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Abstract
The potential threat of fisheries on seabed carbon is a topic of growing concern, yet 
existing literature presents inconsistencies leaving experts divided on the topic. We 
conducted a global meta-analysis to synthesize the current knowledge and quantify 
how demersal fishing impacts various biogeochemical properties. Direct impact 
studies revealed overall reductions in chlorophyll-a (Chl-a, 17%), phaeopigments (24%), 
and proteins (32%). Effects on these reactive compounds were more pronounced 
on surface sediment (0–2 cm), where the impact on total organic carbon (TOC) also 
became significant, demonstrating the effect of gear penetration, and highlighting 
that sampling strategies combining sediment layers can mask observed effects. 
Current velocity and primary productivity significantly influenced the direction and 
magnitude of fishing impacts. Trawling-induced subsurface reductions of TOC in 
low-energy habitats may affect carbon sequestration due to the preferential removal 
of semi-reactive carbon. Intriguingly, fishing intensity gradient studies showed 
an average increase in TOC in chronically fished areas, possibly reflecting fishing 
preferences for meso-eutrophic grounds. We estimate a ~300-day recovery period 
post-fishing for Chl-a, though values for other parameters are less certain. Limited 
data on seasonality, gear types, and an under-representation of studies in tropical 
and deep-sea areas pose challenges to quantifying global scale geochemical impacts 
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1  |  INTRODUC TION

In the face of continuous population growth, fisheries play a vital 
role in global food provisioning (Costello et  al.,  2020). However, 
they may also be the most impactful direct human-induced stressor 
on the marine environment, given their extensive coverage across 
the world's oceans (Amoroso et  al.,  2018; Kroodsma et  al.,  2018; 
Watson,  2017). Demersal fisheries, operating along the seafloor, 
are believed to exert the greatest impact on marine ecosystems. 
This is attributed to their direct contact with the seafloor, leading to 
habitat degradation and mortality of benthic species (Boudouresque 
et  al.,  2009; Thrush & Dayton,  2002; Watling & Norse,  1998), in 
addition to their potential to overexploit commercial stocks (Jackson 
et  al.,  2001; Lotze et  al.,  2006). The existing body of knowledge 
on impacts of demersal fisheries predominantly focuses on their 
effects on commercial stock species and benthic communities 
(Hiddink et al., 2017; Sciberras et al., 2018; Thrush & Dayton, 2002). 
However, there is a notable scarcity of studies assessing the effects 
of fisheries on sediment biogeochemistry (Paradis et al., 2023).

Recent studies have suggested that their impact on biogeochem-
ical parameters, such as carbon stocks and organic matter, may have 
far-reaching consequences on global climate change (Atwood et al., 
2024; Sala et al., 2021). However, the limited available research on 
this topic yields contrasting results (Epstein et al., 2022), attributed 
in part to the diverse interactions between demersal gears and the 
seafloor.

The scraping action and hydrodynamic drag generated by bottom 
fishing gears can resuspend large volumes of sediment and organic 
matter (OM), leading to seafloor erosion (O'Neill & Summerbell, 2011; 
Puig et  al.,  2012). Additionally, demersal gears overturn and mix 
the surface sediment, modifying the natural vertical distribution of 
OM and altering the oxygenation of the seabed (Hale et al., 2017; 
Martín, Puig, Masqué, et al., 2014; Tiano et al., 2019). Concurrently, 
fisheries-induced mortality of benthic organisms and changes 
to community structure affects the processing of OM (Atkinson 
et al., 2011; Pusceddu et al., 2014; Ramalho et al., 2018). As a result, 
certain studies observe a decrease in OM due to sediment erosion 
(Mayer et al., 1991; Morys et al., 2021), while others report increases 
in OM attributed to sediment mixing and re-deposition (Palanques 
et al., 2014; Pusceddu et al., 2005; Sciberras et al., 2016). Both en-
hanced (Paradis et al., 2019; Polymenakou et al., 2005) and reduced 

(Pusceddu et al., 2014; Warnken et al., 2003) rates of OM reminer-
alization have been attributed to sediment disturbance by demersal 
fishing gears, creating uncertainty regarding their ultimate impact on 
seabed carbon stocks.

of demersal fisheries. Knowledge gaps persist in understanding the fate of disturbed 
organic matter including its mineralization, transport, and sequestration. Nonetheless, 
our insights and estimates provide foundational knowledge that can contribute to 
science-based approaches for spatial fisheries management while preserving natural 
carbon dynamics on the seabed.
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These contrasting outcomes and interpretations are also the re-
sult of different methodological approaches and spatial variability 
of these studies. Studies where researchers experimentally disturb 
a particular site tend to reveal acute and more immediate effects of 
fishing disturbance (Bhagirathan et al., 2010; Ferguson et al., 2020; 
Sparks-McConkey & Watling,  2001; Tiano et  al.,  2021). In con-
trast, studies that collect samples from commercial fishing grounds 
often display chronic impacts (Martín, Puig, Palanques, et al., 2014; 
McLaverty, Eigaard, Dinesen, et al., 2020; Reiss & Kröncke, 2004; 
Tsikopoulou et  al.,  2022). Furthermore, different gear types can 
exert variable degrees of disturbance on the seafloor, resulting in di-
verse effects on sediment properties and biogeochemistry (Eigaard 
et al., 2016; Rijnsdorp et al., 2020; Tiano et al., 2019). Environmental 
conditions could also be an important factor driving the biogeo-
chemical effects of demersal fishing disturbance. For instance, the 
OM flux to the seafloor decreases and is often found in a more de-
graded state as water depth increases (Dunne et al., 2007; Martin 
et al., 1987; Middelburg, 2018; Suess, 1980). The impact on the sea-
floor varies contingent to the type of substrate due to the different 
OM contents and remineralization processes inherent in sandy or 
muddy environments (De Borger et al., 2021; Sciberras et al., 2016).

