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10 1. Abstract

Marine heatwaves (MHWs) are becoming longer, more frequent and more intense in recent
decades. MHWSs have caused large-scale ecological impacts, such as coral bleaching, mass mortality of
seagrass, fishes and invertebrates, and shifts in abundance and distribution of marine species.
However, the implications of these MHW-induced impacts on marine species for the structure and

15  functioning of marine food webs are not clearly understood. In this study, we use the EcoTroph-Dyn
ecosystem modelling approach to examine the impacts of MHWSs occurring during the year's warmest
month on the trophodynamics of marine ecosystems. EcoTroph-Dyn represents marine ecosystem
dynamics at a spatial resolution of 1° longitude by 1° latitude and a temporal resolution of 14 days. We
applied the model to simulate changes in trophodynamic processes, energy transfer and ecosystem

20 biomass using daily temperature and monthly net primary production (NPP) that were derived from
satellite observation from 1998 to 2021. We compared and contrasted the simulated changes in
biomass by trophic levels 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 MHWSs. For example, in the Northeast Pacific Ocean, our model simulated a

25  specific MHW decline in biomass of 8.7% =+ 1.0 (standard error) in the region 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 lower
trophic levels and lasted longer post-MHW. Finally, this study highlights the need to integrate MHWs
into modelling the effects of climate change on marine ecosystems. It shows that the EcoTroph

30 approach, and especially its new dynamic version, provides a framework to understand more

comprehensively the implications of climate change for marine ecosystem structure and functioning.
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2. Introduction

Over the last century, marine heatwaves (MHWs), defined as discrete periods of anomalously
warm water, have increased in frequency, duration, and intensity (Frélicher and Laufkotter, 2018;
35 Oliver et al., 2018). Between the 1920s and the 2010s, their duration and frequency increased by 17%
and 34%, respectively, resulting in more than doubling the number of MHWSs days at a global
scale(Oliver et al., 2018). Since the 2000s, MHW:s that are spatially and temporally extensive have been
recorded in the world oceans, such as the North Pacific MHW in 2013-2015 (Bond et al., 2015; Cavole
et al., 2016), the Mediterranean Sea 2003 and 2022 MHW (Garrabou et al., 2009, 2022), the Western
40 Australia MHW in 2011 (Pearce et al., 2011), and the Tasman Sea MHW in 2015-2016 (Oliver et al.,
2017). Documented ecological consequences of these MHW events include coral bleaching (Garrabou
et al., 2009, 2022; Pearce et al., 2011) and ecosystem “tropicalization” (Wernberg et al., 2016). Also,
MHWs caused a decrease in phytoplankton biomass and diversity that has led to significant changes
in zooplankton and other marine invertebrate diversity and biomass (Cavole et al., 2016), and mass
45 mortality of fish and invertebrates (Cannell et al., 2019; Cavole et al., 2016; Collins et al., 2019).
However, these ecological impacts of MHWSs are not ubiquitous and varied largely between MHW
events (Fredston et al., 2023; Oliver et al., 2021; Pershing et al., 2018; Smale et al., 2019; Smith et al.,
2023).
The ecological impacts of MHWSs have predominantly been studied using laboratory
50 experimentations, analyses of ecological time series, and simulation modelling (Joyce et al., 2024). For
example, Carneiro et al., (2020) assessed the evolution of physiological and biochemical parameters
and survival rates of the clam Anomalocardia flexuosa in response to simulated MHWSs. Fredston et
al., (2023) studied the effects of MHWSs on marine species biomass by analysing scientific trawl survey
data (FishGlob data) and historical temperature records. Cheung et al., (2021) and Cheung & Frélicher,
55 (2020) employed marine ecosystem models to investigate MHW implications for biomass and potential
catches of exploited marine species and their implication 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 assessments that focus only on
60 long-term climate change.
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 transfer efficiency and the
speed of energy transfer through the food web, which results in declines in marine animal biomass (du

Pontavice et al., 2021; Guibourd de Luzinais et al., 2023). We expect that temperature changes during
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65  MHWs will also impact trophodynamics and marine animal biomass. However, the effects of MHWs
on ecosystem structure and function globally have not yet been clearly understood.

This study aimed to disentangle the additional or synergistic consequences of MHWSs occurring
during the year's warmest month with the effects of the slow-onset climate changes in marine
ecosystems. | used the EcoTroph-Dyn ecosystem model that was developed and applied to study the

70 responses of marine ecosystems to MHW (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 geographical

75  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 on the Northeast Pacific Ocean from 2013 to 2016) and highlighted how MHWSs can

trigger long-term changes in the ecosystem proceeding to their occurrences.

3. Material and method

80 3.1 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 & Pauly, (2009). In EcoTroph, biomass is produced from primary producers (trophic level TL =
1) and consumed by heterotrophic organisms (TL>1). Thus, the food web functioning is represented as

85  a continuous flow of biomass surging up the food webs, from primary producers (low TLs) to top
predators (high TLs). The resulting ecosystem structure is a continuous distribution of biomass along a
gradient of TLs i.e., biomass trophic spectra (Gascuel et al., 2005, Figure 1). Practically, each biomass
trophic spectra with TL above 1 is split into small trophic classes bounded by pre-defined lower and
upper trophic levels (with conventionally TL width = 0.1 in the steady-state version of EcoTroph). The

90 biomass spectrum in EcoTroph generally refers to whole consumers biomass, including organisms
living in pelagic, mid-water, and benthic habitats. The time needed for the biomass to flow from one
to the next trophic class varies along the food chain, with biomass transfers generally faster in lower
TLs than in the higher ones.

EcoTroph has been applied to study the long-term effects of fishing, e.g., du Pontavice et al.,

95 2023; Gasche et al., 2012; Gasche & Gascuel, 2013; Halouani et al., 2015; Tremblay-Boyer et al., 2011
and climate change (du Pontavice et al., 2021) on ecosystems biomass and production. EcoTroph-Dyn,

the dynamic version of EcoTroph, simulates changes in biomass flows in the trophic biomass spectra
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at a 2-week (14 days) time step. This time step was used as it represents the average duration of most

naturally occurring or experimentally simulated MHWs (Smale et al., 2015). EcoTroph-Dyn includes
100  algorithms that model changes in flow kinetics, boundaries of trophic classes and the resulting biomass

states and flow between trophic classes, and an algorithm that models the biomass loss associated

with MHWs occurrence. EcoTroph-Dyn algorithms' details are described in Guibourd de Luzinais et al.,

2024. Here, we provided a summary of these algorithms.

The quantity of biomass flowing from a trophic class to the next, due to predation or ontogeny,
105 is not conservative and can be calculated at each time step as:
Dppagesr = Brp - e Wermeddme, (1)

where 1, (expressed in TL™!) represents the mean natural losses (due to non-predation mortalities,

excretion and respiration), which defines the proportion of biomass that does not stay in or move up

in the food web (Gascuel et al., 2008; du Pontavice et al., 2020). The 1), parameter (expressed in TL™?)
110 represents the additional loss rate specifically due to mortalities induced by MHW events (section

3.2.2).

The flow kinetic K: (expressed in TL.year), 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

115  equation described in Gascuel et al., (2008):
K, = 20.19 - T]_—3.258 . @ 004155y 2)
where SST, corresponds to the annual moving average sea surface temperature in year y and 1;
corresponds to the trophic level of each TL classes j.
EcoTroph-Dyn assumes that MHWSs can increase the mortality of marine organisms and thus reduce
120 their life expectancy. Therefore, according to equations used in the steady-state version of EcoTroph,
the flow kinetics during MHWs is increased as follows:
K, = 20.19 - Tj—3.258 @00 SSTy L (14q ) 3)

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

125 Biomass spectra in EcoTroph-Dyn are split into trophic classes with variable widths of trophic
levels. The width of trophic classes [Tj; Ti:1[ was determined based on the estimated mean flow kinetics
so that biomass could transfer up a trophic class in each time step (At = 1/24 year). Thus:

AT = 7,1 — 7 =KT-At = 20.19 - 7;3%58 . ¢ 0041 SSTy . (147p,) - At (4)
where 1, the MHW-associated additional loss rate, is only considered during MHWs.

