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Abstract

The net effect of carbon sequestration in deep sea sediments in response to phytoplankton

blooms has been very well studied. Recently, researchers have started to view large marine

species as analogous to terrestrial old growth forests, holding onto carbon stores between seasons

and years and eventually the deep sea when they die. By removing heterotrophs from the marine

environment through whaling or fishing, the net carbon in the community of organisms can

decrease, adding to greenhouse gas emissions. Through mizer, a size-spectrum model, food chain

interactions in response to different size-selective fishing strategies were simulated. The results

suggest that fishing over a wider range of fish sizes to maintain a target yield can preserve more

carbon within the community. This project introduces a novel ecosystem service that can be

exploited through thoughtful fisheries management.

Introduction

Human activities like that of burning fossil fuels have increased the concentration of CO2

from 270 parts per million (ppm) in the preindustrial era to 410 ppm as of 2021. Increasingly,

there is a desire to view carbon sequestration as an ecosystem service that can be introduced into

management strategies, adding to the toolbox of ways to manage the growing climate crisis.

Nature-based solutions have been proposed as a ‘no-regret’ option for carbon management

whose goals align with the conservation goals (Seddon et al. 2019) and serve as a bulwark

against other long-term hazards of climate change (Hochard et al. 2019, Beck et al. 2018,

Bhattacharjee et al. 2018, Narayan et al. 2017). In 2019, 66% of the Paris Agreement signatories

included nature-based carbon mitigation strategies (Seddon et al. 2019). It is estimated that

nature-based solutions could account for one-third of the climate mitigation needed before 2030
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to keep warming below an increase of 2°C (Griscom et al. 2017). The majority of these

initiatives focus on terrestrial primary producers as carbon sinks, but not without good reason: in

the United States alone, forest ecosystems offset about 15 percent of total US fossil fuel

emissions (Woodall et al. 2015). Strategies to recoup primordial carbon stocks have aimed at

balancing the trade-offs of naturogenic versus anthropogenic land use, aiming to employ myriad

tactics from enhancing the development of existing forests to expanding forest cover in urban

areas (Ontl et al. 2020).

However, only 19% of those nations committed to nature-based solutions specifically

include coastal and marine ecosystems in their strategies (Herr and Landis 2016). The focus on

forest ecosystems of the Paris Agreement signatories is one of the identified shortcomings of

current nature-based strategies of climate mitigation. This means not every natural mitigation

avenue is being explored. In fact, the open ocean can be viewed through a similar lens as our

terrestrial and coastal forests. The biological pump views the ocean as a carbon pool,

sequestering atmospheric carbon in deep sea sediments as plankton bloom and bust. Whereas

phytoplankton, the primary producers of the open ocean, vary in aubundances by order of

magnitude seasonally due to their short life cycles, the carbon stocks of long-lived marine

heterotrophs, like whales or fish, are stable for years and decades, making them analogous to

terrestrial old growth forests (Pershing and Stamieszkin 2019).

Anthropogenic activity like that of whaling has counteracted the net carbon sequestration

of sinking whale carcasses by removing them from the marine biome for commercial purposes

(Pershing et al. 2010). In effect, the carbon stored within the community of these large,

long-lived marine heterotrophs diminished as whale populations decreased over the 20th

Century, reducing the carbon storage of whale populations by 9.1 million tons of carbon.
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Rebuilding whale populations could recover 160,000 metric tons of carbon each year through

sinking whale carcasses. As much living carbon there is in the whale community, there is more in

fish. A similar study estimates rebuilding exploited fish stocks in the eastern tropical Pacific

alone could even recover 540,000 metric tons of carbon each year (Martin et al. 2016). Globally,

21.8 million tons of carbon have been lost from the marine ecosystem due to fishing since 1950

(Mariani et al. 2020). This makes these community-based living carbon recovery methods

comparable to realized efforts of ocean iron fertilization (Pershing et al. 2010).

The allometric scaling of metabolism dictates that more massive organisms respire

carbon dioxide at a slower mass-specific rate (Kleiber 1932). Hence, more massive organisms

are more efficient at storing carbon, playing a disproportionate role in the total carbon

sequestered in animal tissues (Hayssen and Lacy, 1985). This can be leveraged to develop

fisheries management strategies that allow for efficient carbon sequestration. Presumably,

drastically decreasing populations of heterotrophs at the top of their respective food webs would

relieve predation on their prey, increasing the abundances of smaller organisms (Hrbáček, 1961).

As Peshing et al. (2010) points out, this is already being observed in the Pacific (Essington 2006)

and the Ross Sea (Ainley et al. 2007) where whaling has been extreme.

