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The demand for marine living resources is increasing at an unprecedented scale

because of the need for continuous food provision to the world’s population. The

potential of already exploited fish stocks to meet this demand is limited. Therefore,

mesopelagic fish have recently become attractive potential targets for fisheries

because of their vast conjectured biomass. However, the role of mesopelagic fish

in marine ecosystems is poorly understood. Before developing commercial

exploitation plans, the relationship between mesopelagic fish and other groups in

themarine foodweb and biogeochemical cycles should be analyzed quantitatively. In

this study, we coupled a one-dimensional biogeochemical model (North Atlantic

Generic Ecosystem Model) with a higher-trophic-level food web model (Ecopath

with Ecosim) for the Sargasso Sea in the North Atlantic to investigate changes in

carbon export and trophodynamics under twomesopelagic fish harvesting scenarios.

The coupled model represented the marine food web from plankton to fish and

mammals, vertical carbon export dynamics, and their interaction with fisheries. The

results showed that when mesopelagic fish were not harvested, they contributed

approximately 6% of the total carbon export in the surface waters, but up to 40% of

the total carbon export below 400m. Harvestingmesopelagic fish altered the energy

transfers within the food web as well as to fisheries. The ecological footprint of

fisheries increased significantly. Due to declining competition in the food web,

epipelagic fish increased to exert elevated grazing pressure on phytoplankton;

hence, phytoplankton-mediated carbon export decreased. The total carbon export

decreased by 14% due to the decreases in mesopelagic fish- and phytoplankton-

mediated carbon exports. The simulated increase in zooplankton- and non-

mesopelagic fish-mediated carbon exports (up to 92% and 96%, respectively) did

not compensate for the total decrease in carbon exports under harvesting scenarios.

The findings of this study highlighted that mesopelagic fish not only have a direct

control on carbon dynamics by their metabolic releases and diel vertical migration,

but also strong indirect controls through prey-predator interactions within the food

web. Therefore, the implications of harvesting mesopelagic fish should be carefully

considered from a holistic perspective.
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1 Introduction

The exploitation of wild fish stocks began in shallow coastal

waters centuries ago (Jackson et al., 2001), but quickly expanded

offshore (Lear, 1998; Christensen et al., 2003; Myers and Worm,

2003; Christensen et al., 2004) and to the deep ocean (Morato et al.,

2006; Pitcher et al., 2010) with the growing human population. In

the last two decades, the ever-increasing demand and heavily

overexploited global wild fish stocks have led to a striking rise in

aquaculture production, from approximately 10 to 80 million

tonnes per annum (Melnychuk et al., 2020). This increase has

helped to maintain stable capture production and wild fish stocks

(Melnychuk et al., 2020; Tacon, 2020). However, the supply of raw

materials to aquaculture farms has become a problem. Mesopelagic

fish have recently been proposed as a solution to the raw-material

problem faced by aquaculture production (Olsen et al., 2020). Their

high fat content (Lea et al., 2002; Alvheim et al., 2020) and vast

conjectured biomass ranging from 1 to 20 billion tonnes (Gjosaeter

and Kawaguchi, 1980; Irigoien et al., 2014; Anderson et al., 2019;

Proud et al., 2019) make mesopelagic fish an attractive source offish

meal for the aquaculture industry.

Harvesting mesopelagic fish on a commercial scale is risky,

particularly because our knowledge of the role of mesopelagic fish

in marine ecosystems and food webs is in its infancy. Nevertheless,

the number of studies on mesopelagic fish and their role in

ecosystems has increased in recent years (e.g. Saba et al., 2021;

Dowd et al., 2022; Sarmiento-Lezcano et al., 2022; Woodstock et al.,

2022; Aksnes et al., 2023). Studies have revealed that mesopelagic

fish directly contribute to ocean carbon pools via their physiological

and life-history traits such as respiration, mortality, defecation, and

diel vertical migration (Irigoien et al., 2014; Saba et al., 2021;

Sarmiento-Lezcano et al., 2022). The gravitational sinking of

mesopelagic fish-mediated particulate organic carbon (i.e., passive

carbon export) contributes to the biological pump (Figure 1), i.e.,

the vertical transport of carbon from the surface to the deep ocean

(Ducklow et al., 2001). Furthermore, mesopelagic fish actively

transport carbon from the epipelagic zone to the mesopelagic

zone by feeding at night in the epipelagic zone (< 200 m) and

hiding from predators in the mesopelagic zone (400–1000 meters)

during the day (Davison et al., 2013; Klevjer et al., 2016). This active

transport deforms the power law of the Martin curve (Martin et al.,

1987) by causing fluctuations in carbon export in the epipelagic and

mesopelagic zones. The active transport of carbon by mesopelagic

fish was hypothesized to close the discrepancy between

gravitational export fluxes and geochemical tracer measurements

in the global mesopelagic carbon budget (Boyd et al., 2019).

Estimates of the contribution of active carbon export mediated by

mesopelagic fish to the total carbon export in the oceans are highly

variable and were calculated between 0.01–143% of the passive

particulate organic carbon flux from the euphotic zone (Saba et al.,

2021 and references therein); however, their exact contribution is

yet to be delineated.

Mesopelagic fish also play an important role in marine food

webs because they are preys for higher trophic level organisms, such

as squids, tunas, sharks, marine mammals, and even sea turtles and

sea birds (Potier et al., 2007; Brophy et al., 2009). Furthermore, they
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directly affect plankton composition and hence primary production

in the ocean by feeding on zooplankton (Bernal et al., 2015; Clarke

et al., 2020; Woodstock et al., 2020). Therefore, mesopelagic fish

constitutes a link in the transfer of production in the ocean to higher

trophic levels in the food web (Irigoien et al., 2014). However,

harvesting mesopelagic fish at large scales can limit energy transfer

pathways across numerous trophic levels and hamper carbon

export, thereby affecting the entire marine ecosystem (Trueman

et al., 2014).

Quantifying the impact of mesopelagic fish communities on

marine food webs and biogeochemical cycles prior to exploitation of

mesopelagic fish stocks is vital. Considering that the linkages

between mesopelagic fish and seawater biogeochemistry are not

yet fully understood, the consequences of exploiting mesopelagic

fish stocks can only be conjectured with high uncertainty (St. John

et al., 2016; Hidalgo and Browman, 2019). Previous modeling

studies have primarily focused on the diel vertical migration of

zooplankton and its impact on marine biogeochemistry (e.g.

