem biomass and production. EcoTroph-

2s Dyn, the dynamic version of EcoTroph, simulates changes in
biomass flows in each trophic biomass spectrum at a 15d
time step. This time step was used because it represents
the average duration of most naturally occurring or experi-
mentally simulated MHWs (Smale et al., 2015). EcoTroph-

s Dyn includes algorithms that model changes in flow kinet-
ics, the boundaries of trophic classes, the resulting biomass
states and flow between trophic classes and an algorithm
that models the biomass loss associated with MHW occur-
rence. EcoTroph-Dyn’s algorithm details are described in

ss Guibourd de Luzinais et al. (2024). Here, we provide a sum-
mary of these algorithms.

The quantity of biomass flowing from a trophic class to
the next, due to predation or ontogeny, is not conservative
and can be calculated at each time step as

o

4

S

> A
¢T+AT’[+1 — ¢T’[ .e (M1+771,z) rr’ (1)

where p©; (expressed in TL~ 1) represents the mean natural
losses (due to non-predation mortalities, excretion and res-
piration). The 7, parameter (expressed in TL™!) represents
the additional loss rate specifically due to mortalities induced
s by MHW events (see Sect. 3.2.2). Equation (1) additionally
describes the transfer efficiency (TE) between continuous
TLs, representing the estimated proportion of biomass flow
passed from one TL to the next. TE can be formulated as an
empirical equation based on SST, as presented by du Pon-
s tavice et al. (2021):

TE = e*/}q — e(72,162+b+(70.025+a)'SST) . 1038013, (2)

where a and b are specific parameters for each biome type
(du Pontavice et al., 2021) and SST is the sea surface tem-
perature of the time simulated.

The flow kinetic parameter K, (expressed in TLyr™!),
representing the speed of biomass flows (trophic transfers)
from low to high TLs, is inversely proportional to biomass
residence time (the time each biomass unit stays at a given
TL). K; is expressed as a function of trophic level, using the
empirical equation described in Gascuel et al. (2008):

K, =20.19. T];3.258 . QD041 SST, 3)

where SST, corresponds to the annual moving average sea
surface temperature in year y and t; corresponds to the
trophic level of the j TL class.

MHWSs cause marine organism mortality, impacting their
life expectancy (Smith et al., 2023). In EcoTroph-Dyn, these
changes in life expectancy are reflected in the loss rate in the
biomass spectrum, representing the proportion of biomass
that neither persists nor progresses through the food web
(Gascuel et al., 2008; Guibourd de Luzinais et al., 2024,
du Pontavice et al., 2021). Therefore, according to equations
used in the steady-state version of EcoTroph, the flow kinetic
during MHWE s increases as follows:

K;=20.19- 77728 O0SSTy (1 4 gy, 4)

where 7, is the MHW-associated additional loss rate.

Biomass spectra in EcoTroph-Dyn are split into trophic
classes of variable width. The width of trophic classes [z;;
Tit+1[ was determined based on the estimated mean flow ki-
netics so that biomass could transfer up a trophic class in
each time step (At = 1/24 year). Thus:

AT =T — 1 = K- Ar=2019. 7,38 Q0SS (1 4y Ar (5)

where 1., the MHW-associated additional loss rate, is only
considered during MHWs.

According to fluid dynamic equations, the EcoTroph-Dyn
state variable B ; represents the biomass present at time step
t in the TL class [7,7 + At[. It is expressed as

1
K+

B = @ AT, (6)
where ¢, is the mean quantity of biomass flowing in the
trophic class [t, T + At[ at time step ¢ and K ; is the mean
flow kinetic in the trophic class [, T + At[.

Finally, the production P; ; of the trophic class [t, T +A7t|
at time step ¢ is

S=T+At
@ (s,1)-ds = Dy, - AT. 7

Hence, according to Egs. (6) and (7), EcoTroph highlights
the fact that biomass stems from the ratio of the production to
the flow kinetic. Production is expressed in 7- TL - yr~!; that
is, biomass in weight moving up the food web by one TL on
average during 1 year.
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Figure 1. Schematic diagram illustrating the ecological framework represented by EcoTroph-Dyn (adapted from du Pontavice et al., 2021).
The trophic functioning of marine food webs is represented by a biomass flow, starting with biomass entering the system at trophic level 1
through net primary production (NPP). Biomass then moves through each trophic level according to trophic transfer efficiency. The flow
kinetics, temperature and MHW dependance is crucial in defining trophic class boundaries and estimating biomass for each trophic level
over time. When MHWs occur, there is a loss of biomass flow at each trophic level. The empirical models used for each parameter (MHW
losses (n), transfer efficiency (TE) and flow kinetic (K)) and where satellite data (SST and NPP) are incorporated into the model to account

for marine heatwaves are noted in the figure.

2.2 MHW loss rate algorithm

We compute the loss rate in the biomass flow associated with
MHWs based on the percentage of species undergoing ther-
mal stress, i.e. species exposed to temperatures exceeding
their thresholds. A detailed description of the MHW loss rate
algorithm is described in Appendix Al. Here, we provide the
main steps for the incorporation of the effects of marine heat-
waves into EcoTroph-Dyn:

1. Detection and characterisation of MHWs with climatol-
ogy (period of 1982-2011),

2. Estimation of species distribution and associated ther-
mal niche,

3. Matching historical MHW distributions and character-
istics with species distribution,

4. Calculation of the percentage of species undergoing
thermal stress in each ocean spatial cell,

5. Based on this percentage, estimation of an additional
loss rate associated with MHWs.

Finally, we assumed in the mathematical expression of loss
rate (n;) that species are continuously challenged by in-
creased MHW intensity, which is expressed as

ehJI,- a (MHWCQL 0t )
ni=e

where b_tl; and It50_tl; correspond to the slope of the func-
tion and the index of marine heatwave intensity (MHW 4t ;)
at which 50 % of the species undergo thermal stress in cell;. 8
corresponds to the MHW duration, with 8 ranging from g =
0 (no MHW) to 8 = 1 (MHW lasting 15d) (see Sect. 3.3.1).
MHW_,; corresponds to an MHW intensity index (defined
in Appendix Al), and « is a coefficient assumed to represent
the species’ resistance capacity to MHW conditions, thus re-
ducing the mortality rate due to species’ exposure to thermal
stress.

We used an @ = 0.2 in our simulations. However, we also
explored the sensitivity of the results to community resis-
tance capacity by testing four alternative values of «. The
o values that we tested were full resistance (¢ =0, i.e. we
fixed n; = 0; no mortality due to thermal stress), partial resis-
tance (¢ = 0.2, 0.5; 20 % and 50 % of the species die because
of thermal stress, respectively) and no resistance (¢ = 1; all
species die when they are under thermal stress). We per-
formed a three-way ANOVA; that is, a statistical test we
used to analyse the effects of trophic levels, biomes and «
value on biomass change. We also related the loss rate to the
MHW duration over the 15d by assuming that the duration
increased the mortality rate.
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2.3 EcoTroph-Dyn simulations

The EcoTroph-Dyn model was applied to simulate con-
sumer biomass and production (between TLs 2 and 5.5)
from 1998 to 2021 for each 1° x 1° spatial cell of the global
ocean (Fig. S1 in the Supplement). Model outputs were sum-
marised spatially by biome: the tropical, temperate or up-
welling biome, based on Reygondeau et al. (2013). We ex-
cluded polar biomes because net primary production (NPP)
data, one of the forcing variables of the EcoTroph-Dyn
model, were not available in high-latitude regions during the
winter period.

2.3.1 Environmental forcing data

We simulated and compared consumer biomass and produc-
tion under scenarios with and without MHWSs. The simula-
tions were driven by daily SST observations from the data of
the National Oceanic and Atmospheric Administration Ad-
vanced Very High Resolution Radiometer (NOAA-AVHRR)
(https://www.ncei.noaa.gov/access/metadata/landing-page/
bin/iso?id=gov.noaa.ncdc:C00680, DOC/NOAA/NESDIS-
/NCDC, 2008), as well as NPP data predicted from the
EPPLEY-VGPM algorithm and satellite remote sensing data
(http://orca.science.oregonstate.edu/npp_products.php, last
access: 5 May 2022).

From the daily SST time series in each ocean cell, we
identified every MHW day. We defined an MHW as when
the daily SSTs exceed an extreme temperature threshold
value for at least 5 consecutive days (Hobday et al., 2016).
The extreme temperature threshold value was calculated for
each 1° latitude x 1° longitude spatial cell as the 90th per-
centile of daily SST from the 30-year historical time series
from January 1982 to December 2011. We did not calcu-
late threshold values by season; thus, MHW events were
identified by a single threshold across the year. As a re-
sult, we detected MHWs mostly occurring during the year’s
warmest months. We used the R package heatwaveR de-
scribed at https://robwschlegel.github.io/heatwaveR/ (last ac-
cess: 17 October 2022) (Schlegel and Smit, 2018) to detect
MHWs in each spatial cell from January 1998 to December
2021.

For the scenarios with MHWs, we used the SST time se-
ries from the NOAA-AVHRR data.

To simulate scenarios without MHW in the SST time se-
ries, we decomposed the daily SST time series (Y;) of each
ocean spatial cell using a Census X-11 procedure (Pezzulli et
al., 2005; Shiskin, 1967; Vantrepotte and Mélin, 2011). With
this method, the time series can be decomposed as

Y =T+ S+ H;,
where Y; represents the daily SST at day ¢, 7; represents the

long-term mean annual changes in temperature, S; represents
the seasonal component (repetitive pattern over time) and H;

represents the additional temperature variability that is not
attributed to the annual trend or seasonality.

The T; underlying long-term direction is obtained from
the 365 d running average of the initial series Y;. The sea-
sonal component (S;) is then computed by applying a cen-
tred moving average to the trend-adjusted series (Y; — T;).
The estimation of S; on the trend-adjusted series avoids any
confusion with the inter-annual (trend) signal. After the re-
vised estimation of these two components (see the method in
Pezzulli et al., 2005; Vantrepotte and Mélin, 2011), the ad-
ditional temperature variability component was computed as
H=Y-58-T,.

We applied the following procedure to create a daily SST
time series for the scenarios without MHW. When the daily
Y; value was identified as MHW and Y; was above the value
(T; + S;), we replaced the daily SST value (Y;) with the ex-
pected temperature without the additional variability (H;)
component, i.e. T; 4 S;. For MHW days with Y; below T; +S;
or non-MHW days, we kept the daily SST value Y; (see
Fig. S2, where the process of creating this time series is il-
lustrated). In our study, we can have an MHW day declared
even though Y; < T; 4 S;. This specific situation is rare (less
than 0.5 % of time series) and occurs because of the use of
an annual threshold value to detect MHW events that mainly
occurred during the year’s warmest months. (See Fig. S2 just
before the month of April for schematic visualisation.) The
time series created using this algorithm is referred to here as
“without MHW”.

Finally, to adapt the daily SST time series to EcoTroph-
Dyn time step resolution (1/24 year), we aggregated the ini-
tial temperature time series Y; and the “without MHW” time
series at a 15 d scale. Specifically, we averaged the daily SST
for every 15d of a year. We then computed the proportion
of MHW days (8) within each 15d. Thus, 8§ = 0 when no
MHW day is identified in a 15d time step, and 8 = 1 when
an MHW lasts the 15 d of the time step.

Gridded monthly NPP data from 1998 to 2021 were ob-
tained from satellite-derived estimation. The NPP data were
estimated using the EPPLEY Vertically Generalized Produc-
tion Model (VGPM) computation method (Behrenfeld and
Falkowski, 1997). The EPPLEY-VGPM method is a hybrid
model that employs the basic model structure and parame-
terisation of the standard VGPM computation. This model
estimates net primary production (NPP) based on chloro-
phyll concentration, incorporating the vertical distribution of
primary production. The specificity of the EPPLEY-VGPM
method is that the polynomial description of the maximum
daily net primary production found in a given water column
(Pb_opt, expressed in units of mg of carbon fixed per mg of
chlorophyll per hour) is replaced by the exponential relation-
ship described by Morel (1991), based on the curvature of the
temperature-dependent growth function described by Eppley
(1972).

After excluding spatial cells from the polar biome, we had
a total of 34 643 cells, 13 340 of which contained incomplete
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time series of NPP. For cells with incomplete time series, we
utilised the spline function from the R package “stats” to in-
terpolate the missing NPP values. In each ocean cell, the in-
terpolation was constrained by the minimum and maximum
satellite data values of the NPP observed over their respec-
tive time series. This approach ensured reliable interpolation
and reduced potential bias.

Finally, to match the NPP time series with the resolution of
the EcoTroph-Dyn time step (1/24 of a year), we duplicated
the monthly NPP values to cover the two sets of 15 d of each
month.

2.3.2 Biomass simulations

We simulated the changes in biomass spectra in each spatial
cell from 1998 to 2021 for the scenarios with and without
MHW. We calculated the differences in consumer biomass
change between scenarios with and without MHW. Biomass
change was computed using the reference period from 1998
to 2009 under the “without MHW” scenario, allowing us to
examine the projected declines in biomass specifically at-
tributable to MHWSs. We explored the sensitivity of the re-
sults to species’ resistance capacity to MHW conditions us-
ing the four resistance capacity settings represented by the
values of the coefficient a.

We initialised the model by applying a “burn-in” period of
12 years without any environmental forcing. Indeed, simula-
tion testing indicates that a burn-in period of at least 10 years
is needed for biomass spectra to reach equilibrium (Fig. S3).
Increasing the burn-in period beyond 12 years does not sig-
nificantly change the equilibrium biomass spectra (¢ test p
value = 0.6118). We thus used the average of the time series
(1998 to 2021) as the burn-in period in each ocean spatial
cell.

2.3.3 Northeastern Pacific Ocean MHW case study

An analysis focusing on the MHW that occurred in the
northeastern Pacific Ocean from 2013 to 2016 (commonly
known as “the Blob”; Bond et al., 2015) was undertaken
to assess the capability of EcoTroph-Dyn to transcribe past
MHW events. First, we extracted the EcoTroph-Dyn simula-
tion outputs (with and without MHW) in the region, delin-
eated by the boundary of nine biogeochemical provinces that
had been identified by Reygondeau et al. (2013) and adapted
from Longhurst (2007). These biogeochemical provinces in-
clude the Central American coast (CAMR), California ocean
and California coastal current (OCAL and CCAL), Alaska
coastal downwelling (ALSK), North Pacific tropical gyre
(NPTG), northeastern Pacific subtropical (NPSE), North Pa-
cific polar front (NPPF), Eastern Pacific subarctic gyres
(PSAE) and Western Pacific subarctic gyres (PSAW). Sec-
ond, we computed biomass change using the reference pe-
riod from 1998 to 2009 under the “without MHW”* scenario,
allowing us to examine the projected declines in biomass

specifically attributable to the Blob. Finally, we discussed
and compared our results with the literature.

