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Abstract (250 words max) 50 

Bottom trawling is widespread globally and is known to impact seabed habitats. Risk assessments can 51 

evaluate these impacts and support management decisions needed to ensure that trawling is 52 

sustainable. However, trawl risks remain unquantified at large scales in most regions. We address these 53 

issues by synthesizing evidence on impacts of different trawl-gear types, seabed recovery rates and 54 

spatial distributions of trawling intensity in a quantitative indicator of biotic status (relative amount of 55 

pre-trawling biota) for sedimentary habitats, where most bottom-trawling occurs, in 24 regions 56 

worldwide. Regional average status relative to an untrawled state (=1) was high (>0.9) in 15 regions, but 57 

<0.7 in three (European) regions and only 0.25 in the Adriatic Sea. Across all regions, 66% of seabed area 58 

was unaffected by trawling (status=1), 1.5% was depleted (status=0), and 93% had status >0.8. Regional 59 

seabed status was related to the total area swept annually by trawling, as a proportion of region area, 60 

enabling preliminary predictions of regional status when only the total amount of trawling is known. 61 

Seabed status was high (>0.95) in regions where catches of trawled fish stocks meet accepted 62 

benchmarks for sustainable exploitation, demonstrating that environmental benefits accrue from 63 

effective fisheries management. Results highlight regions needing more effective management to 64 

reduce exploitation and improve stock sustainability and seabed environmental status. This research 65 

advances seascape-scale understanding of trawl impacts in regions around the world, enables 66 

quantitative assessment of sustainability risks, and facilitates implementation of an ecosystem approach 67 

to trawl fisheries management globally. 68 

 69 

Significance Statement (to be between 50 and 120 words) 70 

We assessed the relative biotic status of seabed sedimentary habitats on continental shelves and slopes 71 

in 24 regions worldwide where bottom trawling occurs. Seabed status differed greatly among regions 72 

(from 0.25 to 0.999, relative to an untrawled state of 1). Fifteen regions had average status >0.9. Two-73 

thirds of all seabed area assessed was unaffected by trawling, 93% had status >0.8, but 1.5% had 74 

status=0. Total area swept by trawling was a strong driver of regional status, providing a relationship to 75 

predict status from an estimate of the regional total amount of trawling. Seabed status was high in 76 

regions where fisheries met benchmarks for sustainable exploitation, implying collateral environmental 77 

benefits of effective fisheries management, and highlighting regions needing improved management.  78 
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MAIN TEXT  79 

Introduction  80 

Bottom-trawl fishing occurs worldwide and is the most extensive anthropogenic direct physical 81 

disturbance to seabed habitats (1, 2). Towing trawl gears such as otter or beam trawls, or dredges along 82 

the seabed has a wide range of direct and indirect impacts on habitats, the broader ecosystem and the 83 

services they provide (3, 4, 5, 6, 7, 8), and often is portrayed as a destructive fishing practice by some 84 

environmental NGOs. However, bottom-trawl fisheries provide about a quarter of marine catch (9), 85 

making substantial contributions to global food supply and livelihoods (10). Recognition of the wider 86 

environmental consequences of fishing, including seabed impacts of trawling, has contributed to 87 

development of an “ecosystem approach to fisheries” (EAF, 11) that considers broader ecosystem 88 

sustainability in balance with fishery production when managing fisheries. EAF principles are being 89 

adopted widely into international and national policy commitments, fishery management plans, and 90 

sustainable-seafood certifications (12).  91 

Balancing fishery production and ecosystem sustainability, however, remains a globally challenging issue 92 

— partly because the required indicators of ecosystem state often are unavailable or cost-prohibitive to 93 

acquire at management scales. Consequently, a common approach has been to consider the risks of 94 

fishing impacts using expert judgement and/or qualitative scoring approaches, which provide indicators 95 

of relative risk (13, 14, 15). In contrast, quantitative methods provide continuous objective indicators of 96 

ecosystem state, more useful for supporting management of fishery impacts under EAF (13, 14, 15, 16, 97 

17). Quantitative methods require appropriate response indicators. In an evaluation of seven candidate 98 

indicators (18), total seabed community abundance (biomass, and numbers of individuals) was the best 99 

performing indicator of seabed state, meeting all nine criteria required for state indicators (19), and also 100 

relating directly to ecosystem functioning (15, 18).  101 

Implementation of EAF for bottom-trawl fisheries requires assessment of their impacts on the status of 102 

communities of seabed biota. We address this global challenge for EAF by quantifying a community 103 

abundance state indicator for seabed sedimentary (benthic) habitats on continental shelves and slopes 104 

in 24 large regions covering 7.92 million km² worldwide, accounting for 18.9% of the 0–1000m depth 105 

range (20) and 19.5% of all trawl landings (9) globally. We synthesize the required information regarding 106 

direct impacts of trawling and recovery rates (7, 8), distribution and intensity of bottom trawling (9) and 107 

mapped composition of seabed sediments (e.g. 21) in a quantitative model of the relative benthic status 108 
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(RBS) of the seabed (14), recently recommended as the best performing of three quantitative indicators 109 

evaluated (15). We focussed on sedimentary habitats because they comprise the majority area of 110 

seabed (>99% of shelf and slope has a >1m layer of sediments (22)), most bottom trawling occurs on 111 

these habitats, and managers require these fisheries to be assessed and to be sustainable. 112 

The RBS model estimates the long-term abundance of biota relative to their untrawled abundance as a 113 

function (Eq. 1) of trawl-depletion rates (proportional reduction per trawl pass), recovery rates 114 

(maximum annual increase in proportional abundance), and trawling intensities (as swept-area ratio, 115 

SAR). We quantified RBS in high-resolution grid cells (~1 km²) in each region — after first updating the 116 

previous series of meta-analyses used to estimate depletion and recovery rates (7) with additional data 117 

(see Methods). We also estimate regional mean RBS as the average of grid-cell values, to provide a 118 

relative indicator of the overall state of regional seabeds.  119 

Results  120 

Parameter estimates 121 

We estimated trawl-depletion rates of benthic communities in mud, sand and gravel habitats for each 122 

trawl-gear type by re-modelling the relationship (7) between depletion rates of biota (Table S1) and 123 

seabed penetration depths of different trawl gears, including some additional data and with different 124 

sediment habitat types as a factor (Table S2, Fig. S1). Average depletion rates ranged from 0.047 to 125 

0.261 depending on gear and habitat (Table S3, Fig. S2). Otter trawls caused the lowest depletion, 126 

followed by beam trawls and towed dredges. Depletion rates were lower in sand than in gravel and 127 

mud.  128 

We estimated recovery rates of benthic communities in sedimentary habitats by re-analyzing the 129 

relationship (7) of decreasing community relative abundance (as a combination of biomass and numbers 130 

of epifauna and infauna) along a gradient of increasing trawling impact (Eq. 2), with some additional 131 

data and including how the relationship depended on sediment types (Fig. S3A, Table S4). Recovery 132 

rates were estimated (using the fitted model, Eq. 3) for an untrawled community so that RBS would 133 

indicate the state of community compositions that existed on and in sediments prior to trawling; 134 

including some slower growing, larger bodied, and longer-lived biota that are more sensitive to trawling. 135 

Average recovery rates ranged from 0.29 to 0.68 (lower confidence limits, CL=0.25–0.48) along a gravel 136 

to mud gradient (Fig. S3B). Slower recovery with increasing gravel reflects the greater proportions of 137 



6 
 

longer-lived species found in more stable gravel habitats (23, 24). We used the mean and lower CL of 138 

recovery estimates, representing a spectrum of more sensitive biota compositions, because of the 139 

higher level of concern for sensitive biota. These rates correspond to a range of maximum longevities 140 

(see Figure 3 in 25) averaging 8 years in mud to 18y in gravel (and up to 11y–22y respectively for lower 141 

CL recovery rates). Longevities in sand were intermediate (mean=10y, up to 14y for lower CL recovery). 142 

Trawl SAR intensities of otter trawling, beam trawling and towed dredging, mapped for grid cells 143 

covering 24 regions for which adequate trawling data were available (9), differed greatly among cells (0–144 

210y⁻¹, mean=0.42) as well as among regions (regional average SAR: range=0.005–11y⁻¹, mean=1.28, 145 