Aumont et al., 2018; Gorgues et al., 2019, and references therein)

or provided estimates for the active transport of carbon by diel

vertical migration of mesopelagic fish without accounting for the

trophodynamic consequences of harvesting mesopelagic fish in the

food web (Aumont et al., 2018; Woodstock et al., 2022; Aksnes et al.,

2023). The cascading effects of harvesting mesopelagic fish on the

food web have only been investigated without considering

biogeochemical feedbacks (Dowd et al., 2022). Therefore, the

effects of altered prey-predator dynamics by the exploitation of

mesopelagic fish and their direct and indirect feedbacks on carbon

export have yet to be delineated. In this study, we aimed to quantify

the possible effects of exploiting mesopelagic fish communities on

both carbon export and trophic interactions in a marine food web in

the North Atlantic Ocean by capitalizing on an end-to-end

vertically resolved biogeochemical and higher-trophic-level

modeling framework. The coupled model represented the open

ocean food web dynamics in the Sargasso Sea by simulating the

interplay between marine biogeochemistry, plankton dynamics, fish

communities, and fisheries under different harvesting scenarios. We

sought answers to three questions: (i) What is the magnitude of

carbon transport mediated by mesopelagic fish under status quo

fisheries exploitation? (ii) How would the harvesting of mesopelagic

fish affect carbon export fluxes? (iii) What would be the trophic

impact of harvesting mesopelagic fish?
2 Material and methods

2.1 Study area

This study was conducted for the Sargasso Sea in the North

Atlantic Ocean (Figure 2). The Sargasso Sea is the only sea without

any land boundaries, and the water depth extends to approximately

4500 meters (Laffoley et al., 2011). The Sargasso Sea is a large region

bounded by the anticyclonic North Atlantic Subtropical Gyre,

which is composed of the Gulf Stream along the west, North

Atlantic Drift in the north, Canary Current along the east, and

North Equatorial Current and Antilles Current in the south
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(Freestone and Morrison, 2012). It is an oligotrophic sea where

major nutrients driving primary production, such as nitrogen and

phosphorus, are often depleted (Sowell et al., 2009), and the mean

annual primary productivity is between 50–150 g C m-2 y-1. The

Bermuda Atlantic Time-series Study (BATS) station is located in
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the Sargasso Sea, 82 km southeast of Bermuda Island (31° 40’ N, 64°

10’ W), and has a depth of approximately 4680 m. This area is a

favorable region for modeling studies because of the availability of

monthly physical, chemical, and biological time series data since

1988 (Steinberg et al., 2001).
FIGURE 2

The location of the Sargasso Sea in the North Atlantic Ocean and the surrounding large-scale ocean currents. The location of the Bermuda Atlantic
Time-series Study (BATS) is indicated by the red dot.
FIGURE 1

A schematic representation of a simplified food web composed of phytoplankton, zooplankton, non-mesopelagic fish and mesopelagic fish groups,
and the contribution of each group to the ocean biological pump (i.e., particle sinking across vertical ocean layers). The diel vertical migration of
mesopelagic fish is also depicted in the schematic.
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2.2 Biogeochemical model

The North Atlantic Generic Ecosystem Model (NAGEM) is a

one-dimensional multi-component lower-trophic-level ecosystem

model developed to investigate time-varying carbon fluxes in the

Equatorial Pacific (Salihoglu and Hofmann, 2007) and Subtropical

North Atlantic (Salihoglu et al., 2008) for the late 1990s. Recently,

NAGEM has been extended to represent the functioning and

magnitude of the biological carbon pump over the entire North

Atlantic Ocean (Yumruktepe et al., 2020). The model state

equations and main parameters of the biogeochemical model

(Supplementary Tables S1–S3) are provided in the Supplementary

Material 1. A detailed description of NAGEM is available in

Salihoglu et al. (2008) and Yumruktepe et al. (2020). Therefore,

only a brief description has been provided.

NAGEM contains five phytoplankton groups: low-light

adapted Prochlorococcus spp., high-light adapted Prochlorococcus

spp., Synechococcus spp., autotrophic eukaryotes, and diatoms

(Figure 3). The growth of phytoplankton is computed as a

function of light and nutrient availability (i.e., nitrate,

ammonium, and phosphate for all algal groups, and silicate for

diatoms). The model also includes two zooplankton compartments

based on size: microzooplankton (< 200 mm) and mesozooplankton

(> 200 mm and < 2000 mm). Mesozooplankton graze on

microzooplankton and diatoms, whereas microzooplankton graze

on smaller algal groups. Detritus is composed of two compartments:

slow- and fast-sinking detritus. Lighter slow-sinking detritus is

formed by the mortality of phytoplankton and microzooplankton

groups, as well as the unassimilated food fraction of zooplankton.

Fast-sinking detritus is composed of zooplankton mortality, as well
Frontiers in Marine Science 04
as the aggregation of slow-sinking detritus. Fast-sinking detritus

represents the refractory material in the detritus pool. Both detritus

compartments are represented by four subgroups: carbon, nitrogen,

phosphorus, and silicate. The decomposition of nitrogen and

phosphorus in detritus forms pools of dissolved organic nitrogen

(DON) and dissolved organic phosphorus (DOP). Because carbon

is not a limiting nutrient in marine ecosystems (Moore et al., 2013),

a separate dissolved organic carbon (DOC) compartment is not

included in the model. The silicate content of the detritus dissolves

and forms the elemental silicate compartment, whereas NH4 and

PO4 are formed by the remineralization of DON and DOP pools.

The model represents additional processes in the nitrogen cycle,

such as atmospheric deposition of nitrate, nitrogen fixation by

diazotrophs, and nitrification, at constant rates.
2.3 Food web model

Ecopath with Ecosim (EwE) is an ecological modeling software

designed for the analysis of trophodynamic interactions in marine

ecosystems and the impact of fishing (Christensen and Walters, 2004;

Christensen et al., 2005). EwE has been widely used worldwide to

analyze the structure and function of marine ecosystems and the

impacts of fisheries (Colléter et al., 2015 and references therein). EwE

comprises three components: Ecopath, a static, mass-balanced

snapshot of the system; Ecosim, a time-dynamic simulation module;

and Ecospace, a spatial-temporal dynamic module. Together, these

three components allow dynamic representation of complex

interactions within a food web in time and space. The food web may

contain all ecosystem members from phytoplankton to mammals.
FIGURE 3

Conceptual diagram of the coupled model. The blue shaded box on the left depicts the lower-trophic-level dynamics simulated by the North
Atlantic Generic Ecosystem Model (NAGEM). The turquois shaded box on the right depicts the higher-trophic-level dynamics simulated by the
Fortran version of Ecosim model (Ecosim-F). The linkages between the two models are indicated by orange arrows.
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Amass balance is ensured for each ecosystemmember by Ecopath,

such that the total source (production) and sink (predation mortality;

fishing mortality; non-predation mortality due to diseases, old age, etc.;

net emigration; and biomass accumulation) terms are equal. Ecopath

also ensures an energy balance for each ecosystem member such that

the consumption is equal to the total production, respiration, and

unassimilated part of the consumed food. Ecopath requires at least

three of the following four input parameters for each ecosystem

member to be defined: biomass, production/biomass ratio (or total

mortality), consumption/biomass ratio, and ecotrophic efficiency.

Given the mass and energy balanced representation of the system by

Ecopath, Ecosim provides time-dynamic simulations. A detailed

description of EwE model implementation is available in the

literature (Christensen and Walters, 2004; Christensen et al., 2005;

Steenbeek et al., 2016); therefore, technicalities regarding the EwE

modeling suite are avoided here. However, equations for the Ecopath

and Ecosim components used in this study are provided in the

Supplementary Material 1.

The latest version of EwE (version 6) was originally written in

the Microsoft .NET framework, but was later recoded in Fortran

(EwE-F, Akoglu et al., 2015) to enable practical integration with

physical and biogeochemical ocean models that were

conventionally coded in Fortran. In this study, we coupled EwE-F

with NAGEM to establish an end-to-end representation of the

North Atlantic Ocean ecosystem in the Sargasso Sea. EwE-F

includes implementations of the Ecopath (as Ecopath-F) and

Ecosim (as Ecosim-F) modules. Similar to the original Ecopath

and Ecosim modules of the EwE suite, Ecopath-F computes the

mass and energy balances of each species/group in the food web,

such that the production of a species/group is matched either by

losses through predation, fishery, emigration, or natural mortality

(i.e., by aging or disease) or accumulates as biomass. The mass and

energy balance constraints of Ecopath ensure that the production of

a state variable is not exceeded by the losses exerted upon it, so that

the model is consistent with ecological theory. Ecosim-F provides a

temporal simulation of food web interactions under given forcing

functions such as fishing effort and changes in primary production.