3 Results
3.1 Environmental forcing with and without MHWs

In response to climate change, the NPP and SST are al-
ready perturbed. Global total NPP decreased by 1 % in the
period 2015-2021 compared to the 1998-2009 period. How-
ever, large spatial variability was observed in NPP changes
(Fig. 2a). In particular, NPP decreased by 20 % in the north-
eastern Pacific, while an increase of 20 % was estimated for
the Southern Ocean. Under the “without MHW” scenario
(Fig. 2b), global average SST increased by 0.28 °C in the
period 2015-2021 compared to the 1998-2009 period, with
some areas warming by up to 0.5 °C. However, under the
“with MHW” scenario (Fig. 2¢), SST increased by 0.32°C
in 2015-2021 compared to the period 1998-2009, with some
areas, such as the northeastern Pacific, warming by up to 1 °C
over the same period. Globally, the estimated increase in av-
erage SST from 2015 to 2021 was 4 % higher in the “with
MHWSs” scenario compared to the “without MHW” scenario.

Under the “with MHWSs” scenario, MHWSs occurring dur-
ing the year’s warmest month increased in intensity, duration
and surface extent from 1998 to 2021 (Fig. 3a, b), with large
spatial variability (Fig. 3c, d). MHWSs with intensity lower
than 3 °C above the climatology were identified on average
in 28.5 % of the ocean surface (Fig. 3a). These MHW3 lasted,
on average, more than 40d (Fig. 3b). In contrast, MHWSs
characterised as higher intensity (> 3 °C above climatology)
were identified in < 20 % of the ocean surface area (Fig. 3a).
These relatively more intensive MHWs lasted, on average,
32d (Fig. 3b). Furthermore, more MHW days of lower in-
tensity were identified for low-latitude regions (23° N-6° S)
(Fig. 3c, d) compared to MHW days identified in higher lati-
tude regions (> 23° N and 25°S).

3.2 Biological impacts of MHWs at the global scale
3.2.1 Impact on total consumer biomass

The projected changes in total consumer biomass were
higher under the “with MHWSs” scenario relative to the
“without MHW?” scenario. Globally, total consumer biomass
was projected to decrease on average by 0.07 & 0.02 % yr—!
(standard error) relative to the baseline period of 1998-2009
(Fig. 4a) (GLS, generalized least squares, p value < 0.05).
In contrast, simulations under the “with MHWSs” scenario
with an MHW resistance capacity setting of o = 0.2 pro-
jected an average decrease in total consumer biomass of
0.1240.02 % yr~! relative to the baseline period of 1998-
2009 (p value < 0.05). Thus, simulations that focussed on
annual mean changes in temperature only masked the effects
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Figure 2. Changes in SST and NPP between the average of 2015—
2021 relative to the average of 1998-2009. (a) NPP, (b) SST under
the “without MHW” scenario and (¢) SST under the “with MHWSs”
scenario.

of MHWs on the long-term changes in consumer biomass in
the ecosystem (Fig. S4).
While total consumer biomass was projected to de-
crease slightly across the three biomes (temperate, tropi-
s cal and upwelling biomes represented in Fig. 4b, ¢ and
d, respectively), in the scenario “with MHWSs”, the de-
clines in tropical biomes were larger than the global av-
erage. Under the “without MHW” scenario, total con-
sumer biomass in temperate biomes was projected to in-
1w crease by 0.01 % £0.01 (standard error), while in tropi-
cal and upwelling biomes, it was projected to decrease
by 0.18 % 4 0.01 and 0.02 % + 0.01 yr~!, respectively, rel-
ative to the baseline period. Under the “with MHWs” sce-
nario with o = 0.2, total consumer biomass in temperate,
1s tropical and upwelling biomes was projected to decrease
more strongly by 0.03% +0.01 %, 0.23 % +0.02% and
0.10 % £ 0.02, respectively, relative to the baseline.

3.2.2 Impacts by trophic level

MHWs exacerbated the projected climate change impacts
20 on biomass, particularly for higher trophic-level groups. In-
deed, our model projected a similar level of biomass loss
across trophic levels in the “without MHW” scenario, with
a projected decrease in global total consumer biomass of
1.0£0.1 % SE in the period 2015-2021 relative to 1998-
25 2009 (Fig. Sa—c — black lines). In contrast, under the “with
MHWSs” scenario and with a resistance capacity setting of

a = 0.2, total consumer biomass was projected to decrease
by 4.4 £0.1 % for high trophic-level classes (TL € [4;5.5]),
while the decrease was smaller for the low trophic-level
(TL € [2;3][, 3.4 £ 0.1 %) and mid-trophic-level (TL € [3;4],
4.1 £0.1 %) classes (Fig. Sa—c — light-orange lines).

The impact on high trophic levels differed between
biomes, with the tropical and upwelling biomes being no-
tably more impacted. Under the “without MHW” sce-
nario, our model projected a decrease in high trophic-
level consumer biomass of 0.54+0.1 % SE, 2.4 +0.1 % and
2.2+ 0.1 % in temperate, tropical and upwelling biomes, re-
spectively, in the period 2015-2021 relative to 1998-2009
(Fig. 5f, i and m — black lines). In contrast, under the “with
MHWSs” scenario and with a resistance capacity setting of
a = 0.2, high trophic-level consumer biomass was projected
to decrease by 3.3+£0.1%, 6.6+0.1% and 5.94+0.1% in
temperate, tropical and upwelling biomes, respectively, while
a smaller biomass decrease for the low and mid-trophic level
was expected (Fig. 5f, i and m — light-orange lines).

3.2.3 Various responses of ecosystems to MHWs

Over the 2015 to 2021 period, MHWSs impacted total con-
sumer biomass with large variations in both the direction and
magnitude of the impacts between biomes (Fig. 6). Under
the “without MHW” scenario, the model projected an in-
crease in total consumer biomass in 33.5 % of the ocean area,
especially in temperate biomes (Fig. 6a). Under the “with
MHWSs” scenario, this proportion decreased, and a biomass
increase was projected to occur in only 24 % of the global
ocean, with a projected global biomass decrease of 4.8 % in
the period 2015-2021 relative to 1998-2009 (compared to
only a 2.4 % biomass loss under the “without MHW” sce-
nario). In high latitudes (> 25°N and 25°S), MHWSs ex-
hibiting high intensity but short duration (Fig. 3¢ and d) re-
sulted in moderate additional biomass losses, up to 8 % in
2015-2021 (Fig. 6¢). Conversely, in low latitudes (25° N—
25°S), MHWs led to substantial additional biomass losses,
exceeding 10 % on average (Fig. 6¢), and up to 20 % in bio-
diversity hotspots such as Indonesia, off the coast of Papua
New Guinea and Central America. Thus, high-latitude and
upwelling areas appeared to be refuge zones from MHWs
compared to the low latitudes. Looking at the MHW’s ad-
ditional impact in food webs (Figs. S5, S6 and S7), similar
spatial patterns and responses are projected with a higher im-
pact (biomass decreases) on high trophic levels compared to
lower trophic levels.

3.3 Sensitivity to resistance capacity setting (o)

Ecosystem total consumer biomass response to MHWs de-
pended on community resistance capacity. Assuming species
have full resistance (¢ =0) or no resistance (¢ =1) to
MHWs, total consumer biomass was projected to decrease
by 2.3% and 15.3 % in the period 2015-2021 relative to
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Figure 3. Temporal and spatial characteristics of MHW:s identified for the period 1998 to 2021. (a) Changes in the percentage of the oceans’
total surface area with MHW in each year categorised by their intensity. (b) Evolution of average duration of MHWs categorised by their
intensity. (¢) Average duration of each MHW event in days that occurred over the period 2015-2021. (d) Average intensity of each MHW
event over the period 2015-2021.
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Figure 4. Simulated total consumer biomass change in the ocean from 1998 to 2021 under the “without MHW” (black lines) and “with
MHWs” (light-orange lines) scenarios, with a resistance capacity setting of o = 0.2: (a) the world ocean (excluding the polar biome),
(b) temperate biomes, (c) tropical biomes and (d) upwelling biomes, respectively (Fig. S1 for biome spatial definition). The horizontal grey
line separates the positive and negative total consumer biomass changes.

1998-2009, respectively (Fig. 7a). Simulations using differ- significant effect on biomass change (F'(27, 16 737) =442.4, 1

ent « values projected changes in total consumer biomass p value < 2 x 10719). The lower the resistance capacity of
that were consistent in direction but differed significantly in species (higher o value), the greater the loss of total con-
magnitude. A three-way ANOVA was performed to analyse sumer biomass. On a biome scale, these variations in biomass

s the effect of trophic levels, biomes and « value on biomass loss were greater for the tropics, with values ranging from
change. This ANOVA revealed a statistically significant ef- 3.1% (¢ =0) to 20.2% (« = 1) (Fig. 7c). In comparison, 1s
fect on biomass change of trophic levels, biomes and o val- sensitivity was lower in the temperate and upwelling biomes,

ues (p value <2 x 10716, individually. Additionally, the in- with a decrease between 1.4 % (¢ =0) and 11.2% (¢ =1)
teraction between biomes, trophic levels and « value had a
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Figure 5. Projected changes in consumer biomass for each trophic level and biome relative to the 1998-2009 average under the “without
MHW?” (black lines) and “with MHWSs” (light-orange lines) scenarios, with low trophic level (TL € [2;3[), medium TL (TL € [3;4]) and high
TL (TL € [4;5.5]). Panels (a)—(c) correspond to the global scale; panels (d)—(f) correspond to the temperate biome; panels (g)—(i) correspond
to the tropical biome; and panels (k)—-(m) correspond to the upwelling biomes. Panels (a), (d), (g) and (I) correspond to low TLs; panels (b),
(e), (h) and (1) correspond to medium TLs; and panels (c), (f), (i) and (m) correspond to high TLs. The simulation results under the “with
MHWSs” scenario used a resistance capacity setting of o = 0.2.
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Figure 6. Changes in total consumer biomass during 2015-2021 compared to 1998-2009. (a) Total consumer biomass under the “without
MHW?” scenario, (b) total consumer biomass under the “with MHWSs” scenario with &« = 0.2 and (¢) differences in consumer biomass
between scenarios.

and between 3.8 % (¢ = 0) and 12.3 % (« = 1), respectively 3.4 A case study of a northeastern Pacific MHW
(Fig. 7b and d).

The sensitivity of changes in total consumer biomass to the . .
. L . . Our model projected that the MHW in the northeastern Pa-
resistance setting increased with trophic level. At a global

scale, the response of low TLs ranged from a consumer cific from 2013 to 2016 (the Blob) resulted in long-term

biomass decrease of 1.4% (o = 0) to 8.0% (a = 1), while changes in the biomass spectrum in the region (Fig. 8c). Tem-
’ perature anomalies were on average >4 °C (between 2013

and 2016) and up to 8°C in 2015 relative to 1982-2011.
This temperature anomaly had some ecological repercus-
sions. On average, without accounting for MHWs, total con-
sumer biomass in our simulation was hindcast to decrease
by 1.5% +0.3,3.1%+0.4, 6.6% +£0.2 and 52% +0.3 in
2013, 2014, 2015 and 2016, respectively, compared to the

high TLs exhibited values ranging from 0% (¢ =0) to 11 %
(o = 1) (Fig. 7a). Furthermore, the sensitivity of trophic lev-
els to the « value was greater in the tropical biome and lower
in the temperate and upwelling biomes relative to that of the
global ocean.

20
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Figure 7. Sensitivity of changes in total consumer biomass to different resistance capacity settings. Changes are aggregated for the whole
biomass spectrum (TCB) and by trophic level (TL) (low TL, medium TL and high TL). Colours represent different resistance capacity
settings (« values): (a) global ocean, (b) temperate biomes, (c¢) tropical biomes and (d) upwelling biomes. The different horizontal lines of

the box plot refer to the median, 25th and 75th quantiles.

reference period of 1998 to 2009 (black line in Fig. 8c).
However, when accounting for MHWs with « = 0.2, the to-
tal consumer biomass loss decreased on average by an addi-
tional 3.1 % in 2013, 2014, 2015 and 2016. Furthermore, the

s difference in linear trend (slope and intercept) between the
biomass time series 1998 to 2013 and 2017 to 2021 indicated
that the MHW (the Blob) had a significant effect on long-
term changes in biomass (GLS, generalized least squares, p
value < 0.05).

1o The magnitude of the hindcast total consumer biomass
differed significantly between biogeochemical provinces
(ANOVA, F(1, 2906) = 7.854, p value <0.05, Fig. 8d).
Comparing the consumer biomass before (1998-2012) and
during (2013-2016) the occurrence of the Blob, all bio-

15 geochemical provinces in the northeastern Pacific, except
the Alaska coastal downwelling (ALSK) and Central Amer-
ican coast (CAMR), exhibited a significant total con-
sumer biomass decrease (ANOVA, F(1, 151) = 155.443,
p value <2 x 107!6) under the scenario with and without

20 MHWSs. Under the “without MHW” scenario, total con-
sumer biomass in the North Pacific tropical gyre (NPTG)
biogeochemical provinces, followed by the California cur-
rent (CCAL4+OCAL biogeochemical provinces), was hind-
cast to decline the most amongst the provinces when com-

25 paring before, during and after the Blob (Fig. 8d). Under the
“with MHWSs” scenario and with a resistance capacity set-
ting of & = 0.2, all biogeochemical provinces were hindcast
to have an additional biomass decrease during and after the
Blob. This additional biomass decrease ranged from 0.9 % to

30 5 % and from 1.4 % to 5.1 % during and after the Blob, with

an average decrease of 2.7% £0.4% and 3.1 % £ 0.3 %,
respectively (Fig. 8d). In particular, the California current
and the Alaska coastal downwelling provinces were most af-
fected by the MHW, with additional biomass decreases of
5 % and 3.8 % relative to the “without MHW” scenario, dur-
ing and after the Blob.

