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ARISING FROM E. Sala et al. Nature https://doi.org/10.1038/s41586-021-03371-z (2021)

Bottom trawling disrupts natural carbon flows in seabed ecosystems
owing to sediment mixing, resuspension and changes in the biological
community. Sala etal.! suggest that seafloor disturbance by industrial
trawlersand dredgers resultsin 0.58-1.47 petagrams (Pg) of aqueous
CO, release annually (equivalent to 0.16-0.4 Pg carbon (C) per year),
owingtoincreased organic carbon (OC) mineralization, which occurs
after trawling. We are concerned, however, that Sala et al.! overesti-
mate trawl-induced CO, release, because their model uses areactiv-
ity value (k, the first-order decay rate) estimated for highly reactive
OC delivered recently to the sediment surface, and apply it to bulk
sediment (typically composed of labile, recalcitrant and refractory C),
which is known to have a much lower reactivity?. These assumptions
resultinanupwardbiasinthe estimated CO, release by several orders
of magnitude, overestimating the impact of trawling on global OC
mineralization rates.

The parameter values in Sala et al.' ignore the important role of
composition in driving OC mineralization in marine sediments. OC
that reaches the sediment represents a mixture of compounds that
range from highly reactive to very unreactive molecules®. Typically,
around 70% (represented by the fraction of reactive material, p, of
0.70 for muddy sediment in the model of Sala et al.!) is highly reactive
and mineralized by microorganisms within the first few centimetres
of sediment, which translates into a high k value (reactivity of the OC
pool,1-10 per year (yr™)). The remaining, less-reactive fractions are
mineralized at a much slower rate, with typical k values below 0.1yr™
(ref. 4). Because of the preferential mineralization of the more-reactive
fractions, the k value of the bulk OC decreases exponentially with sedi-
ment depth, generally from 1-10 yr at the sediment-water interface
tolessthan 0.01 yr*below adepth*® of 5 cm (Fig.1). The standing stock
of OC in the sediment thus typically exhibits a k value of 0.01-0.1yr™.
Consequently, the approach Sala et al.! have taken—using a k value of
0.3-17 yr™*and applying this to the bulk of the OC stock—may result
in an overestimation of CO, release of historically buried OC by two
to three orders of magnitude. We argue that incorporating the role of
composition would require lowering the k value to around 0.01yr™,
which is representative of sub-surface sediment®, and applying it to
the bulk of the sediment (fraction of reactive material, p =1) or, alter-
natively, using the original high k values (k= 0.3-17 yr™*) and applying
themtothefraction of reactive material p presentin historically buried
0OC (p=0.001-0.01). More importantly, the calculations in Sala et al.!
would have given only an estimate of OC remineralization independ-
ent of trawling—because these kand p values are representative of OC

mineralizationin marine sediments (Fig.1shows typical k valuesrelative
to sediment depth for a range of North Sea sediments).

Furthermore, the OC model presented by Sala et al.' does not differ-
entiate between OC mineralization in undisturbed sediments and that
induced by sediment disturbance. Instead, Sala et al. implicitly assume
that the OC mineralization rate calculated using their model results
fromtrawling disturbance alone. As aresult, their model assumptions
imply thatthe OCinanarea protected from trawling is unreactive and
will not be mineralized. The ‘carbon model validation’ section in the
methods of Salaetal. clearly illustrates this issue. Sala et al.! compare
the modelled CO, emissions that derive from only the trawl disturbance
of historically buried OC with empirical estimates of CO, emissions
from natural-plus-trawling mineralization of all sedimentary OC, and
alsodonot compare the emissions with those of untrawled controlsites.
These fundamentally incomparable measures are not suitable for the
validation of their model. The fact that these measures are of the same
order of magnitudeillustrates that CO, emissions by trawling are likely
to be small compared with the emissions from natural mineralization®
and much smaller than those modelled by Salaetal.’.