The Ecopath model representing the late 1990s conditions of

the North Atlantic Ocean (Vasconcellos and Watson, 2004,

Supplementary Figure S1) was transferred to EwE-F for coupling

with NAGEM. The North Atlantic Ecopath model consisted of 38

functional groups from phytoplankton to marine mammals

(Supplementary Tables S4, S5). The lower-trophic-level (LTL)

groups in the Ecopath model comprised heterotrophic bacteria,

small and large deep-water zooplankton, shallow-water

zooplankton, phytoplankton, and detritus. The model includes

two mesopelagic fish compartments, i.e., large and small

mesopelagic fish, enabling the investigation of the role and

potential consequences of harvesting mesopelagic fish on the food

web and biogeochemical dynamics.
2.4 Coupling procedure

The coupled model is based on Dis ̧a (2016); however, it was

updated to include the diel vertical migration (DVM) of
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mesopelagic fish. The biogeochemical and food web models were

coupled such that the lower-trophic-level ecosystem components

(i.e., nutrients, organic matter pools, detritus, phytoplankton, and

zooplankton) were simulated by NAGEM, whereas the higher-

trophic-level (HTL) ecosystem components (i.e., from benthos

and fish to mammals) and the fishing fleet were represented by

EwE-F (Figure 3).

To establish the North Atlantic Ecopath model in Ecopath-F,

LTL groups were first replaced with the corresponding

compartments in NAGEM, namely, low- and high-light-adapted

Procholorococcus, Synechococcus, eukaryotic autotrophs, diatoms,

micro- and mesozooplankton, slow- and fast-sinking detritus

compartments, phosphate (PO4), and dissolved organic

phosphorus (DOP). As carbon was not explicitly modeled in

NAGEM, the most limiting nutrient, PO4, was used as the model

currency in the EwE-F model. Modification of the North Atlantic

Ecopath model for coupling was performed as described by

Libralato and Solidoro (2009). The coupled model consisted of 42

groups (Figure 4, Supplementary Table S4).

The parameters of the original Ecopath and NAGEM models

were kept intact; however, the parameters that were directly affected

by the coupling procedure, i.e., sinking rates for detrital

compartments and plankton closure mortalities, were adjusted.

Furthermore, new parameters (namely, C:N:P ratio of the fish

body, diel vertical migration depth of mesopelagic fish, and

migrant portion of mesopelagic fish) were introduced in the

coupled structure. In the coupled Ecopath-F HTL model, the diet

matrix was revised such that the diet compositions of “small

zooplankton shallow” and “small zooplankton deep” in the

original North Atlantic Ecopath model were consolidated and

used as the diet composition of microzooplankton (see

Supplementary Material 2). Fish predation on phytoplankton (i.e.,

by large planktivorous fish, small epipelagic fish, and medium

epipelagic fish) was equally distributed among diatoms and

autotrophic eukaryotes in the coupled model. As bacterial activity

was implicitly represented in the biogeochemical model,

heterotrophic bacteria were removed from the Ecopath-F model.

The parameterization of the HTL groups was inherited from

Vasconcellos and Watson (2004); however, biomass units were

converted to phosphorus based on the mean whole-body fish

C:N:P stoichiometry measurements by Czamanski et al. (2011),

i.e., 46.52:10.61:1. Ecopath uses annual rates for the production and

consumption of groups, and these rates were converted to “per

hour” in EwE-F for harmonization with the time step of NAGEM.

To parameterize the LTL groups in Ecopath-F, the standalone

NAGEM model was run for four years (i.e., 1996–1999) after a

20-year spin-up period and the model output for the last year of this

simulation was used to calculate the annually averaged depth-

integrated biomass, production, and consumption rates for LTL

groups in Ecopath-F (Supplementary Table S4). The production-to-

biomass ratios of the LTL groups in Ecopath-F were assumed to be

equal to the simulated total mortality of plankton in NAGEM, as

per Allen (1971). However, mortality rates of LTL groups were

reparametrized because, in NAGEM, mortality rates represent the

total mortality, i.e., the sum of the predation mortality and the

natural mortality that stemmed from aging and/or diseases, as
frontiersin.org
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closure. Because the predation mortality of plankton groups was

explicitly simulated in the coupled model, mortality rates were

readjusted to represent only non-predation natural mortality for

zooplankton groups. The consumption-to-biomass ratios of the

LTL groups were computed from the nutrient uptake rates (i.e., PO4

uptake, as the unit of Ecopath-F was phosphorous) for

phytoplankton and from grazing flows for zooplankton. The

output of the Ecopath-F setup was used as the initial condition

for the dynamic simulation of coupled NAGEM-Ecosim-F.

The migration depths of mesopelagic fish were defined based on

Klevjer et al. (2016) and O'Driscoll et al. (2009), such that they feed

in the epipelagic zone (the upper 200 m) at night, return to the

mesopelagic zone (between 400–600 meters) before sunrise, and

defecate their consumption there. The night-time mortality and

defecation fluxes of mesopelagic fish were equally distributed

between 400–600 meters, whereas the daytime mortality and

defecation fluxes were distributed proportional to the vertical

distribution of zooplankton biomass in the upper 200 m. The

North Atlantic mesopelagic species included in the Ecopath

model of Vasconcellos and Watson (2004) were Benthosema

glaciale, Notoscopelus kroeyeri, Lobianchia dofleini, Lampanyctus

pusillus, Ceratoscopelus maderensis, Lepidophanes guentheri,

Lobiancia dofleini, Maurolicus muelleri, Ceratoscopelus warmingi,

Diogenichthys atlanticus, Notolychnus valdiviae, Lepidophanes

gaussi, Pollichthys mauli, Argyropelecus olfersi, Stomias boa and

Cyclothone spp. Among these species, Lampanyctus pusillus,

Ceratoscopelus warmingi, Diogenichthys atlanticus, Notolychnus

valdiviae, Lepidophanes gaussi, and Pollochthys mauli were most

abundant in the Sargasso Sea. The majority of these mesopelagic
Frontiers in Marine Science 06
species in the North Atlantic (90%) were considered to have

undergone diel vertical migration in Vasconcellos and Watson

(2004). Therefore, we followed the same assumption, and 90% of

the mesopelagic fish underwent diel vertical migration in the

coupled model. To account for the mesopelagic fishes that are

found in the surface during the daytime (O'Driscoll et al., 2009), the

remaining 10% of mesopelagic fish were kept in the epipelagic zone

throughout the day and allowed to feed on zooplankton. The

biomass of the large mesopelagic fish group was estimated by the

model based on the conservation of mass principle, as explained

above, while the initial biomass of the small mesopelagic fish group

was an input (1724.369 kg km-2 for the North Atlantic). This input

was estimated by Vasconcellos and Watson (2004) based on

Gjosaeter and Kawaguchi (1980).