The impact of the Blob on various trophic levels was sim-
ilar to the global pattern, with a rapid reaction (in terms
of biomass loss) observed at lower TLs and higher TLs
exhibiting a delayed response (Fig. S8). Considering the
influence of MHWSs from 2013 to 2016 using the “with
MHWSs” scenario and o = 0.2 resistance capacity, there was
a hindcast biomass reduction of 6.8 % 0.7, 6.3 % 4 0.6 and
4.3% +£0.3 for low, medium and high TLs, respectively,
when compared to the reference period of 1998 to 2009.
Compared to pre-event conditions, by 2021, aside from low
TLs, medium and high TLs gave no sign of recovery from
the Blob MHW event.

Trophic dynamics of the biomass spectra in the north-
eastern Pacific were hindcast to be impacted by the Blob
(Fig. S9). The trophodynamic indicators flow kinetic and
trophic efficiency increased and decreased, respectively, in
the model. Under the scenario “without MHW”, the average
hindcast flow kinetic of the biomass spectra in the northeast-
ern Pacific increased by 0.6 % =+ 0.2, while the transfer ef-
ficiency decreased by 0.7 % £+ 0.2 in the period 2013-2016
relative to 1998-2009. Consideration of the MHW under the
“with MHWSs” scenario exacerbated the increase in flow ki-
netic and decrease in trophic efficiency significantly by 0.7 %
and 0.4 %, respectively (¢ test p value < 0.05).
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Figure 8. Hindcast of temporal and spatial biological impacts of the MHW from 2013 to 2016 in the northeastern Pacific (the Blob).
(a) Temperature anomalies between 2013 and 2016. (b) Biogeochemical provinces definition, with Central American coast (CAMR), Cali-
fornia ocean and coastal current (OCAL and CCAL), Alaska coastal downwelling (ALSK), North Pacific tropical gyre (NPTG), northeastern
Pacific subtropical (NPSE), North Pacific polar front (NPPF), Eastern Pacific subarctic gyres (PSAE) and Western Pacific subarctic gyres
(PSAW). (c) Generalised least squares models (lines) and total consumer biomass change in the “without MHW” and “with MHWSs” sce-
narios in the black and light-orange colours, respectively. The vertical grey shaded area indicates the duration of the Blob. (d) Average
total consumer biomass changes before (1998-2012 — pink), during (2013-2016 — green), and after (2017-2021 — blue) the Blob for each
biogeochemical province. The error bars correspond to standard errors.
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4 Discussion

In this study, we accounted for MHWs in the last four
decades using hindcast simulations and showed the poten-
tial of synergistic impacts of MHWs (pulses) and long-term
climate change (presses) on biomass and trophodynamics
of ecosystems (Bender et al., 1984; Harris et al., 2018).
These reconstructed MHW impacts varied spatially because
of MHW spatial dynamics, regional differences in ocean bio-
geochemical and physical conditions and ecosystem tropho-
dynamic characteristics. Furthermore, in studying the Blob,
we highlighted the fact that MHWs could exacerbate the
long-term impacts of climate change that vary between bio-
geochemical provinces.

4.1 Impacts of MHWSs on global marine consumer
biomass

Over the past two decades, MHWSs have led to increased
mortality rates and significant alterations in the function-
ing and structure of ecosystems (Smith et al., 2023; Wern-
berg et al., 2013, 2016). Our modelling analysis suggests
that, without accounting for MHW:s and their ecological ef-
fects, the decline in global-scale biomass associated with cli-
mate change may have been significantly underestimated. We
show that MHW:s have exacerbated the impacts of long-term
climate change, impacting trophodynamic parameters such
as the flow kinetic and transfer efficiency in ecosystems,
which is congruent with studies by Arimitsu et al. (2021),
Gomes et al. (2024) and Smith et al. (2023). These per-
turbations in ecosystem functioning result in biomass loss
through food webs. Although MHW temperature anoma-
lies have mostly lasted for weeks to months only, we em-
phasise that the resulting ecosystem perturbations last for
a longer time (decades) and influence long-term biomass
change (Fig. 8; Babcock et al., 2019; Cheung and Frolicher,
2020; Guibourd de Luzinais et al., 2024). Finally, the in-
tensity and duration of MHWs have influenced the magni-
tude of the perturbation in ecosystem functioning (Oliver et
al., 2021; Smith et al., 2023). We have highlighted the fact
that the intensity and duration of MHWs have continuously
increased since the beginning of the 21st century (Fig. 3),
leading to a sharp biomass decrease over the hindcast period
(Fig. 4). Such short-term biomass decreases have strength-
ened the impacts of long-term climate change (Cheung and
Frolicher, 2020; Collins et al., 2019).

At a global scale, over the whole time series and in dif-
ferent MHW resistance capacity scenarios, high TL biomass
experienced greater impacts from MHWSs and was not able
to recover to pre-perturbation levels as effectively as the low
and medium TL biomass. The gap in biomass recovery was
most apparent in tropical and upwelling biomes, where the
hindcast biomass of high TLs consistently decreased over
time. The time needed for the biomass to return to pre-
perturbed levels was related to the rate of biomass turnover,

V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function

which was also dependent on the speed of biomass flows.
This turnover decreased with trophic level and was low for
organisms at the top of the food chain (Gascuel et al., 2008;
du Pontavice et al., 2020; Schoener, 1983). Thus, the high
frequency of MHWS in recent years may be greater than the
time that high TLs need to recover from the impacts of indi-
vidual MHWs; this could contribute to the continued decline
in high-TL biomass.

4.2 Trophodynamics approach as a framework for
deciphering ecosystem responses to MHWs

In our modelling approach, trophodynamic changes were as-
sessed through transfer efficiency (TE) and flow kinetics. TE
(dimensionless) is defined as the fraction of energy trans-
ferred from one trophic level (TL) to the next and summarises
all the losses in the trophic network (Jennings et al., 2002;
Libralato et al., 2008; Lindeman, 1942; Niquil et al., 2014,
Pauly and Christensen, 1995; Schramski et al., 2015; Stock
et al., 2017). It is an emergent property of marine ecosys-
tems and an essential parameter in many applications of ma-
rine ecology, such as estimating biomass flux in production
models (e.g. Carozza et al., 2016; du Pontavice et al., 2021;
Gascuel et al., 2011; Jennings et al., 2008; Tremblay-Boyer
et al., 2011). Unlike previous applications of EcoTroph at
an annual timescale (du Pontavice et al., 2021, 2023), where
changes in transfer efficiency reflected long-term changes in
species assemblages, having a transfer efficiency that evolved
on a biweekly basis (14 d) allowed us to take into account
metabolic fluctuations over a shorter period. The temperature
during MHW:s increases the basal metabolism (catabolism)
of marine organisms (Grimmelpont et al., 2023; Minuti et
al., 2021), thus reducing the energy available for anabolic
processes that can only occur once catabolic needs are met
(Eddy et al., 2021). The estimation of transfer efficiency only
considers anabolic processes (Eddy et al., 2021); hence, this
balance between catabolism and anabolism is how MHWs
could disrupt transfer efficiency on a biweekly scale. The
flow kinetics expressed in TLyr~! quantifies the speed of
the trophic flux, i.e. the rate of biomass transfer from lower
trophic levels to higher ones, due to predation and/or ontoge-
nesis (Gascuel et al., 2008; du Pontavice et al., 2020). This
rate is inversely proportional to the biomass residence time
(BRT; du Pontavice et al., 2020), which is the average time
a unit of biomass spends moving from one TL to the next
higher one through predation (Gascuel et al., 2008; Schram-
ski et al., 2015). This flow kinetics can be measured by
the production / biomass ratio (P / B; Gascuel et al., 2008),
which is used in many ecosystem models, particularly Eco-
path with Ecosim (EwE; Christensen and Pauly, 1992).
MHWs disrupt the metabolism of individuals and, on a
larger scale, impact the entire ecosystem with trophodynamic
changes throughout the trophic network (Fig. S9; Arimitsu et
al., 2021; Collins et al., 2019; Gomes et al., 2024; Smith et
al., 2023). However, due to their different physical character-
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istics depending on the ecosystems and the varying function-
ing of these ecosystems, they do not induce the same struc-
tural and functional changes, leading to different biomass
losses. Tropical ecosystems are composed of species with
low transfer efficiency (TE, low ratio between stored energy
and ingested energy), with significant energy losses that in-
crease with temperature (Brown et al., 2004; du Pontavice
et al., 2020; Schramski et al., 2015). To compensate for this
low efficiency, predation activity is high, resulting in rapid
biomass transfers between prey and predators (biomass flow;
du Pontavice et al., 2020). In these ecosystems, communities
(which may be dominated by short-lived and fast-growing
species) are generally living at the upper end of their thermal
preferences (Begon and Townsend, 2021; Pinsky et al., 2019;
Vinagre et al., 2016). They experience thermal stress asso-
ciated with MHWs, leading to substantial mortality across
the trophic network, with a higher proportion occurring in
lower trophic levels regardless of the intensity of the MHWs
as low TLs tend to have lower thermal limits than high TLs
(Guibourd de Luzinais et al., 2024). MHWs scarcely affect
transfer efficiency (TE), with an estimated average decrease
of 0.05 % between 1998 and 2021 because the metabolism
of species is already very high (du Pontavice et al., 2020).
However, MHWSs exacerbate prey mortality rates, resulting
in proportionally higher predation rates, i.e. biomass remains
for a shorter time at each trophic level, corresponding to an
acceleration of biomass flow (estimated at 1 % on average be-
tween 1998 and 2021). Given the relatively high number of
MHW days (Fig. 3; Hobday et al., 2018; Marin et al., 2021;
Oliver et al., 2018), these modifications to biomass flow are
“persistent” and involve significant biomass losses.

In temperate ecosystems, biomass is transferred more
slowly between trophic levels, with less loss (higher trophic
efficiency; du Pontavice et al., 2020; Eddy et al., 2021). In
EcoTroph-Dyn, temperate communities experience thermal
stress and mortality only during high-intensity MHWs (Gui-
bourd de Luzinais et al., 2024). MHWs affect the metabolic
efficiency of species by increasing basal metabolism and
respiration-related losses, which decreases TE across the
trophic spectrum, estimated in our simulations at an average
of 0.2 % between 1998 and 2021. These higher metabolic
demands lead to an increase in predation activity, which,
combined with lower mortality (compared to tropical wa-
ters), reduces the biomass residence time at each trophic level
in the food chain, i.e. a slight acceleration of the speed of
biomass flow between each trophic level (estimated in our
simulations at an average of 0.3 % between 1998 and 2021).
Since MHW s in these ecosystems are characterised by sig-
nificant temperature anomalies but over relatively short dura-
tions (Fig. 3; Frolicher et al., 2018; Oliver et al., 2018), these
modifications to biomass flow are “temporary” and involve
lower biomass losses.

Finally, in upwelling ecosystems, communities are char-
acterised by low transfer efficiencies with high biomass resi-
ss dence times, indicating slow biomass transfers between prey

and predators (du Pontavice et al., 2020). MHWs cause ther-
mal stress and moderate mortality in these ecosystems (Gui-
bourd de Luzinais et al., 2024). They lead to a decrease in
the metabolic efficiency of species (estimated in our simula-
tions at an average of 0.03 % between 1998 and 2021), along
with an increase in predation activity, moderately impacting
the rate of biomass flows in the ecosystem (estimated in our
simulations at an average of 0.3 % between 1998 and 2021).
The MHWs occurring in these ecosystems are of high in-
tensity and last relatively long (an average of 23dyr~! be-
tween 1998 and 2021). One might expect more significant
impacts than in tropical environments; however, this was not
the case. This could potentially be explained by (i) the high
productivity of these ecosystems, which supports a highly
biodiverse food web (Largier, 2020; Pauly and Christensen,
1995; Rykaczewski and Checkley, 2008; Ryther, 1969), lead-
ing to better resilience to environmental changes and extreme
temperature events (Bernhardt and Leslie, 2013); and (ii) the
specific functioning of these ecosystems with cool water ris-
ing from depth to the surface, which tends to reduce the
number of MHW days compared to the adjacent open ocean
(Varela et al., 2021). More generally, it has been highlighted
that ocean warming does not affect coastal regions with up-
welling in the same way as the open ocean (Varela et al.,
2021).

Generally, in our simulations, higher temperatures and fre-
quent mortality events promoted the emergence of species
and the growth of populations, adapted to warm waters, both
characterised by rapid growth and short lifespans (Beukhof
etal., 2019; du Pontavice et al., 2020). This phenomenon was
observed, for example, during the Blob event in the Califor-
nia ocean and California coastal current (OCAL and CCAL)
provinces, with an increase of tropical species that usually
live much farther south, such as tuna, sailfish and marlin
(Cavole et al., 2016).

The specific examination of the Blob allowed us to eluci-
date how this MHW differentially affected the biogeochem-
ical provinces (Longhurst, 2007; Reygondeau et al., 2013)
and influenced their long-term responses. According to our
simulations (Fig. 8), the biomass in the affected oceanic re-
gions had not returned to the reference levels (1998-2009) by
2021. Following the MHW, all biogeochemical regions expe-
rienced significant biomass losses (ANOVA, p value < 0.05),
although with varying magnitudes. Differences in exposure
to the intensity and duration of temperature anomalies can
potentially explain these differences in responses. For exam-
ple, the coastal part of the California current and the sub-
arctic gyres of the northeastern Pacific were subject to lower
anomalies of different durations (Varela et al., 2021). In ad-
dition, differences in the structure and functioning of trophic
networks may also have contributed to the variation in re-
sponses to MHWs between provinces (Morgan et al., 2019;
Peterson et al., 2017; Ruzicka et al., 2012). The biogeochem-
ical zones have different compositions of pelagic communi-
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2017). For instance, the Gulf of Alaska saw its planktonic
community shift towards smaller plankton and zooplankton,
resulting in a loss in the nutritional quality and quantity of the
forage portion of the pelagic community for their predators,
highlighting the disruption of biomass flow (Arimitsu et al.,
2021; Piatt et al., 2020; Suryan et al., 2021). In contrast, in
the California current biogeochemical region, the MHW was
associated with a substantial increase in the abundance of
pyrosomes, which implied a limitation of energy flow mov-
ing towards higher trophic levels (Gomes et al., 2024). This
was not necessarily the case for the oceanic part of the Cal-
ifornia current. These different changes in the composition
and abundance of the lower trophic levels are represented in
EcoTroph-Dyn by changes in the amount of energy flowing
through the food web. EcoTroph-Dyn also takes into account
the differences in trophodynamic characteristics (e.g. trans-
fer efficiency, flow kinetics) between biogeochemical zones.
For example, communities in the Gulf of Alaska are more
efficient than those in the Californian current (du Pontavice
et al., 2020), and the energy entering the food web was less
disrupted than in the California current, which may explain
the greater impact of the MHW on the California current.