In the search for optimized fishing strategies that preserve marine heterotrophs, there has

been an ongoing debate about how to challenge the status quo of selective exploitation. The

current paradigm seeks to restrict exploitation before reproduction as a compromise for

preserving community structure while maintaining economic yield at market. This has the effect

of focusing the bulk of fishing effort on higher trophic levels consisting of larger, often more

valuable, carbon-efficient heterotrophic fish whose populations have subsequently crashed

worldwide (Worm et al. 2009). Several multinational efforts to address maintaining community
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structure in fisheries management include the United Nations Convention on Biodiversity

(SoCBD 2004). A case study in Lake Kariba at the Zimbabwe-Zambia border has provided

empirical and theoretical evidence that the current selective, strictly managed paradigm

employed on the Zimbabwean side fails to preserve community structure as well as the

open-access paradigm employed on the Zambian side (Kolding et al. 2016). Upscaled

unregulated harvesting mimicking the Zambian approach in Lake Kariba wholesale would

assuredly not protect the overall biomass in the world’s fisheries, but it does serve as an impetus

to rethink the ways to manage fisheries.

Emerging ideas like those of unselective and balanced harvesting have produced

modelling evidence that they can possibly sustain higher yields, preserve biomass distribution,

and reduce extirpations (Garcia et al. 2012; Jacobsen et al. 2014; Zhou & Smith 2017; Kolding et

al. 2016). Central to both of these approaches is the exploitation of the widest range of fish sizes

in an ecosystem. In fairness, these strategies are not without critiques (Froese et al. 2015), with

questions about the feasibility of balanced harvest in doubt because of the reliance of scaling

fishing effort with productivity which may be technologically difficult and the economic cost of

shifting paradigms to exploit smaller fish that were previously off-limits (Burgess et al. 2015).

Without necessarily taking a side on the debate, results indicating that these strategies, working

independently or conjunctively, can possibly preserve total biomass makes them interesting

candidates to begin exploring a carbon-based perspective of fisheries management, thus

establishing carbon sequestration as an additional, valuable ecosystem service in an

anthropogenic world.

Previous studies that have considered the carbon export of heterotrophs typically focus on

one species or one community of organisms that do not feed on each other. The difficulty is
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assessing where the carbon goes when considering trophic interactions. Size spectrum models

provide a way to simulate the abundances and interactions of marine fish communities. They

hold several advantages over other community models that makes them a good candidate for

studying the size-selectivity of simulated fishing strategies. For one, they take the entire fish

community into account by bookkeeping energy transfers between predator and prey

populations, permitting a wider perspective of fishing strategies on an ecosystem. Additionally,

size-based demography holds key advantages over age-structured demography, including (i)

applications in emergent density dependence among adults, (ii) it is axiomatic based on

life-history constants, and (iii) it is easier, cheaper, and more accurate than measuring age for

stock assessment and capture (Andersen 2020).

Stemming from this need to rethink fisheries management and the global desire to expand

nature-based carbon management solutions, we set out to determine if fisheries can be managed

to maximize carbon within the community. We hypothesized that fishing strategies that preserve

larger fish sizes will have more carbon because of size-based allometric scaling rules, making a

size spectrum model ideal for this study. This analysis set out to examine the cumulative effect of

harvesting on the carbon stored within a simulated fish community to establish a

proof-of-concept of fisheries management as carbon management.

Methods

The Community Model: The size spectrum model implemented in this study was through

the R package mizer found on GitHub at https://github.com/sizespectrum/mizer (Scott et al.

2014). The community model was used to simulate the effects of several size-selective fishing

strategies on a theoretical community of fish. The community model is suited to theoretical
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investigations at steady state (Andersen et al. 2015). The following principles underlie the

size-spectrum model implemented by mizer: (i) larger individuals prey upon smaller individuals;

(ii) the flow of energy through the community is dictated by individual-level energy budgets; and

(iii) individuals can be described exclusively by size-dependent traits.

The community-level size distribution is dictated by individual-level processes such as

consumption, growth, reproduction, and mortality, approximating a negative linear relationship

between log-scaled abundance and size, with few large fish and many small fish. These

processes describe individual fish consuming prey of smaller size classes to provide energy to

fuel growth and reproduction. Growth shuttles these fish to larger size classes while reproduction

replenishes the abundances of smaller size classes. All the while, fish experience some chance of

mortality due to processes such as fishing or predation by even larger fish.