Table S5). SAR was aggregated among cells at larger scales, but at fine scales within small grid cells, most 146 

trawling tends to be distributed approximately randomly (26, 27), producing a dynamic mosaic of 147 

recently impacted, recovering, and undisturbed patches of seabed. Long-term, however, all patches are 148 

expected to be trawled at the average SAR of each grid cell (27, 28).  149 

We assigned trawl-depletion and recovery rates appropriate to the trawl gear and sediment type (Fig. 150 

S4) of each grid cell, mapped for each region using available sediment data (Table S5). We used these 151 

rates with the grid-cell trawl SAR intensity values for each gear type in Eq. 1 to estimate cumulative 152 

trawl impacts and RBS for each grid-cell and region (Table S5). Grid-cell RBS values range between 0–1; 153 

trawled cells have RBS<1, untrawled cells have RBS=1. The mean RBS estimate represents a linear 154 

relative index of benthic state for sedimentary habitats, corresponding to effects on biota that have an 155 

average sensitivity to trawling (among the range of sensitivities comprising typical communities in these 156 

habitats prior to trawling). The lower CL of RBS is indicative of status for biota types having upper CL 157 

sensitivity. Thus, RBS=0 does not imply that all biota are depleted; rather, that among the mix of biota 158 

present before trawling, those with average or greater sensitivity to trawling (the response indicated by 159 

RBS herein) would be entirely depleted whereas more resilient types may remain. 160 

Regional status 161 

Regional RBS was lower in most European regions and higher in most non-European regions (range 162 

0.247–0.999; Fig. 1 maps). Average RBS was <0.7 in three European regions: Adriatic Sea (0.25), West of 163 

Iberia (0.60) and Skagerrak–Kattegat (0.63). These three regions also had the highest percentage of area 164 

where RBS=0 (68%, 21%, 23% respectively; Fig. 1 pie-charts; Table S5). The European regions had <50% 165 

untrawled area where RBS=1; lowest were the North Sea (11%), West of Iberia (16%), Adriatic Sea (17%) 166 
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and Irish Sea (18%). All non-European regions except Northern Benguela had average RBS≥0.95. Chile, 167 

Australasia and Alaska had the highest average RBS and the largest untrawled areas (68%–93%).  168 

In 17 regions, particularly in Europe, RBS of continental shelves was lower than that of slopes (Fig. 1). 169 

Conversely, continental slopes had lower mean RBS than shelves for 7 regions outside of Europe, 170 

particularly southern Africa and southeast Australia. These differences primarily reflect distributions of 171 

trawling in shelf or slope areas (9). 172 

Relationships between regional grid-cell RBS values (in decreasing order) and cumulative seabed area 173 

(Fig. 2) show the proportion of seabed having any given status, provide more nuanced information 174 

about grid-cell RBS than the regional average, and reflect spatial patterns of trawl impacts on different 175 

habitats. The regional area at the point of departure from RBS=1 indicates the relative size of untrawled 176 

versus trawled seabed and the area under the curves correspond to average RBS. The percentage of 177 

regional area where RBS=0, indicates seabed depleted of pre-trawling biota that have average or higher 178 

sensitivity to trawling. Steeper curves reflect areas where trawling is more concentrated. For example, 179 

Northern and Southern Benguela have relatively short, steep upper curves compared with other regions 180 

with similar average RBS because fisheries in these regions target a narrow depth band on the slope (cf. 181 

Fig. 1). Longer, flatter upper curves reflect widespread low-intensity trawling. For example, the North 182 

Sea has the smallest percentage of untrawled area but also the smallest percentage of depleted seabed 183 

among European regions except West of Scotland. The Adriatic stands out with the lowest status and a 184 

very steep and almost linear RBS curve, indicating that most trawlable ground in the Adriatic is heavily 185 

trawled.  186 

The uncertainty intervals of RBS curves (Fig. 2) arise from use of the mean and lower CL of estimated 187 

recovery rates, representing a spectrum of more sensitive sedimentary biota; hence they also indicate 188 

potential outcomes for a range of biota with recovery rates corresponding to maximum longevities of 189 

about 8–22 years. The majority of biota comprising seabed communities in sedimentary habitats are 190 

shorter-lived and more resilient (25); thus, the RBS uncertainty interval presented in Fig. 2 represents a 191 

more precautionary range of RBS outcomes. 192 

RBS with uncertainty intervals can be used to frame risk assessments for trawling impacts. For example, 193 

if, as part of regional environmental objectives, an appropriate threshold for acceptable seabed status is 194 

defined, then RBS curves with uncertainty intervals can estimate the probability of status being above or 195 

below that threshold, thus informing the risk of environmental objectives not being achieved. As an 196 
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illustration, if an acceptable threshold is set at RBS>0.8 for >80% of regional area (Fig. 2), then in the 197 

case of the North Sea (region 6), the lower and upper 95% confidence limits for RBS at 80% of regional 198 

area are 0.633 and 0.790 (mean=0.719), and the lower and upper confidence limits for the percentage 199 

of regional area having RBS=0.8 are 65.0% and 78.9% (mean=71.8%). Thus, the 95% confidence interval 200 

for RBS is just below the illustrative 0.8-at-80%-area threshold and therefore there is >97.5% probability 201 

that seabed status would not meet a threshold set at that level. Similarly, six other regions (1 to 5 and 7) 202 

have >97.5% probability of not meeting this threshold; Northern Benguela has more than ~50% 203 

probability and the Irish Sea almost 50% probability. Conversely, of the 24 regions, 15 would have <2.5% 204 

probability of not meeting the example objective (i.e. the lower confidence limit for their RBS curves are 205 

above the 0.8-at-80%-area threshold).  206 

The differing status of gravel, sand and mud habitats (Fig. 3) reflects both their differing sensitivity to 207 

trawling (Fig. S4), and the distribution of trawling. Within regions, sand habitats typically have higher 208 

average RBS and smaller proportions of low RBS categories, due to their lower sensitivity than mud or 209 

gravel. The biggest within-region differences among habitats are in the Irish Sea where mud status is 210 

heavily reduced. Overall, eight regions have one or more habitats with average RBS<0.8 (14 habitats in 211 

total, Fig. 3A); 21 habitats in 10 regions have <80% of area with RBS>0.8, whereas 51 habitats in 14 212 

regions are above this threshold (Fig. 3B). Otter trawling is the most widespread and greatest 213 

contributor to cumulative reductions of RBS (Fig. 3A), even though other gear types cause greater 214 

depletion per trawl-pass. Beam trawling noticeably reduces RBS in the North Sea as does dredging in the 215 

Irish Sea.  216 

The total amount of trawling in a region is a strong driver of regional RBS (Fig. 4A). For regions that lack 217 

high-resolution spatial data for trawling and habitats, this relationship can be used to predict regional 218 

RBS, with specifiable uncertainty, from information about the total amount of trawling and gear types 219 

used. Such predictions under-estimate RBS for sand but over-estimate RBS for gravel and mud habitats 220 

(Fig. 4A). They may also under-estimate RBS for tropical regions, where recovery rates might be faster, 221 

but hence would be conservative. This approach can infer preliminary regional status and facilitate 222 

prioritization of management needs, including in regions with higher levels of trawling effort such as 223 

Southeast Asia. Further, Amoroso et al. (9) showed that where fishing exploitation is at or below that 224 

needed to catch maximum sustainable yield (MSY: a widely accepted reference point for sustainable 225 

fisheries), regional SAR was ≤0.25. Here, where regional SAR is ≤0.25, average RBS is 95% likely to be 226 

>0.91 (Fig. 4A). Average RBS is >0.91 for 15 of 24 regions. We also directly compare average regional RBS 227 



9 
 

and an accepted indicator of the exploitation status of fish stocks (the ratio of fishing mortality f relative 228 

to the maximum sustainable fishing mortality fMSY, see Methods) (Fig. 4B). There was a clear, though 229 

scattered, negative relationship between regional RBS and the ratio f/fMSY of stocks. In regions where 230 

most stocks are managed sustainably (i.e. f/fMSY<1) the average regional RBS is >0.95, suggesting that 231 

managing trawl fisheries for sustainable exploitation of fish stocks contributes substantially towards 232 

ensuring that seabed status is high.  233 

While assessing the status of sedimentary habitats is critical to ensuring integrity of the majority area of 234 

seabed ecosystems at the broadest scales, perhaps more concern surrounds rarer more sensitive 235 

biogenic habitat types. However, suitable data for such habitats were not available for multiple regions. 236 