130 According to fluid dynamic equations, the EcoTroph-Dyn state variable B; ;, representing the

biomass present at time step t within the TL class [t,T+At][. It is expressed as:
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where @, is the mean quantity of biomass flowing within the trophic class [t, T + At[ at time step t,
and K. is the mean flow kinetic within the trophic class [, T + At][.

Finally, the production P, ; of the trophic class [t, T + At[ at time step t is:

fS=T+AT

P = ®(s,t) -ds = @, - AT, (6).

S=T

Hence, according to equations (5) and (6), EcoTroph highlights that biomass stems from the
ratio of the production to the flow kinetic. Production is expressed in t-TL-year™, that is, biomass in
weight moving up the food web by 1 TL on average during one 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 kinetic, temperature and MHW dependant, is crucial in defining trophic class
boundaries and estimating biomass for each trophic level over time. When MHWSs occur, there is a loss
of biomass flow at each trophic level. The empirical models used for each parameter (MHW losses (1),
transfer Efficiency (TE), and flow kinetic (K) and where satellite data are incorporated into the model
to account for marine heatwaves are noted in the figure.

3.2 MHW loss rate algorithm computation
We compute the loss rate in the biomass flow associated with MHWSs based on the percentage
of species undergoing thermal stress, i.e., species exposed to temperatures exceeding their thresholds.
A detailed description of the MHW loss rate algorithm computation is described in S1. Here, we
provided the main steps for the incorporation of the effects of marine heatwaves in EcoTroph-Dyn:
1. Detection and characterisation of MHWSs with climatology period (1982-2011)
2. Estimation of species distribution and associated thermal niche

3. Matching MHWs' historical distributions and characteristics with species distribution
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4. Calculation of the percentage of species undergoing thermal stress in each ocean spatial cell
5. Estimation based on this percentage of an additional loss rate associated with MHWs
Finally, through loss rate (ni) mathematical expression, we assumed that species were continuously

160  challenged by MHW increased intensity expressed as:

1t50_¢1;
eb_tli-a«(MHWL.at,i— )

n=e” - B, (7)

where b_tli and Itso_tli correspond to the slope of the function and the index of marine
heatwave intensity (MHW.,,) at which 50% of the species are undergoing thermal stress in cell;,
corresponds to the MHW duration, with 8 ranges from f3=0; no MHW, =1; MHW lasting 15 days of
165  the fortnight (see section 3.3.1). MHWc.t,; corresponds to MHW intensity index (defined in S1) and a is
a coefficient assumed to represent the species’ resistance capacity to MHW conditions, thus reducing

the mortality rate due to species’ exposure to thermal stress.
An a = 0.2 has been considered the central hypothesis used in our simulations. However, we

also explored the sensitivity of the results to community resistance capacity to MHW by testing four
170 alternative values of a. The a values that we tested were full resistance (a =0, i.e., we fixed ni=0; no

mortality due to thermal stress), partial resistance (a = 0.2, 0.5; 20%, and 50% of the species die
because of thermal stress, respectively) and no resistance (a =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 increased the mortality rate.

175 3.3 EcoTroph-Dyn simulations

The EcoTroph-Dyn model was applied to simulate consumer biomass and production (between
TLs 2 and 5.5) from 1998 to 2021 for each 1° x 1° spatial cell of the global ocean (Appendix S2). Model
outputs were summarised spatially by biomes: tropical, temperate, or upwelling biomes, based on
Reygondeau et al., (2013). We excluded polar biomes because net primary production (NPP) data, one
180  of the forcing variables of the EcoTroph-Dyn model, were not available in high-latitude regions during
the winter period.
3.3.1 Environmental forcing data
We simulated and compared consumer biomass and production under scenarios with and
without MHW. The simulations were driven by daily SST observations from the National Oceanic and
185 Atmospheric Administration - Advanced Very High-Resolution Radiometer (NOAA _AVHRR) data

(https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00680) and

NPP data predicted from the EPPLEY-VGPM algorithm and satellite remote sensing data

(http://orca.science.oregonstate.edu/npp products.php).
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From the daily SST time series in each ocean cell, we identified every MHWSs day. We defined

190 an MHW as when the daily SSTs exceed an extreme temperature threshold value for at least five
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 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

195  mostly occurring during the year's warmest months. We used the R package heatwaveR described at

https://robwschlegel.github.io/heatwaveR/ (Schlegel and Smit, 2018) to detect MHWs in each spatial

cell from January 1998 to December 2021.
For the scenarios ‘with MHWSs’, we used the SST time series from NOAA _AVHRR data.
To simulate scenarios without MHW in the SST time series, we decomposed the daily SST time
200  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:
Vi =T+ S+ H; ,
where Y; represents the daily SST at day t, T; represents the long-term mean annual changes in
temperature, S; represents the seasonal component (repetitive pattern over time), and H, represents
205 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-day running average of the initial series
Y;. The seasonal component (S;), is then computed by applying a centered 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 revised estimation of these two components (see the
210 method in Pezzulli et al., 2005; Vantrepotte & Mélin, 2011), The additional temperature variability
component was computedas H, = Y; — S; — Tt.
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 expected temperature without the additional variability (H;)
215  componenti.e., Ty + S;. For MHW days with Y; below (T; + S;) or not an MHW day, we keep the daily
SST value Y; (see S3, where the process of creating this time series is illustrated). The time series
created using this algorithm is referred here as ‘without MHW’.
Finally, to match the daily SST time series to EcoTroph-Dyn time-step resolution (fortnight =
1/24 year), we aggregated the initial temperature time series Y; and ‘without MHW’ time series at a
220  fortnight scale. Specifically, we averaged the daily SST for every fortnight of a year. We then computed
the proportion of MHW days (3) within each fortnight. Thus, 8 = 0 when no MHW day is identified in

a fortnight and =1 when MHW last for an entire fortnight.
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Gridded monthly NPP data from 1998 to 2021 were obtained from satellite-derived estimation.
The NPP data were estimated using the EPPLEY-Vertically Generalized Production Model (VGPM)

225  computation method (Behrenfeld and Falkowski, 1997). The EPPLEY-VGPM method is hybrid model
that employs the basic model structure and parameterisation of the standard VGPM computation but
replaces the polynomial description of Pb_opt with the exponential relationship described by Morel
(1991), based on the curvature of the temperature-dependent growth function described by Eppley
(1972).

230 After excluding spatial cells from the polar biome, we had a total of 34,643 cells, 13,340 of
which contained incomplete time series of NPP. For cells with incomplete time series, we utilised the
spline function from the R package "stats" to interpolate the missing Net Primary Production (NPP)
values. In each ocean cell, the interpolation was constrained by the minimum and maximum satellite
data values of the NPP observed over their respective time series. This approach ensured reliable

235 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 fortnights in each month.

3.3.2 Biomass simulations

We simulated the changes in biomass spectra in each spatial cell from 1998 to 2021 under the
240  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 attributable to MHWs. We explored the sensitivity of the results to species’
resistance capacity to MHW conditions using the four resistance capacity settings represented by the

245  values of the coefficient a.
We initialised the model by applying a ‘burn-in” period of simulating 12 years without any
environmental forcing. Indeed, simulation testing indicates that a ‘burn-in’ period of at least 10 years
is needed for biomass spectra to reach equilibrium (S4). Increasing the ‘burn-in’ period beyond 12
years does not significantly change the equilibrium biomass spectra (t test p-value=0.6118). We thus

250  used the average of the time series (1998 to 2021) as the ‘burn-in’ period in each ocean spatial cell.