The individual-level physiological processes are each modelled by equations from the

literature. The cumulative effect of growth and mortality is then projected through time. The

resulting abundances at each time step is modelled by the McKendrick-von Foerster partial

differential equation, with being the number density (a measure of abundance),𝑁(𝑤) 𝑔(𝑤)

being the growth rate, and being the mortality, all at weight with respect to time andµ(𝑤) 𝑤 𝑡

weight .𝑤

∂𝑁(𝑤)
∂𝑡 + ∂𝑔(𝑤)𝑁(𝑤)

∂𝑤 =− µ(𝑤)𝑁(𝑤)

The model allows fishing pressure to be applied to specified sizes of fish, changing the

initial conditions and thereby producing different model outputs as it converges to a steady state.

The aim of the study was to select for different size classes and change the fishing pressure. A

complete model description can be found on the mizer website. Publications that describe related

models include Jacobsen et al. (2014) and Andersen (2019).
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Experimental Design: Simulations were carried out on a generalized fish community

using the default mizer settings. The simulated community spanned individual masses over

several orders of magnitude from 0.001 grams to 1,000 kilograms. Like real fish communities,

this range spans several orders of magnitude. The precise sizes are irrelevant because this is a

simulated study.

Since primary production was held constant, the conservation of energy controlled the

viable fish distribution as the model bookkept individual energy uses and transfers. The carbon

contained within the community was compared before and after employing a particular

unselective, unbalanced fishing strategy of a specified intensity to a size class of fish. This

allowed the relative impact of fishing strategies on carbon storage in the fish community to be

quantified as certain size classes were harvested due to fishing, shifting the abundances of size

classes with different metabolic efficiencies due to changing trophic states. This was done by

employing nine different size-selective fishing strategies that iterated through a minimum mass

of individuals fished with a knife-edge selectivity function, varying from the maximum size at

100 kilograms to the minimum size of 0.001 grams. All fish at or above the minimum mass

threshold for any given strategy would evenly experience a specified fishing mortality that varied

from 0.0, corresponding to an unfished community undergoing no fishing effort, to 2.0,

corresponding to high fishing effort, in a series of 100 runs.

Each simulation was run for 400 simulation years to reach equilibrium for the yield, the

remaining biomass of the community, and the size spectrum slope. The last 100 years were

averaged to produce annual averages for all three variables. We assume all size classes of fish

have the same carbon density, so we will hereafter use carbon and biomass interchangeably
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(Andersen 2019). The yield provided a comparative mass of fish that were commercially

removed from the fish community to be brought to shore. The size spectrum slope provided a

relative measure of the abundances of each size class to assess how size distributions responded

to their respective fishing strategies.

Results

For every fishing strategy, the yield increased and the biomass/carbon decreased with

increasing fishing effort. The fishing strategies that selected for a narrower range of fish sizes

produced the smallest annual yields. However, for every strategy, the yields were less affected

when fishing mortality was high as yields converged to their maxima. This is because the

selected fish were harvested to depletion in each strategy with fish being harvested as soon as

they grew larger than the minimum size limit.

Each strategy conserved all relative biomass under no fishing effort (Figure 1). Trivially,

this resulted in no yield and thus the least change in community biomass, preserving all living

carbon within the marine community. Looking at the nine size-selective strategies, although the

annual yield increased and annual biomass decreased with increasing fishing mortality for each

strategy, the pattern which each strategy took showed key differences. Notably, the strategies that

had a lower minimum threshold of size selection, emblematic of strategies that exploited a wider

range of fish sizes, resulted in higher biomass for any given yield.

Humans traditionally look to fisheries as a source of protein. From our perspective, we

can consider how much carbon is left in the fish community for a given level of yield (in our

figure, 25% of the maximum) as a function of the fishing strategy. The largest difference

between two strategies was up to a 10% difference of conserved carbon between the 1 gram
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fishery and the 0.001 gram fishery at a given yield (Figure 1, Figure 2A). While protein

production is the traditional goal of fishery management, ecosystem considerations are becoming

increasingly important. We can explore simple ecosystem values by considering the yield

produced by a fixed level of biomass in the water. For a target biomass, the yield can be doubled

by fishing over a wider range of fish sizes by including smaller fish (Figure 1, Figure 2B). Thus

the “optimal” strategies that conserve the most living carbon for a given yield turn out to be

those strategies that select for the smallest fish in addition to the large fish.