Hence, although we took a precautionary approach by using recovery rates for untrawled seabed 237 

community compositions and considering the lower confidence interval of RBS, we could not assess 238 

highly sensitive habitat-forming biota types that can characterize Vulnerable Marine Ecosystems (VMEs: 239 

29, 30). VME biota typically have distributions restricted to hard grounds, which may have low exposure 240 

to trawling (31, 32), but they also have high trawl-depletion and slow recovery rates — hence 241 

management seeks to prevent impacts on VMEs (29). RBS can be applied to VME biota, however, the 242 

lack of data for their distribution, depletion and recovery must be addressed first — consequently there 243 

are few cases where their regional status has been assessed (e.g. 31 and 33 using a dynamic Schaefer 244 

model; 34 using RBS). Here, in lieu of assessing RBS for habitat-forming biota, we calculated the 245 

percentage of each region where trawl SAR exceeded an estimated local-extinction threshold for highly 246 

sensitive biota (at SAR>0.35, Fig. S5A). This ranges from 0.2% of seabed area in southern Chile to 82% in 247 

the Adriatic Sea, and is >20% for 10 regions (all European regions and Northern Benguela). Areas for this 248 

metric are very similar to areas of regional ‘uniform’ trawl footprints, as estimated by Amoroso et al. (9) 249 

(Fig. S5A,B). Where they do differ (Fig. S5B), the threshold SAR needed to categorize cells as trawled that 250 

yields an equivalent area as the uniform footprint remains indicative of extinction thresholds for highly 251 

sensitive biota (Fig. S5C). Thus, area of the uniform footprint also corresponds closely to the area of 252 

regions where highly sensitive biota cannot persist. Further, we also calculated that the percentage of 253 

each region where trawl SAR was <0.07, allowing highly sensitive biota to maintain status >0.8, ranges 254 

from 18% of seabed area in the Adriatic to 98% in southern Chile (Fig. S5A) and is >80% for 10 non-255 

European regions.  256 
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Discussion and conclusions  257 

We used a quantitative indicator of relative benthic status (RBS) to synthesize recent advances in 258 

understanding of trawling disturbance to the seabed and provide a seascape-scale assessment of 259 

cumulative trawl impacts on the relative biotic state of seabed sedimentary habitats, where most 260 

trawling occurs. Our results give insight into the sustainability of bottom trawling in 24 diverse regions 261 

around the world and provide comparisons for guiding regional management of environmental risks 262 

from trawling. 263 

The RBS method is based on an established population dynamics model, widely applied in ecology and 264 

for fisheries assessments, and has been recommended as the best performing method to assess trawling 265 

impacts in sedimentary habitats (15). In our application to sedimentary habitats, RBS estimated status 266 

based on relative abundance of combined seabed community biomass and numbers, which have been 267 

shown to be the most suitable indicators of bottom-trawling impacts (18) as they respond strongly to 268 

trawling, perform well against nine criteria for indicators (19), relate directly to ecosystem functioning 269 

and health (15, 18, 35), and also account for the longevity composition of benthic communities, which 270 

relates to structure and biodiversity (18). The depletion and recovery parameters used to estimate RBS 271 

were sourced from meta-analyses of extensive seabed community data (7, 8) representative of the 272 

composition of benthic invertebrate communities, including primarily biomass of epi-fauna, with some 273 

infauna and count data, as well as larger and longer-lived biota that may be more sensitive to trawling 274 

(25). We estimated recovery rates applicable to pre-trawling community compositions, specifically 275 

avoiding over-optimistic assessments compromised by small, fast growing, abundant species that may 276 

dominate the more resilient biota associated with chronically trawled areas. Further, we took a 277 

precautionary approach by considering the lower uncertainty intervals for recovery rates and RBS. 278 

Our synthesis found that the biotic status of sedimentary habitat differs greatly among regions. In most 279 

regions, some areas have low status, but large areas are little affected by trawling. Several regions, 280 

primarily in Europe, had low habitat status relative to others, highlighting where management of 281 

trawling could be prioritized to improve seabed environmental status. Twenty regions have average 282 

status >0.8, a level that has been used as an impact limit threshold for VME habitats (36). These are first-283 

order assessments but nevertheless provide important information that can be used to broadly compare 284 

the extent of trawling effects on seabed status across multiple large-scale regions, different sedimentary 285 

habitats, and different trawl gears.  286 
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The depletion and recovery parameters are derived from meta-analyses of multiple studies spanning 287 

wide geographic areas, and are generalizable given that uncertainties are also characterized. These 288 

uncertainties are substantive but are carried through to estimates of uncertainty in predicted status. 289 

Nevertheless, these parameters can be refined to reduce uncertainty and to increase local specificity. 290 

Regional assessments would benefit from analyses that were based on regionally specific depletion and 291 

recovery rates, and definition, mapping of habitat types appropriate to their jurisdiction’s sustainability 292 

objectives (e.g. 31, 33, 34). Regionally determined parameters may also be able to account for additional 293 

factors, such as potential temperature, productivity or depth effects on recovery, which were not 294 

significant in the prior meta-analysis (7). The spatial extents of our regions were also relatively large and 295 

likely to encompass substantive ecosystem heterogeneity. Ideally, eco-types could be defined 296 

objectively at sub-regional scales to delimit the extent of status assessments (37). Our implementation 297 

of RBS primarily considered direct impacts on benthic communities, rather than indirect impacts that 298 

may affect other ecosystem components. Nevertheless, our estimation of recovery rates from larger-299 

scale comparative studies of benthic communities along gradients of trawl-impact magnitude on actual 300 

fishing grounds would account for indirect effects to the degree these impacted the sampled benthos. 301 

Other indirect effects are possible, potentially including impacts on trophic relationships, nutrient 302 

recycling or demersal fishes, among others (6). However, these indirect effects are more appropriately 303 

assessed using other approaches (38); for example, food-web models (6); bycatch risk assessments (39); 304 

and fishery stock assessments (38). These approaches together with RBS can provide more wholistic 305 

assessments of ecosystem state. 306 

Our assessment of relative status for sedimentary habitats achieved widest geographic coverage with 307 

available data, but RBS is not limited to sediments or habitats. RBS can be used to assess status for 308 

particular species or taxa including VMEs (34); communities based on taxonomic groups (35); and 309 

benthos longevity classes (25). It is also possible to explicitly assess RBS for subsets of benthos 310 

contributing different ecosystem functions (15, 35). In these cases, where continuous abundance 311 

distributions are mapped, estimates of absolute status are possible (14, 31, 34, 35) cf. relative status as 312 

herein for habitat classes. 313 

Unlike qualitative or categorical approaches that indicate relative risk (13, 14), RBS and other 314 

quantitative status indicators (e.g. 13, 15) enable risks of trawling on seabed status to be assessed 315 

against any defined sustainability thresholds, with transparency, objectivity and repeatability — 316 

providing guidance to support management of trawling impacts (15, 16). Nevertheless, appropriate 317 
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thresholds for seabed habitats are undeveloped currently. It will require research, as well as broad 318 

engagement between managers and society, to define thresholds that are consistent with sustainability 319 

objectives and provide acceptable levels of precaution. RBS also enables evaluation of the effectiveness 320 

of alternative measures proposed to mitigate trawling risks (e.g. gear modifications or controls, effort 321 

limitation, spatial management, 17). This would be achieved by simulating their implementation and 322 

quantifying changes in predicted status. Such evaluations would facilitate management decisions 323 

involving choice of measures needed to achieve environmental objectives (14, 17, 34) and trade-offs 324 

with production (17).  325 

We were not able to include all regions of the world where trawling occurs, due to either lack of high-326 

resolution trawl-effort data, or because such data were not available for confidentiality reasons (9). 327 