The conflicting findings in studies examining fishery-induced 
biogeochemical impacts highlight the complex nature of this topic 
(Epstein et  al.,  2022). Furthermore, the influence of context- and 
site-specific characteristics complicates the extrapolation of these 
impacts to a global scale and creates uncertainty about our capacity 
for comprehensive estimates, hampering effective management de-
cisions. The threat of demersal fishing to benthic carbon stocks has 
been suggested as a potentially significant contributor to global cli-
mate change (Sala et al., 2021). However, experts remain divided on 
the magnitude, uncertainties, and overall significance of this impact 
(Hiddink et al., 2023). To advance our understanding of this matter, a 
quantitative synthesis of the available knowledge would offer valu-
able insights and shed light on diverse perspectives surrounding this 
controversial subject.

Here, we conduct a meta-analysis of the impacts of demersal 
fisheries on sedimentological (e.g. grain size) and biogeochemical 
(e.g. organic carbon, pore-water nutrient concentration) properties. 
We also investigate how environmental factors such as habitat type 
season, water depth, bottom current velocity, and surface primary 
productivity shape the impact of demersal fishing, and we examine 
the potential recovery following disturbance.

2  |  MATERIAL S AND METHODS

2.1  |  Data extraction and pre-processing

Data for this meta-analysis were extracted from the ‘Demersal fish-
ery Impacts on Sedimentary Organic Matter’ (DISOM) database, 
which harmonizes studies assessing the effects of demersal fisheries 
in marine sediments across different habitat types, continental mar-
gins, and seasons (Paradis et al., 2023). Here, we focus on benthic 

studies where empirical data were collected in situ. Studies primar-
ily based on modelled results, laboratory experiments, and studies 
addressing water column impacts were excluded from this analysis.

Study designs in this analysis were grouped into three different 
categories:

1.	 ‘Experimental studies’—samples collected from in  situ trawling 
experiments employing a control–impact (CI), or before–after 
(BA), or BACI sampling strategy.

2.	 ‘Comparative control–impact studies’—samples collected on 
fishing grounds and control areas.

3.	 ‘Comparative gradient studies’—samples collected along a fishing 
intensity gradient.

A more detailed description of the study designs can be found in 
Text S1. Control areas are defined here as sites that have not been 
disturbed by bottom fishing gear prior to being sampled in the study. 
However, we recognize that certain control sites are not ‘true con-
trols’ since they have been fished in the past and may not represent 
their baseline conditions (Paradis et al., 2023; Figure S2d).

Studies from DISOM were included in the meta-analysis if they 
provided data on sedimentological and biogeochemical response 
properties. Only response variables for which at least three inde-
pendent studies were available were included in the meta-analysis 
(Figure S1), leading to only 57 out of the 71 independent studies com-
piled in DISOM being included in this meta-analysis. Biogeochemical 
response variables consisted of concentrations of total organic 
carbon (TOC), total carbon (TC), total nitrogen (TN), chlorophyll-a 
(Chl-a), phaeopigments and phytopigments, pore-water nitrogen 
compounds (ammonia NHx, nitrate NOx), oxygen (O2) consumption, 
and specific molecule classes (lipids, proteins, carbohydrates, and 
biopolymeric carbon [BPC]). TOC and total organic matter mea-
sured through loss on ignition (OM LOI) provide information on or-
ganic content and were combined under TOC in this meta-analysis, 
assuming a similar relative impact of fishing on both parameters. 
Sedimentological response variables consisted of mean grain size, 
and different grain size fractions (e.g. clay < 2 μm, mud < 63 μm, silt 
2–63 μm, and sand 63–2000 μm).

Mean values, sample size, and a measure of variability (e.g. stan-
dard deviation, standard error, variance, 95% confidence interval) 
were extracted for each response variable and converted into stan-
dard deviations to calculate the effect sizes and variance (see Text 
S1). Where data were provided for individual samples rather than 
site averages, the mean and standard deviation for each site were 
calculated. When samples from a study were collected under differ-
ent (i) environmental conditions (e.g. depth, sediment type, season), 
(ii) geographical locations, (iii) fishing gear, or (iv) fishing intensity, 
the means and standard deviations were calculated separately for 
each of these factors leading to more independent observations for 
specific response variables than the 57 studies that were included in 
the meta-analysis (see Text S1).

Metadata of the environmental conditions (e.g. water depth, 
habitat type, season) and fishing characteristics (e.g. fishing gear 
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    |  939TIANO et al.

and intensity, and time since last fishing disturbance event, here-
after referred to as ‘time since disturbance’) were extracted from 
the published papers whenever provided. Additional environmental 
conditions (e.g. bottom current velocity, surface primary productiv-
ity, bottom oxygen concentrations) were extracted from Bio-Oracle 
(Assis et al., 2018) using the geographic coordinates of the sampling 
locations.

The sampling techniques varied substantially between studies 
(Figure  S2c). Some studies provided total measurements of ho-
mogenized grab samples (~30 cm penetration depth McLaverty, 
Eigaard, Gislason, et  al.,  2020) or cores, while others provided 
measurements for different sediment depth slices. To harmonize 
sampling strategies, we classified and aggregated data into five 
different categories based on the biogeochemical processes oc-
curring in them:

•	 ‘Surface’, for samples collected between 0 and 2 cm deep (within 
the lower boundary of oxygen penetration depth where highest 
degradation rates of organic material occur).