The ultimate question is whether the reactivity of the OC stock is
increased by trawling disturbance and resuspension, and thus whether
the kvalueis higher after trawling. Unfortunately, this question is not
adequately addressed by Sala et al.'. To date, our knowledge of the
effects of the disturbance and resuspension of sediments induced by
trawling onthereactivity of OC, and how this compares with the effects
of natural resuspension events (such as storms and waves) is extremely
limited. A recent review of 49 studies investigating OC stocks after
trawling-induced disturbances revealed highly mixed results, with
61% of studies reporting no significant effect, 29% reporting lower
0OC stocks and 10% reporting higher stocks®. To robustly estimate the
global impact of bottom trawling on OC mineralization, new experi-
ments are needed that quantify the reactivity of disturbed OC in the
sediment and in resuspension.

In conclusion, we currently do not know enough about the impact of
trawling on seabed carbon to make robust global projections. Reliable
estimates of sediment carbon loss should be based on models that use
parameter estimates for the change in OCreactivity and that are tested
against empirical measurements. Sala et al.! suggest that reducing CO,
release through reducing trawling effort could generate carbon credits
and provide an opportunity for financing marine protected areas.
Although thisis certainly anidea worth considering, we argue that the
CO, release estimates of Sala et al.! create unrealistic expectations about
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Fig.1|Decreaseinmodelled OCdegradation-rate constants withsediment
depthforllsitesinthe NorthSea, with varying OC contents at the sediment
surface. The meanrates stem fromthe degradation of OC, which consist ofa
reactive and aless-reactive OC fraction. Each of these fractions has a different
degradationrate k. Data and modelling results are from a previously published
study’.

the quantity of carbon credits that can be generated. Eveninitial plans
for the management of bottom trawling for carbon benefits require
estimatesthatare of the correct order of magnitude, and we think that
the study by Sala et al. does not supply those estimates.

Reporting summary

Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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REPLYING TO: J. G. Hiddink et al. Nature https://doi.org/10.1038/s41586-023-06014-7 (2023)

In the accompanying Comment, Hiddink et al.! challenge our estimate?
ofthe magnitude of seabed carbon remineralized by bottom trawling.
However, we think that the conclusions by Hiddink' are based onincor-
rectassumptions and that these conclusions lack quantitative support
for several of their claims.

We think that the assertion by Hiddink et al.' that our calculations
suggest that “OCin an area protected from trawling is unreactive and
will not be mineralized” is incorrect. The model by Sala et al.> rests on
the idea that trawling exposes carbon buried in less-active sediment
layers to shallower, more biogeochemically active ones. Because some
of the affected sediment is eroded and transported away by ocean
currents?®, each trawling event exposes subsequent deeper layers of
buried carbon. As aresult, trawling aids in decomposing previously
buried carbon by acting asa mechanism that can reoxygenate surface
sediments, transport previously buried carbon to more biologically
active zones and release carbon from physical occlusion.

Decades of research have shown that oxygen and oxygen exposure
time have essential roles in the degradation of marine organic matter,
especially older organic carbon and organic carbon associated with
mineral surfaces**. Bottom trawling exposes previously buried carbon
to more oxygenated environments because, as fishing gear scrapes the
seafloor, it mixes and resuspends sediments and their associated car-
bon?. Although most of the research on the impacts of oxygen on carbon
degradation focuses onlong-term exposure, some studies suggest that
oxygenexposure over afew days to weeks canincrease carbon turnover
in marine sediments®. Studies on trawling have shown that sediment
plumestake several days to dissipate, and trawling tracks in the sediment
canpersist formonthstoyears®. Furthermore, lateral transport of resus-
pended carbon and frequent trawling of sites over the past 30-70 years
canincrease the duration and frequency of oxygen exposure®.

Hiddink et al.! further suggest that our selection of k values
(first-order decay rates) overestimates trawling-induced CO, efflux by
two to three orders of magnitude. Itisimportant to understand that kis
derived and modelled using indirect methods and cannot be measured
directly. Like allmodels, the theoretical assumptions underpinning the

carbon model can affectits predictions, and we acknowledge that kis
acrucial parameter that needs to be well constrained to give accurate
predictions. Here we discuss and compare the approach suggested
by Hiddink et al.' with models described in the literature and with our
own empirical synthesis.