4.3 Model validation and sources of uncertainties

We have developed an innovative approach to modelling ma-
rine ecosystems, linking trophic ecology with MHW hind-
cast to assess their ecological impacts on a seasonal timescale
and at a global scale. Despite its apparent simplicity and the
reduced number of parameters, EcoTroph-Dyn is part of the
family of “complete ecosystem models and dynamic system
models” (Plaganyi, 2007) as it represents all trophic levels,
from primary producers to top predators. It merges individ-
ual “species” into categories defined solely by their trophic
level and describes ecosystems through a continuous distri-
bution of biomass (trophic biomass spectrum), from primary
producers to top predators. EcoTroph-Dyn does not account
for specific climate effects on individual species and popu-
lations. The model assumes that variations in environmental
conditions will lead to new biomass transfer dynamics in the-
oretical ecosystems at equilibrium. EcoTroph-Dyn meets the
criteria described by Link (2010) to be considered a plausi-
ble representation of marine ecosystems. These criteria in-
clude the following: (i) the biomass values of all functional
groups must cover 5 to 7 orders of magnitude, (ii) there must
be a 5 % to 10 % decrease in biomass density (on a logarith-
mic scale) for each unit increase in trophic level, (iii) specific
biomass production values (P / B) must never exceed specific
biomass consumption values (C / B) and (iv) the ecotrophic
efficiency (EE) for each group must be less than 1. Addition-
ally, the model relies on empirically obtained equations (Gas-
cuel et al., 2008; du Pontavice et al., 2020) and has demon-
strated its ability to replicate the effects of fishing and climate
change on marine ecosystems (e.g. du Pontavice et al., 2021,
2023; Tremblay-Boyer et al., 2011).

V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function

To discuss the validity of our hindcasts, we focussed on the
most studied MHW (the Blob) in the literature with avail-
able quantitative data (e.g. Arimitsu et al., 2021; Bond et
al., 2015; Cavole et al., 2016; Cheung and Frolicher, 2020;
Gomes et al., 2024; Piatt et al., 2020; Suryan et al., 2021).
The historical biomass change simulations from our “with
MHWSs” simulations and the o = 0.2 scenarios showed the
same biomass evolution per trophic group as the observa-
tional data based on species biomass surveys (Suryan et al.,
2021). However, our historical simulations estimated lower
biomass and also showed a smaller biomass decrease com-
pared to observed data (Suryan et al., 2021). This would indi-
cate a possible underestimation of biomass and ecosystem re-
sponse to MHWSs by EcoTroph-Dyn. The underestimation of
ecological responses to MHWs  is likely caused by the choice
of a lower « value that lowers the sensitivity of the ecosystem
to MHWs. To reduce the uncertainty over the « value, future
studies could calibrate it for specific regions using observa-
tional data of MHW impacts on marine ecosystems’ biomass.

Our simulations of biomass changes, according to the
“with MHWSs” and o = 0.2 scenarios, also fell within the
range of historical biomass simulations reported by studies
using other approaches to represent ecosystem functioning
(e.g. the species-based Dynamic Bioclimate Envelope Model
(DBEM) by Cheung and Frolicher (2020) and Ecotran, an
extension of the popular Ecopath modelling framework by
Gomes et al. (2024); see Fig. 9). Additionally, we projected
that the trophodynamic kinetic parameter of biomass flow
increased by 3 % in the “with MHWs” and o = 0.2 sce-
narios, which is consistent with the estimates highlighted
by Gomes et al. (2024) (3.7 %). Finally, the decreases in
trophodynamic transfer efficiency parameters highlighted in
EcoTroph-Dyn with the Blob case study correspond to pre-
vious estimates (e.g. Arimitsu et al., 2021), showing a reduc-
tion in the availability and quality of food in the food web.
It is worth noting that historical simulations obtained using a
smaller (larger) « led to an underestimation (overestimation)
of biomass losses and changes in biomass flow parameters
relative to the estimates of Cheung and Frolicher (2020) and
Gomes et al. (2024).

One of the main uncertainties in modelling MHWs in
EcoTroph-Dyn is the assumption of the resilience of the
biomass spectrum to MHWs, i.e. parameter «. It is impor-
tant to note that the « values applied in this study were cho-
sen arbitrarily, albeit reasonably, and were able to capture a
broad range of potential responses to MHWs. It would there-
fore have been valuable to test EcoTroph-Dyn against other
MHWs in the world ocean in order to acquire better estimates
of the o parameter and more reliable results regarding the
consequences of MHWs. However, to date, few MHWs are
as well studied as the Blob, limiting these analyses. As dis-
cussed in Guibourd de Luzinais et al. (2024), given the diver-
sity of ecosystem functioning, there is no reason why com-
munities in different ecosystems, biogeochemical regions or
trophic levels should have the same capacity to resist MHWs.
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Figure 9. Biomass change associated with the northeastern Pacific
MHW (2013-2016) per biogeochemical province. Grey violin plots
correspond to results from Cheung and Frolicher (2020), while the
red ones correspond to our hindcast EcoTroph-Dyn simulation with
o = 0.2 (figure adapted from Cheung and Frolicher, 2020).

Thus, we encourage future studies to use various observa-
tional data on the impacts of MHWs across the ocean (if
available) to better estimate the o parameter as a function
of different ecosystems, biogeochemical regions or trophic
levels in order to reduce the uncertainties in projections.
Here, we focussed solely on the direct impacts of MHWSs
occurring during the year’s warmest month via thermal
stress, resulting in species mortality (Oliver et al., 2021;
Smith et al., 2023). However, MHWSs in other seasons can
10 also have consequences on populations by affecting a specific
stage of the life cycle of certain species (Crickenberger and
Wethey, 2018; Oliver et al., 2021; Smith and Thatje, 2013).
For example, MHWs that stress adult breeders can lead to
a decrease in reproductive investment and, consequently,
1s fewer, smaller and lower quality gametes (e.g. Shanks et al.,
2020), resulting in a loss of abundance and biomass of some
species (Johansen et al., 2021). While taking seasonality into
account will increase the number of detected extreme events,
some may not have ecological consequences (Oliver et al.,
20 2021; Smith et al., 2023). Thus, our approach can be seen as
conservative and may underestimate the impact of MHWs.
Nevertheless, we detected MHWs with potentially signifi-
cant ecological impacts. Studying MHWSs occurring in sea-
sons other than summer would involve considering the phe-
2s nological effects of MHWSs. However, since the EcoTroph-
Dyn model does not directly represent this phenological as-
pect of marine organisms, future studies can apply other ap-
proaches that explicitly represent seasonal processes such as
spawning and migration to elucidate the effects of phenology.
s  Furthermore, uncertainties in our results arise from the en-
vironmental drivers of EcoTroph-Dyn. In our current inves-
tigation, EcoTroph-Dyn was driven by satellite data. For the
NPP forcing variable, we implemented the EPPLEY-VGMP
algorithm (Behrenfeld and Falkowski, 1997; Morel, 1991),
ss which, like other algorithms such as CbPM and CAFE, de-
rives NPP from satellite-derived estimates of Chl @ and SST.
First, in this study, we did not consider the “with” and “with-

3

out” MHWs scenarios for NPP. Acknowledging that MHW s
generally increase NPP at high latitudes while decreasing it
at low latitudes (Arteaga and Rousseaux, 2023; Bouchard et
al., 2017; Le Grix et al., 2022; LeBlanc et al., 2020), we may
have overestimated MHW impacts on ecosystem functioning
at high latitudes and underestimated their impact at low lati-
tudes. Furthermore, the variability and uncertainty in the esti-
mation of the NPP by satellites directly affects the reliability
of our results. In EcoTroph-Dyn, as well as in other marine
ecosystem models, ocean primary production (and its related
phytoplankton biomass) plays a crucial role in both sustain-
ing and constraining the biomass of higher trophic levels (e.g.
Blanchard et al., 2012; Carozza et al., 2016; Cheung et al.,
2011; Jennings and Collingridge, 2015). Howeyver, there ex-
ists significant variability in NPP estimation among satellite
NPP algorithms (Milutinovi¢ and Bertino, 2011; Westberry
etal., 2023). These discrepancies are particularly pronounced
over continental shelves and oligotrophic gyres, primarily
due to variations in model parameterisation and growth rate
representation (Milutinovi¢ and Bertino, 2011; Westberry et
al., 2023). Second, in this study, in order to propose a suitable
representation of the world ocean, we use an interpolation
method to reconstruct an incomplete NPP time series. The in-
terpolation was constrained by the minimum and maximum
satellite data values of the NPP observed over their respec-
tive time series to ensure reliable interpolation and reduce
potential bias. Third and lastly, in this study, we duplicated
the NPP monthly values to enable the EcoTroph-Dyn to run
with 15d time steps. This duplication may have smoothed
marine ecosystem responses to the historical changes in ma-
rine environment; however, it has not changed trends and
the conclusions of our results. Consequently, elucidating the
sources of the current uncertainty associated with satellite-
derived NPP and refining these estimates pose significant
challenges in comprehending the responses of marine food
webs to MHWs.

Moreover, EcoTroph-Dyn does not account explicitly for
species; thus, we could only assess aggregated food web re-
sponses to MHWSs. The model projected that the aggregated
response across species is expected to be negative, although
it is known that some species would exhibit positive effects
from MHW occurrence (Cavole et al., 2016; Smith et al.,
2023; Suryan et al., 2021; Wernberg et al., 2016). To be cau-
tious, we considered various loss rate scenarios to obtain a
complete range of responses from marine ecosystems. Run-
ning the aforementioned five MHW-induced loss rate scenar-
ios, we found that the aggregated resistance capacities o had
a significant (ANOVA, p value <2 x 10716 and large ef-
fect. All scenarios are consistent with each other, with an in-
creasing biomass loss over marine ecosystems with decreas-
ing resistance capacities (increasing «). Even though the
global impact of MHWs is negative, species-explicit mod-
elling could improve our understanding of how various im-
pacts of climate change and species-level responses will af-
fect trophodynamics and ecosystem structure and function.
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4.4 TImplications and future research

In our study, we highlighted the specific impacts of MHWs
on ecosystem structure and function, particularly through the
case study of the MHW known as “the Blob” (the longest
and strongest period of abnormal temperature ever recorded
(Collins et al., 2019; Oliver et al., 2021)). The anoma-
lously low wind during the 2013-2014 winter induced the
anomalously weak Ekman transport of colder water from the
north and, coupled with anomalously low air—sea heat ex-
change, triggered the Blob (Bond et al., 2015). Furthermore,
these processes as well as the El Nifio Southern Oscillation
(ENSO) have already contributed to the increased average
duration and intensity of MHWs in the northeastern Pacific
Ocean. Given that projections for the 21st century indicate
that ENSO events will increase in intensity and frequency
(Holbrook et al., 2020; Oliver et al., 2021), events such as
the Blob are expected to occur more frequently (Holbrook et
al., 2020; Oliver et al., 2021). This underscores the need for
ongoing research to better understand how MHWs disrupt
ecosystems. Finally, throughout the 21st century, ecosystem
responses will depend on the ability of communities to adapt
to the long-term increase in ocean temperature and their abil-
ity to withstand short-term extreme temperatures (Johansen
et al., 2021). Therefore, to enhance our understanding of
how marine ecosystems will respond to climate change, fu-
ture studies should focus on potential scenarios of adap-
tive responses to future climate and associated MHWs. The
EcoTroph-Dyn model is a tool to understand the ecologi-
cal consequences of MHW s at global and local scales and
to project their impacts under future scenarios. However, the
model focuses on aggregated energy flows between trophic
groups, while ecological responses to MHWs of species in
each group may vary substantially. Some species may ac-
climatise or adapt to MHWSs. Consideration of the potential
acclimatisation/adaptation in the model requires the devel-
opment of specific adaptation scenarios and model settings
in addition to the model settings presented here.

5 Conclusions

Utilising the EcoTroph-Dyn trophodynamic framework for
MHWs, we highlighted substantial and latent repercussions
of MHWs, notably biomass loss and biomass flow alteration,
which are particularly consequential for higher TLs. As a
result, the recovery/restoration time can extend over sev-
eral years, if not decades. The EcoTroph-Dyn model demon-
strates its capacity to characterise the impacts of MHWSs on
ecosystem structure and functions, with a slight underestima-
tion of the magnitude of the impacts when the model is ap-
plied to examine the Blob MHW. However, considering the
dynamics and characteristics of current and future MHWs,
so it can be anticipated that ecosystems might not be afforded
the necessary temporal window to recover between succes-

sive MHW events, which can significantly disrupt long-term
trends associated with climate change.

Appendix A
Al MHW characterisation and detection

To characterise MHW in each ocean spatial cell, we
analysed daily SST observations from the NOAA’s
AVHRR data (DOC/NOAA/NESDIS/NCDC, 2008;
https://www.ncei.noaa.gov/access/metadata/landing-page/
bin/iso?id=gov.noaa.ncdc:C00680, last access: 3 May 2022).
We defined MHW as a discrete, prolonged and anomalously
warm water event when the daily SSTs exceed an extreme
temperature threshold value for at least 5 consecutive days
(Hobday et al., 2016). The extreme temperature threshold
value was calculated for each 1° latitude x 1° longitude spa-
tial cell as the 90th percentile of daily SST from the 30-year
historical time series from January 1982 to December 2011.
We did not calculate threshold values by season; thus, MHW
events were identified by a single threshold across the year.
As a result, we detected MHWs mostly occurring during
the year’s warmest months (see Fig. Ala for a schematic
explanation). This approach to identifying the MHW thresh-
old represents biological extreme temperature in the local
(spatial cell) context. It is appropriate to assess the direct
mortality associated with MHWs (Oliver et al., 2021). We
determined a reference average sea surface temperature
(SST average) for each spatial cell by analysing data from
1 January 1982 to 31 December 2011. Utilising this refer-
ence average SST, we classified each spatial cell into thermal
classes, with each class representing a 1 °C increment of the
reference SST average, ranging from —1 to 29 °C (refer to
Fig. A1b). We used the R package heatwaveR, described at
https://robwschlegel.github.io/heatwaveR/ (last access: 17
October 2022), to compute the MHW characteristics in each
spatial cell from January 1982 to December 2021. Thus, we
finally obtained MHW characteristics for each 1° by 1° of
longitude and latitude ocean grid cell up to December 2021.
The considered MHW characteristics are the threshold value
defining MHWs, MHW’s duration (in days), category and
intensity (mean SST anomaly) and declaration of MHW
days over the SST time series.