•	 ‘Subsurface’, for samples collected between 2 and 5 cm deep 
(below the most active zone, but with still high bioturbation 
activity).

•	 ‘Deep’, for samples collected between 5 and 10 cm deep (slow 
mineralization processes and lower boundary of bioturbation 
activity).

•	 ‘Very deep’, for samples collected below 10 cm depth.
•	 ‘Full sample’, where a sample was collected after homogenization 

of sediment within the first 30 cm.

2.2  |  Log response ratio for experimental and 
comparative control–impact studies

The log response ratio (lnRR) was used to quantify the proportional 
change in sedimentological and biogeochemical parameters 
due to demersal fishing (Hedges et  al.,  1999). This metric was 
used to evaluate the effects of trawling disturbance for both 
experimental and control–impact studies, which were combined 
to generalize the broader impact of trawling using the available 
information. Negative values of lnRR indicate a decrease in the 
response variable in the fished area relative to the area before 
disturbance or relative to a control area. Positive values indicate 
an increase in the response variable in the fished area relative 
to before the disturbance or relative to a control area. Effect 
sizes were weighted by the inverse of the within- and between-
study variances, calculated from the mean, standard deviation, 
and sample size values for each study (Borenstein et  al.,  2009). 
Observations where both the before and after impact (or 
control–impact) had a sample size of 1 were removed from the 
analysis as this prevents the calculation of variances and weights. 
For studies with sample sizes larger than 1 but where standard 
deviation values were not reported in papers or not provided by 
authors after these were contacted, missing standard deviations 

were imputed following Higgins and Li  (2022). If one of either 
the before or after impact (or control–impact) measured sample 
size was 1 (i.e. n = 1), the highest reported standard deviation for 
that response variable was assigned to the measure. Where the 
number of missing standard deviations exceeded half of the total 
reported means within a variable, no imputation was performed 
and no further analysis besides reporting the response ratio was 
carried out. Details on the number of removed observations and 
imputed standard deviations are reported in Tables S1 and S2.

For reporting and ease of interpretation, we quote lnRR values 
in the results text as % values, calculated as 

(

elnRR − 1
)

× 100. As an 
illustration, an lnRR of −1 represents a response of −63%, indicating 
a 63% decrease in response variable in fished area relative to a con-
trol, 0 represents no response and +0.7 represents a response of 
100% increase.

2.3  |  Standardized mean difference for 
comparative gradient studies

Due to the absence of a true control for most comparative 
gradient studies (67%), the calculation of lnRR of gradient studies 
was not possible. For these studies, the correlation coefficient 
(r) of the effect against fishing intensity gradient was extracted. 
Correlations were converted to standardized mean differences 
(SMD) to compare the magnitude of effect sizes across the three 
different study types (experimental, control–impact, and gradient 
studies) (Borenstein et al., 2009) (see Text S1). Only studies using 
quantitative measures of fishing effort (i.e. times fished per year) 
rather than qualitative (i.e. high, low) were incorporated in the 
analysis with the assumption that the effect will scale linearly 
regardless of the unit (Borenstein et al., 2009). While comparing 
effect size magnitudes between SMD and lnRR is unwarranted, 
these metrics can still provide a comparable indication of the 
direction of results.

As with the experimental and control–impact studies, gradient 
studies within the same study were grouped into different ‘obser-
vations’ based on their distinct environmental conditions such as 
differing sediment types, geographic location, or temporal circum-
stances (i.e. seasons).

2.4  |  Overall effect of demersal fishing on 
sediment and biogeochemical parameters

To calculate the overall effect of demersal fishing on biogeochemi-
cal (Chl-a, phaeopigments, phytopigments, TOC, TN, TOC/TN, 
TC, oxygen consumption) and sediment parameters (mean grain 
size, clay, silt, mud, and/or sand content), multiple response ra-
tios within the same study were first aggregated into a study-level 
response ratio, using the variance–covariance matrix of the sam-
pling errors to account for dependence of observations coming 
from the same study. The variance of the study-level estimates 
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940  |    TIANO et al.

was calculated as the sum of covariances of estimates within a 
study, divided by the number of estimates within a study squared 
(Viechtbauer,  2010). This step was necessary, as often studies 
reported (pseudo-) replicates of, for example, surface sediment 
characteristics, which cannot be treated as independent effect 
sizes. Subsequently, a random effects model with restricted maxi-
mum likelihood estimator (REML) was used to calculate the overall 
effects (Viechtbauer, 2010).

The analysis for experimental and control–impact studies was 
separated from that of gradient studies, as different metrics were 
used to calculate the effect of fishing.

2.5  |  Effects of sample depths

The effect of fishing on different sediment depth strata was 
examined in experimental and comparative control–impact studies 
for response variables where there were data from at least three 
different independent studies for a given depth stratum. The mean 
response ratio per sediment depth stratum was calculated by fitting 
a weighted mixed effects model, using depth stratum as a factor, 
lnRR ~1 + depth stratum. Multiple effect sizes per depth stratum, 
per study, were first averaged as described above. There were 
insufficient data to examine the effect of fishing with depth stratum 
for gradient studies.