3.3.3 Northeast Pacific Ocean MHW case study
An analysis focusing on the MHW that occurred in the Northeast 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 MHWs events. First, we extracted the EcoTroph-Dyn simulation
255  outputs (with and without MHW) in the region, delineated by the boundary of nine biogeochemical

provinces that had been identified by Reygondeau et al., (2013) and adapted from Longhurst, (2007).
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These biogeochemical provinces include: Central American coast (CAMR), California Ocean and Coastal
current (OCAL and CCAL), Alaska coastal downwelling (ALSK), North Pacific Tropical gyre (NPTG),
Northeast Pacific subtropical (NPSE), North Pacific polar front (NPPF), Eastern Pacific subarctic gyres
260  (PSAE), and the Western Pacific subarctic gyres (PSAW). Second, we computed biomass change using
the reference period 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.

4. Results

265 4.1 Environmental forcing with and without MHWs

In response to climate change, the NPP and SST are already perturbed. Global total NPP
decreased by 1% by 2015-2021 compared to the 1998-2009 period. However, large spatial variability
in NPP changes were observed (Figure 2a). Notably, NPP decreased by 20% in the Northeast Pacific,
while an increase of 20% was estimated for the Southern Ocean. Under the ‘without MHW’ scenario

270  (Figure 2b), global average SST increased by 0.28°C in 2015-2021 compared to the 1998-2009 period,
with some areas warming up to 0.5°C. However, under the ‘with MHWSs’ scenario (Figure 2c), SST
increased by 0.32°C in 2015-2021 compared to the period 1998-2009, with some areas, such as the
Northeast Pacific, warmed up by 1°C during the same period. Globally, the estimated increase in
average SST from 2015 to 2021 was 4% higher in the ‘with MHWSs’ scenario compared to the ‘without

275 MHW’ scenario.

[ ]
-20  -10 0 10 20

NPP change (in %)

-
-05 0.0 0.5 1.0
SST change (in °C)
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Figure 2: Changes in SST and NPP between the average of 2015-2021 relative to the average between
1998-2009. (a) NPP, (b) SST under the ‘without MHW’ scenario, and (c) SST under the ‘with MHWs’
scenario.

280 Under the ‘with MHWSs’ scenario, MHWs occurring during the year's warmest month increased

in intensity, duration, and surface extent from 1998 to 2021 (Figures 3a, b) with large spatial variability
(Figures 3c, d). MHWs with intensity lower than 3°C above the climatology were identified on average
in 28.5 % of the ocean surface. These MHWs lasted, on average, more than 40 days. In contrast, MHWs
characterised as higher intensity (=3°C above climatology) were identified in <20% of the ocean
285 surface area. These relatively more intensive MHW:s lasted, on average, 32 days. Furthermore, more
days with MHWSs with lower intensity were identified for low latitude regions (23°N - 6°S) (Figure 3c)
compared to MHWs identified in higher latitude regions (> 23°N and 25°S). In addition, the intensity of
MHWs was higher in higher latitude regions in the northern hemisphere relative to those in the

southern hemisphere (Figure 3d).
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Figure 3: Temporal and spatial characteristics of MHWs identified for the period 1998 to 2021. (a)
Evolution of spatial extent of MHWs categorised by their intensity, (b) Evolution of MHWSs averaged
duration categorised by their intensity, and (c) Average intensity of MHWs over the period 2015-2021.
(d) Average number of MHWs over the period 2015-2021.

295 4.2 Biological impacts of MHWs at the global scale

4.2.1 Impact on total consumer biomass
The projected changes in total consumer biomass were higher under the ‘with MHWS' scenario
relative to the ‘without MHW’ scenario. Globally, total consumer biomass was projected to decrease,
on average, by 0.07 + 0.02% per year (standard error) relative to the baseline period of 1998-2009

300  (Figure 4a) (GLS, Generalized Least Squares, p-value < 0.05). In contrast, simulations under the ‘with
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MHWSs’ scenario with an MHW resistance capacity setting of a=0.2 projected an average decrease in
total consumer biomass of 0.12 + 0.02% per year relative to the baseline period of 1998-2009 (p-value
< 0.05). Thus, simulations that focused on annual mean changes in temperature only masked the
effects of the short-term impacts of MHWSs on the long-term changes in consumer biomass in the

305  ecosystem (S5).
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Figure 4: Simulated total consumer biomass change in the ocean from 1998 to 2021 under the

315  ‘without MHW’ (black lines) and with MHWs (light orange lines) scenarios, with a resistance capacity
setting of a=0.2. (a) the world ocean (excluding polar biome), (b) temperate biomes, (c) tropical
biomes, and (d) upwelling biomes, respectively (S2 for biomes spatial definition). The horizontal grey
line separates positive and negative total consumer biomass changes.

320 While total consumer biomass was projected to decrease slightly across the three biomes
(Figures 4b, c, and d), in the scenario ‘with MHWSs' the declines in tropical biomes were larger than the
global average. Under the “without MHW” scenario, total consumer biomass in temperate biomes was
projected to increase by 0.01% + 0.01 (standard error), while in tropical and upwelling biomes, it was

projected to decrease by 0.18% + 0.01, and 0.02% * 0.01 per year, respectively, relative to the baseline
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325 period. Under the ‘with MHWSs' scenario with a=0.2, total consumer biomass in temperate, tropical,
and upwelling biomes was projected to decrease more strongly by 0.03% + 0.01%, 0.23% + 0.02%, and

0.1% + 0.02, respectively, relative to the baseline.

4.2.2 Impacts by trophic level

MHWs exacerbated the projected climate change impacts on biomass, particularly for higher
330 trophic level groups. Indeed, 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 by 1 +
0.1% SE by 2015-2021 relative to 1998-2009 (Figure 5a). In contrast, under the ‘with MHWS' 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 low trophic

335 level (TL € [2;3[, 3.4 £ 0.1%) and mid trophic level (TL € [3;4[, 4.1 £ 0.1%) classes (Figure 5e).
The impact on high trophic levels differed between biomes, notably with the tropical and
upwelling biomes being more impacted. Under the ‘without MHW’ scenario, our model projected a
decrease in high trophic level consumer biomass of 0.5 + 0.1%SE, 2.4 + 0.1%, and 2.2 + 0.1% in
temperate, tropical, and upwelling biomes, respectively, by 2015-2021 relative to 1998-2009 (Figures
340 5b, ¢, and d). 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
5.9 £ 0.1% in temperate, tropical, and upwelling biomes, respectively, while a smaller biomass

decrease for low and mid-trophic level was expected (Figures 5e, g, and h).
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345 Figure 5: Projected changes in consumer biomass by trophic levels and biomes under ‘without MHW’
and ‘with MHWSs’ scenarios relative to the average between 1998-2009. Low trophic level (TL € [2;3[
in black), medium TL (TL € [3;4[ in blue), and high TL (TL € [4;5.5] in red). (a, e) correspond to global
scale, (b, f) to the temperate biome, (c, g) to the tropical biome, and (d, h) to the upwelling biomes. (a,
b, ¢, and d) correspond to ‘without MHW’ scenarios while (e, f, g, and h) correspond to ‘with MHWs’

350  scenarios. The simulation results under the ‘with MHWSs’ scenario used a resistance capacity setting of
0=0.2.

4.2.2 Various responses of ecosystems to MHWs

Over the 2015 to 2021 period, MHWs impacted total consumer biomass with large variations

in both the direction and magnitude of the impacts between biomes (Figure 6). Under the ‘without

355 MHW’ scenario, the model projected an increase in total consumer biomass in 33.5% of the ocean
area, especially in temperate biomes (Figure 6a). Under the ‘with MHWSs’ scenario, this proportion
decreased and a biomass decrease was projected to occur in 76% of the global ocean, with a projected

global biomass decrease of 3.6% by 2015-2021 relative to 1998-2009. In high latitudes (> 25°N and

25°S), MHWs exhibiting high intensity but short duration (Figures 3c and d) resulted in moderate

360 additional biomass losses, up to 8% in 2015-2021 (Figure 6c). Conversely, in low latitudes (25°N - 25°S),
MHWs led to substantial additional biomass losses, exceeding 10% on average (Figure 6¢) and up to

20% in biodiversity hotspots such as Indonesia, off Papua New Guinea Coast, and Central America.