A2 Estimation of species distribution and associated
thermal niche

We developed an algorithm depending on the MHWSs’
characteristics to express the loss rate of trophic trans-
fers associated with MHWs. First, we identified a list
of marine species from their occurrence records (3242
bivalves, 500 cephalopod species, 3116 crab species and
12782 fish species), gathered from the publicly accessi-
ble databases OBIS (https://www.iobis.org, last access:
November 2021), the Intergovernmental Oceanographic
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Figure Al. Marine heatwave detection method and reference av-
erage SST of each ocean cell. (a) Schematic explanation of MHW
detection for a spatial cell. The solid horizontal green and black
lines represent the extreme threshold value and the reference tem-
perature, respectively. (b) A map of thermal classes of 1 °C intervals
from —1 to 29 °C, categorised based on the reference temperature
of each spatial cell over the period 1 January 1982 to 31 December
2011.

Commission (https://ioc-unesco.org, last access: November
2021), GBIF (https://www.gbif.org, last access: November
2021), FishBase (https://www.fishbase.org, last access:
November 2021) and the International Union for the Con-
servation of Nature (https://www.iucnredlist.org/resources/
spatial-data-download#marine, last access: November
2021). We then cleaned the data by removing duplicate
entries, terrestrial occurrences and occurrences outside
the known species habitat from the aggregated species
occurrence dataset (Froese and Pauly, 2018). Additionally,
we excluded zooplankton from the algorithm development
due to limited evidence of direct mortality induced by
marine heatwaves (MHWs), with observed responses mainly
manifesting as range shifts and alterations in community
structure (Arimitsu et al., 2021; Suryan et al., 2021; Winans
et al.,, 2023). Marine mammals and seabirds were also
omitted from the algorithm development, as their mortality
linked to MHWSs primarily stems from secondary effects
such as diminished quality and quantity of food supply
(Cavole et al., 2016; Piatt et al., 2020) rather than direct
heat stress impact. Subsequently, the data were rasterised
into a grid covering the global oceans (1° longitude by 1°
latitude), denoting the historical presence of each species.
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Species with occurrence records in fewer than 30 cells were
excluded from further analysis (Hernandez et al., 2006).

In a second step, we utilised an ensemble species distri-
bution modelling approach (Asch et al., 2018; Reygondeau,
2019) at a 1° grid scale. Four environmental niche mod-
els (ENMs) were applied: Bioclim, Boosted Regression
Trees models (Thuiller et al., 2009), Maxent (Phillips et
al., 2006) and the Non-Parametric Probabilistic Ecological
Niche model (Beaugrand et al., 2011), using global climatol-
ogy satellite data (AVHRR). Model accuracy was assessed
using the area under the curve (AUC) analysis of the receiver
operating characteristic (ROC), discarding models with an
AUC below 0.5 (Sing et al., 2005). The evaluation employed
the pROC package in R (Robin et al., 2011). We then cal-
culated the average habitat suitability index (HSI) weighted
by the AUC values of each ENM for each spatial cell and
species. An HSI threshold for each species was estimated us-
ing its prevalence. Spatial cells with an HSI below the thresh-
old were deemed non-viable habitats.

Species’ predicted thermal niches were quantified from
spatial distributions using averaged satellite SST data
(AVHRR) from 1982 to 2011. The average SST from 1982 to
2011 was recorded for each spatial cell above the HSI thresh-
old. We then characterised the predicted thermal niche (his-
togram of all the average values of SST) and, more specifi-
cally, the upper temperature threshold for each species from
the 95th percentile of the SST records where they were pre-
dicted to occur.

A3 Additional loss rate associated with MHW

For each spatial cell belonging to each thermal class, we cal-
culated the percentage of species in each trophic class ex-
posed to thermal stress induced by MHW intensity above
the estimated temperature threshold (95th percentile of the
thermal niche). Matching MHW intensity in each spatial cell
from 1981 to 2021 with species’ temperature thresholds, we
determined the percentage of species exposed to temper-
atures exceeding their thresholds. The thermal stress of a
species was assumed to be dependent on the MHW category
(1 to 4, based on SST anomaly) and species’ trophic level
(<25, 2.5-3.0, 3.0-3.5, 3.54.0, 4.04.5, 45-5.0, >5.0),
estimated from FishBase and SealifeBase.

To obtain a continuous representation of the percentage of
species undergoing thermal stress as the intensity of MHW
increases, we decided to transform the discrete MHW cate-
gorisation (Hobday et al., 2018) to a continuous MHW inten-
sity index as follows:

MHW mean anomaly, i
MHWcat,i -

- . (AT)
catl associated anomaly, i

The MHW mean anomaly was calculated as the difference
between the MHW mean SST anomaly and the reference
temperature of each thermal class (i), and “catl-associated
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Figure A2. The coefficients correspond to thermal stress models for each reference temperature, with (1) corresponding to the Gompertz
slope at the inflexion point coefficient b and (2) the MHW category that causes 50 % of species to undergo thermal stress (1t50), with blue
and other colours corresponding to the trophic levels below 2.5 and above 2.5, respectively.
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Figure A3. Loss rate associated with MHW occurrences, with the ecological hypothesis that MHW increases in intensity/category continu-
ously challenging the aggregated response across species. On the plots, b is equal to 1. The top and bottom rows correspond to the loss rate
of trophic level < 2.5 and trophic level > = 2.5, respectively.

anomaly” is the mean threshold value used to identify cate-

gory 1 MHWs in each spatial cell.

We fit the estimated percentage of species undergoing ther-
mal stress with the MHW intensity index and species’ trophic
s class to a non-linear function. A Gompertz function was se-

lected after preliminary tests because it is better fitted to data
than logistic or other mathematical functions with similar

shapes. The Gompertz function is expressed as

percentage of species undergoing thermal stress =

7exph711,- -(MHW g ;—1t50_11; )

exp

(A2)

We estimated the parameters b_t/;, 1t50_t/; and MHW 4 ; for 1o
each thermal class i. The parameters b_t/; and 1t50_t/; cor-
respond to the slope of the function and the index of marine
heatwave intensity (MHWy ;) at which 50 % of the species

are undergoing thermal stress, respectively.

For each thermal class i, parameters b_tl; and 1t50_tl;

were expressed as (see Fig. A2)

b tl =—1.4511— eO.4223<(i—22.4926)
- = M ’

(A3)

1650_tl; = 3.29 — 0.485 - i +0.0306 - i> — 0.000608 - i°

when trophic level < 2.5
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and

1t50_tl; = 3.55 — 0.271 - i +0.014 - i> —0.000304 - i3
when trophic level >= 2.5. (A4)
Finally, to move from the thermally stressed stage to
the loss rate (n,), we assumed that species were continu-
ously challenged by MHW-increased intensity (Fig. A3 for
schematic differences), expressed as

1t50;
hi'”'(MHWcal,i_ al )

ni = exp °F - B (A5)

We explored the sensitivity of the results to species’ ac-
climation capacity to MHW conditions by assuming that ac-
climation reduces the mortality rate due to species’ exposure
to thermal stress. We tested four acclimation capacity set-
tings represented by the values of the coefficient «. These
settings are full acclimation (¢ = 0; no mortality due to ther-
mal stress), partial acclimation (o« = 0.2, 0.5; 20 % and 50 %
of the species die because of thermal stress, respectively) and
no acclimation (o = 1; all species die when they are under
thermal stress). We also related the loss rate to the MHW
duration over the fortnight by assuming that the duration in-
creases the mortality rate. The duration of MHW is repre-
sented by 8 and ranges from 8 =0 (no MHW) to g =1
(MHW lasting 15d of the fortnight) (see Sect. 2.3.2 for g
computation).

Code availability. The code for the EcoTroph-Dyn model that
supports the findings of this study is openly available at
https://doi.org/10.57745/NHVPCR (Guibourd de Luzinais, 2024a).

Data availability. Daily SST observations from the NOAAAVHRR
data are publicly available at https://www.ncei.noaa.gov/
access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
(DOC/NOAA/NESDIS/NCDC, 2008). NPP data predicted from
the EPPLEY VGPM algorithm and satellite remote sensing data are
available at http://orca.science.oregonstate.edu/npp_products.php
(Oregon State University, n.d.). Species occurrence data and
associated trophic levels that support the findings of this study are
openly available at https://doi.org/10.57745/PION92 (Guibourd de
Luzinais, 2024b).
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line at [the link will be implemented upon publication].

Author contributions. VGDL, WWLC and DG undertook the con-
ceptualisation, methodology, validation and writing (review and
editing). WWLC and DG undertook the funding acquisition and su-
pervision. VGDL handled the data curation, formal analysis, inves-
tigation, project administration, software, visualisation and writing
(original draft).

19

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibil-
ity lies with the authors. Views expressed in the text are those of the
authors and do not necessarily reflect the views of the publisher.

Acknowledgements. We thank the collaboration between L’ Institut
Agro, Rennes and the University of British Columbia, Vancouver.
We further thank Jerome Guitton for his technical support.

Financial support. Vianney Guibourd de Luzinais and Didier Gas-
cuel acknowledge funding support from the Région Bretagne.
William W. L. Cheung and Vianney Guibourd de Luzinais acknowl-
edge funding support from the NSERC Discovery Grant and the
SSHRC through the Solving-FCB Partnership.

Review statement. This paper was edited by Mark Lever and re-
viewed by Imogen Bunting and two anonymous referees.

References

Arimitsu, M. L., Piatt, J. F, Hatch, S., Suryan, R. M., Batten,
S., Bishop, M. A., Campbell, R. W., Coletti, H., Cushing, D.,
Gorman, K., Hopcroft, R. R., Kuletz, K. J., Marsteller, C.,
McKinstry, C., McGowan, D., Moran, J., Pegau, S., Schae-
fer, A., Schoen, S., Straley, J., and Biela, V. R.: Heatwave-
induced synchrony within forage fish portfolio disrupts energy
flow to top pelagic predators, Glob. Change Biol., 27, 1859-
1878, https://doi.org/10.1111/gcb.15556, 2021.

Arteaga, L. A. and Rousseaux, C. S.: Impact of Pacific Ocean
heatwaves on phytoplankton community composition, Com-
mun. Biol., 6, 263, https://doi.org/10.1038/s42003-023-04645-0,
2023.

Asch, R. G., Cheung, W. W. L., and Reygondeau, G.: Fu-
ture marine ecosystem drivers, biodiversity, and fisheries max-
imum catch potential in Pacific Island countries and terri-
tories under climate change, Marine Policy, 88, 285-294,
https://doi.org/10.1016/j.marpol.2017.08.015, 2018.

Babcock, R. C., Bustamante, R. H., Fulton, E. A., Fulton, D. J.,
Haywood, M. D. E., Hobday, A. J., Kenyon, R., Matear, R. J.,
Plagényi, E. E., Richardson, A. J., and Vanderklift, M. A.: Se-
vere Continental-Scale Impacts of Climate Change Are Happen-
ing Now: Extreme Climate Events Impact Marine Habitat Form-
ing Communities Along 45 % of Australia’s Coast, Front. Mar.
Sci., 6, 411, https://doi.org/10.3389/fmars.2019.00411, 2019.

Beaugrand, G., Lenoir, S., Ibafiez, F., and Manté, C.: A new
model to assess the probability of occurrence of a species, based

45

50

55

60

65

70

75

80

85


https://doi.org/10.57745/NHVPCR
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
http://orca.science.oregonstate.edu/npp_products.php
https://doi.org/10.57745/PI0N92
https://doi.org/10.1111/gcb.15556
https://doi.org/10.1038/s42003-023-04645-0
https://doi.org/10.1016/j.marpol.2017.08.015
https://doi.org/10.3389/fmars.2019.00411

20 V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function

on presence-only data, Mar. Ecol. Prog. Ser., 424, 175-190,
https://doi.org/10.3354/meps08939, 2011.
Begon, M. and Townsend, C. R.: Ecology: From Individuals to
Ecosystems, John Wiley and Sons, 868 pp., ISBN 978-1-119-
5 27935-8,2021.

Behrenfeld, M. J. and Falkowski, P. G.: Photosynthetic
rates derived from satellite-based chlorophyll con-
centration, Limnology and Oceanography, 42, 1-20,

https://doi.org/10.4319/10.1997.42.1.0001, 1997.

10 Bender, E. A., Case, T. J., and Gilpin, M. E.: Perturbation Experi-
ments in Community Ecology: Theory and Practice, Ecology, 65,
1-13, 1984.

Bernhardt, J. R. and Leslie, H. M.: Resilience to Climate Change in
Coastal Marine Ecosystems, Annu. Rev. Mar. Sci., 5, 371-392,

15 https://doi.org/10.1146/annurev-marine-121211-172411, 2013.

Beukhof, E., Dencker, T., Pecuchet, L., and Lindegren, M.: Spatio-
temporal variation in marine fish traits reveals community-wide
responses to environmental change, Mar. Ecol. Prog. Ser., 610,
205-222, https://doi.org/10.3354/meps 12826, 2019.

20 Blanchard, J. L., Jennings, S., Holmes, R., Harle, J., Merino, G.,
Allen, J. I, Holt, J., Dulvy, N. K., and Barange, M.: Potential
consequences of climate change for primary production and fish
production in large marine ecosystems, Philosophical Transac-
tions of the Royal Society B: Biological Sciences, 367, 2979—

25 2989, https://doi.org/10.1098/rstb.2012.0231, 2012.