2.6  |  Effects of environmental conditions

To examine the influence of environmental conditions on the 
physical and biogeochemical response to demersal fishing on 
different sediment depth layers in experimental and control–impact 
studies, we fitted linear mixed effects meta-regression models 
with the following covariables for each depth stratum: bottom 
current velocity, water depth, surface primary productivity, mean 
grain size, season, and habitat (e.g. lnRR ~1 + current velocity). It 
was only possible to examine the influence of fishing intensity 
and environment on different sediment depth strata when the 
depth stratum contained at least three different studies (n = 3). 
In this analysis, multiple effect sizes within the same study were 
purposefully kept separate, so to account for between-study 
variations, we used the study id as a random factor in the mixed 
effects model (random = 1 ∣ study. ID) (Viechtbauer, 2010).

2.7  |  Recovery following disturbance

To examine the recovery of sedimentological and biogeochemi-
cal variables in experimental and control–impact studies follow-
ing a fishing disturbance event, mixed effects meta-regression 
models as ln(RR) ~ intercept + ln(t + 1) were fitted to the data, 
where t is time since disturbance (days) and the intercept speci-
fies the initial response to fishing disturbance (i.e. ln(RR) at 

time = 0). The use of natural logarithms for the days following 
disturbance was chosen to linearize the data. The slope of this 
model indicates the change in response variable over time. Not 
all studies reported time since disturbance, so subsets of the 
dataset had to be taken to perform this analysis. Time since dis-
turbance was log-transformed since the magnitude of this vari-
able ranged from hours to years.

2.8  |  Sensitivity assessment

We explored the influence of studies with imputed study variance 
on the response to trawling by running a sensitivity analysis using 
all studies and only those where an associated error (i.e. standard 
deviation) was provided in the articles. A leave-1-out analysis was 
carried out. In this analysis, overall effect sizes were calculated as 
described above, but each time leaving out the data from one study 
(Viechtbauer,  2010), and subsequently assessing changes to the 
significance or directionality of the overall effect size. For variables 
with 10 or more studies, funnel plots were generated based on a trim-
and-fill analysis, with the goal of highlighting potential publication 
bias (Duval & Tweedie, 2000a, 2000b).

All statistical analyses were performed in R (R Core Team, 2022). 
The metafor package (Viechtbauer,  2010) was used to carry out 
meta-regression analyses.

3  |  RESULTS

3.1  |  Dataset characteristics

The 57 studies used in this analysis were clustered mostly in the 
Northeast Atlantic (n = 19), the Mediterranean Sea (n = 12), the 
Northwest Atlantic (n = 8), and the Bering Sea (n = 6) (Figure  1a). 
Studies were confined to waters shallower than 700 m, with 
the majority (n = 44) occurring in depths shallower than 100 m 
(Figure  1b). Study designs were fairly evenly distributed between 
the three categories: ‘experimental’ studies (n = 21), ‘comparative 
control–impact’ studies (n = 19), and comparative ‘gradient’ studies 
(n = 17) (Figure  1c; see Text S1 for more details). Only 12 of the 
57 studies collected samples during multiple seasons, and most 
samples were collected in summer, followed by spring and autumn 
(Figure  1d). Due to the under-representation of tropical regions, 
the dataset exhibited scarce data for both dry and wet seasons. 
The habitat types consisted of muddy (n = 37) and sandy (n = 20) 
sediments (Figure  S2a), although gradient studies were primarily 
conducted in muddy sedimentary environments (15 out of 17 studies) 
(Figure S2a). Otter trawling was the most frequently used gear type 
(n = 31), followed by towed dredge gear (e.g. scallop dredging, razor 
shell dredging) (n = 14), and beam trawling (n = 6). Hence, there were 
insufficient independent observations to assess the effect of fishing 
gear type on the biogeochemical and sedimentological parameters 
of marine sediments (Figure S2b).
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    |  941TIANO et al.

3.2  |  Overall effect of demersal fishing on 
sediment and biogeochemical parameters

In this study, the impact of trawling is statistically significant (i.e. 
p < .05) when the 95% confidence interval (‘CI’) for a specific param-
eter does not overlap with zero for either log response ratios (lnRR) 
or standardized mean differences (SMD). A statistically significant 
difference indicates that the measured parameter (e.g. concentration 
of Chl-a) in the trawled area is significantly different from that meas-
ured in a non-trawled area (control) or before trawling took place. 
Similarly, when comparing effect sizes for the same parameters be-
tween study designs, non-overlapping confidence intervals indicate 
a statistical difference (i.e. p < .05). While 867 response ratios were 
extracted from literature for the variables shown in Figure 2a, these 
were aggregated into 135 study-level responses.

The analysis of experimental and control–impact studies 
showed that fishing disturbance significantly reduced the concen-
tration of Chl-a and phaeopigments, by 17% [95% CI = 2%–29%] 
and 24% [9%–37%], respectively (Figure 2a). Effect sizes for total 
carbon (TC) content significantly increased by 15% [2%–34%] 
post-fishing. No significant effects on sedimentological proper-
ties such as grain size and fractions were observed. Biopolymeric 
carbon (BPC), carbohydrates, and proteins were significantly re-
duced by 58% [46%–68%], 62% [19%–82%], and 32% [3%–52%], 
respectively, after fishing disturbance (Figure  2a). Pore-water 

concentrations of NOx were 51% [9%–105%] higher post-fishing, 
while pore-water NHx and sediment oxygen consumption rates did 
not differ significantly (Figure 2a). No other differences between 
experimental and control–impact studies were statistically signif-
icant, although the magnitude of the fishing effect tended to be 
greater for experimental studies (Figure S3).

