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This report collates the work that has been carried out under Task 4bBintjs together the results of
several different studies that have examined the effect of bottom trawling on the food intake, condition
and population productivity of trawled demersal fish populations. It combines the results of empirical and
modelling studies, and synthesizéhe avaibble knowledge from the literature in order to give the most
comprehensive overview of the topic so far.

Some effectsof bottom trawling, both positive and negative, on the food intake and condition of
commercial fished species was evident at local scales and in models, but such effects were not detected
over larger spatial scales. The detected empirical effects at smeddés were quite subtlédn effect that

can be hard to detect at the local scale will be even weaker when viewed at the shelf sea scale. The effect
on those populations that range widely will also be rather small and diffdisementioned before, the
effects can be both positive and negative, but there exists only little empirical evidence for positive
effects. The models predict that the effects of trawling can be substantial and both positive and negative,
but only under a limited set of conditions, aw trawling for species with specific diét.seems that the
flexibility of the diet of fish helps them in overcoming effects of trawling, especially when they can shift to
less sensitive prey, which lead to increases in food availability.

In conclusionthe large amount ofwork done under this WP shows thtitere is no strong evidence to
suggest that bottom trawling has substantial positive or negative effects on commercial fish populations
by affecting their food supply.
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Demersal fisheries using otter and beam trawls and scallop dredges are widespread, and typically use
heavy ground ropes and chains to drive fish from the seabed into nets. Physical disturbance from such
fisheriescan cause significant changes in the seabed ecosystem. The ecological effects of bottom fishing
with trawls and dredges on netarget benthic invertebrates have been summarized in review papers
(Jennings and Kaiser 1998) and matelyses that quantify thenortality of benthic invertebrates in
relation to fishing gear, depth, and sediment type (Collie et al. 2000, Kaiser et al. 2006). These studies
found that the effects of bottom trawling on benthic invertebrates include reductions of biomass,
diversity and body size, changes in the functional trait composition of the community, and that the effects
are different between different gears and habitats.

These changes in the benthic ecosystems are conservation issues in themselves, but there is also ongoing
concern that bottom fishing may impact the productivity of demersal fish species that depend on these
habitats for food and shelter, such as cod, haddock and many species of flatfish (Auster and Langton
1999). Productivity is defined here as the rate ofré@ase in the biomass of a fish population, and
therefore directly relates to the potential yield of a fishery. For example, trawling may negatively affect
prey availability, potentially leading to reduced food intake, body condition and therefore yifikhet in
chronically trawled areas. Removal of sessile epifauna, like sponges and corals, that provide refuges could
also increase exposure of juvenile fish to predators. These indirect effects of trawling through changes in
habitat and food availabilitpccur next to the direct removal of target fish biomass that would occur with

any fishing gear. For these indirect effects to be important, their negative effects on fish productivity
would need to be larger than the effect of the release from competitansed by the reduction in fish
stocks that any fishery causes. Here, we would like to assess how large the indirect effects of trawling on
fish populations are, and whether they are important relative to the direct mortality of fish caused by
exploitation

This report brings together the results of several different studies that have examined the effect of
bottom trawling on the food intake, condition and population productivity todwled demersal fish
populations.It combines the results of empiricaind modelling studies, and syntheszhe available
knowledge from the literature in order to give the most comprehensive overview of the topic so far.
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Jaemy Collie, Jan Geert Hiddink, Tobias van Kooten, Adriaan Rijnsdorp, Michel J. Kaiser, Simon Jennings,
Ricardo Amoroso

2.1 Introduction

Demersal fisheries using otter and beam trawls and scallop dredges are widespread, and typically use
heavy ground ropes andhains to drive fish from the seabed into nets. Physical disturbance from such
fisheries can cause significant changes in the seabed ecosystem. The ecological effects of bottom fishing
with trawls and dredges on netarget benthic invertebrates have beesummarized in review papers
(Jennings & Kaiser, 1998nd metaanalyses that quantify the mortality of benthic invertebrates in
relation to fishinggear, depth, and sediment typgollieet al,, 2000; Kaiseet al, 2006) These studies

found that the effects of bottom trawling on benthic invertebrates include reductions of biomass,
diversity and body size, changes in the functional trait composition of the community, and that the effects
aredifferent between different gears and habitats.