Thus, high latitude and upwelling areas appeared to be refuge zones from MHWs compared to low
latitudes. Looking at the MHW's additional impact within food webs (S6, S7, and S8), similar spatial

365 patterns and responses were expected with a higher impact (biomass decreases) on high trophic levels

compared to lower trophic levels.

(a) Without MHW (b) With MHWs and a = 0.2 (c) MHWs specific biomass impact, a = 0.2
T = : : — o 5 y = T .
- L
-40 -30 -20 -10 ) 10 -40 -30 -20 -10 [ 10
Total consumer biomass change (%) Total consumer biomass change (%) Differences in consumer biomass between scenarios (%)

Figure 6: Changes in total consumer biomass in 2015-2021 compared to 1998-2009. (a) total
consumer biomass under the “without MHW” scenario, (b) total consumer biomass under the ‘with
370 MHWSs’ scenario with a=0.2, and (c) differences in consumer biomass between scenarios.

4.3 Sensitivity to resistance capacity setting (o)
Ecosystem total consumer biomass response to MHWSs depended on community resistance
capacity. Assuming species to have full resistance (a=0) or no resistance (a=1) to MHWs, total
375  consumer biomass was projected to decrease by 2.3% and 15.3% by 2015-2021 relative to 1998-2009,
respectively (Figure 7a). Simulations using different a values projected changes in total consumer

biomass that were consistent in direction but differed significantly in magnitude. A three-way ANOVA
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was performed to analyse the effect of trophic levels, biomes, and a value on biomass change. This
ANOVA revealed a statistically significant effect on biomass change of trophic levels, biomes, and a
380 values (p <2e-16), individually. Additionally, the interaction between biomes, trophic levels, and a
value also had a significant effect on biomass change (F (27, 16737) = 442.4, p-value < 2e-16). The
lower the resistance capacity of species (higher a value), the greater the loss of total consumer
biomass. On a biome scale, these variations in biomass loss were greater for the tropics, with values
ranging from 3.1% (a=0) to 20.2% (a=1) (Figure 7c). In comparison, sensitivity was lower in the
385  temperate and upwelling biomes with a decrease between 1.4% (a=0) and 11.2% (a=1) and 3.8% (a=0)

and 12.3% (a=1), respectively (Figures 7b and d).
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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 levels (TL) (low TL,
390 medium TL and high TL). Colours represent different resistance capacity settings (o 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 75 quantiles.
The sensitivity of changes in total consumer biomass to the resistance setting increased with
395  trophic level. At a global scale, low TLs response ranged from a consumer biomass decrease of 1.4%
(a=0) to 8.0% (a=1), while high TLs exhibited values ranging from 0% (a=0) to 11% (a=1) (Figure 7a).
Furthermore, the sensitivity of trophic levels to the a value was greater in the tropical biome and lower

in the temperate and upwelling biomes relative to that of the global ocean.
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400 4.4 A case study of a Northeast Pacific MHW

Our model projected that the MHW in the Northeast Pacific from 2013 - 2016 (‘the Blob’)
resulted in long-term changes in biomass spectrum in the region (Figure 8a). Temperature anomalies
were >=4 °C (July-October 2013 to 2016 average) and up to 8 °C in 2015 relative to 1982-2011. This
temperature anomaly had some ecological repercussions. On average, without accounting for MHWs,

405 total consumer biomass in our simulation was hindcast to decrease by 1.5% + 0.3, 3.1% + 0.4, 6.6% +
0.2,and 5.2% + 0.3 in 2013, 2014, 2015, and 2016, respectively, compared to the reference period of
1998 to 2009 (black line in Figure 8b). However, when accounting for MHWs with a=0.2, the total
consumer biomass loss decreased on average by an additional 3.1% in 2013, 2014, 2015, and 2016.
Furthermore, the difference in linear trend (slope and intercept) between the biomass time series 1998

410  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).

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

415 biogeochemical provinces in the Northeast Pacific, except Alaska coastal downwelling (ALSK) and
Central American coast (CAMR), exhibited significant total consumer biomass decrease (ANOVA, F(1,
151) = 155.443, p-value < 2e-16) under the scenario with and without MHW. Under the ‘without MHW’
scenario, total consumer biomass in the North Pacific Tropical gyre (NPTG) biogeochemical provinces,
followed by the California current (CCAL+OCAL biogeochemical provinces), was hindcast to decline

420 most amongst the provinces when comparing before, during, and after ‘the Blob’ (Figure 8c). However,
under the ‘with MHWSs’ scenario and with a resistance capacity setting of a=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 5% and 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 (Figure 8c). Particularly, the

425 California current and the Alaska coastal downwelling provinces were the most affected by MHW, with
additional biomass decreases of 5% and 3.8% ‘with MHWSs’ relative to ‘without MHW’ scenario, during
and after ‘the Blob’.

The impact of ‘the Blob' on various trophic levels was similar to the global pattern, with a rapid
reaction (in terms of biomass loss) observed at lower TL and higher TLs exhibiting a delayed response

430  (S9). When considering the influence of MHWs from 2013 to 2016 and under the ‘with MHWSs’ and
a=0.2 resistance capacity, there was a hindcast biomass reduction of 6.8% + 0.7, 6.3% + 0.6, and 4.3%

+ 0.3 for low, medium, and high TLs, respectively, when compared to the reference period of 1998 to
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2009. Compared to pre-event conditions, as of 2021, aside from low TLs, medium and high TLs gave
no sign of recovery from ‘the Blob’ MHW event.

435
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Figure 8: Hindcast of temporal and spatial biological impacts of the MHW from 2013 to 2016 in the
Northeast Pacific (‘the Blob’). (a) Temperature anomalies between 2013 and 2016, (b) biogeochemical
provinces definition, with Central American coast (CAMR), California Ocean and Coastal current (OCAL
440  and CCAL), Alaska coastal downwelling (ALSK), North Pacific Tropical gyre (NPTG), Northeast Pacific
subtropical (NPSE), North Pacific polar front (NPPF), Eastern Pacific subarctic gyres (PSAE), and the
Western Pacific subarctic gyres (PSAW). (c) Generalised least squares models (lines) and total
consumer biomass change ‘without MHW’ and ‘with MHWSs’ scenarios in the black and light orange
colour, respectively. The vertical grey shaded area indicates ‘the Blob’ duration. (d) Average total
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445  consumer biomass changes before (1998 to 2012, pink), during (2013 to 2016, green), and after (2017
to 2021, blue) ‘the Blob’ for each biogeochemical province. The error bars correspond to standard
errors.

Trophic dynamics of the biomass spectra in the Northeast Pacific were hindcast to be impacted

by ‘the Blob’ (S10). The trophodynamic indicators flow kinetic and trophic efficiency increased and
450 decreased, respectively, in the model. Under the scenario ‘without MHW’, the average hindcast flow
kinetic of the biomass spectra in the Northeast Pacific increased by 0.6% + 0.2 while the transfer
efficiency decreased by 0.7% + 0.2 by 2013-2016 relative to 1998-2009. Consideration of the MHW
under the ‘with MHWSs’ scenario exacerbated the increase in flow kinetic and decrease in trophic

efficiency significantly by 0.7% and 0.4%, respectively (t test p-value < 0.05).

455 5. Discussion

In this study, by accounting for MHWs in the last four decades’ simulation hindcast, we showed
the potential of synergic impacts of MHWSs (pulses) with the trend in temperature induced by long-
term directions of 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

460  spatial dynamics, regional differences in ocean biogeochemical and physical conditions and ecosystem
trophodynamic characteristics. Furthermore, studying ‘the Blob’, we highlighted that MHWs could

exacerbate the long-term impacts of climate change that vary between biogeochemical provinces.