Data availability from gradient studies permitted examination 
of five biogeochemical variables: TOC, TN, Chl-a, mud content, and 
mean grain size (Figure  2b). Concentrations of TOC (SMD = 0.23 
[0.09–0.37]) and TN (SMD = 0.72 [0.01–1.43]) were found to be sig-
nificantly higher in areas with higher fishing intensities (Figure 2b). 
The mud content showed a notable increase (SMD = 1.44 [0.76–
2.12]) in areas with higher fishing activity, coinciding with statisti-
cally significant decreases in mean grain sizes (SMD = −0.68 [−92 to 
−0.45]) with increasing fishing intensity (Figure 2b).

3.3  |  Effect of sample depths

The effects of fishing on sediment properties at different depth 
strata were assessed for experimental and control–impact studies 
on Chl-a, phaeopigments, phytopigments, TOC, TN, proteins, mean 
grain size, silt content, and NHx concentration (Table S3). Significant 
reductions in the concentration of Chl-a (18% [95% CI = 7%–29%]), 
phaeopigments (28% [15%–39%]), TOC (12% [1%–22%]), and 

F I G U R E  1  Spatial distribution of studies included in the meta-analysis on global continental margins shown as yellow dots (a). Histogram 
of the depths represented in the studies (b), study types (c), and seasonality (d).
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942  |    TIANO et al.

proteins (29% [8%–46%]) due to demersal fishing were detected 
within the first 2 cm (surface layer) of the sediment but not for 
deeper sediment layers (Figures 3 and S4).

3.4  |  Effect of environmental conditions

The effects of fishing in differing environmental conditions for ex-
perimental and control–impact studies could be assessed for Chl-a, 

phaeopigments, phytopigments, TOC, TN, proteins, mean grain size, 
silt, and NHx concentration (Figures  4, S5, and S6). Mean bot-
tom current velocity (ranging from 0.013 to 0.28 m·s−1 in included 
studies), water depth (1–550 m), and surface primary productivity 
(0.002–0.097 gC·m−3·d−1) were found to significantly influence the 
effect of fishing disturbance (assessed by lnRR) on these sedimen-
tological and biogeochemical parameters, whereas seasonality and 
habitat type did not exhibit a significant impact (Figures 4, S5, S6; 
Tables S4–S12).

F I G U R E  2  Forest plot showing the response of different sedimentological and biogeochemical parameters to bottom fishing disturbance. 
Response is reported as log response ratios (lnRR) for experimental and comparative control–impact studies (a) and as standardized 
mean differences (SMD) for studies that collect samples along fishing intensity gradients (b). Squares represent mean lnRR and horizontal 
lines represent the 95% confidence intervals. The vertical dotted line at lnRR or SMD = 0 indicates no change in the sedimentological 
or biogeochemical parameter due to fishing disturbance. Values on the right indicate the number of independent observations and in 
parentheses, the number of independent studies included in the calculation of each response variable. Note that one study can have several 
independent observations due to sampling during different seasons.
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The effect of fishing on surface sediment (upper 2 cm) Chl-a 
was found to increase with bottom current velocity; areas charac-
terized by higher current speeds experienced greatest reductions 
in surface Chl-a due to fishing activities (p = .045), but even in the 
most quiescent conditions, fishing always caused a decrease in 
surface Chl-a concentrations (Figures 4d and S6). Conversely, cur-
rent velocity did not have a significant effect on fishing in surface 
layers of TOC and TN. Instead, the effect of fishing decreased with 
current velocity for TOC in subsurface (2–5 cm) layers (p = .003) 
and for the TN in subsurface and deep (5–10 cm) layers (p < .001; 
p < .001, respectively) (Figure 4c,e). While subsurface TOC and TN 
contents were reduced for fishing at current velocities lower than 
~0.1 m·s−1, effect size values became positive at higher current ve-
locities (Figures 4a and S7).

In surface sediment layers, the effect of fishing on Chl-a (p = .003; 
Figure  4d), phytopigments (p = .007), phaeopigments (p = .012), 
and proteins (p < .001) increased with surface primary productivity 
(Figures 4, S5, and S7), with areas characterized by higher surface pri-
mary productivity experiencing the greatest reductions of these com-
pounds due to fishing activities. In contrast, the effect of fishing on 
TN concentrations in subsurface (p < .001) and deep (p < .001) layers 
decreased in areas of higher surface primary productivity (Figure 4e). 
Positive lnRR values were observed when surface primary productiv-
ity was >0.006 and 0.002 g·m−3·d−1 (Figure 4e and S8).

The effect of fishing on Chl-a in surface layers and full (depth-
homogenized) samples of TOC decreased with water depth, with 
strongest changes due to fishing observed at water depths <20 m 
(Chl-a, p < .001; TOC, p = .008; Figures 4c,d and S9). However, the 

F I G U R E  3  Effect of demersal fishing on sedimentological and geochemical properties of marine sediments across different sediment 
depth strata; (a) Chl-a, (b) phaeopigment, (c) OC, (d) TN, (e) protein, and (f) mean grain size. Dark blue dots and lines indicate the overall 
mean effect size per depth stratum and 95% confidence interval. Faded grey dots and lines indicate the means and 95% CI for all individual 
observations (studies, n) used to compute the overall mean effect. Significant differences between fished and control areas are present 
when the 95% CI does not overlap lnRR = 0. Additional forest plots are shown in Figure S4.
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944  |    TIANO et al.

effect of fishing on surface TN (p = .021), phytopigments in sub-
surface (2–5 cm) (p = .014) and deep sediment (5–10 cm) (p < .001) 
increased with water depth, displaying a more pronounced fishing 
effect at water depths >20 m for surface TN, and >80 m for deep 
phytopigments (Figure S9, Tables S4–S12).