Bond, N. A., Cronin, M. F,, Freeland, H., and Mantua, N.: Causes
and impacts of the 2014 warm anomaly in the NE Pacific: 2014
WARM ANOMALY IN THE NE PACIFIC, Geophys. Res. Lett.,
42, 3414-3420, https://doi.org/10.1002/2015GL063306, 2015.

s0 Bouchard, C., Geoffroy, M., LeBlanc, M., Majewski, A., Gau-
thier, S., Walkusz, W., Reist, J. D., and Fortier, L.: Cli-
mate warming enhances polar cod recruitment, at least
transiently, Progress in Oceanography, 156, 121-129,
https://doi.org/10.1016/j.pocean.2017.06.008, 2017.

ss Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., and West,
G. B.: Toward a metabolic theory of ecology, Ecology, 85, 1771—
1789, https://doi.org/10.1890/03-9000, 2004.

Cannell, B., Thompson, P., and Schoepf, V.: Marine extremes:
ocean safety, marine health and the blue economy, Rout-

40 ledge, Taylor and Francis Group, London, New York, 1 pp.,
ISBN 9780429491023, https://doi.org/10.4324/9780429491023-
8, 2019.

Carneiro, A. P, Soares, C. H. L., Manso, P. R. J, and
Pagliosa, P. R.: Impact of marine heat waves and cold spell

4 events on the bivalve Anomalocardia flexuosa: A seasonal
comparison, Marine Environmental Research, 156, 104898,
https://doi.org/10.1016/j.marenvres.2020.104898, 2020.

Carozza, D. A., Bianchi, D., and Galbraith, E. D.: The ecologi-
cal module of BOATS-1.0: a bioenergetically constrained model

so  of marine upper trophic levels suitable for studies of fisheries
and ocean biogeochemistry, Geosci. Model Dev., 9, 1545-1565,
https://doi.org/10.5194/gmd-9-1545-2016, 2016.

Cavole, L., Demko, A., Diner, R., Giddings, A., Koester, I.,
Pagniello, C., Paulsen, M.-L., Ramirez-Valdez, A., Schwenck,

s S., Yen, N, Zill, M., and Franks, P.: Biological Impacts
of the 2013-2015 Warm-Water Anomaly in the Northeast
Pacific: Winners, Losers, and the Future, Oceanogr., 29,
https://doi.org/10.5670/oceanog.2016.32, 2016.

Cheung, W. W. L. and Frolicher, T. L.: Marine heatwaves exacer-
bate climate change impacts for fisheries in the northeast Pacific,
Sci. Rep., 10, 6678, https://doi.org/10.1038/s41598-020-63650-
z, 2020.

Cheung, W. W. L., Dunne, J., Sarmiento, J. L., and Pauly, D.: In-
tegrating ecophysiology and plankton dynamics into projected
maximum fisheries catch potential under climate change in the
Northeast Atlantic, ICES Journal of Marine Science, 68, 1008—
1018, https://doi.org/10.1093/icesjms/fsr012, 2011.

Cheung, W. W. L., Frolicher, T. L., Lam, V. W. Y., Oyinlola, M. A.,
Reygondeau, G., Sumaila, U. R., Tai, T. C., Teh, L. C. L., and
Wabnitz, C. C. C.: Marine high temperature extremes amplify
the impacts of climate change on fish and fisheries, Sci. Adv., 7,
eabh0895, https://doi.org/10.1126/sciadv.abh0895, 2021.

Christensen, V. and Pauly, D.: ECOPATH II - a software
for balancing steady-state ecosystem models and calculating
network characteristics, Ecological Modelling, 61, 169-185,
https://doi.org/10.1016/0304-3800(92)90016-8, 1992.

Collins, M., Sutherland, M., Bouwer, L., Cheong, S.-M., Combes,
H. J. D., Roxy, M. K., Losada, I., Mclnnes, K., Ratter, B.,
Rivera-Arriaga, E., Susanto, R. D., Swingedouw, D., Tibig, L.,
Bakker, P., Eakin, C. M., Emanuel, K., Grose, M., Hemer,
M., Jackson, L., Kéidb, A., Kajtar, J., Knutson, T., Laufkot-
ter, C., Noy, L., Payne, M., Ranasinghe, R., Sgubin, G., Tim-
mermans, M.-L., Abdulla, A., Gonzilez, M. H., and Turley,
C.: SPM6 Extremes, Abrupt Changes and Managing Risks, 68,
https://doi.org/10.1017/9781009157964.008, 2019.

Crickenberger, S. and Wethey, D. S.: Reproductive phys-
iology, temperature and biogeography: the role of fer-
tilization in determining the distribution of the barnacle
Semibalanus balanoides, J. Mar. Biol. Ass., 98, 1411-1424,
https://doi.org/10.1017/S0025315417000364, 2018.

DOC/NOAA/NESDIS/NCDC: NOAA High-Resolution Sea Sur-
face Temperature (SST) Analysis Products, Edition 2.0,
NOAA National Centers for Environmental Information [data
set], https://www.ncei.noaa.gov/access/metadata/landing-page/
bin/iso?id=gov.noaa.ncdc:C00680 (last access: 3 May 2022),
2008.

du Pontavice, H., Gascuel, D., Reygondeau, G., Maureaud, A., and
Cheung, W. W. L.: Climate change undermines the global func-
tioning of marine food webs, Glob. Change Biol., 26, 1306—
1318, https://doi.org/10.1111/gcb.14944, 2020.

du Pontavice, H., Gascuel, D., Reygondeau, G., Stock, C., and
Cheung, W. W. L.: Climate-induced decrease in biomass
flow in marine food webs may severely affect predators and
ecosystem production, Glob. Change Biol., 27, 2608-2622,
https://doi.org/10.1111/gcb.15576, 2021.

du Pontavice, H., Gascuel, D., Kay, S., and Cheung, W.: Climate-
induced changes in ocean productivity and food-web functioning
are projected to markedly affect European fisheries catch, Mar.
Ecol. Prog. Ser., 713, 21-37, https://doi.org/10.3354/meps 14328,
2023.

Eddy, T. D., Bernhardt, J. R., Blanchard, J. L., Cheung, W. W.
L., Colléter, M., du Pontavice, H., Fulton, E. A., Gascuel, D.,
Kearney, K. A., Petrik, C. M., Roy, T., Rykaczewski, R. R.,
Selden, R., Stock, C. A., Wabnitz, C. C. C., and Watson, R. A.:
Energy Flow Through Marine Ecosystems: Confronting Trans-
fer Efficiency, Trends in Ecology and Evolution, 36, 76-86,
https://doi.org/10.1016/j.tree.2020.09.006, 2021.

60

65

70

75

80

85

920

95

100

105

110

15


https://doi.org/10.3354/meps08939
https://doi.org/10.4319/lo.1997.42.1.0001
https://doi.org/10.1146/annurev-marine-121211-172411
https://doi.org/10.3354/meps12826
https://doi.org/10.1098/rstb.2012.0231
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1016/j.pocean.2017.06.008
https://doi.org/10.1890/03-9000
https://doi.org/10.4324/9780429491023-8
https://doi.org/10.4324/9780429491023-8
https://doi.org/10.4324/9780429491023-8
https://doi.org/10.1016/j.marenvres.2020.104898
https://doi.org/10.5194/gmd-9-1545-2016
https://doi.org/10.5670/oceanog.2016.32
https://doi.org/10.1038/s41598-020-63650-z
https://doi.org/10.1038/s41598-020-63650-z
https://doi.org/10.1038/s41598-020-63650-z
https://doi.org/10.1093/icesjms/fsr012
https://doi.org/10.1126/sciadv.abh0895
https://doi.org/10.1016/0304-3800(92)90016-8
https://doi.org/10.1017/9781009157964.008
https://doi.org/10.1017/S0025315417000364
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680
https://doi.org/10.1111/gcb.14944
https://doi.org/10.1111/gcb.15576
https://doi.org/10.3354/meps14328
https://doi.org/10.1016/j.tree.2020.09.006

V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function 21

Eppley, R. W.: Temperature and phytoplankton growth in the
sea, Fishery Bulletin, 70, https://spo.nmfs.noaa.gov/sites/default/
files/pdf-content/1972/704/eppley.pdf (last access: 19 June
2024), 1972.

s Fredston, A. L., Cheung, W. W. L., Frolicher, T. L., Kitchel, Z.
J., Maureaud, A. A., Thorson, J. T., Auber, A., Mérigot, B.,
Palacios-Abrantes, J., Palomares, M. L. D., Pecuchet, L., Shack-
ell, N. L., and Pinsky, M. L.: Marine heatwaves are not a domi-
nant driver of change in demersal fishes, Nature, 621, 324-329,

10 https://doi.org/10.1038/s41586-023-06449-y, 2023.

Froese, R. and Pauly, D.: World Wide Web, Electron, https://www.
fishbase.org/search.php (last access: November 2021), 2018.

Frolicher, T. L. and Laufkotter, C.: Emerging risks from marine heat
waves, Nat. Commun., 9, 650, https://doi.org/10.1038/s41467-

15 018-03163-6, 2018.

Frolicher, T. L., Fischer, E. M., and Gruber, N.. Marine
heatwaves under global warming, Nature, 560, 360-364,
https://doi.org/10.1038/s41586-018-0383-9, 2018.

Garrabou, J., Coma, R., Bensoussan, N., Bally, M., Chevaldonné,

20 P, Cigliano, M., Diaz, D., Harmelin, J. G., Gambi, M. C., Kerst-
ing, D. K., Ledoux, J. B., Lejeusne, C., Linares, C., Marschal, C.,
Pérez, T., Ribes, M., Romano, J. C., Serrano, E., Teixido, N., Tor-
rents, O., Zabala, M., Zuberer, F., and Cerrano, C.: Mass mortal-
ity in Northwestern Mediterranean rocky benthic communities:

25 effects of the 2003 heat wave, Global Change Biology, 15, 1090—
1103, https://doi.org/10.1111/j.1365-2486.2008.01823.x, 2009.

Garrabou, J., Gémez-Gras, D., Medrano, A., Cerrano, C., Ponti,
M., Schlegel, R., Bensoussan, N., Turicchia, E., Sini, M.,
Gerovasileiou, V., Teixido, N., Mirasole, A., Tamburello, L., Ce-

30 brian, E., Rilov, G., Ledoux, J., Souissi, J. B., Khamassi, F.,
Ghanem, R., Benabdi, M., Grimes, S., Ocaiia, O., Bazairi, H.,
Hereu, B., Linares, C., Kersting, D. K., la Rovira, G., Ortega, J.,
Casals, D., Pages-Escola, M., Margarit, N., Capdevila, P., Ver-
dura, J., Ramos, A., Izquierdo, A., Barbera, C., Rubio-Portillo,

s E., Anton, 1., Lopez-Sendino, P., Diaz, D., Vizquez-Luis, M.,
Duarte, C., Marba, N., Aspillaga, E., Espinosa, F., Grech, D.,
Guala, I., Azzurro, E., Farina, S., Cristina Gambi, M., Chimi-
enti, G., Montefalcone, M., Azzola, A., Mantas, T. P., Fraschetti,
S., Ceccherelli, G., Kipson, S., Bakran-Petricioli, T., Petricioli,

s D, Jimenez, C., Katsanevakis, S., Kizilkaya, I. T., Kizilkaya, Z.,
Sartoretto, S., Elodie, R., Ruitton, S., Comeau, S., Gattuso, J.,
and Harmelin, J.: Marine heatwaves drive recurrent mass mor-
talities in the Mediterranean Sea, Global Change Biology, 28,
5708-5725, https://doi.org/10.1111/gcb.16301, 2022.

45 Gasche, L. and Gascuel, D.: EcoTroph: a simple model to
assess fishery interactions and their impacts on ecosys-

tems, ICES Journal of Marine Science, 70, 498-510,
https://doi.org/10.1093/icesjms/fst016, 2013.
Gasche, L., Gascuel, D., Shannon, L., and Shin, Y.-J.:

so  Global assessment of the fishing impacts on the South-
ern  Benguela ecosystem using an EcoTroph mod-
elling approach, Journal of Marine Systems, 90, 1-12,
https://doi.org/10.1016/j.jmarsys.2011.07.012, 2012.
Gascuel, D.: The trophic-level based model: A theoretical approach
s of fishing effects on marine ecosystems, Ecological Modelling,
189, 315-332, https://doi.org/10.1016/j.ecolmodel.2005.03.019,
2005.
Gascuel, D. and Pauly, D.: EcoTroph: Modelling marine ecosystem
functioning and impact of fishing, Ecological Modelling, 220,

2885-2898,  https://doi.org/10.1016/j.ecolmodel.2009.07.031,
2009.

Gascuel, D., Morissette, L., Palomares, M. L. D., and
Christensen, V.. Trophic flow kinetics in marine
ecosystems: Toward a theoretical approach to ecosys-
tem functioning, Ecological Modelling, 217, 33-47,

https://doi.org/10.1016/j.ecolmodel.2008.05.012, 2008.

Gascuel, D., Guénette, S., and Pauly, D.: The trophic-level-based
ecosystem modelling approach: theoretical overview and prac-
tical uses, ICES Journal of Marine Science, 68, 1403-1416,
https://doi.org/10.1093/icesjms/fsr062, 2011.

Gomes, D. G. E., Ruzicka, J. J., Crozier, L. G., Huff, D. D., Brodeur,
R. D., and Stewart, J. D.: Marine heatwaves disrupt ecosystem
structure and function via altered food webs and energy flux, Nat.
Commun., 15, 1988, https://doi.org/10.1038/s41467-024-46263-
2,2024.

Grimmelpont, M., Milinkovitch, T., Dubillot, E., and Lefrancois,
C.: Individual aerobic performance and anaerobic compen-
sation in a temperate fish during a simulated marine heat-

wave, Science of The Total Environment, 863, 160844,
https://doi.org/10.1016/j.scitotenv.2022.160844, 2023.

Guibourd de Luzinais, V.. EcoTroph-Dyn unexploited
ecosystems, Recherche Data Gouv V1 [code],

https://doi.org/10.57745/NHVPCR, 2024a.

Guibourd de Luzinais, V.: Species distribution estimated from
four Species Distribution Models (SDM) database, with their
trophic levels informations, Recherche Data Gouv V1 [data set],
https://doi.org/10.57745/PION92, 2024b.

Guibourd de Luzinais, V., Du Pontavice, H., Reygondeau, G.,
Barrier, N., Blanchard, J. L., Bornarel, V., Biichner, M.,
Cheung, W. W. L., Eddy, T. D., Everett, J. D., Guiet, J.,
Harrison, C. S., Maury, O., Novaglio, C., Petrik, C. M.,
Steenbeek, J., Tittensor, D. P, and Gascuel, D.: Trophic
amplification: A model intercomparison of climate driven
changes in marine food webs, PLoS ONE, 18, e0287570,
https://doi.org/10.1371/journal.pone.0287570, 2023.