Where trawling data are confidential, regional authorities can apply RBS — and in regions that have only 328 

fishery-scale trawl-effort data, regional SAR can be calculated from estimates of total area swept by 329 

bottom trawling divided by total regional area and the strong relationship between regional SAR and 330 

regional RBS enables preliminary estimates of status. Importantly, this relationship also indicates that if 331 

trawl target-species exploitation is managed sustainably, the reduced regional SAR will likely lead to high 332 

seabed status. Hence, maximizing fisheries production within accepted sustainability limits and 333 

sustaining the broader environment (EAF) are complementary goals and an objective balance between 334 

them is demonstrably achievable.  335 

Our approaches have important implications for regional environmental and fisheries management and 336 

policy world-wide. They provide methods to address, and monitor progress towards, sustainability 337 

objectives for trawl fisheries driven by international conventions, sustainable development goals (e.g. 338 

UN SDG14: ‘life below water’), national legislation (12), and sustainable-seafood certification 339 

requirements for individual fisheries (e.g. 36). RBS provides a quantitative framework that can support 340 

management decisions needed to balance fishery production with ecosystem sustainability and achieve 341 

the goals of EAF.  342 

 343 
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Methods  344 

Study objectives and outline  345 

We aimed to assess the status of sedimentary habitats because these habitat types comprise the 346 

majority of seabed area, contribute to integrity of seabed ecosystems at the broadest scales, are where 347 

most bottom trawling occurs, and lack the quantitative status assessments that managers require. We 348 

used the relative benthic status (RBS) model developed by Pitcher et al. (14) to estimate status, relative 349 

to an untrawled state, of biotic communities that typify seabed sedimentary habitats exposed to chronic 350 

trawling in 24 large regions worldwide where trawl footprints had been mapped by Amoroso et al. (9). 351 

Trawling impacts on seabed habitats depend on the depletion caused by different gear-types, recovery 352 

rates, distributions and exposure to trawling, thus defining the parameters and data required for 353 

quantifying the sustainability of trawling (40, 14). We estimated these parameters to implement RBS, 354 

including trawl-induced depletion rates, and recovery rates, by updating a series of previous meta-355 

analyses. Parameters were predicted for all trawl gear types (including, otter trawl, beam trawl, and 356 

towed dredge) and for all combinations of percentage gravel, sand and mud that constitute sedimentary 357 

habitats.  358 

Trawl-gear depletion rates per trawl pass were derived from trawl-impact estimates for four gear types 359 

provided by Hiddink et al. (7). We extended their existing meta-analysis to include sedimentary habitat 360 

types in addition to gear types, and some additional data. The extension was based on updating the 361 

relationship between the penetration depth of gears into the sediments and the proportional rate of 362 

depletion caused by each pass of the gear, where penetration depths were estimated for all 363 

combinations of gear types and habitat types. Recovery rate parameters were derived by updating 364 

another existing meta-analysis by Hiddink et al. (7). We extended that analysis, using a variation of their 365 

model, and pooling data for both relative biomass and relative numbers as an overall measure of seabed 366 

community relative abundance, after first including some additional data. All analyses were conducted 367 

using the R Platform for Statistical Computing version 3.6.1 (41). 368 

The wide availability of sediment mapping data enabled assessment of sedimentary habitats, which is 369 

where the majority of bottom trawling occurs. For other habitat types highly sensitive to trawling, lack 370 

of widely available distribution data precluded RBS assessment of status herein. Instead, we estimated 371 

the proportion of each region where highly sensitive, long-lived biota types could or could not persist 372 

due to chronic trawling.  373 
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Assessment model 374 

We estimated the RBS of seabed habitats exposed to towed bottom-fishing gears, following the method 375 

of Pitcher et al. (14). RBS is based on the Schaefer (42) production model, with an additional term to 376 

describe the direct impacts of trawling on the seabed, consistent with previous seabed assessment 377 

approaches (28). The Schaefer model is commonly used in fishery assessments (e.g. 43), particularly in 378 

data-poor situations where recently it has been demonstrated to be the least biased and most 379 

frequently best performing for data-limited assessments globally (44), having excellent agreement with 380 

results from more complex models (e.g. 45, 46). While this model is typically applied to single species, 381 

management objectives and certification requirements also need to address seabed habitats and 382 

communities in addition to species (36, 30). Pitcher et al. (14) reasoned that while habitats do comprise 383 

many species with complex dynamics, previous studies have demonstrated that the aggregate 384 

properties of biotic communities in seabed habitats are relevant to characterizing trawling impacts (4, 385 

5), and different sedimentary habitat types provide surrogates for their typical communities of 386 

invertebrates, which form the basis of seabed ecosystems (47). Thus, the aggregate dynamics of seabed 387 

communities in different habitats, integrated over benthos community composition and relevant time 388 

frames and spatial scales, are parsimoniously described by the Schaefer model. Further, to enable 389 

application to the typically data-limited circumstances of seabed assessment, Pitcher et al. (14) took the 390 

simplifying approach that in habitats subject to chronic trawling, the long-term relative abundance of 391 

biota (B), as a fraction of carrying capacity (K) can be estimated by the equilibrium solution of the 392 

Schaefer model:  393 

B/K = 1 − F D/R where F<R/D, otherwise B/K=0 Eq. 1 

where B/K represents “relative benthic status” (RBS) of the seabed in the range 0–1, R is the 394 

proportional recovery rate per year, which varies according to habitat, D is the depletion rate per trawl, 395 

which depends on gear-type and habitat, and F is trawling intensity as swept-area ratio (SAR: the annual 396 

total area swept by trawl gear within a given grid-cell of seabed, divided by the area of that grid-cell). 397 

The ratio D/R represents sensitivity to trawling, the time interval between trawls (years) that would 398 

cause local extinction of the biota (RBS=0) — and R/D is the corresponding critical annual trawl SAR 399 

intensity F at which a given sensitivity will have RBS=0 (Fcrit). Estimating RBS requires only parameters for 400 

depletion and recovery rates, and distribution maps of trawling intensity and of habitat types. These 401 

maps, and estimation of RBS, within an assessed region should be determined for grid cells of size ~1–3 402 

km² — a scale at which the distribution of most individual trawls has been shown to be random (26, 27, 403 
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48). At larger scales among cells of this size, patterns of trawling typically are aggregated and stable over 404 

time (27, 49). Ellis et al. (28) distinguished two scales of depletion and recovery rates: D and R (as above) 405 

are applicable at the grid-cell scale, whereas their analogues d and r are applicable at the scale of trawl-406 

gears. If trawling is distributed randomly within grid cells then D=d; however, R<r and is related to r and 407 

d through the equation R=rd/[−ln(1−d)] (28).  408 

Trawl impact and depletion rates by gear type 409 

Hiddink et al. (7) and Sciberras et al. (8) conducted meta-analyses of 46 experimental studies (n=152 410 

records) of trawling impacts to estimate the proportional gear-scale depletion rate (d) of biota for each 411 

pass of trawls of different gear types. They used a linear mixed-effects model (lme, R package nlme) to 412 

analyse the change in biota abundance (pooled relative biomass and numbers of epifauna and infauna) 413 

with time after experimental trawling, relative to the abundance before and/or in reference areas, as 414 

log-response-ratio (lnRR). Their results for the immediate logₑ trawl impact values (i: the intercept of 415 

lnRR at time 0) are directly related to depletion (d=1−ei) and represent the mean estimates for each gear 416 

type across all habitat types (Table S1). Here, we have also estimated the standard errors on the natural 417 

scale and 95% confidence limits (CLs) of the back-transformed d estimates for each gear type (Table S1). 418 

Trawl penetration depth by gear and habitat types 419 

Hiddink et al. (7) also showed that depletion rates of benthic-invertebrate communities were closely 420 

related to the penetration depths (PD) of trawl gears into the sediments. Here, we re-analysed their 421 

data (see Table S7 in 7) for PD of trawl-gear components by gear and habitat types, using the same log-422 

linear model but including the following data updates and additions: 1) records for Smith et al. (50) were 423 

excluded as they reported PD of their sampling gear not trawl gear; 2) Freese et al. (51) reported PD for 424 

the trawl ground-gear component, not whole gear, thus gear-width proportion was corrected from 1 to 425 

0.25; 3) PD data were added from Rose et al. (52) for OT whole gear of 0.05 cm in mud habitat; and 4) 426 