3.5  |  Recovery trajectory following fishing 
disturbance

A significant positive slope between lnRR and time since fishing 
disturbance (log-transformed number of days) was observed for 
certain parameters indicating that recovery in the concentration of 
surface Chl-a (p < .001; Figure  4d) and subsurface phytopigments 
(p = .005) took place once fishing ceased (Figures  4, S5, and S10). 
Meta-regressions using data from the available studies estimated 

that conditions returned to pre-disturbance or control values after 
approximately 300 days for surface Chl-a and ~ 40 days for subsur-
face phytopigments (Figure S10).

There was a significant negative relationship between lnRR 
and time since fishing disturbance for subsurface phaeopigments 
(p < .001; Figures 4 and S9), showing no recovery in phaeopigments 
in subsurface sediment (2–5 cm). The remaining response variables 
analysed (TOC, silt content, mean grain size, and NHx concentra-
tions) did not present any statistically significant change with time 
since fishing disturbance (Figure S5).

3.6  |  Sensitivity assessment

The leave-1-out analysis showed that results from the overall effect 
size models were generally robust with no consistent presence of 

F I G U R E  4  Examples of meta-regression bubble plots with the size of the bubbles showing the weight of the observation based on the 
study's sample size: Subsurface TOC versus current velocity (a) and surface Chl-a versus time since disturbance (x-axis on a natural log 
scale) (b). Additional meta-regression bubble plots are given in Figures S6–S9. An overview of the fitted slopes of the meta-regressions 
for the individual variables (c–f). Columns show the depth strata, rows show the covariate used in the model. Colours correspond to the 
significance level of the fitted slopes. For empty cells, the combination of covariate strata could not be fitted due to lack of data. A negative 
value indicates a negative relationship between lnRR and the covariate, for example, a negative slope for surface Chl-a and current velocity 
(−5.45) indicates that demersal fishing caused a greater reduction in Chl-a concentration at higher bottom current velocity. A positive slope 
indicates that reductions of that response variable due to demersal fishing become smaller along the environmental parameter gradient.
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overly dominant studies. However, there were particular instances 
where influential studies were identified, where effect sizes from 
the random effects models were shifted away, or towards sig-
nificance (Figures  S11 and S12). For Chl-a, omitting the study by 
Polymenakou et al. (2005) from the analysis removed the significant 
negative overall effect size (p = .054, Figure S11a). The significant in-
crease in total carbon (TC) was driven by both the studies by Paradis 
et al. (2021) and Dannheim et al. (2014) (Figure S12a). The study by 
Rajesh et al. (2019) strongly influenced the positive effect size cal-
culated for NOx (Figure S12g). The negative effect size measured by 
van de Velde et al. (2018) shifted the overall effect size for NHx away 
from a significant increase (CI: [0.1–0.65], p = .007; Figure  S12j). 
Finally, the overall effect size for proteins was significantly negative; 
however, this result became more pronounced when the study by 
Mayer et al. (1991) was excluded (Figure S12m).

Assessment of funnel plot asymmetry was conducted for vari-
ables with >10 studies (Figure S12), and other funnel plots are re-
ported but not discussed (Figure  S13). For Chl-a, phaeopigments, 
and TN, significant (p < .05) funnel plot asymmetry was detected in 
the trim-and-fill analysis, leading to the imputation of a number of 
studies to improve asymmetry (Table S13). In this adjusted hypothet-
ical dataset, the significant effect size noted previously for Chl-a and 
phaeopigments did not hold, whereas for TN an overall significant 
decrease appeared (previously non-significant).

4  |  DISCUSSION

Our quantitative meta-analysis consolidates the published empiri-
cal data on the sedimentological and biogeochemical effects arising 
from fishery-induced disturbances. We identified overall decreases 
in Chl-a, phaeopigment, and phytopigment content in the sediment 
alongside other classes of organic compounds (e.g. biopolymeric 
fraction, proteins, and carbohydrates) resulting from demersal fish-
ing in experimental and comparative control–impact studies. This 
suggests that fisheries are more likely to impact specific organic 
matter (OM) fractions, particularly more reactive compounds, while 
reductions in total organic carbon (TOC) may be less apparent 
(Figure 2a). The vulnerability of certain types of OM to sediment dis-
turbance is likely due to their proximity to the seabed surface. While 
the broader spectrum of OM fractions represented in TOC, includ-
ing less reactive fractions found deeper within the sediment, may 
dilute the observed impacts (Paradis et al., 2021; Sañé et al., 2013; 
Sciberras et al., 2016), such effects could lead to a general decline 
in the nutritional quality of OM available for benthic communities 
(Pusceddu et al., 2014; Ramalho et al., 2018; Sciberras et al., 2017).

In contrast to organic fractions, an overall increase was found 
in total carbon (TC) after fishing disturbance, possibly reflecting 
a relative increase in inorganic carbon, such as CaCO3, as ob-
served in certain studies (Paradis et al., 2019, 2021). This effect 
has been attributed to the winnowing of fine-grained sediment 
on fishing grounds and the re-deposition of coarser material, 
which includes shell fragments rich in CaCO3 (Paradis et al., 2019, 

2021). Demersal fisheries cause a general decrease in clay and 
silt contents (Palanques et al., 2014; Tiano et al., 2019), although 
our meta-analysis found no significant influence of fishing on the 
remaining sedimentological parameters, indicating that these ef-
fects are context dependent.