5.1 Impacts of MHWSs on global marine consumer biomass

Over the past two decades, MHWs have led to increased mortality rates and significant

465 alterations in the functioning and structure of ecosystems (Smith et al., 2023; Wernberg et al., 2013,
2016). Our modelling analysis suggested that, without accounting for MHWSs and their ecological
effects, the decline in global-scale biomass associated with climate change may have been significantly
underestimated. We showed that MHWs exacerbated the impacts of long-term climate change,
impacting trophodynamic parameters such as the flow kinetic and transfer efficiency within

470 ecosystems congruent with Arimitsu et al., 2021; Gomes et al., 2024; Smith et al., 2023 studies. These
perturbations of ecosystems functioning result in biomass loss through food webs. Although MHW
temperature anomalies have mostly lasted for weeks to months only, we emphasise that the resulting
ecosystems perturbations last for a longer time (decades) and influence long-term biomass change

(Figure 8, Babcock et al., 2019; Cheung & Frolicher, 2020; Guibourd de Luzinais et al., 2024). Finally,

475  the intensity and duration of MHWs influenced the magnitude of ecosystem functioning perturbation
(Oliver et al., 2021; Smith et al., 2023). We highlighted that the intensity and duration of MHWs
characteristics have continuously increased since the beginning of the 21st century (Figure 3), leading

to a sharp biomass decrease over the period hindcast (Figure 4). Such short-term biomass decreases
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strengthened the impacts of long-term climate change (Cheung and Froélicher, 2020; Collins et al.,
480  2019).

At a global scale, over the whole time series and different MHW resistance capacity scenarios,
high TL biomass experienced greater impacts from MHWs that were not able to recover pre-perturbed
levels as much 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 TL consistently decreased over time.

485  The time needed for the biomass to return to pre-perturbed levels was related to the rate of biomass
turnover, 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, therefore, be
greater than the time that high TLs need to recover from the impacts of individual MHWSs and could

490  contribute to the continuing decline in high-TL biomass.
5.2 Trophodynamics approach as a framework for deciphering

ecosystem responses to MHWs

In our modelling approach, trophodynamic changes were assessed through transfer efficiency

(TE) and flow kinetics. TE (dimensionless) is defined as the fraction of energy transferred from one

495  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 ecosystems and an essential
parameter in many applications of marine 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;

500 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 days) allowed us

to take into account metabolic fluctuations over a shorter period. The temperature during MHWs
increases the basal metabolism (catabolism) of marine organisms (Grimmelpont et al., 2023; Minuti et

505 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 TL-year™ quantifies

the speed of the trophic flux, i.e., the rate of biomass transfers from lower trophic levels to higher

510 ones, due to predation and/or ontogenesis (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
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(Gascuel et al.,, 2008; Schramski et al., 2015). This flow kinetics can be measured by the
production/biomass ratio (P/B, Gascuel et al., 2008), used in many ecosystem models, particularly EWE
515 (Ecopath with Ecosim, Christensen & Pauly, 1992).

MHWs disrupt the metabolism of individuals and, on a larger scale, impact the entire
ecosystem with trophodynamic changes throughout the trophic network (S10, Arimitsu et al., 2021;
Collins et al., 2019; Gomes et al., 2024; Smith et al., 2023). However, due to their different physical
characteristics depending on the ecosystems and the varying functioning of these ecosystems, they do

520 not induce the same structural and functional changes, leading to different biomass losses. Tropical
ecosystems are composed of species with low metabolic efficiency (TE) (low ratio between ingested
energy and stored energy), with significant energy losses that increase 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

525  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
associated 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 MHWSs (Guibourd de

530 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, MHWs exacerbate prey mortality rates, resulting in proportionally
higher predation rates; i.e., biomass remains for a shorter time at each trophic level, corresponding to
a sharp acceleration of biomass flow (estimated at 1 % on average between 1998 and 2021). Given the

535 relatively high number of MHW days (Figure 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 (Guibourd de

540 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 waters),
reduces the biomass residence time at each trophic level in the food chain, i.e., a slight acceleration of

545  the speed of biomass flow between each trophic level (estimated in our simulations at an average of

0.3% between 1998 and 2021). Since MHWs in these ecosystems are characterised by significant
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temperature anomalies but over relatively short durations (Figure 3, Frélicher 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 characterised by low transfer efficiencies

550  with high biomass residence times, indicating slow biomass transfers between prey and predators (du
Pontavice et al., 2020). These MHWSs cause thermal stress and moderate mortality (Guibourd de
Luzinais et al., 2024). They lead to a decrease in the metabolic efficiency of species (estimated in our
simulations at an average of 0.03% between 1998 and 2021), along with an increase in predation
activity, moderately impacting the rate of biomass flows within the ecosystem (estimated in our

555  simulations at an average of 0.3% between 1998 and 2021). The MHWs occurring in these ecosystems
are of high intensity and last relatively long (an average of 23 days per year between 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

560 Checkley, 2008; Ryther, 1969), leading to better resilience to environmental changes and extreme
temperature events (Bernhardt and Leslie, 2013), and (ii) the specific functioning of these ecosystems,
which tends to reduce the number of MHW days compared to their adjacent open ocean (Varela et
al., 2021).

Generally, through our modelling approach, higher temperatures and frequent mortality

565  events promoted the emergence of species and the growth of populations adapted to warm waters,
both characterised by rapid growth and short lifespans (Beukhof et al., 2019; du Pontavice et al., 2020).
This phenomenon was observed, for example, during ‘the Blob’ event in California Ocean and Coastal
Current (OCAL and CCAL) provinces, with the increase of tropical species that usually live much further
south, such as tuna, sailfish, and marlin (Cavole et al., 2016).

570 The specific examination of 'the Blob' allowed us to elucidate how this MHW differently
affected the biogeochemical provinces (Longhurst, 2007; Reygondeau et al., 2013) and influenced their
long-term responses. According to our simulations (Figure 8), the biomass in the affected oceanic
regions had not returned to their reference levels (1998-2009) by 2021. Following the MHW, all
biogeochemical regions experienced significant biomass losses (ANOVA, p_value < 0.05), though with

575  varying magnitudes. Differences in exposure to the intensity and duration of temperature anomalies
can potentially explain these differences in responses. For example, the coastal part of the California
Current and the subarctic gyres of the North Eastern Pacific were subjected to lower anomalies over
different durations (Varela et al., 2021). In addition, differences in the structure and functioning of
trophic networks may also have contributed to the variation in responses to MHWSs between provinces

580 (Morgan et al., 2019; Peterson et al., 2017; Ruzicka et al., 2012). The biogeochemical zones have

different compositions of pelagic communities that may respond differently to MHWs (Peterson et al.,
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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.,
585 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
limiting/stopping energy flow moving toward higher trophic levels has been observed (Gomes et al.,
2024). This was not necessarily the case for the oceanic part of the California Current. These different
changes in the composition and abundance of the lower trophic levels are represented in EcoTroph-
590 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., transfer efficiency, flow kinetics)
between biogeochemical zones. For example, communities in the Alaskan Gulf 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 Californian Current, which may explain the greater impact of the MHW on

595 the Californian Current.

5.3 Model validation and sources of uncertainties

We have developed an innovative approach to modelling marine ecosystems, linking trophic
ecology with MHWs hindcast to assess their ecological impacts on a seasonal time scale and at a global
scale. Despite its apparent simplicity and the reduced number of parameters, EcoTroph-Dyn is part of

600  the family of "complete ecosystem models and dynamic system models" (Plaganyi, 2007). This model
accounts for all trophic levels, from primary producers to top predators. It merges individual "species"
into categories defined solely by their trophic levels and describes ecosystems through a continuous
distribution of biomass (trophic biomass spectrum), from primary producers to top predators.
EcoTroph-Dyn does not account for specific climate effects on individual species and populations. The

605 model assumes that variations in environmental conditions will lead to new biomass transfer dynamics
in theoretical ecosystems at equilibrium. EcoTroph-Dyn meets the criteria described by Link, (2010) to
be considered a plausible representation of marine ecosystems. These criteria include: i) the biomass
density 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 logarithmic scale) for each unit increase in trophic level, iii)

610  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. Additionally, the model
relies on empirically obtained equations (Gascuel et al., 2008; du Pontavice et al., 2020) and has
demonstrated 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).
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615 To discuss the validity of our hindcasts, we focussed on the most studied MHW (‘the Blob’) in
the literature with available quantitative data (e.g., Arimitsu et al., 2021; Bond et al., 2015; Cavole et
al., 2016; Cheung & Frolicher, 2020; Gomes et al., 2024; Piatt et al., 2020; Suryan et al., 2021). The
projected biomass changes from our ‘with MHWSs’ simulations and the a=0.2 scenarios showed the
same biomass evolution per trophic group as the observational data based on species biomass surveys

620  (Suryan et al., 2021). However, our projections estimated lower biomass and also showed a smaller
biomass decrease compared to observed data (Suryan et al., 2021). This would indicate a possible
underestimation of biomass and ecosystem response to MHWs by EcoTroph-Dyn.