PD data were added from Depestele et al. (53) for BT whole gear of 4.1 cm in sand habitat. The final 427 

dataset comprised 71 records from 48 studies. As per Hiddink et al. (7), we aggregated the model 428 

estimates of mean PD for each gear component up to whole-gear estimates, weighted by the proportion 429 

that each component comprises of the total gear-width — but whereas Hiddink et al. also aggregated 430 

across habitats, we grouped by both gear and habitat to provide PD estimates on the natural scale for all 431 

combinations of gear types and categorical sediment habitat types (Table S2, Fig. S1). 432 
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We propagated the uncertainty of the PD estimates for all gear components up to whole-gear estimates 433 

by taking 2000 samples from the distributions of each gear-component mean, using standard deviations 434 

as given by the standard errors of each mean reported by the fitted log(PD) model. The sampled 435 

estimates of each gear-component PD were aggregated up to whole gear-by-habitat estimates, using 436 

the same procedure as for the means, to provide 2000 estimates of PD for all combinations of gear and 437 

habitat. The standard deviations of these estimates provide approximate standard errors for PD, and the 438 

2.5% and 97.5% quantiles provide approximate 95% CIs for PD (Table S2, Fig. S1). 439 

Trawl depletion vs penetration depth relationship  440 

We estimated trawl depletion rates d for all combinations of gear types and sediment habitat types, by 441 

re-fitting the same linear model of gear-mean depletion vs log of gear-mean PD relationship as Fig. 2 in 442 

Hiddink et al. (7), but using the updated PD estimates for both gear and habitat (Table S2). Further, 443 

because the gear-mean d values estimated by Hiddink et al. (7) were from varying mixtures of habitat 444 

types for each gear, for our estimates of the corresponding gear-mean PD across the three habitat types 445 

for each of the four gear types (from Table S2) we calculated weighted mean PDs where the weights 446 

were the frequency of studies by habitat for each gear type in the experimental studies meta-analysis 447 

from which the four gear-mean d values were estimated (Table S1). This was done so that the estimates 448 

of gear-mean PDs used to build the model (Fig. S2, grey dots) would correspond to the expected PDs of 449 

the mixed habitat types represented in the meta-analysis that provided the d estimates.  450 

The updated mean relationship between the depletion d of benthic community abundance and the 451 

penetration depth PD of trawl gear was significant (Fig. S2, grey curve, R²=0.98), but with uncertainty. 452 

The uncertainty of the model is indicated by the 95% CIs of the fit and by the prediction intervals (Fig. 453 

S2, dashed grey lines and light grey shading). Additional uncertainties arise from the input data used to 454 

build the model. These include the uncertainties for the gear-mean d-values (Table S1) and uncertainties 455 

for gear-by-habitat PDs (Table S2, Fig. S1) plus additional uncertainty arising from calculating the 456 

weighted-mean gear PD across habitats. The additional uncertainties are presented in Fig. S2, including: 457 

the 95% CIs for each gear-mean d from the original experimental studies meta-analysis (vertical grey 458 

lines; from Table S1); approximate estimates of the 95% CIs for gear-mean PDs propagated using the 459 

procedure described below (horizontal grey lines); the 95% CIs for gear-by-habitat PDs (horizontal 460 

coloured lines; Table S2; Fig. S1); and approximate estimates of the 95% CIs for the predicted gear-by-461 
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habitat d-values (vertical coloured lines; Table S3), which were propagated from all sources of 462 

uncertainty using the procedure described below. 463 

The uncertainties for each gear-mean PD were propagated by sampling the 2000 estimates of each 464 

habitat PD for each gear type (as described above) in proportion to the frequency of studies by habitat 465 

for each gear type in the experimental studies meta-analysis (Table S1). The 2.5% and 97.5% quantiles of 466 

these samples provide approximate 95% CIs for each gear-mean PD (horizontal grey lines, Fig. S2). These 467 

uncertainties and those for gear-mean d-values were propagated through the model by also sampling 468 

and back-transforming 2000 estimates of each gear-mean impact i from the distributions of each mean 469 

using the standard deviations given by the standard errors of each mean reported by the fitted lnRR 470 

model (Table S1). These two sets of 2000 sampled estimates for each gear-mean d and PD were used to 471 

fit 2000 regressions, and each regression was used to predict d corresponding to each gear-by-habitat 472 

mean PD (Table S2). The standard deviations of these predictions provide approximate standard errors 473 

for each gear-by-habitat d, and the corresponding 2.5% and 97.5% quantiles provide approximate 95% 474 

CIs (Table S3; vertical coloured lines, Fig. S2).  475 

Recovery rates by habitat  476 

In principle, experimental studies could also provide estimates of gear-scale recovery rates r. However, 477 

these small-scale estimates may be overly-optimistic, especially for mobile fauna, due to short-distance 478 

immigration from seabed adjacent to the experimental treatment. Grid-scale estimates of recovery are 479 

preferable. Hiddink et al. (7) observed that Eq. 1 could be used to estimate recovery rates from large-480 

scale comparative studies of trawling effects, which sampled the expected decrease in relative 481 

abundance (B/K) of seabed communities on gradients of trawling intensity (F) on trawl grounds. The 482 

slope of this relationship is D/R and if D is known from experimental studies then recovery R can be 483 

estimated for the biotic community on trawl grounds. This approach assumes that the sampled benthos 484 

populations are approximately in a balance between trawl impacts and recovery, under chronic 485 

intensities of trawling, and that random processes and other departures are captured by the uncertainty 486 

in the relationship. The assumptions are necessary given the scarcity of recovery information, and this 487 

novel approach represents a significant advance for estimating the grid-scale recovery rate R. Further, 488 

they noted that trawling more rapidly depletes sensitive species and selects for species with faster life 489 

histories that are more resilient (40, 54), hence overall community R can be expected to increase with 490 

the intensity F of chronic trawling — a response Hiddink et al. (7) found was approximated by a log–491 
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linear relationship between B/K and F: log10(B/K) ~ bF — where the slope b of this relationship is a non-492 

linear function of D, R and F. 493 

Building on Hiddink et al. (7), we added to their data from 33 large-scale comparative studies (n=677 494 

records) of trawl impacts on benthic invertebrate communities, and used an analogous meta-analysis, to 495 

estimate recovery. Data for the meta-analyses were collated from published studies following a 496 

systematic review protocol (55), which involved a high degree of control regarding the quality of studies 497 

and to eliminate bias in selection of studies. We pooled data for relative biomass and relative numbers 498 

as the response-ratio of overall relative abundance (B) since communities of benthic invertebrates 499 

comprise a combination of both biomass and numbers of a wide range of species present. Further, 500 

Hiddink et al. (18) found that community biomass and numbers were the most sensitive indicators of 501 

the effects of trawling, and met all 9 criteria of indicator utility accepted in the literature (19). We first 502 

updated the dataset with 27 additional records for three studies (2 numbers, 1 biomass) in gravel 503 

habitat from Collie et al. (56), and due the availability of improved data, we revised the trawling SAR 504 

intensity (F) for sites sampled by two studies (56, 57) (see Data S1), and revised the sediment gravel, 505 

sand and mud fractions for these studies and seven others with information from Asch (58) and 506 

Amoroso et al. (9) respectively. The final dataset totaled 711 records from 22 community biomass 507 

studies and 14 numbers studies, and comprised 542 epifauna records and 169 infauna records, of which 508 

539 were biomass records and 172 numbers. These data provided an extensive and representative 509 

spectrum of the composition of benthic invertebrate communities, including larger and/or longer-lived 510 

types of biota some of which would be sessile and sensitive types.  511 

We fitted a variation of the Hiddink et al. (7) linear mixed-effects model to estimate how community 512 

relative abundance decreased on a gradient of increasing trawling impact represented by the product dF 513 

of depletion and trawl intensity: 514 

 log10(B/K) ~ b dF  Eq. 2 

This variation of the model was fitted so that recovery rates of different sedimentary habitats could be 515 

estimated without confounding by trawl gear types. For each study, d was calculated as a weighted 516 

mean of the habitat d values for the appropriate gear from Table S3Table S3, where the weights were 517 

the respective percentages of gravel, sand and mud fractions comprising each study’s habitat. In a 518 

second model, we added covariates for the percentage gravel, sand and mud fractions of the habitat to 519 

estimate how the slope of the relationship changed with sediment composition (Table S4Table S4). 520 
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Overall community relative abundance decreased with increasing trawling impact dF (Fig. S3A), with 521 

each unit increase in dF leading to a mean decrease in abundance of 88.1%. The rate of decrease was 522 

greater as the gravel content of the sediment increased relative to mud content.  523 