Guibourd de Luzinais, V., Gascuel, D., Reygondeau, G., and Che-
ung, W. W. L.: Large potential impacts of marine heatwaves
on ecosystem functioning, Global Change Biology, 30, e17437,
https://doi.org/10.1111/gcb.17437, 2024.

Halouani, G., Gascuel, D., Hattab, T., Lasram, E. B. R., Coll, M.,
Tsagarakis, K., Piroddi, C., Romdhane, M. S., and Le Loc’h,
F.: Fishing impact in Mediterranean ecosystems: an EcoTroph
modeling approach, Journal of Marine Systems, 150, 22-33,
https://doi.org/10.1016/j.jmarsys.2015.05.007, 2015.

Harris, R. M. B., Beaumont, L. J., Vance, T. R., Tozer, C. R., Re-
menyi, T. A., Perkins-Kirkpatrick, S. E., Mitchell, P. J., Nicotra,
A. B., McGregor, S., Andrew, N. R., Letnic, M., Kearney, M. R.,
Wernberg, T., Hutley, L. B., Chambers, L. E., Fletcher, M.-S.,
Keatley, M. R., Woodward, C. A., Williamson, G., Duke, N. C.,
and Bowman, D. M. J. S.: Biological responses to the press and
pulse of climate trends and extreme events, Nat. Clim. Chang., 8,
579-587, https://doi.org/10.1038/s41558-018-0187-9, 2018.

Hernandez, P. A., Graham, C. H., Master, L. L., and Albert, D.
L.: The effect of sample size and species characteristics on
performance of different species distribution modeling meth-
ods, Ecography, 29, 773-785, https://doi.org/10.1111/.0906-
7590.2006.04700.x, 2006.

60

65

70

75

80

85

90

95

00

10

15


https://spo.nmfs.noaa.gov/sites/default/files/pdf-content/1972/704/eppley.pdf
https://spo.nmfs.noaa.gov/sites/default/files/pdf-content/1972/704/eppley.pdf
https://spo.nmfs.noaa.gov/sites/default/files/pdf-content/1972/704/eppley.pdf
https://doi.org/10.1038/s41586-023-06449-y
https://www.fishbase.org/search.php
https://www.fishbase.org/search.php
https://www.fishbase.org/search.php
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.1038/s41467-018-03163-6
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1111/gcb.16301
https://doi.org/10.1093/icesjms/fst016
https://doi.org/10.1016/j.jmarsys.2011.07.012
https://doi.org/10.1016/j.ecolmodel.2005.03.019
https://doi.org/10.1016/j.ecolmodel.2009.07.031
https://doi.org/10.1016/j.ecolmodel.2008.05.012
https://doi.org/10.1093/icesjms/fsr062
https://doi.org/10.1038/s41467-024-46263-2
https://doi.org/10.1038/s41467-024-46263-2
https://doi.org/10.1038/s41467-024-46263-2
https://doi.org/10.1016/j.scitotenv.2022.160844
https://doi.org/10.57745/NHVPCR
https://doi.org/10.57745/PI0N92
https://doi.org/10.1371/journal.pone.0287570
https://doi.org/10.1111/gcb.17437
https://doi.org/10.1016/j.jmarsys.2015.05.007
https://doi.org/10.1038/s41558-018-0187-9
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1111/j.0906-7590.2006.04700.x

22 V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function

Hobday, A., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub,
S. C., Oliver, E. C. J., Benthuysen, J. A., Burrows, M. T., Do-
nat, M. G., Feng, M., Holbrook, N. J., Moore, P. J., Scannell, H.
A., Sen Gupta, A., and Wernberg, T.: A hierarchical approach

5 to defining marine heatwaves, Progress in Oceanography, 141,
227-238, https://doi.org/10.1016/j.pocean.2015.12.014, 2016.

Hobday, A., Oliver, E., Sen Gupta, A., Benthuysen, J., Burrows, M.,
Donat, M., Holbrook, N., Moore, P., Thomsen, M., Wernberg,
T., and Smale, D.: Categorizing and Naming Marine Heatwaves,

10 Oceanogr., 31, https://doi.org/10.5670/oceanog.2018.205, 2018.

Holbrook, N. J., Sen Gupta, A., Oliver, E. C. J., Hobday, A. J., Ben-
thuysen, J. A., Scannell, H. A., Smale, D. A., and Wernberg, T.:
Keeping pace with marine heatwaves, Nat. Rev. Earth Environ.,
1, 482-493, https://doi.org/10.1038/s43017-020-0068-4, 2020.

15 Jennings, S. and Collingridge, K.: Predicting Consumer
Biomass, Size-Structure, Production, Catch Potential, Re-
sponses to Fishing and Associated Uncertainties in the
World’s Marine Ecosystems, PLoS ONE, 10, 0133794,
https://doi.org/10.1371/journal.pone.0133794, 2015.

20 Jennings, S., Warr, K., and Mackinson, S.: Use of size-
based production and stable isotope analyses to predict
trophic transfer efficiencies and predator-prey body mass ra-
tios in food webs, Mar. Ecol. Prog. Ser., 240, 11-20,
https://doi.org/10.3354/meps240011, 2002.

»s Jennings, S., Mélin, F., Blanchard, J. L., Forster, R. M.,
Dulvy, N. K., and Wilson, R. W.: Global-scale predic-
tions of community and ecosystem properties from sim-
ple ecological theory, Proc. R. Soc. B., 275, 1375-1383,
https://doi.org/10.1098/rspb.2008.0192, 2008.

s0 Johansen, J. L., Nadler, L. E., Habary, A., Bowden, A. J.,
and Rummer, J.: Thermal acclimation of tropical coral
reef fishes to global heat waves, eLife, 10, 59162,
https://doi.org/10.7554/eLife.59162, 2021.

Joyce, P. W. S., Tong, C. B., Yip, Y. L., and Falkenberg, L. J.: Marine

35 heatwaves as drivers of biological and ecological change: im-
plications of current research patterns and future opportunities,
Mar. Biol., 171, 20, https://doi.org/10.1007/s00227-023-04340-
y, 2024.

Largier, J. L.: Upwelling Bays: How Coastal Upwelling Con-

40 trols Circulation, Habitat, and Productivity in Bays, Annu. Rev.
Mar. Sci., 12, 415447, https://doi.org/10.1146/annurev-marine-
010419-011020, 2020.

Le Grix, N., Zscheischler, J., Rodgers, K. B., Yamaguchi, R., and
Frolicher, T. L.: Hotspots and drivers of compound marine heat-
45 waves and low net primary production extremes, Biogeosciences,
19, 5807-5835, https://doi.org/10.5194/bg-19-5807-2022, 2022.
LeBlanc, M., Geoffroy, M., Bouchard, C., Gauthier, S., Ma-
jewski, A., Reist, J. D., and Fortier, L.: Pelagic produc-
tion and the recruitment of juvenile polar cod Boreogadus

so0  saida in Canadian Arctic seas, Polar Biol., 43, 1043-1054,
https://doi.org/10.1007/s00300-019-02565-6, 2020.

Libralato, S., Coll, M., Tudela, S., Palomera, I., and Pranovi, F.
Novel index for quantification of ecosystem effects of fishing
as removal of secondary production, Mar. Ecol. Prog. Ser., 355,

55 107-129, https://doi.org/10.3354/meps07224, 2008.

Lindeman, R. L.: The Trophic-Dynamic Aspect of Ecology, Ecol-
ogy, 23, 399-417, https://doi.org/10.2307/1930126, 1942.

Link, J. S.: Adding rigor to ecological network models
by evaluating a set of pre-balance diagnostics: A plea

for PREBAL, Ecological Modelling, 221, 1580-1591,
https://doi.org/10.1016/j.ecolmodel.2010.03.012, 2010.

Longhurst, A. R.: Ecological geography of the sea, 2nd Edn., Else-
vier, Amsterdam Heidelberg, 542 pp., ISBN 978-0-12-455521-1,
2007.

Marin, M., Bindoff, N. L., Feng, M., and Phillips, H. E.:
Slower Long-Term Coastal Warming Drives Dampened Trends
in Coastal Marine Heatwave Exposure, JGR Oceans, 126,
€2021JC017930, https://doi.org/10.1029/2021JC017930, 2021.

Milutinovié, S. and Bertino, L.: Assessment and propagation of un-
certainties in input terms through an ocean-color-based model
of primary productivity, Remote Sensing of Environment, 115,
1906-1917, https://doi.org/10.1016/j.rse.2011.03.013, 2011.

Minuti, J. J., Byrne, M., Hemraj, D. A., and Russell, B. D.:
Capacity of an ecologically key urchin to recover from ex-
treme events: Physiological impacts of heatwaves and the road
to recovery, Science of The Total Environment, 785, 147281,
https://doi.org/10.1016/j.scitotenv.2021.147281, 2021.

Morel, A.: Light and marine photosynthesis: a spectral model
with geochemical and climatological implications, Progress
in Oceanography, 26, 263-306, https://doi.org/10.1016/0079-
6611(91)90004-6, 1991.

Morgan, C. A., Beckman, B. R., Weitkamp, L. A., and Fresh, K. L.:
Recent Ecosystem Disturbance in the Northern California Cur-
rent, Fisheries, 44, 465474, https://doi.org/10.1002/fsh.10273,
2019.

Niquil, N., Baeta, A., Marques, J., Chaalali, A., Lobry, J., and
Patricio, J.: Reaction of an estuarine food web to disturbance:
Lindeman’s perspective, Mar. Ecol. Prog. Ser., 512, 141-154,
https://doi.org/10.3354/meps 10885, 2014.

Oliver, E. C. J., Benthuysen, J. A., Bindoff, N. L., Hobday, A.
J., Holbrook, N. J., Mundy, C. N., and Perkins-Kirkpatrick, S.
E.: The unprecedented 2015/16 Tasman Sea marine heatwave,
Nat. Commun., 8, 16101, https://doi.org/10.1038/ncomms16101,
2017.

Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale,
D. A., Alexander, L. V., Benthuysen, J. A., Feng, M., Sen Gupta,
A., Hobday, A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. E.,
Scannell, H. A., Straub, S. C., and Wernberg, T.: Longer and
more frequent marine heatwaves over the past century, Nat.
Commun., 9, 1324, https://doi.org/10.1038/s41467-018-03732-
9,2018.

Oliver, E. C. J., Benthuysen, J. A., Darmaraki, S., Donat, M. G.,
Hobday, A. J., Holbrook, N. J., Schlegel, R. W., and Sen Gupta,
A.: Annual Review of Marine Science Marine Heatwaves, Annu.
Rev. Mar. Sci., 13, 313-342, https://doi.org/10.1146/annurev-
marine-032720-095144, 2021.

Oregon State University: Online data: Standard VGPM (1080 x
2160 monthly HDF VGPM m chl m sst), ORCA — Ocean
Productivity [data set], https://orca.science.oregonstate.edu/npp_
products.php (last access: 5 May 2022), n.d.

Pauly, D. and Christensen, V.. Primary production re-
quired to sustain global fisheries, Nature, 374, 255-257,
https://doi.org/10.1038/374255a0, 1995.

Pearce, A., Lenanton, R., Jackson, G., Moore, J., Feng, M., and
Gaughan, D.: The “marine heat wave” off Western Australia dur-
ing the summer of 2010/11, Fisheries Research Report No. 222,
Department of Fisheries, Western Australia, 40 pp., 2011.

60

65

70

75

80

85

90

95

00

05

110

15


https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.5670/oceanog.2018.205
https://doi.org/10.1038/s43017-020-0068-4
https://doi.org/10.1371/journal.pone.0133794
https://doi.org/10.3354/meps240011
https://doi.org/10.1098/rspb.2008.0192
https://doi.org/10.7554/eLife.59162
https://doi.org/10.1007/s00227-023-04340-y
https://doi.org/10.1007/s00227-023-04340-y
https://doi.org/10.1007/s00227-023-04340-y
https://doi.org/10.1146/annurev-marine-010419-011020
https://doi.org/10.1146/annurev-marine-010419-011020
https://doi.org/10.1146/annurev-marine-010419-011020
https://doi.org/10.5194/bg-19-5807-2022
https://doi.org/10.1007/s00300-019-02565-6
https://doi.org/10.3354/meps07224
https://doi.org/10.2307/1930126
https://doi.org/10.1016/j.ecolmodel.2010.03.012
https://doi.org/10.1029/2021JC017930
https://doi.org/10.1016/j.rse.2011.03.013
https://doi.org/10.1016/j.scitotenv.2021.147281
https://doi.org/10.1016/0079-6611(91)90004-6
https://doi.org/10.1016/0079-6611(91)90004-6
https://doi.org/10.1016/0079-6611(91)90004-6
https://doi.org/10.1002/fsh.10273
https://doi.org/10.3354/meps10885
https://doi.org/10.1038/ncomms16101
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.1146/annurev-marine-032720-095144
https://orca.science.oregonstate.edu/npp_products.php
https://orca.science.oregonstate.edu/npp_products.php
https://orca.science.oregonstate.edu/npp_products.php
https://doi.org/10.1038/374255a0

V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function 23

Pershing, A., Mills, K., Dayton, A., Franklin, B., and Kennedy,
B.: Evidence for Adaptation from the 2016 Marine Heat-
wave in the Northwest Atlantic Ocean, Oceanogr., 31,
https://doi.org/10.5670/oceanog.2018.213, 2018.

s Peterson, W. T., Fisher, J. L., Strub, P. T., Du, X., Risien, C., Pe-
terson, J., and Shaw, C. T.: The pelagic ecosystem in the North-
ern California Current off Oregon during the 2014-2016 warm
anomalies within thecontext of the past 20 years, JGR Oceans,
122, 7267-7290, https://doi.org/10.1002/2017JC012952, 2017.

10 Pezzulli, S., Stephenson, D. B., and Hannachi, A.: The
Variability of Seasonality, Journal of Climate, 18, 71-88,
https://doi.org/10.1175/JCLI-3256.1, 2005.