The approach by Hiddink et al.! is based on the paradigm that the
degradation of organic matter is controlled by only its chemical proper-
ties, leading to predictable declines in k values with depth. However,
several authors of a previously published paper’, which is extensively
cited by Hiddink et al.' in their discussion of k values, argue in their
recent publication® that “the relative importance of organic struc-
ture and compositionin controlling overall preservation/degradation
remains unclear”. Research at the forefront of marine organic-matter
preservation now focuses on the idea that the interplay between the
biological, geochemical and physical attributes of the environment
govern organic-matter reactivity®'°. Asaresult of this paradigm shift,
recent studies have argued that the fixed reactivity paradigm used
by Hiddink et al." is no longer valid, because it generates misleading
conclusions about carbon stability and reactivity®.

By contrast, in our previous paper? we determined empirical k val-
ues using a broad literature search to constrain the range of possible
kvalues tobetween 0.275and 16.8 (not 1-17 yr, as suggested by Hiddink
etal.)). Wethen used fourindependent, trawled sites with measured CO,
effluxes to characterize and validate the k values and the proportion of
available carbon across different regions and sediment types. It is our
view that deriving kvalues from an analysis of field data, aswas donein
Sala et al.?, is a more robust approach than the suggestion by Hiddink
etal.ofasingleglobal kvalue inthe range of 0.01-0.1, whichwas selected
using a theoretical approach that can be subjected to expert biases.

To analyse the assumption by Hiddink et al.!, we followed the same
validation methods as described previously?, except that we used k
values for our validation sites that were one or two orders of magnitude
lower thanin our original model. We found that the percentage of error
ofthe CO, efflux increased significantly from a mean of 21% (19-24%),
when using the original k values?, to a mean underestimate of 63%
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Table 1| Model comparisons of trawled validation sites using different k values and natural fluxes to estimate CO, efflux

Original model

k reduced by one order of magnitude

k reduced by two orders of magnitude

Site k(yr™) Error (%) k(yr™) Error (%) k(yr™) Error (%)
Approach1

Westerschelde 1.0 4(0.7t0 6) 01 -79 (-76 t0 -82) 0.01 -92 (-89 to -95)
Thermaic Gulf 12.3 8(-3t018) 1.23 -17 (-7to -27) 0.12 -67 (-56 to -77)
Sweden 1.0 39 (19to0 59) 0.1 -39 (-19 to -59) 0.01 -51(-31t0-72)
Bay of Aarhus 1.0 -45 (-38to -52) 0.1 -78 (-71t0 -85) 0.01 -83(-75t0-90)
Approach2

Westerschelde 1.0 -2 01 -86 0.01 -98

Thermaic Gulf 12.3 -13 1.23 =37 0.12 -87

Sweden 1.0 0.2 0.1 -78 0.01 -90

Bay of Aarhus 1.0 -59 01 -91 0.01 -96

Approach 1includes k values and trawling flux data from Sala et al.; the natural flux is 19 Mg CO,km™yr™, as estimated previously". Natural CO, fluxes" represent the global mean (lower and
upper bounds) of fluxes for water depths between 50m and 2,000 m. Approach 2 includes k values and trawling flux data from Sala et al.% the natural flux is 16 Mg CO*km™2yr™, as estimated
previously™. Natural CO, fluxes® represent the region-specific mean. Annual natural CO, fluxes represent 90% of the annual carbon flux to sediments. The combined flux is the sum of the
trawling and natural fluxes. The mean error (%) is the difference between the model predictions (trawled flux + natural flux) and the measured flux. Additional information for the calculation of
the error percentages can be found in Supplementary Table 1. The full methodology for validations has been described previously?.