Our simulations of biomass changes, according to the ‘with MHWSs’ and a=0.2 scenarios, also
fell within the range of biomass projections reported by studies using other approaches to represent

625  ecosystem functioning (e.g., species-based Dynamic Bioclimate Envelope Model (DBEM) by Cheung &
Frolicher, 2020, and Ecotran, an extension of the popular Ecopath modelling framework by Gomes et
al., 2024, see Figure 9). Additionally, we projected that the trophodynamic kinetic parameter of
biomass flow increased by 3% in the ‘with MHWSs’ and a=0.2 scenarios, which is consistent with the
estimates highlighted by Gomes et al., 2024 (3.7%). Finally, the decreases in trophodynamic transfer

630 efficiency parameters highlighted in EcoTroph-Dyn with ‘the Blob' case study correspond to previous
estimates (e.g., Arimitsu et al., 2021) showing a reduction in the availability/quality of food in the food
web. It is worth noting that projections obtained from a smaller (larger) a led to an underestimation
(overestimation) of biomass losses and changes in biomass flow parameters relative to Cheung &

Frolicher, 2020 and Gomes et al., 2024 estimates.

635
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Figure 9: Biomass change associated with the Northeast Pacific MHW (2013-2016) per
640  biogeochemical province. Grey violin plots correspond to results from Cheung et al., (2020), while red
corresponds to our hindcasted EcoTroph-Dyn simulation with a=0.2 scenario. (Figure adapted from
Cheung & Frélicher, 2020).
One of the main uncertainties in modelling MHWs in EcoTroph-Dyn is the assumption of the
645 resilience of the biomass spectrum to MHWs, i.e., parameter a. It is important to note that the a values
applied in this study were chosen arbitrarily, albeit reasonably, and were able to capture a broad range
of potential responses to MHWs. It would thus have been valuable to apply the same process of
comparison with other MHWs in the world ocean in order to acquire better estimates of the a
parameter and more reliable results regarding the consequences of MHWSs. However, to date, few
650 MHWs are as well studied as ‘the Blob', limiting these analyses. As discussed in Guibourd de Luzinais
et al., 2024, given the diversity of ecosystem functioning, there is no reason why communities in
different ecosystems, biogeochemical regions or trophic levels should have the same capacity to resist
MHWs. Thus, we encourage future studies to use various observational data on the impacts of MHWs
across the ocean (if available) to better estimate the a parameter as a function of different ecosystems,
655 biogeochemical regions or trophic levels in order to reduce the uncertainties in projections.
Furthermore, uncertainties about our results arise from EcoTroph-Dyn environmental drivers.
In our current investigation, EcoTroph-Dyn has been driven by satellite data. For the NPP forcing
variable, we implemented the EPPLEY-VGMP algorithm (Behrenfeld and Falkowski, 1997; Morel, 1991),
which, like other algorithms such as CoPM and CAFE, derives NPP from satellite-derived estimates of
660  Chl-a and SST. In this study we did not consider the 'with' and 'without' MHWs scenario 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
could have overestimated MHWSs impacts on ecosystem functioning at high latitudes and

underestimated their impact at low latitudes. Furthermore, the variability and uncertainty in the
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665  estimation 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 sustaining and constraining the biomass of higher trophic levels
(e.g., Blanchard et al., 2012; Carozza et al., 2016; Cheung et al., 2011; Jennings & Collingridge, 2015).
However, there exists significant variability in NPP estimation among satellite NPP algorithms

670 (Milutinovi¢ and Bertino, 2011; Westberry et al., 2023). These discrepancies are particularly
pronounced over continental shelves and oligotrophic gyres, primarily due to variations in model
parametrisation and growth rate representation (Milutinovi¢ and Bertino, 2011; Westberry et al.,
2023). Consequently, elucidating the sources of the current uncertainty associated with satellite-
derived NPP and refining these estimates pose significant challenges in comprehending the responses

675  of marine food webs to MHWs.

Moreover, EcoTroph-Dyn does not account explicitly for species; thus, we could only assess
aggregated food web responses 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 MHWs occurrence (Cavole et al., 2016; Smith et al., 2023; Suryan et al., 2021; Wernberg

680 et al., 2016). To be cautious, we considered various loss rate scenarios to obtain a possible range of
responses from marine ecosystems and dismiss any possibility. Running these five MHW loss rate-
induced scenarios, we found that the aggregated resistance capacities « had a significant (ANOVA,
p_value<2e-16) and large effect. All scenarios are consistent with each other, with a worsening
biomass loss over marine ecosystems with resistance capacities decreasing (a increasing). Even

685 though the global trend of MHWSs impacts is negative, to improve and better understand MHWSs
ecological impacts, we believe that studies using species explicit-based modelling could investigate
how various impacts of climate change and how species-level responses will affect trophodynamics

and ecosystem structure and functions.

5.4 Implications and future research

690 From 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
anomalous low wind during the 2013-2014 winter induced anomalously weak Ekman transports of
colder water from the north and, coupled with anomalous low air-sea heat exchanges, triggered ‘the

695 Blob’ (Bond et al., 2015). Furthermore, these processes as well as the El Nifio Southern Oscillation
(ENSO) already contributed to the increased average duration and intensity of MHWs in the North-
eastern Pacific Ocean. Given that projections for the 21st century indicate that ENSO events will

increase in intensity and frequency (Holbrook, Gupta, et al., 2020; Oliver et al., 2021), events such as
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‘the Blob’ are expected to occur more frequently (Holbrook, Gupta, et al., 2020; Oliver et al., 2021).
700  This underscores the need for ongoing research to understand better how MHW:s 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 ability to withstand short-term
extreme temperatures (Johansen et al., 2021). Therefore, to enhance our understanding of how
marine ecosystems will respond to climate change, future studies should focus on potential scenarios

705  of adaptive responses to future climate and associated MHWs.

6. Conclusion

Utilising the EcoTroph-Dyn trophodynamic framework for MHWSs, we highlighted substantial
and latent repercussions of MHWSs, which are particularly consequential for higher TLs. As a result, the
recovery/restoration time can extend over several years, if not decades. However, considering the

710  dynamics and characteristics of current and future MHWs, it can be anticipated that ecosystems might
not be afforded the necessary temporal window to recover between successive MHW events, which

can significantly disrupt long-term trends associated with climate change.

7. Code availability

715 The code for the EcoTroph_Dyn model that supports the findings of this study is openly
available at https://doi.org/10.57745/NHVPCR .
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720  Species occurrence data and associated trophic levels that support the findings of this study are openly

available at https://doi.org/10.57745/PION92.

9. Authors contributions

V.G.D.L, W.W.L.C, and D.G undertook conceptualisation, methodology, validation, and writing

725  —review & editing. W.W.L.C and D.G undertook funding acquisition and supervision. V.G.D.L handled

Page 25 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

the data curation, formal analysis, investigation, project administration, software, visualisation, and

writing — original draft.

10. Competing interests

The authors declare that they have no conflict of interest

730 11. Acknowledgement

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.