The sinking velocities for the detrital compartments of small

and large detritus pools were 5 and 24 m d-1, respectively, in

Yumruktepe et al. (2020). However, the sinking velocities from

Salihoglu et al. (2008) were adopted in this study (i.e., 2 and

30 m d-1) to improve the model’s ability to capture carbon

export dynamics.

The coupled model was run for four years, from 1996 to 1999,

after 20 years of spin-up. At each time step (i.e., one hour), Ecosim-F

computed the HTL dynamics, whereas NAGEM computed the LTL

dynamics. The two models exchanged information; i.e.,

consumption fluxes from the LTL to HTL groups, as well as the

mortality, excretion, and defecation fluxes from the HTL to LTL

groups, before proceeding to the next time step. The currency of the

EwE-F model was phosphate, whereas that of the NAGEM model

was carbon. The conversion between the HTL and LTL model
FIGURE 4

The flow diagram of the coupled North Atlantic Ecosystem Model (NAGEM) and Ecopath with Ecosim-Fortran (EwE-F) models (NAGEM/EwE-F). The
green nodes represent the lower-trophic-level (LTL) groups simulated by NAGEM, and the blue nodes represent the higher-trophic-level (HTL)
groups simulated by EwE-F. Prey-predator relationships are shown by grey, while fisheries are shown by red lines. Dashed red lines indicate the
harvesting of mesopelagic fish groups in the scenarios.
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currencies was performed based on the mean whole-body fish C:N:P

stoichiometry measurements by Czamanski et al. (2011) at each

time step to ensure harmonization between the models.
2.5 Model validation

The model-simulated LTL dynamics were compared with the

Bermuda Atlantic Time-series Study (BATS) dataset. Primary

production, chlorophyll-a concentrations, POC flux, and meso-

and micro-zooplankton biomasses were compared with the BATS

data for the years 1996–1999. The model skill was evaluated using

Taylor diagrams (Taylor, 2001) that combined information

regarding the model results’ correlations with and root mean

squared deviations (RMSD) from the observations, as well as

their standard deviations. The original EwE model of the North

Atlantic by Vasconcellos and Watson (2004) did not include a

temporal simulation; therefore, the EwE-F model results for higher-

trophic-level compartments were not validated.
2.6 Scenarios

Three scenarios were defined for the model simulations. In the

reference scenario (REF), the coupled model was run under

constant fisheries exploitation levels for functional groups and

fish species, as defined by Vasconcellos and Watson (2004). In

the REF scenario, mesopelagic fish groups were not harvested. In

the second M1 (baseline fishing) scenario, a fisheries exploitation

rate, i.e., annual fishing mortality (FA), was defined to the highest

possible extent for the mesopelagic fish groups without breaking the

mass balance constraint in Ecopath-F, as detailed in Section 2.3.

(FA = 1.71 x 10-6 and FA = 6.64 x 10-5 for the large and small

mesopelagic fish groups, respectively). In the third M2 (commercial

fishing) scenario, fisheries exploitation levels on the mesopelagic

fish groups in M1 were increased 10-fold.
2.7 Ecosystem analysis

The trophic interactions between the functional groups of the

coupled mass-balanced Ecopath-F model were analyzed using

mixed trophic impact (MTI) analysis (Ulanowicz and Puccia,

1990). MTI analysis can be considered a sensitivity analysis

showing the impact of a biomass decrease/increase of a group on

the biomasses of other groups in the food web. MTI values scale

between -1, indicating a strong negative impact, and 1, indicating a

strong positive impact. Furthermore, three synthetic ecosystem

indicators, Relative Primary Production Required to sustain

catches (%PPRc), mean trophic level of catches (mTLc), and the

probability of the ecosystem being sustainably fished (Psus), were

evaluated to assess the ecosystem response to changes in fisheries.

%PPRc shows the fisheries footprint on the ecosystem by means of

calculating how much of the primary production in the system is

required to support the amount of biomass removal by fisheries

capitalizing on transfer efficiency (TE) of energy/biomass across
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trophic levels in the food web (Pauly and Christensen, 1995). The

mTLc is an indicator of the relative proportions of higher- and

lower-trophic-level species in the fisheries catch. As fishing intensity

on lower trophic level organisms, such as mesopelagic fish,

increases, the mTLc decreases (Pauly and Palomares, 2005;

Branch 2010). Psus combines ecosystem properties (primary

production and TE) with fishing activities (mTLc of catches and

%PPRc) to assess the probability of the ecosystem being sustainably

fished (Libralato et al., 2008). In this study, we computed Psus and

%PPRc, assuming a mean TE of 8% between trophic levels in the

food web, using the geometric mean of the transfer efficiencies

calculated by the Ecopath model.
3 Results

3.1 Model skill

The simulated zooplankton biomass, carbon export, primary

production, and chlorophyll-a by NAGEM/EwE-F were compared

with the BATS data, as well as with the stand-alone (i.e., uncoupled)

NAGEM (Figures 5, 6). The model successfully simulated total

zooplankton biomass (Figure 5A) in terms of both magnitude and

seasonality. The model-estimated carbon export fluxes at 150, 200,

and 300 m were comparable to the BATS data (Figure 5B). The

model could capture the increase in carbon export in winter, as well

as the reduction in carbon export with depth from 150 m to 200 m

and 300 m. However, the POC export flux at 300 m showed strong

peaks compared with the data. The model captured the increase in

zooplankton biomass following the spring algal bloom, in

agreement with observations. The coupled model captured the

magnitude and depth of total primary productivity pattern

(Supplementary Figure S2). The maximum total primary

production concentration simulated within the upper 50 m

agreed with the data. However, the model overestimated total

primary production with respect to the BATS data.

The skill of the coupled model in terms of simulating total

primary production was comparable to that of the standalone

NAGEM (Figure 6); however, it had a higher correlation and

RMSD. The carbon export and primary production simulated by

NAGEM/EwE-F were highly correlated with observations (r = 0.59

and 0.62, respectively) and RMSE values were close to 1. Chl-a

simulated by NAGEM/EwE-F had a correlation coefficient of 0.44

with the data. The model skill for zooplankton values simulated by

NAGEM/EwE-F was comparable to that of the standalone

NAGEM, although the zooplankton concentrations simulated by

both models had low correlations with the BATS data (Figure 6).

Overall, model performance was considered successful.
3.2 The contribution of mesopelagic fish to
carbon export

The total mesopelagic fish biomass estimated by the model in

the REF scenario was 18.80 g C m-2, corresponding to 82% of the

total biomass in the non-mesopelagic HTL groups (Table 1). When
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mesopelagic fish were harvested in scenario M1, the annual average

biomass of the phytoplankton, zooplankton, mesopelagic fish, and

non-mesopelagic HTL groups did not change significantly

(Table 1). However, the biomass of detrital compartments

decreased by 3% (Table 1). When the fishing pressure on

mesopelagic fish increased by an order of magnitude in scenario

M2, total phytoplankton biomass decreased by 37%. The reductions

in the total phytoplankton biomass were mainly due to reductions

in the biomass of diatoms (from 4.46 to 2.66 g C m-2, not shown).

However, total zooplankton biomass increased by 26%. In the M2

scenario, increased harvesting rates led to a 95% decrease in

mesopelagic fish biomass but a 25% increase in non-mesopelagic

HTL group biomass (Table 1). The main contributor to the increase

in the total non-mesopelagic HTL group biomass was small

epipelagic fish (Figure 7). The biomasses of other non-

mesopelagic HTL groups also varied, but the changes were

relatively small. The overall changes in HTL and LTL biomasses

in M2 decreased total detritus by 19% (Table 1), leading to strong

reductions in carbon export throughout the water column.