Phillips, S. J., Anderson, R. P, and Schapire, R. E.
Maximum entropy modeling of species geographic
15 distributions,  Ecological =~ Modelling, 190, 231-259,

https://doi.org/10.1016/j.ecolmodel.2005.03.026, 2006.

Piatt, J. F,, Parrish, J. K., Renner, H. M., Schoen, S. K., Jones, T.
T., Arimitsu, M. L., Kuletz, K. J., Bodenstein, B., Garcia-Reyes,
M., Duerr, R. S., Corcoran, R. M., Kaler, R. S. A., McChesney,

20  G.J, Golightly, R. T., Coletti, H. A., Suryan, R. M., Burgess, H.
K., Lindsey, J., Lindquist, K., Warzybok, P. M., Jahncke, J., Ro-
letto, J., and Sydeman, W. J.: Extreme mortality and reproduc-
tive failure of common murres resulting from the northeast Pa-
cific marine heatwave of 2014-2016, PLoS ONE, 15, ¢0226087,

25 https://doi.org/10.1371/journal.pone.0226087, 2020.

Pinsky, M. L., Eikeset, A. M., McCauley, D. J., Payne, J.
L., and Sunday, J. M.: Greater vulnerability to warming of
marine versus terrestrial ectotherms, Nature, 569, 108-111,
https://doi.org/10.1038/s41586-019-1132-4, 2019.

s0 Plagényi, E. E.: Models for an ecosystem approach to fisheries,
Food and Agriculture Organization of the United Nations, Rome,
108 pp., ISBN 978-92-5-105734-6, 2007.

Portner, H. O. and Farrell, A. P:
and  Climate Change, Science, 322,

s https://doi.org/10.1126/science.1163156, 2008.

Reygondeau, G., Longhurst, A., Martinez, E., Beaugrand,
G., Antoine, D., and Maury, O.: Dynamic biogeochemi-
cal provinces in the global ocean: Dynamic biogeochemi-
cal provinces, Global Biogeochem. Cycles, 27, 1046-1058,

40  https://doi.org/10.1002/gbc.20089, 2013.

Reygondeau, G.: Current and future biogeography of exploited ma-
rine groups under climate change, in: Predicting Future Oceans,
Elsevier, 87-101, ISBN 978-0-12-817945-1, 2019.

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez,

45 J.-C., and Miiller, M.: pROC: an open-source package for R and
S+ to analyze and compare ROC curves, BMC Bioinformatics,
12,77, https://doi.org/10.1186/1471-2105-12-77, 2011.

Ruzicka, J. J., Brodeur, R. D., Emmett, R. L., Steele, J. H., Zamon,
J. E., Morgan, C. A., Thomas, A. C., and Wainwright, T. C.: In-

so  terannual variability in the Northern California Current food web
structure: Changes in energy flow pathways and the role of for-
age fish, euphausiids, and jellyfish, Progress in Oceanography,
102, 19-41, https://doi.org/10.1016/j.pocean.2012.02.002, 2012.

Physiology
690-692,

Rykaczewski, R. R. and Checkley, D. M.: Influence of
s ocean winds on the pelagic ecosystem in upwelling
regions, P. Natl. Acad. Sci. USA, 105, 1965-1970,

https://doi.org/10.1073/pnas.0711777105, 2008.

Ryther, J. H.: Photosynthesis and Fish Production in the Sea, Sci-
ence, 166, 72-76, https://doi.org/10.1126/science.166.3901.72,
1969.

Schlegel, R. and Smit, A.: heatwaveR: A central algorithm for
the detection of heatwaves and cold-spells, JOSS, 3, 821,
https://doi.org/10.21105/joss.00821, 2018.

Schoener, T. W.: Rate of Species Turnover Decreases from Lower
to Higher Organisms: A Review of the Data, Oikos, 41, 372,
https://doi.org/10.2307/3544095, 1983.

Schramski, J. R., Dell, A. I, Grady, J. M., Sibly, R. M.,
and Brown, J. H.: Metabolic theory predicts whole-ecosystem
properties, P. Natl. Acad. Sci. USA, 112, 2617-2622,
https://doi.org/10.1073/pnas.1423502112, 2015.

Shanks, A. L., Rasmuson, L. K., Valley, J. R., Jarvis, M. A., Salant,
C., Sutherland, D. A., Lamont, E. I., Hainey, M. A. H., and Emlet,
R. B.: Marine heat waves, climate change, and failed spawning
by coastal invertebrates, Limnology and Oceanography, 65, 627—
636, https://doi.org/10.1002/Ino.11331, 2020.

Shiskin, J.: The X-11 Variant of the Census Method II Seasonal Ad-
justment Program, U.S. Department of Commerce, Bureau of the
Census, 74 pp., https://www.census.gov/content/dam/Census/
library/working-papers/1967/adrm/shiskinyoungmusgrave1967.
pdf (last access: 14 June 2024), 1967.

Sing, T., Sander, O., Beerenwinkel, N., and Lengauer, T.: ROCR: vi-
sualising classifier performance in R, Bioinformatics, 21, 3940-
3941, https://doi.org/10.1093/bioinformatics/bti623, 2005.

Smale, D. A., Yunnie, A. L. E., Vance, T., and Widdicombe, S.:
Disentangling the impacts of heat wave magnitude, duration and
timing on the structure and diversity of sessile marine assem-
blages, Peer], 3, €863, https://doi.org/10.7717/peerj.863, 2015.

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey,
B. P, Straub, S. C., Burrows, M. T., Alexander, L. V., Benthuy-
sen, J. A., Donat, M. G., Feng, M., Hobday, A. J., Holbrook, N.
J., Perkins-Kirkpatrick, S. E., Scannell, H. A., Sen Gupta, A.,
Payne, B. L., and Moore, P. J.: Marine heatwaves threaten global
biodiversity and the provision of ecosystem services, Nat. Clim.
Chang., 9, 306-312, https://doi.org/10.1038/s41558-019-0412-1,
2019.

Smith, K. E, Burrows, M. T., Hobday, A. J., King, N. G., Moore, P.
J., Sen Gupta, A., Thomsen, M. S., Wernberg, T., and Smale,
D. A.: Biological Impacts of Marine Heatwaves, Annu. Rev.
Mar. Sci., 15, 119-145, https://doi.org/10.1146/annurev-marine-
032122-121437, 2023.

Smith, K. E. and Thatje, S.: Nurse egg consumption and in-
tracapsular development in the common whelk Buccinum un-
datum (Linnaeus 1758), Helgol. Mar. Res., 67, 109-120,
https://doi.org/10.1007/s10152-012-0308-1, 2013.

Stock, C. A., John, J. G., Rykaczewski, R. R., Asch, R. G., Che-
ung, W. W. L., Dunne, J. P, Friedland, K. D., Lam, V. W. Y,
Sarmiento, J. L., and Watson, R. A.: Reconciling fisheries catch
and ocean productivity, P. Natl. Acad. Sci. USA, 114, E1441—
E1449, https://doi.org/10.1073/pnas.1610238114, 2017.

Suryan, R. M., Arimitsu, M. L., Coletti, H. A., Hopcroft, R. R.,
Lindeberg, M. R., Barbeaux, S. J., Batten, S. D., Burt, W. J,,
Bishop, M. A., Bodkin, J. L., Brenner, R., Campbell, R. W.,
Cushing, D. A., Danielson, S. L., Dorn, M. W., Drummond, B.,
Esler, D., Gelatt, T., Hanselman, D. H., Hatch, S. A., Haught,
S., Holderied, K., Iken, K., Irons, D. B., Kettle, A. B., Kim-
mel, D. G., Konar, B., Kuletz, K. J., Laurel, B. J., Maniscalco,

60

65

70

75

80

85

90

95

100

15


https://doi.org/10.5670/oceanog.2018.213
https://doi.org/10.1002/2017JC012952
https://doi.org/10.1175/JCLI-3256.1
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1371/journal.pone.0226087
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.1126/science.1163156
https://doi.org/10.1002/gbc.20089
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.pocean.2012.02.002
https://doi.org/10.1073/pnas.0711777105
https://doi.org/10.1126/science.166.3901.72
https://doi.org/10.21105/joss.00821
https://doi.org/10.2307/3544095
https://doi.org/10.1073/pnas.1423502112
https://doi.org/10.1002/lno.11331
https://www.census.gov/content/dam/Census/library/working-papers/1967/adrm/shiskinyoungmusgrave1967.pdf
https://www.census.gov/content/dam/Census/library/working-papers/1967/adrm/shiskinyoungmusgrave1967.pdf
https://www.census.gov/content/dam/Census/library/working-papers/1967/adrm/shiskinyoungmusgrave1967.pdf
https://www.census.gov/content/dam/Census/library/working-papers/1967/adrm/shiskinyoungmusgrave1967.pdf
https://www.census.gov/content/dam/Census/library/working-papers/1967/adrm/shiskinyoungmusgrave1967.pdf
https://doi.org/10.1093/bioinformatics/bti623
https://doi.org/10.7717/peerj.863
https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1007/s10152-012-0308-1
https://doi.org/10.1073/pnas.1610238114

24 V. Guibourd de Luzinais et al.: Marine heatwaves deeply alter marine food web structure and function

J. M., Matkin, C., McKinstry, C. A. E., Monson, D. H., Moran,
J.R., Olsen, D., Palsson, W. A., Pegau, W. S., Piatt, J. F., Rogers,
L. A, Rojek, N. A., Schaefer, A., Spies, I. B., Straley, J. M.,
Strom, S. L., Sweeney, K. L., Szymkowiak, M., Weitzman, B. P.,

5 Yasumiishi, E. M., and Zador, S. G.: Ecosystem response per-
sists after a prolonged marine heatwave, Sci. Rep., 11, 6235,
https://doi.org/10.1038/s41598-021-83818-5, 2021.

Thuiller, W., Lafourcade, B., Engler, R. and Aradjo, M. B.:
BIOMOD - a platform for ensemble forecasting of species distri-

10 butions, Ecography, 32, 369-373, https://doi.org/10.1111/j.1600-
0587.2008.05742.x, 2009.

Tremblay-Boyer, L., Gascuel, D., Watson, R., Christensen, V., and
Pauly, D.: Modelling the effects of fishing on the biomass of the
world’s oceans from 1950 to 2006, Mar. Ecol. Prog. Ser., 442,

15 169-185, https://doi.org/10.3354/meps09375, 2011.

Vantrepotte, V. and Mélin, F.: Inter-annual variations in the SeaW-
iFS global chlorophyll a concentration (1997-2007), Deep Sea
Research Part I: Oceanographic Research Papers, 58, 429-441,
https://doi.org/10.1016/j.dsr.2011.02.003, 2011.

20 Varela, R., Rodriguez-Diaz, L., de Castro, M., and G6mez-Gesteira,
M.: Influence of Eastern Upwelling systems on marine heat-
waves occurrence, Global and Planetary Change, 196, 103379,
https://doi.org/10.1016/j.gloplacha.2020.103379, 2021.

Vinagre, C., Leal, 1., Mendonga, V., Madeira, D., Narciso, L.,

s Diniz, M. S., and Flores, A. A. V.. Vulnerability to cli-
mate warming and acclimation capacity of tropical and tem-
perate coastal organisms, Ecological Indicators, 62, 317-327,
https://doi.org/10.1016/j.ecolind.2015.11.010, 2016.

Wernberg, T., Smale, D. A., Tuya, F., Thomsen, M. S., Langlois,
T. J., de Bettignies, T., Bennett, S., and Rousseaux, C. S.:
An extreme climatic event alters marine ecosystem structure
in a global biodiversity hotspot, Nat. Clim. Chang., 3, 78-82,
https://doi.org/10.1038/nclimate1627, 2013.

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure,
K., Depczynski, M., Dufois, F., Fromont, J., Fulton, C. J., Hovey,
R. K., Harvey, E. S., Holmes, T. H., Kendrick, G. A., Radford,
B., Santana-Garcon, J., Saunders, B. J., Smale, D. A., Thomsen,
M. S., Tuckett, C. A., Tuya, F., Vanderklift, M. A., and Wilson,
S.: Climate-driven regime shift of a temperate marine ecosystem,
Science, 353, 169—-172, https://doi.org/10.1126/science.aad8745,
2016.

Westberry, T. K., Silsbe, G. M., and Behrenfeld, M. J.: Gross and
net primary production in the global ocean: An ocean color re-
mote sensing perspective, Earth-Science Reviews, 237, 104322,
https://doi.org/10.1016/j.earscirev.2023.104322, 2023.

Winans, A. K., Herrmann, B., and Keister, J. E.: Spatio-
temporal variation in zooplankton community composition in
the southern Salish Sea: Changes during the 2015-2016 Pa-
cific marine heatwave, Progress in Oceanography, 214, 103022,
https://doi.org/10.1016/j.pocean.2023.103022, 2023.

30

35

40

45

50


https://doi.org/10.1038/s41598-021-83818-5
https://doi.org/10.1111/j.1600-0587.2008.05742.x
https://doi.org/10.1111/j.1600-0587.2008.05742.x
https://doi.org/10.1111/j.1600-0587.2008.05742.x
https://doi.org/10.3354/meps09375
https://doi.org/10.1016/j.dsr.2011.02.003
https://doi.org/10.1016/j.gloplacha.2020.103379
https://doi.org/10.1016/j.ecolind.2015.11.010
https://doi.org/10.1038/nclimate1627
https://doi.org/10.1126/science.aad8745
https://doi.org/10.1016/j.earscirev.2023.104322
https://doi.org/10.1016/j.pocean.2023.103022

	Abstract
	Introduction
	Material and methods
	The EcoTroph dynamic model
	MHW loss rate algorithm
	EcoTroph-Dyn simulations
	Environmental forcing data
	Biomass simulations
	Northeastern Pacific Ocean MHW case study


	Results
	Environmental forcing with and without MHWs
	Biological impacts of MHWs at the global scale
	Impact on total consumer biomass
	Impacts by trophic level
	Various responses of ecosystems to MHWs

	Sensitivity to resistance capacity setting ()
	A case study of a northeastern Pacific MHW

	Discussion
	Impacts of MHWs on global marine consumer biomass
	Trophodynamics approach as a framework for deciphering ecosystem responses to MHWs
	Model validation and sources of uncertainties
	Implications and future research

	Conclusions
	Appendix A
	Appendix A1: MHW characterisation and detection
	Appendix A2: Estimation of species distribution and associated thermal niche
	Appendix A3: Additional loss rate associated with MHW

	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