The grid-scale recovery rate R was then estimated by equating Eq. 1 and Eq. 2 for B/K and solving for R, 524 

giving:  525 

 R = dF/(1 − 10bdF)  Eq. 3 

and substituting the community slope b estimated by fitting model Eq. 2Eq. 2. To account for the 526 

differing community compositions of different sedimentary habitats, the slope was varied with sediment 527 

fractions according to the coefficients in Table S4Table S4 (Fig. S3Fig. S3B). To account for the non-528 

linearity of this relationship and to estimate recovery rates of pre-trawling community compositions, 529 

which include larger/longer-lived sensitive biota, rather than higher R values associated with chronically 530 

trawled community compositions of more resilient biota, dF in Eq. 3Eq. 3 was set close to zero (1×10⁻⁹). 531 

The standard error of the slope b (Table S4Table S4) was used to estimate 95% confidence intervals of 532 

the mean recovery rates along sediment gradients (Fig. S3Fig. S3B).  533 

Trawl footprint and sedimentary habitat mapping 534 

Mapping trawl footprints requires detailed information about trawling location and effort (e.g. hours of 535 

trawling); however, in most countries, such information is confidential and not publicly available. 536 

Amoroso et al. (9) approached management authorities in many regions to request access to data. 537 

Ultimately, they were provided with high-resolution information for bottom-trawl fisheries in 31 538 

regions, including continental shelves and slopes to 1000 m depth in Europe, North and South America, 539 

Africa and Australasia. The information comprised satellite Vessel Monitoring System (VMS) and/or 540 

vessel logbook data encompassing a period of several years (typically three years, 2008-2010). For each 541 

fishing fleet, Amoroso et al. (9) also collated information about trawl gear types and sizes, and towing 542 

speeds. From the product of trawling hours, gear-spread width and tow speed, they calculated swept 543 

area ratio (SAR): the total area swept by bottom trawls each year within high-resolution grid-cell 544 

locations (ca. 1 km² area each), divided by the area of those grid cells. For regions where collated data 545 

coverage was >70% of total trawl effort (24 of 31 regions), Amoroso et al. (9) used grid-cell SAR to 546 

estimate trawl ‘footprints’, the area of seabed trawled one or more times in a given region and time 547 

period. In addition, regional scale SAR can be calculated as the average annual regional total swept area 548 
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divided by the total area of a region; these were also mapped by Amoroso et al. (9). The grid-cell scale 549 

SAR is an area-standardized rate of trawling intensity (=F) that is an essential requirement for seabed 550 

status assessment. To avoid under-estimating impacts, we scaled-up cell F by 100/coverage% for each 551 

region and by gear type to approximate total trawl intensity, and re-calculated regional SARs and 552 

footprints (Table S5). This scaling and re-calculation assumed the collated data are representative of the 553 

spatial distribution of the total. In cases where the unavailable data may have a different distribution, 554 

our assessment may slightly underestimate regional depletion, but less so than without scaling up.  555 

Amoroso et al. (9) also collated data for seabed sediment composition from the comprehensive global 556 

dbSEABED database of marine substrates (21) for most regions and from the MARS marine sediments 557 

database (59) for Australian regions (Table S5). From these grain-size data (percentage of gravel, sand 558 

and mud) they classified broad seabed habitat types to provide a consistent definition of habitat across 559 

all regions. Here we classified and mapped regional habitats as “gravel” if gravel%>30, else “sand” if 560 

sand%>mud%, else “mud” to match the habitats for which depletion values were estimated by meta-561 

analyses of experimental studies (7, 8).  562 

Implementation of the status assessment  563 

The predicted penetration depths (PD, Table S2), depletion values (d, Table S3) and predicted recovery 564 

values (R, Fig. S3B) for otter trawls, beam trawls and towed dredges and for all possible combinations of 565 

percentage gravel, sand and mud that constitute sedimentary habitats are presented as ternary plots in 566 

Fig. S4. For PD and d, these are weighted habitat means by gear, where the weights are the percentage 567 

of gravel, sand and mud fractions of the sediment ternary distribution — this, in effect, provides 568 

continuous estimates of PD and d. Recovery R for sediment gradients was estimated using Eq. 3 and the 569 

coefficients from Table S4 (Model 2). The ratio d/R indicates that gravel habitats are more sensitive to 570 

trawling due to higher d-values and low R-values; sand habitats are less sensitive due to low d-values 571 

and intermediate R-values; and mud habitats have intermediate sensitivity due to high d-values and high 572 

R-values. All habitats are more sensitive to towed dredges and less sensitive to otter trawls. The ratio 573 

R/d gives the critical threshold trawling intensity (Fcrit) at which the estimated relative benthic status 574 

(RBS) of the average untrawled community composition would be zero (Fig. S4).  575 

For the 24 regions defined by Amoroso et al. (9), we used these d and R values appropriate to the trawl 576 

gear and sediment (Fig. S4), along with grid-cell SAR trawl intensity values F by gear type, substituted 577 

into Eq. 1 to estimate RBS for each grid cell (expressed as a proportion of untrawled status between 0–578 

http://instaar.colorado.edu/~jenkinsc/dbseabed/
http://dbforms.ga.gov.au/pls/www/npm.mars.search
http://dbforms.ga.gov.au/pls/www/npm.mars.search
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1). The estimated grid-cell RBS represents a mean estimate of the long-term relative abundance 579 

(biomass and numbers combined) of the average compositions of biota typically present in different 580 

sedimentary habitats prior to trawling, as sampled by the range of studies included in the meta-analyses 581 

from which the parameters were estimated (i.e. primarily biomass of epifauna). We used the grid-cell 582 

RBS values to assess the status of sedimentary habitats on the continental shelf and slope of each region 583 

(Table S5). Trawl gear-types included otter trawls, beam trawls and towed dredges. Where more than 584 

one gear type had fished a given cell, the cumulative RBS was estimated by summing the depletion 585 

(Fd/R) due to the d and F values for each gear.  586 

The region-wide status of sedimentary habitats, accounting for their different sensitivity and exposure 587 

to trawling by different gear types, was summarized by mapping the regional average of grid-cell RBS 588 

values, and by plotting the ordered distribution of grid-cell RBS values (high to low) against the 589 

cumulative proportion of regional area. To capture a range of uncertainty in estimating regional RBS, the 590 

standard error of the slope b of Eq. 2 was used to estimate lower and upper 95% CLs for recovery R (Fig. 591 

S3B). The regional RBS distributions were calculated using the mean and lower CL for R, to indicate the 592 

range of status for average to more sensitive compositions of biota, including larger/longer-lived types, 593 

typically present in sedimentary habitats prior to trawling. This was because of the higher level of 594 

concern for sensitive biota, compared with more resilient biota that may be indicated by the upper CL 595 

for R. 596 

Relationship between RBS and sustainability of trawl fish stocks  597 

For regions where stock assessment outputs were available for species targeted by bottom-trawl 598 

fisheries, we examined the relationship between average regional RBS and a measure of the 599 

sustainability of fishing on those stocks. A widely accepted indicator of the exploitation status of fish 600 

stocks is the magnitude of fishing mortality (f) relative to the maximum sustainable fishing mortality 601 

(fMSY) at which fishery production is maximised over the long-term (maximum sustainable yield, MSY); 602 

fMSY is considered a limit reference point and fishing exploitation rates are considered sustainable when 603 

the ratio f/fMSY < 1 (9). The mean f/fMSY ratio for 2010–2012 was available for 87 individual trawled stocks 604 

in 12 of the 24 regions (Table S3 in Amoroso et al. (9), see Table S5 for regional mean f/fMSY ratios). We 605 

plotted regional RBS against the ratio f/fMSY and examined trends in the relationship (Fig. 4B).  606 
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Status of highly sensitive habitat types  607 

Our primary regional RBS assessments were able to address status of sedimentary habitats due to the 608 

wide availability of sediment data. We were not able to directly address the regional status of more 609 

sensitive habitat-forming biota types, which can form Vulnerable Marine Ecosystems (VMEs, 29), due to 610 

the scarcity of large-scale distribution data for these types in multiple regions. VMEs are highly sensitive 611 

to trawling because they have high depletion and slow recovery rates (29). In lieu of RBS, we estimated 612 

the proportion of each region where trawling intensity SAR was too high for long-lived habitat-forming 613 

biota to persist (if they had been present initially). Here, we define such biota as those that would have 614 