Mesopelagic fish provided 54.7 and 28.8 mg C m-2 d-1 POC to

detritus in the water column via the release of unassimilated part of
FIGURE 6

Taylor diagram for model statistics showing the performance of the
standalone (uncoupled) North Atlantic Generic Ecosystem Model
(NAGEM, black markers) and the coupled model (blue markers) with
respect to the Bermuda Atlantic Time-series Study (BATS) data. The
numbers within the blue and black markers (from 1 to 5) indicate the
model variables listed in the legend on the bottom-right corner of
the diagram. The x and y axes (connected with dashed lines) show
the standard deviation. The inner angular dashed lines show the root
mean squared distances (RMSD) with respect to the BATS reference
data (REF). The outer angular axis shows the correlation coefficient.
REF represents the reference point (i.e., the hypothetical location of
the data, where correlation coefficient and standard deviation are
1.0 and RMSD is zero). The triangles under the blue and black
markers indicate the bias, as scaled on the top-left corner of the
diagram. The coupled model statistics for the chlorophyll-a
concentration in the water column had a correlation coefficient of
0.44 and standard deviation of 8.43 and were not shown in
this diagram.
B

A

FIGURE 5

Comparison of coupled model results with Bermuda Atlantic Time-series Study (BATS) data: (A) total zooplankton biomass simulated by the coupled
model (grey line) and the BATS total zooplankton data (dark blue dots) (B) carbon export simulated by the coupled model at 150 m (dark blue line),
200 m (red line), 300 m (green line); and BATS carbon export data at 150 m (dark blue dots), 200 m (red dots), 300 m (green dots).
TABLE 1 Total biomasses (g C m-2) in model compartments (P:
Phytoplankton, Z: Zooplankton, HTLMF: Mesopelagic fish groups, HTLNM:
HTL groups other than mesopelagic fish, D: Detritus) under the reference
scenario (REF) and two mesopelagic fish harvesting scenarios (M1:
baseline fishing and M2: commercial fishing).

P Z HTLMF HTLNM D

REF 4.68 0.23 18.80 22.88 7.48

M1 (baseline fishing) 4.68 0.23 18.80 22.87 7.22

M2
(commercial fishing)

2.93 0.23 0.92 28.7 6.07
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Dişa et al. 10.3389/fmars.2024.1389941
their food (i.e., defecation) and mortality fluxes, respectively. The

total defecation and mortality fluxes from non-mesopelagic HTL

groups to detritus was 342.7 and 14.4 mg C m-2 d-1, respectively.

The defecation and mortality fluxes from the non-mesopelagic HTL

groups contributed to the detritus pool mainly in the upper 200 m.

However, the fluxes from mesopelagic fish also strongly affected

depths below 400 m (Figure 8A). At approximately 550 m, the

active carbon transport by mesopelagic fish was comparable to that

of passive exports (Figure 8B). The contribution of mesopelagic fish

to the total carbon export between 400–600 meters was ~40% of the

total carbon export (Figure 8C), while the remaining portion was

driven by the gravitational sinking of particles from above (i.e.,

passive export). Active transport of carbon from the euphotic zone

led to a bump in the vertical carbon export profile at 400–600-meter

depths. In the epipelagic zone, carbon export decreased by 12%, and

the bump in the carbon export profile at 400–600 depths

disappeared in the M2 scenario.

Mesopelagic fish accounted for up to 6% of the total carbon

export above 400 m in the REF scenario (Table 2). In the epipelagic

zone (upper 200 m), the largest contributors to carbon export were

phytoplankton (57.4%) and non-mesopelagic HTL groups (36.6%)

in the REF scenario. At 400 m, the relative contributions of the non-

mesopelagic HTL groups gradually decreased to approximately 9%.

Phytoplankton dominated the total carbon export between 400–600

meters, accounting for 49.4% of the total carbon export in the REF

scenario (Table 2). Although phytoplankton did not survive below

200 m, passive sinking of phytoplankton-driven carbon contributed

74.5% of the total carbon export in the 200–400-meter depth layer.

Among the phytoplankton groups, diatoms were the major

contributor to the total phytoplankton-mediated carbon export,

accounting for almost 95% (not shown).
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3.3 Ecosystem analysis and indicators

The mixed trophic impact analysis for the REF scenario showed

that mesopelagic fish groups had direct negative impacts on

zooplankton and indirect positive impacts on all phytoplankton

groups due to being predators of zooplankton (Figure 9). The

trophic impact of the large mesopelagic fish on the non-

mesopelagic groups was small. However, small mesopelagic fish

had indirect negative impacts on epipelagic fish due to trophic

competition for similar resources (i.e., small and large

zooplankton). Small mesopelagic fish negatively affected the

majority of the other planktivorous fish (i.e., large planktivorous

fish, other epipelagic fish, and bathydemersal fish) due to trophic

competition; however, they positively affected tuna fish groups due

to being their preys.

The relative primary production required to sustain catches

(%PPRc) in the REF scenario was 7% (Table 3) and the mTLc was

4.08. In the M1 scenario, where mesopelagic fish were harvested,

%PPRc increased to 20%, while mTLc decreased to 3.24. The

probability of the ecosystem being sustainably fished (Psus) under

the REF scenario was high (>95%), but decreased to 70% in the M1

scenario. In M2 scenario, %PPRc increased to 73%, mTLc remained

close to that in M1 scenario (3.22), and Psus decreased further to

20% (see Supplementary Table S5 in the Supplementary Material

for the list of catches under the three scenarios).
4 Discussion

Our study showed that the contribution of mesopelagic fish to

total carbon export in the water column ranged between 1–6% in
FIGURE 7

Change in higher-trophic-level organism biomasses (g C m-2) in the M2 scenario (commercial fishing) with respect to the reference scenario. The
positive values indicate an increase in the biomass of the corresponding higher-tropic-level (HTL) group after removal of mesopelagic fish by
fisheries, while the negative values indicate a decrease.
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the epipelagic zone (0–200 m) and was as much as ~39% at 400–600

meters in the REF scenario. In scenarios M1 and M2, harvesting

mesopelagic fish decreased carbon export mediated by this group in

the entire water column. Harvesting mesopelagic fish also led to a

strong decrease in total carbon export mediated by phytoplankton.

This was due to the increased grazing exerted by the increase in the

biomass of phytoplankton-grazing epipelagic fish following

alleviated trophic competit ion with mesopelagic fish.