These changes in the benthic ecosystems are conservation issues in themselves, but there is also ongoing
concern that bottom fishing may impact the productivity of demersal fish species that depend on these
habitats for food and shelter, such as cod, haddock and many species of flAtfisier & Langton, 1999)
Productivity is defined here as the rate of increase ia thiomass of a fish population, and therefore
directly relates to the potential yield of a fishery. For example, trawling may negatively affect prey
availability, potentially leading to reduced food intake, body condition and therefore yield of fishes in
chronically trawled areas. Removal of sessile epifauna, like sponges and corals, that provide refuges could
also increase exposure of juvenile fish to predators. These indirect effects of trawling through changes in
habitat and food availability occur netd the direct removal of target fish biomass that would occur with

any fishing gear. For these indirect effects to be important, their negative effects on fish productivity
would need to be larger than the effect of the release from competition causedéyaduction in fish

stocks that any fishery causes. Here, we would like to assess how large the indirect effects of trawling on
fish populations are, and whether they are important relative to the direct mortality of fish caused by
exploitation.

We present a review of both empirical and modeling studies of the indirect effects of bottom fishing on
target species (mostly fish, but also crustaceans such as prawns and molluscs such as scallops). This
review is structured around the main indirect mechanis(Rreg. 1) by which trawling could affect fish
productivity. These are: by affecting 1) the habitat of the fish target species, 2) the abundance of fish
predators of the target species, 3) the abundance of the prey of the target species, 4) through energy
subsidies provided to the target species through discards and 5) through changes induced in primary
productivity. We will examine the available modeled and empirical evidence in the literature, and use a
heuristic model to compare the direction and magwmieuof the indirect effects on habitat relative to the
direct mortality. The effect of bottom trawling on the seabed depends on the habitatlafishing gear

that is used(Kaiseret al,, 2006) while the effect on theproductivity of a fish is likely to depend on its
habitat requirement, diet and predators. The ultimate objective of this work is therefore to be able to
predict which habitats, fisheries, or target species are likely to experience important indirectseffiec
bottom fishing.

10



BENTHIS deliverable 4.7 Effects on fish feeding

+ __.--» | Fish predators <-\
Fish habita = - - -~~~ - - - = 2 Trawling

| \x\\\ - l - ) :
i + \\\\\ . . ]

| 4| Target fish species + |

] . +

i ) < ¥_|carrion ) :

: 3|+ 4 l

1

Lt v
B > | Benthic prey, «-:- Sediment

resuspension

Figurel. Schematic representation of the effects of trawling on different components of the
ecosystem used for illustration in this study. Solid arrows are the known links between trawling
and components of the ecosystem that could affect fish production. Thiedietrrows indicate
those effects of trawling for which there is some qualitative support in the published literature.
Numbers indicate the section in which the link is discussed. € amticate the direction of the
effect, some effects can have both [itbee and negative effects

2.2 Effects of bottom fishing on fish refugia and habitat extent

Bottom trawls can affect habitat structure through the removal of sessile epifaunal like soft corals,
hydroids and sponges, and can cause changes in the sedimenbsiiop and relief. Such changes can

be hypothesized to reduce the amount of shelter available for fish, or the extent of suitable habitats
(Auster & Langton, 1999; Lindholet al., 2014) Benthic epifaunatabilize the sediment and provide
three-dimensional structure to an otherwise twdimensional seafloor. These epifaunal species also
harbor benthic invertebrates, which are the prey of demersal fish species (see section 3). To varying
degrees, these hatait features are sensitive to bottom trawling and dredging (Auster and Langton 1999).
Commercially important fish and shellfish species use benthic habitats in different ways and at different
stages in the life cycle. There are many studies that showfisla¢éd species depend on these benthic
habitat features that may be affected by bottom trawling, of which we give some examples here. Some
pelagic species, such as herriGupea harengyshave demersal eggs that require substrates with
sufficientaeration to ensure developmenScallops and oysters require a gravel or shell or filamentous
hydroids substrate for the settlement, attachment, and survival of their juveniles. SilverMeeccius
bilinearisjuveniles orient to sand waves to méaiin a hydrodynamic advantag@usteret al, 1997)The
preference of many demersal fish and invertebrate species for complex habitats is thought to confer a
survival advantage, especially for the vulnerable juvenile stages. Juvenile Atlantigachd morhuaare

most ébundant on cobble substrates, where their mottled coloration matkesn less visible to predators
(Loughet al, 1989; Gotceitas & Brown, 1993; Tupper & Boutilier, 199%s the cod age, habitat
associations persist but become more facultative as their vulnerability to predation decreases with size
(Gregory & Anderson, 1997)PlaicePleuronectes platessdensities correlated with the abundance of
emergent tubedwelling polychaetes, which are a valuable food source for plaice and sensitive to bottom
trawling (Shucksmittet al., 2006)