RBS=0 at trawling SAR intensities F>0.35 (i.e. with Fcrit=R/d=0.35, and the inverse: 615 

Sensitivity=d/R=1/Fcrit=2.86), which corresponds to biota types with, for example, d≈0.6 and R≈0.2 — or 616 

with d≈0.3 and R≈0.1 — or any other d/R ratio of about 2.86. Assuming the longevity relationship shown 617 

in Figure 3 of Hiddink et al. (25), these examples would have maximum longevities of >25 yrs and >50 618 

years respectively. This definition corresponds to the most trawl-sensitive of habitat-forming biota types 619 

assessed in previous case studies (e.g. >97th percentile of sensitivities for tropical taxa (31) and ~90th 620 

percentile for temperate taxa (33)).  621 

With this definition of highly sensitive biota, we calculated the percentage area of each region having 622 

trawl SAR F exceeding 0.35 where such highly sensitive biota would have RBS=0 (Fig. S5A, bars). We also 623 

calculated the percentage area of each region where sensitive biota, as defined, could persist with 624 

status >0.8, which corresponds with where trawl SAR F was less than 0.07 (Fig. S5A, bar colours).  625 

We also examined the comparability of the area of regions where F>0.35 with the regional trawl 626 

footprints estimated by Amoroso et al. (9) (their “uniform” approach, i.e. sum of grid-cell areas A where 627 

F>1 plus sum of A*F where F<1; see symbol ‘|’ in Fig. S5A), which is indicative of a multi-year footprint. 628 

We also plotted the difference in percentage of regional areas between these two calculations (Fig. 629 

S5B). Further, for each region, we also calculated the threshold F that would be needed to define cells as 630 

“trawled” so that the total area of those grid cells corresponds to the area of the uniform footprint (Fig. 631 

S5C).  632 
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Figures  840 

Fig.1 841 

 842 

Fig. 1. Maps of regional average relative benthic status (RBS) for continental shelves (0-200 m depth) 843 
and slopes (200-1000 m) in 24 regions. Pie-charts show proportional area by region in six RBS category 844 
intervals; the pie legend (centre) also indicates the average of category proportions across all regions. 845 
Black boundaries indicate study regions (i.e. exclusive economic zones or fishery management 846 
jurisdictions or large marine ecosystems). Region numbers and names follow Fig. 2. 847 

  848 



31 
 

Fig.2 849 

 850 

Fig. 2. Distributions of grid-cell relative benthic status (RBS) values (ordered 1 to 0) versus cumulative 851 
percentage of regional area. Where RBS=1 at top/left indicates untrawled seabed; RBS=0 at 852 
bottom/right indicates depleted seabed. The lower uncertainty interval is indicated by the band 853 
between cell-mean RBS and the lower 95% confidence limit of cell-RBS. Dotted horizontal and vertical 854 
lines at RBS=0.8 and 80% of region area indicate example thresholds. The regions legend is ordered by 855 
regional average RBS. 856 

  857 



32 
 

Fig.3 858 

 859 

Fig. 3. Barplots of (A) average RBS for gravel, sand and mud (G,S,M; colored bars) habitats within 860 
regions, and reduction of RBS (=1−RBS) due to cumulative impacts of different trawl-gear types (stacked 861 
grey bars); (B) percentage area of each regional habitat in six RBS category intervals. Vertical dotted line 862 
indicates RBS=0.8 in A, and 80% of regional habitat area in B.  863 
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Fig.4 864 

  865 

Fig. 4. Relationships for regional average RBS versus (A) regional SAR for all 24 regions, fitted 866 
relationship and prediction interval; with fitted relationships for sedimentary habitats, and continental 867 
shelves and slopes; vertical dotted line indicates SAR=0.25 (see text); and (B) stock exploitation as the 868 
ratio of fishing mortality (f) over fMSY reference point for individual trawl fishery stocks in 12 regions for 869 
years 2010–2012 (9) and regional average f/fMSY; green vertical dotted line at f/fMSY=1 indicates an 870 
accepted sustainable upper limit on fishing rate; light-green shading emphasizes data for regions where 871 
most stocks are managed sustainably (f/fMSY<1) and average RBS≥0.95; linear fit to all 87 stocks in 12 872 
regions: slope= −0.101, R²= 0.71, p<0.001; linear fit to 12 regional means: slope= −0.131, R²= 0.91, 873 
p<0.001. 874 

 875 
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Supplementary Figures S1 to S6 

 

 

 

Fig. S1. Estimated trawl gear penetration depth (PD) by categorical sediment habitat 
types and trawl gear type, with approximate propagated 95% confidence intervals 
(CI), OT = otter trawl, BT = beam trawl, TD = towed dredge, HD = hydraulic dredge 
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Fig. S2. Relationship between trawl gear penetration depth (PD) and proportional 
depletion d of benthic community abundance caused by a single pass of different 
trawl gears (means across habitat: grey points), with approximate propagated 95% 
confidence intervals (CI), and predictions for each sediment habitat type and trawl 
gear type: OT = otter trawl, BT = beam trawl, TD = towed dredge, HD = hydraulic 
dredge. 

 

 

  



S4 
 

 

 

 

Fig. S3. (A) Relationship between overall community relative abundance and trawling impact (as the product dF of 
depletion d and trawl intensity F): the thick black line is the overall mean of the fixed effects, the darker grey shade 
indicates the 95% confidence interval for the mean of the fixed effects, the lighter grey shade indicates the 90% 
prediction probability interval of the random effects, which includes the different studies, gear types and habitat 
types. The dotted and dashed lines indicate how the mean relationship changes with increasing gravel:mud ratio of 
the sediments. (B) Relationship between predicted recovery rate (R yr⁻¹) and habitat gravel:mud ratio (ranging from 
0% gravel:100% mud to 100% gravel:0% mud, with 0% sand), calculated from the slopes of the relationship in A at 
dF = 1×10⁻⁹). 
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Fig. S4. Ternary plots of predicted penetration depths (PD), depletion values (d), recovery values (R yr⁻¹) and critical 
trawl intensity (Fcrit, where RBS=0) for each gear type and all combinations of sediment gravel, sand and mud 
composition.  



S6 
 

 

 

Fig. S5. Results for highly sensitive biota types. (A) Bar plots of the percentage of each region’s area with 
trawl SAR intensity F>0.35, where the relative benthic status (RBS) of highly sensitive biota types (those 
with Fcrit≥0.35) would be zero. The colour scale indicates the percentage of each region’s area with 
F<0.07 where status of highly sensitive biota would be >0.8. The symbol ‘|’ indicates the regional trawl 
footprint, as percent of each region’s total area, estimated using the ‘uniform’ method of Amoroso et al. 
(9). (B) Difference between percentage area of each region with F>0.35 and the uniform footprint. (C) 
Threshold trawl SAR intensity F required to categorize grid cells as trawled, the area of which is 
equivalent to the area of the uniform trawl footprint for each region. 
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Supplementary Tables S1 to S5 

 

 

 

Table S1. Trawl impact values (i: as log-response-ratio, lnRR) and log standard errors (ln SE) estimated from the 
meta-analysis by Hiddink et al. (7), with corresponding depletion rates (d), back-transformed standard errors 
(SE d), and 95% confidence limits (CL), by trawl gear type: OT = otter trawl, BT = beam trawl, TD = towed 
dredge, HD = hydraulic dredge. Integers in columns under gravel, sand and mud indicate frequency of studies 
by habitats and gear that contributed to the experimental studies meta-analysis. 

Gear Gravel Sand Mud 
Impact 

lnRR i 
ln SE 

Depletion 
d 

SE d 
Lower 

95% CL 
Upper 

95% CL 

OT 1 6 5 -0.058 0.111 0.057 0.105 -0.175 0.243 

BT 0 4 0 -0.150 0.241 0.139 0.216 -0.388 0.466 

TD 1 16 0 -0.225 0.070 0.202 0.056 0.084 0.305 

HD 0 11 2 -0.532 0.104 0.412 0.061 0.278 0.522 

 

 

 

 

Table S2. Estimated mean penetration depth (PD, cm), approximate propagated standard errors 
(SE) and 95% confidence limits (CL), by categorical sediment habitat types and trawl gear type: OT 
= otter trawl, BT = beam trawl, TD = towed dredge, HD = hydraulic dredge. 