Furthermore, the biomasses of skipjack and bigeye tunas

decreased. Zooplankton biomass did not change significantly

between the scenarios. This was because the decreased grazing

pressure on zooplankton by the removal of mesopelagic fish was

matched by proportional increases in other competing

planktivorous fish species that feed on zooplankton. Overall, the

model results showed that exploitation of mesopelagic fish would

hamper carbon export dynamics directly because of their decreasing

biomass and indirectly because of their trophic interactions with

plankton grazers in the food web. In addition, biomasses of some

commercially important tuna species would decrease.
4.1 Carbon export

There are high uncertainties in the global and regional biomass

estimates of mesopelagic fish, which are associated with inadequate

measurement techniques (O'Driscoll et al., 2009; Kaartvedt et al.,
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2012; Davison et al., 2015; Kloser et al., 2016). Globally, estimates

vary from 1 to 20 gigatonnes (Gt) of wet weight (Gjosaeter and

Kawaguchi, 1980; Irigoien et al., 2014; Anderson et al., 2019; Proud

et al., 2019). A recent study from the North Atlantic suggested that

the total micronekton biomass ranged between 2–150 g WW m−2,

and 75% of this total biomass (1.5–113 g WW m−2) was attributed

to mesopelagic species (Klevjer et al., 2020). Although the initial

biomass of small mesopelagic fish in Ecopath-F was towards the

lower end of this spectrum (1.7 g WW m−2), the system reached an

equilibrium state with higher mesopelagic fish biomass in Ecosim-F

(i.e., 125 g WW m-2 with a C:WW ratio of 0.15 for fish (Childress

et al., 1990).

The diel vertical migration of the vast mesopelagic fish biomass

structured the vertical distribution of carbon export within the

water column in the three model scenarios. Their impact on carbon

export in the upper 200 m was most significant at 60–70 meters

(Figure 8B), i.e., just below the mixed layer depth and where the

deep chlorophyll maximum occurs in the North Atlantic (Campbell

and Aarup, 1992). This was because both migrating and non-

migrating mesopelagic fish (at night and day, respectively) were

concentrated at this depth to feed on zooplankton. Non-

mesopelagic fish were also concentrated at this depth because the

vertical distributions of all fish were prescribed in the model to

follow the vertical distribution of zooplankton. Therefore, the

highest total carbon export rates were observed at 60–80-meter

depths in the euphotic layer. Hidaka et al. (2001) measured carbon
B CA

FIGURE 8

(A) vertical profiles of total carbon exports in the first reference scenario (REF, solid), in the second mesopelagic fish harvesting scenario (M1:
baseline fishing, dashed), and in the third mesopelagic fish harvesting scenario (M2: commercial fishing, dotted); (B) absolute contributions
(mg C m-2 d-1) of organisms to daily carbon export at different depth layers in the REF scenario: phytoplankton-mediated (green), zooplankton-
mediated (blue), mesopelagic fish-mediated (red), and non-mesopelagic HTL groups-mediated (purple); (C) relative contributions (%) of
phytoplankton, zooplankton, mesopelagic fish, and non-mesopelagic HTL groups to total carbon export in the REF, M1, and M2 scenarios.
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export rates within the euphotic layer in the western equatorial

North Pacific, as well as the contribution of mesopelagic fish to the

total export. They showed that both the total carbon export and the

contribution of mesopelagic fish to the total carbon export reached

a maximum below the mixed layer depth (80 m) in the euphotic

layer, supporting our simulation results.

The carbon incorporated in the bodies of mesopelagic fish in the

euphotic zone at night was transported to the mesopelagic layer

during the daytime. Mesopelagic fish-mediated active carbon

transport accounted for 54.6% (29.9 mg C m−2 d−1), and 27.7%
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(15.2 mg C m−2 d−1) of the total carbon exported from the euphotic

layer (0–150 meters) in the western equatorial Pacific (Hidaka et al.,

2001). The amount of carbon actively transported below the

euphotic zone by mesopelagic fish was much higher (22–24 mg C

m-2 d-1) in the northeastern Pacific Ocean, corresponding to 15–

17% of the total export (Davison et al., 2013). A global end-to-end

modeling study of pelagic marine ecosystems estimated that active

transport by diurnal vertical migration of marine organisms

accounted for as much as 18% of the passive flux of carbon due

to sinking particles at 150 m, 18–25% of this active carbon export

was driven by fish (Aumont et al., 2018). The annual mean carbon

export rates at 150 m due to the diel vertical migration of organisms

in the Sargasso Sea could be as high as 30 mg C m-2 d-1 (Aumont

et al., 2018). In our simulations, the average active transport of

carbon by mesopelagic fish groups was 4.5 mg C m−2 d−1 at their

daytime residence depth (400–600 meters), which was 39.3% of the

total carbon export at this depth. This active carbon transport

deformed the smooth depth-wise carbon export rates formulated by

the power law in the Martin curve, which was fundamentally based

on the gravitational sinking of particles from surface waters (Martin

et al., 1987). A number of studies have underlined the insufficiency

of gravitational carbon export to meet the carbon demand by

mesopelagic biota for different regions across the globe, including

the North Atlantic (e.g. Reinthaler et al., 2006; Baltar et al, 2009).

The biological injection of carbon into the ocean interior by the diel

vertical migration of organisms is considered a pathway to fill this

gap (Burd et al., 2010; Boyd et al., 2019). Our study supported this

perspective and highlighted the necessity to reconsider the

empirical formulations used to simulate biological carbon pump.

The BATS data used for model validation in this study included

carbon export measurements at 150 m, 200 m, and 300 m. Recent

profiling float measurements revealed two seasonal peaks of carbon

export at 500 m and 1000 m, as much as 10–20 mg C m−2 d−1,

which were uncoupled from surface export (Estapa et al., 2019). In

other words, the measured peaks were driven by a different source

than the passive settling of particles from the surface. This

observation supported the simulated mesopelagic fish-driven

carbon export peak of 7 mg C m−2 d−1 between 400–600 meters

in our REF scenario. However, contrary to the findings of Estapa

et al. (2019), our model did not simulate a peak at 1000 meters.

Furthermore, the modeled peak at 400–600 meters was smaller in

magnitude than that of the float observations and was not seasonal

but permanent. Field measurements of carbon exports have

uncertainties, and sediment traps can underestimate carbon

exports by as much as 70% (Usbeck et al., 2003; Boyd et al.,

2019). In particular, for optical sediment traps, which were also

used by Estapa et al. (2019), the challenge was to catch large and

rare particles (Buesseler et al., 2007). In oligotrophic waters, large

particles (e.g., fecal pellets from fish and dead fish) may largely

contribute to carbon export (Saba et al., 2021). Furthermore,

differentiating between particles that sunk passively from the

surface or particles that were transported by horizontal flows was

not possible using sediment trap data (Waniek et al., 2005; Siegel

et al., 2008). Thus, the seasonal peak observed at 1000 m in Estapa

et al. (2019) might have also been driven by lateral fluxes that

NAGEM/EwE-F could not capture because of its 1D structure.
TABLE 2 Average total carbon exports (mg C m-2 d-1) in different depth
layers of the water column and relative contributions of organism
groups to these exports in percent.

Scenario
/Layer

Carbon
Export
(mg C
m-2 d-1)

Contribution of organism
groups (%)

P Z MF NMF

REF

0–200 79.8 57.4 2.3 3.7 36.6

201–400 11.4 74.5 2.9 0.5 22.0

401–600 7.02 49.4 2.1 39.3 9.2

601–1000 1.7 65.3 2.7 24.1 7.8

0–1000 20.34 62.4 2.6 18.4 16.7

M1

0–200 78.5 58.1 2.4 2.2 37.3

201–400 11.4 74.1 2.9 0.1 22.9

401–600 5.7 56.6 2.4 29.6 11.4

601–1000 1.5 70.6 3.0 16.8 9.7

0–1000 19.7 66.0 2.7 13.1 18.2

M2

0–200 70.3 41.5 3.5 0.1 54.9

201–400 11.1 57.1 4.3 0.0 38.5

401–600 3.6 63.7 5.3 2.2 28.8

601–1000 1.2 71.9 5.9 1.3 20.9

0–1000 17.5 61.2 5.0 1.0 32.8
The results are provided for three scenarios (i.e., the reference scenario (REF) and two
mesopelagic fish harvesting scenarios (M1: baseline fishing and M2: commercial fishing) and
five different depth layers (i.e., 0–200 meters, 201–400 meters, 401–600 meters, 601–1000
meters and 0–1000 meters)
TABLE 3 Percent primary production required to sustain catches
(%PPRc), mean trophic level of the catch (mTLc), and probability of being
sustainably fished (Psus) in the reference (REF), and mesopelagic fish
harvesting scenarios (M1: baseline fishing and M2: commercial fishing).