Studies directly relating fish habitat availability with bottom trawling impacts are scarce and outlined
below. A largescale experiment was oducted on the northwest shelf of Australia to test the relative
importance of interspecific interactions, intrgpecific interactions, and travihduced modification of

11
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benthic habitats in regulating the species qausition of the fish communityfSainsbury, 1991) The
experiment consisted of sequentially closing two areas to bottom trawling, while leaving a third area
open. The experimental results most strongly supported the besthhlitat hypothesis, that trawl
induced modification of benthic habitats regudst the species composition of the fish community
(Sainsbuy et al., 1997) After five years of closure, the percent cover of benthic epifauna increased, along
with the catch rate otwo snappers The cover of large sponges increased slowly, suggesting recovery
times of decades. Laboratory experiments coctéd by(Lindholmet al,, 1999)indicated higher survival

of Atlantic cod in habitatwith epifaunal cover. A followp modeling study linked trawling disturbance to
habitat to populationlevel effects on cod survivélindholmet al,, 2001) They found the effect of habitat
disturbance to be more pronounced when the csibck was at low abundance, such that the available
nursery habitat was not saturated. In this scenario, habitat disturbance would create an additional source
of mortality on a depleted cod stock, which could delay its recovery.

In summary, there are nmy studies that show that fish rely on habitats that may be affected by trawling,
but the number of studies that have explicitly studied the effect of bottom trawling on habitat availability
for target fish species is very limited.

2.3 Effects of bottom fishng on the predators of target species

In mixedspecies fisheries, bottom trawls can reduce the abundance of predator species, thereby
enhancing the productivity of prey species. Because bottom trawls are size selective, larger predator
species have a high catchability than smaller prey species. This size selectivity, combined with the fact
that small species have higher intrinsic rates of increase than larger ones, means that prey species can
indirectly benefit from fishing their predators. There areamy examples of prey increases due to
declining abundances of predatory fish stocks; for example in open ocean ecosystem of the Central Pacific
the abundance of small pelagic stingrays increased as the abundance of their large shark predators
decreasedWard & Myers) Here we consider only the special case in which both predator and prey are
caught by the same bottom fishing gear and the prey is a target spedéle the predator is caught as a
non-target or bycatch species. We will not consider effects that are simply the result of prey release as a
result of predator exploitation. Section 1 showed that one of the main roles of seabed habitat is as a
refuge fom predation.If predators are fished down however, the presence of a habitat refuge may no
longer be importantln section 5, we explore this phenomenon with simple models; first we examine the
empirical evidence.

There are examples of trawl fisheries tleatch the prey and predator simultaneously, but none of these
studies have quantified the magnitude of such effects on the target, prey, species. For example, in the
Gulf of Mexico, shrimp fisheries have a large bycatch of red snapper, which prey avlgusierimp
(Gallaway & Cole, 1999ea stars prey on scallops and are also killed lyigrand dredges (Jenkins et al
2001). If their mortality per unit effect exceeds that of the scallops, the scallops would receive an indirect
benefit. Another example of such a system is the otter trawl fishery for the Norway loNstehrops
norvegicus which has a large bycatch of their predator d®@ddus morhugValentinsson & Ulmestrand,
2008)

In summary, there is evidence that target species of fish and invertebrates benefit from reduced mortality
when their predators are also captured by bottom trawls. The magnitude of this benefit depends on the
relative catchability and rate of increase pfey and predator species. Prey and predator species are
typically targeted by different fishing fleets with specific gears, such that the degree of overlap in mixed
species trawl fisheries amounts to bycatch of one species or the other.