12. Financial support

V.G.D.L and D.G acknowledges funding support from the Region Bretagne. W.W.L.Cand V.G.D.L
735  acknowledge funding support from the NSERC Discovery Grant and the SSHRC through the Solving-FCB

partnership.

13. 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.,

740  Moran, J., Pegau, S., Schaefer, 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, Commun Biol, 6, 263, https://doi.org/10.1038/s42003-023-04645-0, 2023.

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

750 Begon, M. and Townsend, C. R.: Ecology: From Individuals to Ecosystems, John Wiley & Sons, 868 pp.,
2021.

Behrenfeld, M. J. and Falkowski, P. G.: Photosynthetic rates derived from satellite-based chlorophyll
concentration, Limnology and Oceanography, 42, 1-20, https://doi.org/10.4319/10.1997.42.1.0001,
1997.

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

Page 26 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

Bernhardt, J. R. and Leslie, H. M.: Resilience to Climate Change in Coastal Marine Ecosystems, Annu.
Rev. Mar. Sci., 5, 371-392, 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
760 reveals community-wide responses to environmental change, Mar. Ecol. Prog. Ser., 610, 205-222,
https://doi.org/10.3354/meps12826, 2019.

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 Transactions of the Royal Society B: Biological Sciences, 367,
765 2979-2989, 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.

Bouchard, C., Geoffroy, M., LeBlanc, M., Majewski, A., Gauthier, S., Walkusz, W., Reist, J. D., and
770 Fortier, L.: Climate 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.

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
775 economy, Routledge, Taylor & Francis Group, London ; New York, 1 pp., 2019.

Carneiro, A. P., Soares, C. H. L., Manso, P. R. J., and Pagliosa, P. R.: Impact of marine heat waves and
cold spell 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 ecological module of BOATS-1.0: a bioenergetically

780  constrained model 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, |., Pagniello, C., Paulsen, M.-L., Ramirez-Valdez,
A., Schwenck, S., Yen, N., Zill, M., and Franks, P.: Biological Impacts of the 2013-2015 Warm-Water

785 Anomaly in the Northeast Pacificc Winners, Losers, and the Future, Oceanog, 29,
https://doi.org/10.5670/oceanog.2016.32, 2016.

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

790  Cheung, W. W. L., Dunne, J., Sarmiento, J. L., and Pauly, D.: Integrating 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., Frélicher, T. L., Lam, V. W. Y., Oyinlola, M. A., Reygondeau, G., Sumaila, U.R., Tai, T.

795 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.

Page 27 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

Christensen, V. and Pauly, D.: ECOPATH Il — 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.

800 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., Kdab, A., Kajtar, J., Knutson, T., Laufkétter, C., Noy, .,
Payne, M., Ranasinghe, R., Sgubin, G., Timmermans, M.-L., Abdulla, A., Gonzalez, M. H., and Turley, C.:
SPM6 Extremes, Abrupt Changes and Managing Risks, 68,

805 https://doi.org/10.1017/9781009157964.008, 2019.

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 Transfer Efficiency,
Trends in Ecology & Evolution, 36, 76—86, https://doi.org/10.1016/j.tree.2020.09.006, 2021.

810  EPPLEY, R. W.: TEMPERATURE AND PHYTOPLANKTON GROWTH IN THE SEA, 1972.

Fredston, A. L., Cheung, W. W. L., Frélicher, T. L., Kitchel, Z. J., Maureaud, A. A., Thorson, J. T., Auber,
A., Mérigot, B., Palacios-Abrantes, J., Palomares, M. L. D., Pecuchet, L., Shackell, N. L., and Pinsky, M.
L.: Marine heatwaves are not a dominant driver of change in demersal fishes, Nature, 621, 324-329,
https://doi.org/10.1038/s41586-023-06449-y, 2023.

815 Frolicher, T. L. and Laufkétter, C.: Emerging risks from marine heat waves, Nat Commun, 9, 650,
https://doi.org/10.1038/s41467-018-03163-6, 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, P., Cigliano, M., Diaz, D., Harmelin, J.
820 G., Gambi, M. C., Kersting, D. K., Ledoux, J. B., Lejeusne, C., Linares, C., Marschal, C., Pérez, T., Ribes,
M., Romano, J. C., Serrano, E., Teixido, N., Torrents, O., Zabala, M., Zuberer, F., and Cerrano, C.: Mass
mortality in Northwestern Mediterranean rocky benthic communities: 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., Gomez-Gras, D., Medrano, A., Cerrano, C., Ponti, M., Schlegel, R., Bensoussan, N.,

825 Turicchia, E., Sini, M., Gerovasileiou, V., Teixido, N., Mirasole, A., Tamburello, L., Cebrian, E., Rilov, G.,
Ledoux, J., Souissi, J. B., Khamassi, F., Ghanem, R., Benabdi, M., Grimes, S., Ocafia, O., Bazairi, H., Hereu,
B., Linares, C., Kersting, D. K., la Rovira, G., Ortega, J., Casals, D., Pages-Escola, M., Margarit, N.,
Capdevila, P., Verdura, J., Ramos, A., lzquierdo, A., Barbera, C., Rubio-Portillo, E., Anton, I., Lopez-
Sendino, P., Diaz, D., Vazquez-Luis, M., Duarte, C., Marba, N., Aspillaga, E., Espinosa, F., Grech, D.,

830 Guala, I., Azzurro, E., Farina, S., Cristina Gambi, M., Chimienti, G., Montefalcone, M., Azzola, A., Mantas,
T. P., Fraschetti, S., Ceccherelli, G., Kipson, S., Bakran-Petricioli, T., Petricioli, 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 mortalities in the Mediterranean Sea,
Global Change Biology, 28, 57085725, https://doi.org/10.1111/gcb.16301, 2022.

835  Gasche, L. and Gascuel, D.: EcoTroph: a simple model to assess fishery interactions and their impacts

on ecosystems, ICES Journal of Marine Science, 70, 498-510, https://doi.org/10.1093/icesjms/fst016,
2013.

Page 28 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Gasche, L., Gascuel, D., Shannon, L., and Shin, Y.-J.: Global assessment of the fishing impacts on the
Southern Benguela ecosystem using an EcoTroph modelling approach, Journal of Marine Systems, 90,
840 1-12, https://doi.org/10.1016/j.jmarsys.2011.07.012, 2012.

Gascuel, D.: The trophic-level based model: A theoretical approach 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,
845 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 ecosystem 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:
850  theoretical overview and practical 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.

855 Grimmelpont, M., Milinkovitch, T., Dubillot, E., and Lefrangois, C.: Individual aerobic performance and
anaerobic compensation in a temperate fish during a simulated marine heatwave, Science of The Total
Environment, 863, 160844, https://doi.org/10.1016/j.scitotenv.2022.160844, 2023.

Guibourd de Luzinais, Du Pontavice, H., Reygondeau, G., Barrier, N., Blanchard, J. L., Bornarel, V.,
Blchner, M., Cheung, W. W. L., Eddy, T. D., Everett, J. D., Guiet, J., Harrison, C. S., Maury, O., Novaglio,
860 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, Gascuel, D., Reygondeau, G., and Cheung, W. W. L.: Large potential impacts of
marine heatwaves on ecosystem functioning, Global Change Biology, 30, 17437,
865  https://doi.org/10.1111/gcb.17437, 2024.

Halouani, G., Gascuel, D., Hattab, T., Lasram, F. 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., Remenyi, T. A., Perkins-Kirkpatrick, S. E.,
870 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, Nature Clim Change, 8, 579-587, https://doi.org/10.1038/s41558-018-0187-9, 2018.

Hobday, A., Alexander, L. V., Perkins, S. E., Smale, D. A,, Straub, S. C., Oliver, E. C. J., Benthuysen, J. A.,

875 Burrows, M. T., Donat, M. G., Feng, M., Holbrook, N. J., Moore, P. J., Scannell, H. A., Sen Gupta, A., and
Wernberg, T.: A hierarchical approach to defining marine heatwaves, Progress in Oceanography, 141,
227-238, https://doi.org/10.1016/j.pocean.2015.12.014, 2016.