%PPRc mTLc sus (%)

REF 7 4.08 >95

M1 (baseline fishing) 20 3.24 70

M2 (commercial fishing) 73 3.22 20
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The discrepancy between float measurements and model results

might also have stemmed from uncertainties in the prescribed

migratory behavior of mesopelagic fish in our model. Considering

the migratory mesopelagic fish species included in their model,

Vasconcellos and Watson (2004) assumed that 90% of mesopelagic

fish carried out diel vertical migration. Several studies have

highlighted the variation in the diel vertical migration behavior of

the mesopelagic species (e.g. Staby and Aksnes, 2011; Aksnes et al.,

2017; Woodstock et al., 2022). Klevjer et al. (2016), who analyzed

the mesopelagic acoustic scattering layer on global scale argued that

the proportion of the mesopelagic acoustic scattering layer that

perform diel vertical migration could be as low as 38% in the North

Atlantic. This is much lower than the migration proportion used in

this study. However, Klevjer et al. (2016) estimated the DVM of the

entire mesopelagic acoustic scattering layer, whereas this study

considered only 15 mesopelagic fish species (see Section 2.4 for

the list) that were included in the original higher trophic model

configuration (Vasconcellos and Watson, 2004). Therefore, the

small and large mesopelagic fish groups included in our model do

not represent the entire mesopelagic fish assemblage, but only a

selection of 15 species that are abundant in the study area. Of these

species, 67% belong to the family Myctophidae and perform diel

vertical migration. Of the remaining species, namely Stomias boa,

Maurolicus muelleri, Argyropelecus olfersi, Cyclothone spp. and

Pollichthys mauli, all species except Cyclothone spp. are known to

perform DVM (Whitehead et al., 1986), although not to the extent

of the myctophid DVM. According to the species-level survey

conducted by Olivar et al. (2017), more than 90% of the

Myctophidae and approximately 80% of all mesopelagic fish

species (i.e., mainly Myctophidae and Gonostomatidae), perform
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DVM in the equatorial and tropical Atlantic. The survey results

were similar throughout the study area, regardless of the physical

environmental conditions, suggesting that the estimates may be

potentially representative of our study area in the North Atlantic.

Furthermore, acoustic estimates always must be cautiously

interpreted and should be supported by ground-truthing data, as

there are a number of uncertainties associated with the acoustic

estimates (Davison et al., 2015). For instance, the acoustic

measurements cannot account of the resonance effect (Godø

et al., 2009). The gas-filled swim bladders of mesopelagic fish

expand and contract as they perform DVM, affecting their

resonance, and hence, the acoustic signals. Therefore, acoustic

measurements require ground truthing with other data sources,

such as net samples, which was not done by Klevjer et al. (2016).

Finally, the acoustic estimates of organisms in the mesopelagic layer

are also associated with a positive bias, as the signals can be mixed

with baythpelagic/demersal fish (O'Driscoll et al., 2009). In view of

the above aspects, we believe that the migration behavior assumed

in this study is not unrealistic. Nevertheless, the variation in the

migration behavior of mesopelagic fish could easily lead to

the seasonal disappearance of the carbon export peak in the

mesopelagic layer. The asynchronous diel vertical migration

behavior of mesopelagic fish, i.e., vertical migration performed

not on a daily basis but with resting periods between days

(Woodstock et al., 2022), may also introduce additional variations

to carbon export dynamics. Furthermore, variations in the

migration behavior of mesopelagic fish may alter prey-predator

interactions, the magnitude of the fluxes mediated by each organism

in the food web, and thus the carbon export profile in the water

column. Furthermore, a relatively narrower prescribed spread of
FIGURE 9

Mixed trophic impact (MTI) analysis of the reference scenario (REF) shows positive and negative impacts between the modeled functional groups
and species.
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mesopelagic fish within the mesopelagic zone may approach the

modeled export rates closer to the float measurements. Similarly, a

prescribed concentration of mesopelagic fish at approximately 1000

m could simulate a third local peak in the water column. Therefore,

different definitions of vertical spread for mesopelagic fish in the

water column should be considered in future modeling studies to

achieve more realistic representations for model simulations.
4.2 Harvesting mesopelagic fish

Previous studies (Hidaka et al., 2001; Davison et al., 2013) have

estimated mesopelagic fish-mediated carbon export from

conjectured mesopelagic fish biomasses (e.g. Hidaka et al., 2001;

Davison et al., 2013; Saba et al., 2021 and references therein).

However, such an approach is not convenient for assessing the

potential consequences of harvesting mesopelagic fish, as it directly

depends on mesopelagic fish biomass, excludes prey-predator

interactions in the food web and hinders the prediction of

ecosystem-wide changes driven by the fishing of mesopelagic fish.

Our study showed that harvesting mesopelagic fish altered the

mesopelagic fish biomass and led to a series of cascading effects

in the food web, i.e., increases in phytoplankton grazing fish that

reduced phytoplankton-mediated carbon export. Furthermore,

biomasses of some commercially important predator fish species

decreased. Therefore, these changes in the food web should be

considered when assessing the potential consequences of harvesting

mesopelagic species.

The indirect link between harvesting mesopelagic fish and

carbon export, i.e., through changes in plankton dynamics, was

prominent, especially in the epipelagic zone. When mesopelagic fish

groups were harvested in our scenarios, the biomass of

phytoplankton grazing fish, i.e., epipelagic fish groups, increased

because of released competition with decreasing mesopelagic fish

biomass. This resulted in decreased carbon export flows from

primary producers but increased carbon export flows from non-

mesopelagic phytoplankton grazing fish. The carbon export flow

from zooplankton also increased because of the reduced predation

pressure due to the removal of mesopelagic fish. However, the non-

mesopelagic HTL groups- and zooplankton-driven increases in

carbon export were inadequate to compensate for the

phytoplankton- and mesopelagic fish-driven decreases in carbon

export, and the depth-integrated total carbon export decreased.

Harvesting mesopelagic fish also increased the impact of

fisheries on the ecosystem. In the REF scenario, %PPRc accounted

for 7% of total primary production. According to a previous

estimate (Chassot et al., 2007), %PPRc ranges between 1–50% in

the entire North Atlantic, with oligotrophic waters having the

lowest values (<1%), as only tunas were harvested in these

regions. Although our biogeochemical model was set up for

oligotrophic waters of the Sargasso Sea, our estimates were larger.

One explanation for this is that, following Vasconcellos andWatson

(2004), epipelagic fishes that directly feed on phytoplankton were

also harvested in the reference scenario (REF) of this study. In

scenario M2, %PPRc increased to 20% because of the increased
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export flows from the system resulting from the increased catches of

mesopelagic fish groups (see Supplementary Table S5 for catches).