2.4 Effects of botom fishing on fish prey resources

The effects of bottom trawling on the availability and quality of prey resources for fish predators have
been inferred from a number of studies that have studied the diet composition of fish sampled from

12
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trawled areas andareas subjected to lower levels of trawl impact or across a gradient of trawl
disturbance.The potential prey available to predatory fish can be altered in the short term through the
carrion or displaced biota that occur as a result of the direct physiisttirbance created immediately
within the wake of towed bottom fishing geafhese short term effects are covered in the next section
and are distinct from the largescale consequences of fishing patches of seabed at the scale of 10s km. At
this scale,chronic and frequent fishing can lead to widpread depletion of benthic invertebrate gy
species(Hiddink et al; Hinzet al). This leads to the possibility that fish that occur within these prey
depleted patches persist in a food imyerished environment for prolonged periods of time, particularly if
their movement is limited. Furthermore, sporadic fishing within these areas my serve to retain the fish
within these areas if they are attracted to the short term pulses of carrion geedrathe degradation of

the prey resource could occur via three pathways: 1) a simple reduction in abundance and biomass of
prey, 2) a reduction in prey energy density tbgay) or 3) an increase in energetic costs associated with
foraging to maintain @onstant level of stomach fullness and energy content.

A number of studies provide evidence to support different aspects of these pathyidpset et al)
examined lipid content of the muscle tissue of red muldtllus barbatusand the prey availability in
trawled and untrawled areas. They found that polychaete prey biomass and abundance was lowest in
trawled areas and that the red mullet from these arealHawer lipid reserves and hence body condition.
Similarly, (Hiddink et al) found that the condition of a flatfish (plaic®leuronectes platesyawas
negatively related to trawling frequency. The observed reduction in condition was explained by a reduced
production of the infaunal invertebrates upon which the plaice feed. Irtgraly, (Hiddinket al) were

able to disentangle this observation fropotential densitydependent changes in competition over food.
While plaice were affected by the reduction in prey biomass, other more generalist species such as dab
Limanda limandaor piscivorous species such as whitigrlangius merlangusvere not affeced by the
reduced benthic biomass in heavily trawled areas of the seaBhdphardet al. (2010)observed similar
responses for plaice in the Celtic Sea, observing declines in the {atigge in gravel, but not sand,
habitats. Plaice in the gravel habitats typically feed on more fragile fauna that (suchiasderims and
bivalves) that are more susceptible to trawling. The most insightful study to date is tliddlofsoret al)

that showed that flatfish were able to maintain theitomach fullness despite the reduction of local prey
biomass and abundance. However these fish had reduced body condition, which is most likely explained
by the additional energetic costs of searching in a reduced prey fiaddl.et al. (2013) also found
differences in the composition of the diet of eight fish species between low and high fishing intensity
areas in a tropical prawn fishery, and also found that stomach fullness did not differ &etloer and

high trawling areas.

Ly FEOGSNYIGAPS KeLR(iKSaAdas 6KAOK Ad SyR2NESR o8

Bottom trawling may benefits the small benthic invertebrates at form the food source for exploited
flatfish by removing e large fauna that small benthos compete with over food and space and that
bottom trawling therefore has a positive effect on food production for species that eat small wa&rms.
comparison of fish diets between a highnd lowtrawling area in Monterey Bafound that the
abundance of an opportunistic worm species was higher at high trawling, and that incidence of this
important prey item in the diet of some flatfish species increased at high tra\ingel & Kvitek, 1998)
However, Jennings et al. (2002) found no change in the biomass of small infaunal polychaetes with
chronic trawling and concluded that beam trawling disturbance does not have a positive or negative
effect on their food supply for flatfish. Beyond these observationsempirical datasetsre available to

test this hypothesis, but a modelling study Hiddinket al. (2008a)indicates that the production of small
invertebrate prey was low without trawling and maximal in areas that are trawled once to twice a year.
Therefore, modelling suggests that bottom disturbance may improve the feeding conditions for species
that feed on sml invertebrates.

In summary, there is empirical evidence that shows that bottom trawling reduces the availability of food
for commercial fish species, while there is little support for increases in food production at low trawling
intensities.

13
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2.5 Energy subidies generated by bottom fishing

The assemblage of potential prey available to predatory fish can be altered in the short term through the
carrion or displaced biota that occur as a result of the direct physical disturbance created immediately
within the wake of towed bottom fishing gear. The chemical cues released from the damaged tissue of
biota in the trawl path and cues generated as the gear passes across the seabed (sediment clouds, noise
from ground gear) attract fish from the surrounding area teden the carrion.