Fishing impacts were of the same order of magnitude in ex-
perimental studies and in control–impact studies, although they 
tended to be more pronounced in the former (Figure S3). This dis-
crepancy is likely attributed to the short-term (within hours or a 
few days) and potentially more precise fishery-induced changes 
recorded in experimental studies, compared to the longer term 
(weeks or months) effects measured in control–impact studies, 
where fished areas may be subject to additional environmental 
perturbations before sampling.

Gradient studies, on average, reported increases in TOC at highly 
fished sites (Figure 2b). This apparent discrepancy amidst the com-
monly attributed decrease in TOC and carbon sequestration due to 
demersal fishing (De Borger et al., 2021; Jacquemont et al., 2022; 
Porz et  al.,  2024; Sala et  al., 2021) may prompt questions regard-
ing the specific mechanisms driving increased TOC in trawled areas. 
However, this outcome may just reflect a preference amongst fisher-
men for operating in areas that happen to feature higher OM concen-
trations, which may provide abundant food sources for commercial 
species (van Denderen et  al.,  2013). Furthermore, the release of 
pore-water nutrients into the water column may potentially enhance 
local primary production, particularly in shallow and/or well-mixed 
waters, leading to higher OM accumulating in fished areas (Brylinsky 
et al., 1994; Dounas et al., 2005, 2007; Sciberras et al., 2016).

Our analysis revealed that fishing impacts on sediment biogeo-
chemistry (e.g. TOC, Chl-a, phaeopigments, proteins) were pre-
dominant in the surface sediment layer (0–2 cm) (Figure 3). TOC, in 
particular, was only significantly impacted within surface sediment 
samples. This localized impact indicates that surface sediments are 
the most vulnerable to disturbance from bottom-towed gear, due 
to not only the higher levels of reactive OM present in these upper 
sections (Hiddink et al., 2023) but also the fact that otter trawl and 
beam trawl gear examined in the majority of the studies penetrate 
down to about 2–5 cm within the sediment (Hiddink et  al.,  2017; 
Pitcher et  al.,  2022). These findings indicate that sampling strate-
gies with low sediment depth resolution could mask the assessment 
of the impact of fishing activity by homogenizing impacted and 
non-impacted sediment layers. This was evident in studies using 
grab samplers or composite sediment from the upper 5 to 10 cm, 
where no significant or positive effects of demersal fishing were de-
tected (Dannheim et al., 2014; Liu et al., 2011; Meseck et al., 2014; 
Simboura et al., 2008; Van De Velde et al., 2018). In addition to the 
significant results in surface TOC samples, the magnitude of the ef-
fect sizes in the surface layers was greater for Chl-a, phaeopigments, 
and proteins, which represent the most reactive OM fractions (or 
their proxies). This provides further evidence that demersal fisher-
ies disproportionately affect more reactive OM (Paradis et al., 2021; 
Sañé et al., 2013; Sciberras et al., 2016) and that fishing might reduce 
the reactivity of the total OM pool (Morys et al., 2021; Pusceddu 
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946  |    TIANO et al.

et al., 2014; Tiano et al., 2019), thereby influencing food quality for 
benthos.

Environmental conditions such as bottom current velocity, water 
depth, and primary productivity significantly affected the fisheries-
induced impact on Chl-a, phaeopigments, and phytopigments in 
surface sediment. The impacts on these fresh OM fractions were 
greater in habitats characterized by high surface primary produc-
tivity (Figures 4, S5 and S8). This could be due to a greater absolute 
reduction of OM in areas with elevated OM concentrations, in com-
parison to situations where OM levels are naturally low due to low 
surface primary productivity. This phenomenon also accounts for 
the larger effects in Chl-a concentrations in shallower water depths, 
where higher Chl-a concentrations and faster current speeds are 
typically found.

Changes in Chl-a content may be informative for understanding 
alterations in the more reactive OM fractions. However, as these 
fractions will eventually be remineralized even in the absence of de-
mersal fishing (Hiddink et al., 2023), assessing the effects on TOC 
and potentially semi-reactive fractions (such as humic substances, 
lipids, complex carbohydrates, etc.) might provide a more reliable 
indicator of longer term impacts from fishing and its effects on the 
sequestration of organic carbon. Fisheries impacts on TOC and TN 
in surface layers could not be correlated to any environmental fac-
tors, suggesting that organic carbon and nitrogen in these layers are 
similarly vulnerable in all continental margins. However, the effects 
of demersal fisheries on TOC and TN increased in subsurface lay-
ers with decreasing bottom current speed (Figure 4c,e). This deeper 
impact may be associated with the finer sediment particles found 
in less energetic environments with weaker bottom current veloc-
ities, facilitating the penetration of demersal fishing gears (Pitcher 
et  al.,  2022), and causing cumulative impacts in deeper sediment 
sections (De Borger et al., 2021), highlighting that quiescent envi-
ronments are more vulnerable to the impacts of fishing disturbance.

Contrary to previous assertions that the impacts of demersal 
fisheries on TOC increase with water depth due to the lower fre-
quency of natural sediment disturbance processes in deeper envi-
ronments (Martín, Puig, Masqué, et  al.,  2014), our results suggest 
that current speed, rather than water depth, is more important in 
determining the degree of impact on sedimentary organic matter 
(Figure 4). The magnitude of bottom currents provides a more ac-
curate representation of the natural physical processes that can 
resuspend sediment, considering the contrasting hydrodynamic pro-
cesses occurring at variable water depths across continental margins 
(Bianchi et al., 2018; Hedges & Keil, 1995).