However, there are some caveats to this trend. At higher yields, the 10 gram strategy

briefly preserves more carbon than the 1 gram strategy despite being the narrower, more

selective strategy before hitting its maximum yield. Also, for low yields, the slot fishery

outperformed some optimal control fisheries that selected for a wider range of fish sizes,

conserving the biomass while sustaining the same comparative yield (Figure 1). But as target

yields increased, the slot fishery became a suboptimal strategy. This suggests that there are

optimal strategies for any given yield that preserves the biomass, and thus the carbon, contained

within the community, but this may not always follow the wider selectivity trend identified.

Although at high yields, wider selectivity functions are optimal.

The size spectrum slopes summarize the size composition of each strategy (Figure 3). As

fishing mortality and annual yield increased, the community slope for each strategy decreased,

becoming steeper, thus indicating a shift in the community toward smaller fish. However, the

optimal strategies showed a strong trend where they had a shallower slope for any given annual

yield, indicating that large fish were better conserved in these strategies. Thus optimal fishing

strategies were those who disproportionately exploited smaller fish and preserved the largest fish.

However, the slot fishery indicates that exclusively exploiting small fish can limit the viability of
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large fish within the community. Thus the results indicate that at high yields, the best way to

preserve large fish is to fish across the whole size spectrum.

Discussion

This analysis fleshes out the first step toward managing fish communities as carbon

stocks in addition to their traditional value as sources of protein. Our study suggests that

changing the pattern of exploitation across the size spectrum could produce the same yield but

allow for more biomass and thus more carbon to be stored in the fish community. While our

study is theoretical, it is useful to scale our results to actual fisheries to consider how carbon

management could play out. Sparholt (1990) estimated that the North Sea ecosystem has 10

million metric tons of fish biomass. Our study suggests that by altering how the fisheries are

exploited could produce the same protein but increase the amount of stored biomass. Increasing

the stored biomass by 10% (as in Figure 2A) would equate to increasing the biomass of fish in

the North Sea by conserving 1 million tons of fish biomass every year, equivalent to 125,000

tons of carbon on an annual basis for the North Sea alone (Andersen 2019). This number aligns

with the projected carbon benefits of rebuilding whale populations at 160,000 tons of carbon per

year (Pershing et al. 2010) and the cessation of overexploiting large fish in the Eastern Pacific at

540,000 tons of carbon per year (Martin 2016). Summed over the fisheries of the world, this

could equate to a substantial conservation of carbon in the marine ecosystem while maintaining

the amount of seafood on our dinner plates.

This analysis seems to suggest that to take a carbon-perspective of fisheries management

would require the disproportionate exploitation of smaller fish due to their carbon inefficiency, in

line with alternative fisheries management strategies like that of unselective harvesting and
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balanced fishing (Garcia et al. 2012; Jacobsen et al. 2014; Zhou & Smith 2017; Kolding et al.

2016). This encourages the preservation of large, carbon-efficient large fish which are

disproportionately exploited under the current harvesting paradigm, which aligns with

conservation goals. However, the economic benefit of transitioning to different, smaller fish has

not been thoroughly analyzed. In fact, some smaller organisms are highly valued like shrimp and

anchovies, and larger fish are not necessarily more valuable (Sethi et al. 2010).

The larger consideration would aim to examine a holistic carbon view of the marine

biome and the human activities that occur in and around it. This should include an assessment of

where the carbon gets sequestered after fish or whales die. Whale falls have been well

documented, integrating the carbon within whale tissues into deep sea ecosystems and sediments

(Smith 2003). But fish do not always sink into the deep sea to sequester the carbon composed

within their tissues. However, fish have been estimated to contribute to 16% of the total carbon

flux into the deep sea through feces and vertical movement (Saba et al. 2021). There is also the

outstanding question how long sequestered carbon remains sequestered. Forests are only

short-term carbon stores: when they die, they are decomposed and their carbon is effectively

released back into the atmosphere (unless under extraordinary conditions whereby they are

buried). The carbon within deep sea sediments also has a turnover rate, but on the order of

1,000-10,000 years. Fortunately, this is much longer than humans have been burning fossil fuels

and outlasts our goals to manage the climate crisis. For reference, carbon credits are usually

awarded for preserving forests for as few as 100 years (Parajuli 2019).

Our analysis is not without limitations. The results are indicative of the model’s

assumptions. For one, our optimal strategies select for fish below 1 gram. While it continues to

follow the same trends as expected, sourcing fish for consumption disproportionately in the
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range of milligrams is impractical and does not hold much real-world bearing. Removing these

seemingly trivial, although highly optimal, strategies, the carbon benefits of wider selectivity

diminishes. Under these circumstances, wider selectivity still preserves biomass when

controlling for yield, but by no more than 2%, representing only a small fraction of the living

carbon in the community. But this should be taken lightly since our experiment is purely

theoretical: 1 gram has little meaning in our results aside from its relation to the overall size

spectrum. This analysis would benefit from scaling to a parameterized system like the North Sea

model where relative numbers are made more ‘concrete’ with real analogues.