(58-68%) when k was reduced by one order of magnitude, and of 83%
(78-88%) when kwas decreased by two orders of magnitude (Table1). As
aresult, the suggestion by Hiddink et al.' of using ak value in the range
of 0.01-0.1leaves the carbon equation unbalanced, with a consider-
able source of remineralized carbon thatis not accounted for and that
the annual supply of fresh carbon cannot explain. We acknowledge that
using mean global and regional natural fluxes does not account for the
considerable variation often observed betweenssites. However, to make
up for the deficits in the carbon budgets, site-specific mean carbon
fluxes to the seafloor would have to be 2-15 times greater than the
mean global average™ and 10-86 times greater than regional averages™.

Furthermore, our datado notsupport the claim by Hiddink et al.' that
using higher k values overestimated CO, efflux by two to three orders
of magnitude. Using the carbon benefit methodology from Salaetal ?,
we reduced all k values by one and two orders of magnitude by dividing
the original k values by 10 and 100, respectively. We then examined the
validity of the claim by Hiddink et al.' that such reductions in k values
would result in a two-to-three order-of-magnitude lower CO, efflux.
Decreasing the k values by one order of magnitude (global mean k
value=0.26 yr) resulted in a trawling-induced efflux of 0.35 Pg yr™,
whichisin the same order of magnitude as the lower bound estimate
of 0.58 Pg yr' by Sala et al.> (Table 2). Reducing the k values by two
orders of magnitude (global mean k value = 0.026 yr™') reduced the
global efflux to 0.043 Pg yr*, only one order of magnitude lower than
thelowest estimate by Sala et al.?(Table 2), not the two to three orders
of magnitude suggested by Hiddink et al.".

Since the publication of our previous paper?, another study® has
synthesized the literature examining trawling impacts on carbon with
amostly qualitative review. Although this study® found mixed results
for the effects of trawling on carbon stocks, the only two studies that
examined remineralization and/or metabolism at the same site before
and after trawling found that trawling increased remineralization or
metabolism. Furthermore, the study®™ found that most papers that
reported no effect of trawling on carbon stocks had three commonali-
ties: these studies focused on trawling intensity (that is, they lacked
untrawled control sites); were conducted in sandy sediments; and
focused on shallower sediment depths. Notably, the study™ acknowl-
edges the potentially considerable effect trawling could have on seabed
carbonand highlights the need for more robust studies on this subject,
asentiment we also echo here and in our previous paper?.

Overall, we have flagged several concerns about the lack of quantita-
tive support for the claims by Hiddink et al. and we question the use
oftheoretical predictionsinstead of empirical datafromtrawled sites;
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especially because their theoretical approachto k values, whichlends
itself to expert biases, has been recently scrutinized by soil scientists
and biogeochemists®* ™. Although we acknowledge the limitations of
estimating global carbon efflux from marine sediments because of
the scarcity of data, our model lays the foundations for future work
and provides a reasonable estimate to be improved on when better
data become available. We welcome further rigorous research that
elucidates the impacts of trawling on seabed carbon storage.

Reporting summary

Furtherinformation on experimental designis availablein the Nature
Portfolio Reporting Summary linked to this Article.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06015-6.

Table 2 | Comparison of parameters and the global estimate
of trawling-induced CO, fluxes

Parameter Estimate
Original model

Global trawling-induced CO, flux (Pgyr™) 1.47-0.58
Global mean k value (yr™) 26
Global mean percentage of remineralization 29.70%

The model with one order of magnitude reductionin k values

Global trawling-induced CO, flux (Pgyr™) 0.348
Global mean k value (yr™) 0.26
Global mean percentage of remineralization 6.80%

The model with two orders of magnitude reduction in k value

Global trawling-induced CO, flux (Pgyr™) 0.043
Global mean k value (yr™) 0.026
Global mean percentage of remineralization 1.20%

Comparisons between the original model in Sala et al.? and two further models in which
the k values were reduced by one or two orders of magnitude. The methods used for model
calculations have been published previously®
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