This analysis revealed that the impact of fishing on Chl-a within 
the surface sediment (0–2 cm) was significantly reduced with time 
since fishing disturbance (Figure 4d). Our meta-regressions estimate 
that it takes around ~300 days (about 10 months) for Chl-a to fully re-
cover to its initial concentrations after fishing disturbance (Figures 4 
and S6). However, this may vary greatly depending on environmen-
tal characteristics such as seasonality and primary productivity (De 
Borger et  al.,  2021). The absence of data replication for region-
specific seasons in the dataset (e.g. temperate, sub-tropical, and 

tropical climates) and the skewed distribution of samples, primarily 
collected during summer (Figure 1d), prevented the inclusion of sea-
sonality as a factor to assess its significance. Although no consistent 
recovery of the remaining biogeochemical parameters was observed 
in the dataset, this lack of evidence may be attributed to the limited 
sample size (Figure S10) and we cannot draw definitive conclusions 
about their recovery capacity.

Current challenges for conducting more comprehensive analyses 
include the limited availability of data on different OM fractions and 
its remineralization after disturbance (Morys et  al.,  2021; Paradis 
et al., 2021; Tiano et al., 2019; Trimmer et al., 2005). Additionally, 
we found an under-representation of studies assessing the impacts 
of fishing on benthic sediment and its biogeochemistry from tropi-
cal regions and areas deeper than 100 m. Seasonal variation in the 
amount of fresh OM reaching the seabed is likely to result in sea-
sonal differences in the response to fishing. We attempted to eval-
uate the influence of season; however, our analysis was hampered 
by the lack of studies conducted during autumn and winter months, 
or of studies comparing fishing impacts pre- and post-algal blooms. 
In addition to excluding the effect of seasonality, sparse informa-
tion on different used gear hindered our ability to effectively ex-
amine the influence of various gear types with deeper penetration 
on the seafloor such as beam trawls, towed dredges, and hydraulic 
dredges. This limited information may have contributed to the fun-
nel plot asymmetry detected in our sensitivity runs. As more studies 
become available, potential heterogeneity and publication bias in 
the data are likely to decrease in future meta-analyses conducted on 
this topic. It is thus imperative to expand research efforts to address 
these knowledge gaps to comprehensively understand and quantify 
the global biogeochemical footprint of demersal fisheries, and to de-
velop effective management strategies.

Effective fisheries regulation requires: (1) up-to-date stock as-
sessments for setting species-specific regulatory quotas, and (2) 
consideration of ecosystem effects caused by fishing, which can 
lead to varying levels of spatial management. Our study informs the 
latter, emphasizing the sensitivity of OM in the upper sediment to 
fisheries disturbances with the greatest impact on more reactive 
OM compounds (i.e. labile organic matter; Pusceddu et  al.,  2009). 
Trawl-induced exposure to oxygen speeds up degradation, while re-
suspended particles can be mobilized away from the trawled area. 
Such disturbances can reduce the nutritional quality of benthic con-
sumers causing immediate (short-term) ecological consequences. 
Long-term implications on seabed carbon are less certain as reactive 
compounds may degrade rapidly even without disturbance. TOC 
measurements, which include semi-reactive OM fractions (along 
with reactive and refractory fractions), may be more relevant for as-
sessing impacts on carbon sequestration (Graves et al., 2022) com-
pared to more reactive proxies of organic carbon like chlorophyll-a. 
We highlight the importance of quantifying changes to surface and 
subsurface TOC when assessing potential impacts of trawling on 
long-term carbon dynamics. This is particularly critical in habitats 
characterized by low bottom current velocity, where fishing gears 
can penetrate deeper and enhance the degradation of subsurface 
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semi-reactive OM, potentially reducing the sediment carbon se-
questration capacity.

In summary, this meta-analysis highlights the vulnerability of OM 
loads and composition to demersal fishing. The greatest impact is 
found on reactive OM fractions such as Chl-a, phaeopigments, and 
proteins in the upper sediment indicating the potential for fisher-
ies to reduce the reactivity of the sediment OM pool at the site of 
disturbance. This can reduce the quality of food sources for ben-
thos (Pusceddu et al., 2014) and can weaken the sediment's ability 
to remove nutrients from the water (Rios-Yunes et  al.,  2023). In 
areas with low current speeds, the reduction of TOC may indicate 
a decline in carbon sequestration from those sediments. The overall 
decline in OM arises from a combination of erosion and subsequent 
deposition beyond fishing grounds (Paradis et al., 2022), as well as its 
remineralization into dissolved CO2 (De Borger et al., 2021; Morys 
et al., 2021; Tiano et al., 2019).

Despite the expanding body of knowledge on this topic, uncer-
tainties persist regarding the fate of disturbed OM. This, coupled 
with the need for more research on trawling impacts on carbon se-
questration (Hiddink et al., 2023) and water column biogeochemistry 
(Breimann et al., 2022; Pusceddu et al., 2015), represents key knowl-
edge gaps in understanding how demersal fishing may ultimately 
influence climate change. We show that fishing effects are context- 
and site-specific and consideration of sediment sampling depth and 
environmental factors such as local hydrodynamics and primary pro-
ductivity are crucial for predicting the effect of fishing on benthic 
OM pools. Hence, current estimates of fisheries-induced benthic 
CO2 emissions that do not consider the influence of environmental 
factors or localized effects on only the seabed surface might consid-
erably overestimate these impacts (Sala et al., 2021) and should be 
approached with caution. Despite the limitations in the current data, 
our synthesis indicates the strong potential of demersal fisheries 
to disrupt sediment biogeochemistry. Without urgent management 
strategies, these effects will likely affect the global carbon footprint, 
ultimately impairing the functioning of marine ecosystems and their 
ability to provide goods and services to humanity.
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