The community model does not take individual species into account that, in the real

world, would be harvested under independent rules and have different life-history properties.

This could be remedied by applying this to a parameterized multi-species model like the North

Sea model mentioned above. This does not account for the crude representation of selectivity

functions that are employed to mimic real fishing trawls and the human sociological and policy

element. Additionally, size-based demography is relatively new and size-based dynamics rely on

trophic cascades that may be rare in the open ocean (Pershing et al. 2015). The best validation of

size-based fisheries management comes from data-poor environments (Zhang et al. 2016) and a

freshwater system in Lake Kariba (Kolding 2016) where trophic cascades are more likely to

occur. More time will build on the validity of size-based fisheries management, but our results

fall in line with widely used models like that of Ecopath with Ecosim (Zhou & Smith 2017).

A more concrete analysis would require a more detailed projection of effects on a

community of fish. This is possible, however: properties of fish of the North Sea have been

parameterized by Blanchard et al. (2014), accounting for 90% of the biomass of the heterotrophs

in that ecosystem. Where our study abstracted away species identification and assumed all fish of
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the community possessed the same traits, the North Sea model would account for measured

species differences and allow them to interact. Applying different size-selective fishing strategies

to this community could project biomass estimates into the future to assess what ‘real world’

carbon-based fisheries management may look like. The relative economic value of each fish

could be assigned to estimate the economic effects of carbon management. However, this does

not account for shifting market forces that may change as different fish are exploited. A broader

analysis would have to examine the costs of changing fishing gears to exploit smaller fish stocks.

Currently, about half of the most carbon-detrimental fisheries are unprofitable (Mariani et al.

2020). Mariani et al. (2020) argues that halting subsidies to unprofitable fisheries could begin to

recover overexploited fish populations, accompanied by a recovery of carbon into heterotrophic

communities. An interesting route forward could be to provide carbon credits for those fishers

who transition to smaller, less carbon-efficient small fish, acting as an alternative subsidy to

finance changing gears and to incentivize a transition to carbon-conscious fisheries management.

This also beckons the question of where the carbon conservation of fisheries breaks even against

the fossil fuel consumption of fishing fleets.

The analysis presented here should be considered as a proof-of-concept and as a

promising thought experiment in need of expansion. Considering large marine heterotrophs as

integral elements to the carbon cycle is relatively new. Most studies have taken a look at the

overwhelming amount of carbon lost from marine heterotrophic communities and how much can

be recovered by allowing certain communities to recover (Pershing 2010, Martin 2016, Mariani

2020). A benefit of our study is the use of a trophic model that accounts for the energetics of

predator-prey relationships, taking a community-level view of carbon dynamics. The present

study provides a novel theoretical view of how we can possibly manage fisheries to use natural
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carbon sequestration as an ecosystem service and to begin considering fisheries management as

among the few ‘no-regret’ nature-based climate mitigation strategies of the open ocean, adding

to our toolbox of ways to fight climate change.
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Figure 1: Average annual biomass (normalized by the biomass of the stable unfished community) against the

average annual yield (normalized by the biomass of the stale unfished community). Each line color corresponds to a

different fishing strategy where the knife-edge selectivity function starts. The vertical black line corresponds to a

cross-section of a fixed yield at 25%, expanded on in Figure 2A. The horizontal black line corresponds to a

cross-section of a fixed biomass at 80%, expanded on in Figure 2B.
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Figure 2: Example plots taken from Figure 1 at (A) a fixed yield and (B) a fixed biomass. (A) shows that when

fishing for a yield at 25% of the normalized yield, the fishing strategy that selected for all fish at or above 0.001

grams preserved the most biomass in the natural community at 79.06%, while the strategy that preserved the least

selected for all fish at or above 1 gram at 69.51%. (B) shows that when aiming to preserve 80% of the biomass, the

strategy that selected for all fish at or above 0.001 grams produced the highest yield at 24.39%, while the strategy

produced the lowest yield selected for all fish at or above 1 gram at 13.02%.
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Figure 3: The size spectrum slope against the average annual yield (normalized by the biomass of the stale unfished

community). Each line color corresponds to a different fishing strategy where the knife-edge selectivity function

starts. The vertical line corresponds to the cross-section expanded on in Figure 2A. The strategy that preserves the

most biomass (0.001) has the shallowest size spectrum slope.
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