Gear Habitat estimated PD approx. SE lower 95% CL upper 95% CL 

OT Gravel 1.9 1.5 0.2 5.8 

OT Mud 2.0 1.3 0.3 5.3 

OT Sand 1.1 1.0 -0.1 3.7 

BT Gravel 3.0 1.4 1.0 6.2 

BT Mud 3.2 1.0 1.4 5.2 

BT Sand 1.9 0.6 0.8 3.2 

TD Gravel 5.2 3.0 1.7 13.7 

TD Mud 5.4 3.2 1.7 13.9 

TD Sand 3.5 1.9 1.2 8.3 

HD Gravel 17.8 10.3 6.1 44.9 

HD Mud 18.5 6.0 10.3 33.2 

HD Sand 12.6 3.9 7.3 21.9 

 

  



S8 
 

 

 

Table S3. Estimated trawl depletion rates by gear type and sediment habitat type 
(predicted using relationship shown in Fig. S2), with approximate standard errors (SE) 
and 95% confidence limits (CL) propagated from the original experimental studies meta-
analysis (Table S1) and penetration depth analysis (Table S2) as well as due to prediction 
uncertainty from the d vs PD relationship (Fig. S2). Trawl gear types: OT = otter trawl, BT 
= beam trawl, TD = towed dredge, HD = hydraulic dredge. 

Gear Habitat predicted d approx. SE lower 95% CL upper 95% CL 

OT Gravel 0.108 0.082 -0.073 0.241 

OT Mud 0.115 0.080 -0.060 0.245 

OT Sand 0.047 0.101 -0.176 0.208 

BT Gravel 0.174 0.065 0.028 0.280 

BT Mud 0.181 0.064 0.042 0.286 

BT Sand 0.113 0.080 -0.064 0.244 

TD Gravel 0.254 0.057 0.137 0.355 

TD Mud 0.261 0.057 0.145 0.364 

TD Sand 0.193 0.062 0.057 0.295 

 

 

 

 

Table S4. Coefficients of two linear mixed models for the meta-analysis of data from 
comparative studies of relative changes in overall community abundance (pooled 
response-ratio of biomass and numbers) on a gradient of trawling impact (dF): d: 
depletion proportion per trawl; F: trawling intensity as swept-area ratio. Model 1) dF 
only as independent variable; Model 2) interaction of dF with gravel, sand and mud 
fractions (%+1) of sediments. DF: degrees of freedom. 

Model Co-variate Slope (b) Std.Error DF t–value p–value 

1 dF -0.9256 0.1405 686 -6.5859 0.0000 

2 dF:Gravel -0.0145 0.0029 684 -4.9348 0.0000 
2 dF:Sand -0.0083 0.0026 684 -3.1393 0.0018 
2 dF:Mud -0.0061 0.0041 684 -1.4909 0.1365 
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Table S5. Summary of bottom trawling footprint, annual average over typically three years 2008-2010, by region, for depths of 0-1000 m. Numbers in the first 
column identify regions in the figures. Codes in parentheses for European regions indicate fishery management areas. Coverage (%) of total trawling activity in 
each region is estimated as per Amoroso et al. (9); here trawl activity data were up-scaled 100/coverage% to approximate total trawl effort. Regional swept-
area ratio (SAR) is the mean annual total area swept by trawl gears, after scaling-up, divided by the total area of the region to 1000 m depth. The uniform trawl 
footprint assumes that trawling is uniformly spread within grid cells and is indicative of a multi-year footprint. Sediment grain-size data (% gravel, sand and 
mud) were sourced from dbSEABED (21) or MARS (59) databases, from which gravel, sand and mud habitat types were classified. Relative benthic status results 
are the regional average of grid-cell mean RBS and the percentage (%) by area of each region with grid cell mean RBS>0.80, with RBS=0 and RBS=1.  

# Region Name Continent 
Coverage 

% 
Area 

(km²×10³) 
Regional 

SAR 
Footprint 

uniform % 
Sediment 

source 

Regional 
mean 

RBS 

%area of 
region 

RBS>0.8 

%area of 
region 
RBS=0 

%area of 
region 
RBS=1 

1 Adriatic Sea (GFCM 2.1) Europe 72 39,167 11.009 81.1 dbSEABED 0.247 20.9 68.22 17.3 

2 West of Iberia (ICES 9a) Europe 81 40,303 5.335 66.1 dbSEABED 0.596 46.4 20.85 16.1 

3 Skagerrak and Kattegat (ICES 3a) Europe 100 54,894 3.328 54.4 dbSEABED 0.633 55.1 22.60 26.7 

4 Tyrrhenian Sea (GFCM 1.3) Europe 82 137,924 2.787 51.9 dbSEABED 0.731 62.2 12.24 31.6 

5 Western Baltic Sea (ICES 23-25) Europe 72 87,070 1.282 38.9 dbSEABED 0.816 72.9 6.01 39.5 

6 North Sea (ICES 6a,b,c) Europe 86 586,108 1.215 52.1 dbSEABED 0.824 71.8 3.43 11.2 

7 Aegean Sea (GFCM 3.1) Europe 75 175,416 1.064 34.4 dbSEABED 0.834 74.4 5.06 47.6 

8 Irish Sea (ICES 7a) Europe 83 48,198 1.459 28.5 dbSEABED 0.836 80.6 9.10 17.9 

9 North Benguela Current Africa 95 203,002 1.018 28.0 dbSEABED 0.870 78.7 3.13 63.0 

10 West of Scotland (ICES 6a) Europe 81 160,640 0.506 24.2 dbSEABED 0.921 88.2 1.32 33.6 

11 South Benguela Current Africa 97 122,404 0.453 14.0 dbSEABED 0.949 91.7 0.72 70.1 

12 Argentina Americas 96 910,449 0.287 18.0 dbSEABED 0.966 96.0 0.13 54.7 

13 East Agulhas Current Africa 93 139,552 0.266 11.4 dbSEABED 0.967 95.2 0.44 61.8 

14 Southeast Australian Shelf Australasia 100 269,868 0.156 10.6 MARS 0.981 97.6 0.01 67.7 

15 New Zealand Australasia 90 1,052,723 0.118 9.2 dbSEABED 0.982 98.1 0.05 68.7 

16 North California Current Americas 100 119,327 0.107 10.0 dbSEABED 0.984 99.2 0.00 42.8 

17 Northeast Australian Shelf Australasia 100 529,357 0.129 6.7 MARS 0.985 97.9 0.17 78.6 

18 East Bering Sea Americas 97 797,969 0.073 6.4 dbSEABED 0.990 99.5 0.02 72.8 

19 Aleutian Islands Americas 97 94,721 0.026 1.8 dbSEABED 0.994 99.3 0.06 88.5 

20 Gulf of Alaska Americas 97 345,159 0.034 2.4 dbSEABED 0.994 99.4 0.02 87.7 

21 Southwest Australian Shelf Australasia 100 348,963 0.037 2.8 MARS 0.995 99.3 0.00 89.5 

22 North Australian Shelf Australasia 100 793,238 0.024 2.1 MARS 0.996 99.8 <0.01 83.8 

23 Northwest Australian Shelf Australasia 100 679,604 0.024 1.7 MARS 0.997 99.7 0.01 93.0 

24 South Chile Americas 85 188,910 0.005 0.5 dbSEABED 0.999 99.9 0.00 92.6 

  All regions  7,924,964 0.417 14.4  0.951 93.2 1.46 66.1 
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Supplementary Data S1. (Microsoft Excel file) 

 

Data S1. Updated trawl-gradient studies data, including additional records from Collie et al. (56) (i.e. abundance 
data for US study sites, and biomass and abundance data for study sites in Canadian waters of Georges Bank), and 
revised otter trawl and scallop dredge swept-area ratio estimates for sites sampled by Collie et al. (56) and by 
Smith et al. (57) on Georges Bank. The updated otter trawl and scallop dredge SAR data for US study sites were 
provided by Michelle Bachman, New England Fishery Management Council (60), and updated otter trawl and 
scallop dredge effort data for Canadian study sites were provided by David Keith, Department of Fisheries & 
Oceans. These data replace those for StudyID’s = 10, 42a & 42b in Hiddink et al. (7). 
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