Page 29 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

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, Oceanog, 31,
880 https://doi.org/10.5670/0ceanog.2018.205, 2018.

Holbrook, N. J., Sen Gupta, A., Oliver, E. C. J., Hobday, A. J., Benthuysen, 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.

Jennings, S. and Collingridge, K.: Predicting Consumer Biomass, Size-Structure, Production, Catch
885 Potential, Responses to Fishing and Associated Uncertainties in the World’s Marine Ecosystems, PLoS
ONE, 10, e0133794, https://doi.org/10.1371/journal.pone.0133794, 2015.

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 ratios in food webs, Mar. Ecol. Prog.
Ser., 240, 11-20, https://doi.org/10.3354/meps240011, 2002.

890 lJennings, S., Mélin, F., Blanchard, J. L., Forster, R. M., Dulvy, N. K., and Wilson, R. W.: Global-scale
predictions of community and ecosystem properties from simple ecological theory, Proc. R. Soc. B.,
275, 13751383, https://doi.org/10.1098/rspb.2008.0192, 2008.

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.

895 Joyce, P. W. S., Tong, C. B,, Yip, Y. L., and Falkenberg, L. J.: Marine heatwaves as drivers of biological
and ecological change: implications 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 Controls Circulation, Habitat, and Productivity in
Bays, Annu. Rev. Mar. Sci., 12, 415-447, https://doi.org/10.1146/annurev-marine-010419-011020,
900 2020.

Le Grix, N., Zscheischler, J., Rodgers, K., Yamaguchi, R., and Frélicher, T. L.: Hotspots and drivers of
compound marine heatwave and low net primary production extremes, Biogeochemistry: Open
Ocean, https://doi.org/10.5194/egusphere-2022-451, 2022.

LeBlanc, M., Geoffroy, M., Bouchard, C., Gauthier, S., Majewski, A., Reist, J. D., and Fortier, L.: Pelagic
905 production and the recruitment of juvenile polar cod Boreogadus 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, 107-129,
https://doi.org/10.3354/meps07224, 2008.

910 Lindeman, R. L.. The Trophic-Dynamic Aspect of Ecology, Ecology, 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.

915 Longhurst, A. R.: Ecological geography of the sea, 2. ed., Elsevier, Amsterdam Heidelberg, 542 pp.,
2007.

Page 30 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

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, e2021JC017930,
https://doi.org/10.1029/2021JC017930, 2021.

920 Milutinovi¢, S. and Bertino, L.: Assessment and propagation of uncertainties 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 extreme events: Physiological impacts of heatwaves and the road to recovery, Science of The
925  Total Environment, 785, 147281, https://doi.org/10.1016/].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
930 Northern California Current, Fisheries, 44, 465-474, 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/meps10885, 2014.

Oliver, E. C.J., Benthuysen, J. A., Bindoff, N. L., Hobday, A. J., Holbrook, N. J., Mundy, C. N., and Perkins-
935 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,
940 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.

Pauly, D. and Christensen, V.: Primary production required to sustain global fisheries, Nature, 374,
945 255-257, 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 during the summer of 2010/1, 2011.

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

Peterson, W. T., Fisher, J. L., Strub, P. T., Du, X., Risien, C., Peterson, J., and Shaw, C. T.: The pelagic
ecosystem in the Northern California Current offOregon during the 2014-2016 warm anomalies within
thecontext of the past 20 years, JGR Oceans, 122, 7267-7290, https://doi.org/10.1002/2017)C012952,
2017.

955 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.

Page 31 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

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, G. J,,
Golightly, R. T., Coletti, H. A., Suryan, R. M., Burgess, H. K., Lindsey, J., Lindquist, K., Warzybok, P. M.,
960  Jahncke, J., Roletto, J., and Sydeman, W. J.: Extreme mortality and reproductive failure of common
murres resulting from the northeast Pacific marine heatwave of 2014-2016, PLoS ONE, 15, e0226087,
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,
965  https://doi.org/10.1038/s41586-019-1132-4, 2019.

Plaganyi, E. E.: Models for an ecosystem approach to fisheries, Food and Agriculture Organization of
the United Nations, Rome, 108 pp., 2007.

du Pontavice, H., Gascuel, D., Reygondeau, G., Maureaud, A., and Cheung, W. W. L.: Climate change
undermines the global functioning of marine food webs, Glob Change Biol, 26, 1306-1318,
970 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
975  and food-web functioning are projected to markedly affect European fisheries catch, Mar. Ecol. Prog.
Ser., 713, 21-37, https://doi.org/10.3354/meps14328, 2023.

Reygondeau, G., Longhurst, A., Martinez, E., Beaugrand, G., Antoine, D., and Maury, O.: Dynamic
biogeochemical provinces in the global ocean: DYNAMIC BIOGEOCHEMICAL PROVINCES, Global
Biogeochem. Cycles, 27, 1046—1058, https://doi.org/10.1002/gbc.20089, 2013.

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

Rykaczewski, R. R. and Checkley, D. M.: Influence of ocean winds on the pelagic ecosystem in upwelling
985 regions, Proc. Natl. Acad. Sci. U.S.A., 105, 1965-1970, https://doi.org/10.1073/pnas.0711777105,
2008.

Ryther, J. H.: Photosynthesis and Fish Production in the Sea, Science, 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-
990  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. 1., Grady, J. M., Sibly, R. M., and Brown, J. H.: Metabolic theory predicts whole-

ecosystem properties, Proc. Natl. Acad. Sci. US.A,, 112, 2617-2622,
995 https://doi.org/10.1073/pnas.1423502112, 2015.

Page 32 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

Shiskin, J.: The X-11 Variant of the Census Method Il Seasonal Adjustment Program, U.S. Department
of Commerce, Bureau of the Census, 74 pp., 1967.

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 assemblages, Peer), 3,
1000  e863, 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., Benthuysen, 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,
1005 https://doi.org/10.1038/s41558-019-0412-1, 2019.

Smith, 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.

Stock, C. A, John, J. G., Rykaczewski, R. R., Asch, R. G., Cheung, W. W. L., Dunne, J. P., Friedland, K. D.,
1010 Lam, V. W. Y., Sarmiento, J. L., and Watson, R. A.: Reconciling fisheries catch and ocean productivity,
Proc 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,
1015 K., Iken, K., Irons, D. B., Kettle, A. B., Kimmel, D. G., Konar, B., Kuletz, K. J., Laurel, B. J., Maniscalco, 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., Yasumiishi, E. M., and Zador, S. G.: Ecosystem response persists after
a prolonged marine heatwave, Sci Rep, 11, 6235, https://doi.org/10.1038/s41598-021-83818-5, 2021.

1020 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, 169-185,
https://doi.org/10.3354/meps09375, 2011.

Vantrepotte, V. and Mélin, F.: Inter-annual variations in the SeaWiFS global chlorophyll a concentration
(1997-2007), Deep Sea Research Part |: Oceanographic Research Papers, 58, 429-441,
1025  https://doi.org/10.1016/j.dsr.2011.02.003, 2011.

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

Vinagre, C., Leal, I, Mendonga, V., Madeira, D., Narciso, L., Diniz, M. S., and Flores, A. A. V.
1030  Vulnerability to climate warming and acclimation capacity of tropical and temperate 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, Nature Clim Change, 3, 78-82, https://doi.org/10.1038/nclimate1627, 2013.

1035 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,

Page 33 of 34



https://doi.org/10.5194/egusphere-2024-3696
Preprint. Discussion started: 19 December 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

S.: Climate-driven regime shift of a temperate marine ecosystem, Science, 353, 169-172,
https://doi.org/10.1126/science.aad8745, 2016.

1040  Westberry, T. K., Silsbe, G. M., and Behrenfeld, M. J.: Gross and net primary production in the global

ocean: An ocean color remote sensing perspective, Earth-Science Reviews, 237, 104322,
https://doi.org/10.1016/j.earscirev.2023.104322, 2023.

Page 34 of 34