Since the trophic level of mesopelagic fish (~3 for small and ~4 for

large mesopelagic fish group) were lower than the other fished

groups (see Supplementary Table S1 for the list), the mean trophic

level of catch decreased from 4.08 to 3.24 when mesopelagic fish

were harvested. Furthermore, the total biomass of the two

mesopelagic fish groups in the model was more than twice that of

other HTL species. Harvesting mesopelagic fish increased the

ecological footprint of fisheries in the ecosystem, as indicated by

the increased %PPRc value. Considering a mean transfer efficiency

of 8% between trophic levels, the calculated Psus values indicated

more than a 95% probability of being sustainably fished in the REF

scenario and 70% in the M1 scenario. This indicated that, even at a

low exploitation rate, fisheries sustainability can decrease

significantly. However, Psus values need to be evaluated tentatively

as they evaluate the total catch in the ecosystem and do not

differentiate between individual stocks or whether they are

sustainably fished. In the M2 scenario, where annual fishing

mortality increased by one order of magnitude compared to the

M1 scenario, Psus indicated a 20% probability of being sustainably

fished. This change was significant because, although the increase in

the annual fishing mortality was 10-fold, it was quite low due to the

mass-balance constraint exerted by the initial Ecopath-F model.

These low values were sufficient to decrease the probability of being

sustainably fished by more than 75% from scenarios REF to M2. In

the case of the potential exploitation of mesopelagic fish stocks,

there is no doubt that the actual fishing mortality rates would be

orders of magnitude higher than the rates used in our study.

Therefore, harvesting mesopelagic fish may initiate cascading

trophic effects in marine ecosystems and has the potential to

trigger regime shifts in many marine regions. In this study, we

used low levels of annual fishing mortality for mesopelagic fish

groups in the M1 (baseline fishing) scenario to avoid re-

parameterizing the original Ecopath model by Vasconcellos and

Watson (2004) and triggering regime shifts. Therefore, we defined

fishing mortality levels for mesopelagic fish assemblages without

disturbing prey-predator interactions in the food web, or in other

words, without disturbing the mass balance of the Ecopath model.

In the M2 (commercial fishing) scenario, we increased the fishing

mortality by one order of magnitude, which could be considered a

reasonable increase when commercial fishing is first established.

Although the defined annual mortality rates can be considered low

in relation to commercial fisheries worldwide, the catchability of

mesopelagic fisheries would probably be low due to the low

accessibility of these fish given their natural habitat and may not

be considered completely unrealistic.
4.3 Uncertainties

Coupling a higher-trophic-level model with a lower-trophic-level

model requires integration of various processes with uncertainties.

We detected four different sets of parameters in the coupled model

that had the highest uncertainty range in the literature and could
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potentially have the strongest impact on the model results. Among

these parameters, the prescribed migration depth and behavior of

mesopelagic fish are discussed in Section 4.1. The second set of

parameters was the sinking velocities of detritus groups. Following

Salihoglu et al. (2008), the sinking velocities of detritus were set to 2

and 30 m d-1 for slow- and fast-sinking detritus, respectively.

However, the sinking velocities of detritus were reported to be

highly variable. The velocity of slow-sinking particles could be as

low as 0.7 m d-1 (Alonso-González et al., 2010), and the velocity of

fast-sinking particles may be as high as 700 m d-1 depending on the

geography, season and depth (Villa-Alfageme et al., 2016). Because

this study incorporated an end-to-end approach for representing the

ecosystem, from higher-trophic-level organisms to primary

producers, variations in fast-sinking detritus were of particular

importance. Villa-Alfageme et al. (2016) showed that in the North

Atlantic, the average sinking velocities varied seasonally between 30–

60 m d-1 at 50–70-meter depths, between 40–100 m d-1 at 150–200-

meter depths, and between 100–400 m d-1 at 400–500-meter depths.

Yumruktepe et al. (2020) showed that variations in fast-sinking

detritus velocity significantly affected carbon exports below 300 m.

For instance, a three-fold increase in fast-sinking detritus velocity led

to a five-fold increase in the carbon export rate at 500 m. Thus, the

implementation of a depth-resolving sinking rate parameterization

could elevate carbon export rates in the mesopelagic layer and may

lead to further deformation of the Martin curve. However, the general

conclusions drawn from the results of our study remain valid.

The third parameter that our findings were most sensitive to

was the C:N:P ratio of the fish. Most fish body C:P measurements

from aquatic systems were for freshwater species (Elser et al., 2000;

Sterner and George, 2000). Our model calculations were based on

measurements by Czamanski et al. (2011), who provided C:P

measurements ranging from 10.82:1 to 190.42:1 for different wild-

caught species. The mean value of the range was used in this study.

However, choosing species-specific C:P ratios would directly affect

the magnitude of the simulated carbon export rates. Nevertheless,

the relative change in carbon export rates in response to varying

fishing intensities was insensitive to this choice. Furthermore, as the

system was limited by phosphorus, variations in the C:P ratio would

not affect dynamics other than carbon export (e.g., primary

production, plankton community composition, and HTL

dynamics). Although the magnitude of our results could differ

based on the stoichiometric ratio, the general conclusions drawn

with respect to the relative changes in carbon export and food web

dynamics would be similar.

Finally, uncertainties regarding the representation of microbial

activity in the water column must be considered. In this study, the

microbial loop was not explicitly represented in NAGEM/EwE-F;

instead, microbial processes were parameterized via temperature-

dependent remineralization rates that decreased with increasing

depth for fast- and slow-sinking detritus pools. The metabolic fluxes

of mesopelagic fish have been proposed to generate hotspots for

heterotrophic prokaryotes in the mesopelagic layer, where bacterial

activity is twice that of the surface layer (Hoppe et al., 1993; Calleja

et al., 2018). A 40% increase in the remineralization rate of slow-

sinking detritus reduced the export rate by almost 40% in NAGEM

(Yumruktepe et al., 2020). Thus, variations in the remineralization
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rates within the mesopelagic layer would alter the carbon rates and

should be considered in future studies.
5 Conclusions

To date, the ecological and biogeochemical impacts of

harvesting mesopelagic fish have not been investigated from a

holistic perspective. To the best of our knowledge, this is the first

study to investigate the impact of harvesting mesopelagic fish on the

ecosystem and to provide quantitative assessments that consider the

role of mesopelagic fish on trophic interactions and carbon export.

Our study showed that harvesting mesopelagic fish is expected to

alter biogeochemical dynamics not only because of reduced

mesopelagic fish biomass but also through a series of cascading

changes in the food web. The influence of mesopelagic fish on the

water column differed at different depth layers; therefore, harvesting

mesopelagic fish would potentially have varying effects throughout

the water column, cascading through trophic levels. Future studies

should focus on developing ecosystem-based management advice

considering the potential decrease in mesopelagic fish biomass due

to prospective fisheries exploitation and the indirect effects that may

occur due to disrupted prey-predator interactions in the food web

by the removal of mesopelagic fish species. The one-dimensional

modeling scheme used in this study was practical. We relied on

readily available models developed for the study region. The model

also had a sufficient complexity to simulate the impact of fisheries

on trophic dynamics. Because the model compartments are generic,

NAGEM/EwE-F could be adapted to other marine ecosystems that

can be represented from a one-dimensional perspective.
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