Although there have considerable improvements in the selectivity of some bottom trawls, the retention
of by-catch of both fish and invertebrates remains a considerable challenge. Thtarget fish species

and benthic invertebrates thaare retained in the net are discarded with variable survival thereafter,
which is affected by the context of the fishing gear and the prevalent environmental condifaisr &
Spencer, 1995)0ffal that results from gutting the fish at sea is also discarded. In most places scavenging
seabirds eat approximately 99% of the offal and 90% of the discarded rour{&ttheet al., 1996)

Most of the other material that is discarded becomes available as a potential food subsidy to demersal
fish and other scavengef§&artheet al, 1996) In addition to the material generated from discarding of
by-catches, bottom towed fishing gears alsth kariable fractions of the benthic invertebrates that live on

the seabed (generally around ZD% (Kaiseret al., 2006) and in addition may expose infaunal
invertebrates that are normally unavailable to fish predators. For examplenohr & Krost(1991)
reported the flesh of the clamrctica islandican the stomachs of cod collected in the vicinity of trawling
activity, while(Link & Almeida, 2002pund that longhorn sculpinslyoxocephalus octodecemspinosad

on the tissues of scallops areas subjected to scallop dredging. This material may be an important food
source for scavenging fish and invertebrates if normal sources of food are limiting.

The food subsidies generated by towed bottom fishing gears flow to scavenging seabirds
(Gartheet al,, 1996) marine mammals and pelagic fighill & Wassenberg, 200@emersal fish

and benthic invertebrategGroenewold & Fonds, 20Q0Past studies have shown that this
material contributes significantly to the food intake of se@db in some areas, and has resulted

in an increase in seabirds populations and foraging behai@artheet al., 1996) A single
disturbance event from a beam traydass can generate enough food to meet the energetic
requirements of local benthic scavenger populations f@&15dayqGroenewold & Fonds, 20Q0)
These shorterm effects area can lead to higher concentrations of fish within the trawl path for
a period of 2472 h after the initial impact (Kaiser and Spencer 1994; Fonds and Wottn
2000; Demestre et al. 200G5tudies have identified and/or quantified scavenging behaviour and
increases in food consumption in relation to trawl disturbance in flatfish, gadoids, sharks,
shappers, gurnards, sea scorpions, dragonets, nemiptéldiser & Spencer, 1994, 1996; Kaiser
& Ramsay, 1997; Groenewold & Fonds, 2000; Hill & Wassenberg, 2B03ection attempts to
estimate the importance of this food subsidy for demersal fish species.

We assume that the physiological importance of scavenging on trawl catches depends on what
fraction of the energyrequirements of fish is made up by this scavenging activity. This
importance is likely to depend on the following factors:

The frequency of trawling in an area;

The attraction area over which a fish can detect an area of trawl disturbance;

The capabilityf the fish to respond to and locate the trawl! disturbed area;

The amount of additional food a fish eats after a trawling event once in the trawled
area;

The suitability and energy density of the carrion or prey made available;

The physiological processitime required to digest and assimilate the energy.

E N N

=a =8

The frequency of trawling is routinely calculated from VMS rec@rdmbertet al, 2012) but
the attraction area and the amount of discards eaten have only been quantified in a few studies.
Studies that examined the importance of scavenging on trawl discards usually examine the

14
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abundance fish and/or their stomach contents at different time intervals before and after
experimentally trawling an area of one to tens of thousands 6f and sometimes also in
control areagKaiser & Spencer, 1994; Kaiser & Ramsay, 1997)

Here, we assume that attraction area can be estimated from the increase in the abundance of fish in the
trawled area after fishing. For example, if the abundance of a fish in the trawled area increases by a factor
three after trawling, then (if catchabilitremained constant), it can be assumed that fish immigrated from
an area that was three times larger than the experimentally trawled area, and the distance over which
fish are attracted therefore can be estimated. This assumesathe fish from the ajacent area move

into the trawled area.

We found five studies that examined changes in the abundafdéve fish specie¢Kaiser & Spencer,
1994, 1996; Kaer & Ramsay, 1997; Demesttal., 2000; Groenewold & Fonds, 20p@nd three that
examined the stomach contents of fish before and after trawl{kgiser & Spencer, 1994; Kaiser &
Ramsay, 1997; Groenewold & Fonds, 2000}ten fish species. From each of these studies, we extracted
the time at which the fish were sampled relative to the experimental trawling, and their abundance or a
measure of stomach fullness. Because we extracted values for different species ofdiarent areas,

all measures were standardized to the mean of all untrawled stomachs/abundances, either before
trawling or in control areas, and ldgansformed to centre ngesponses around zero.

Fish stomach contents in the trawled areas increased peak that was 1.65 times greater than ambient
stomach contents 20h after the trawl disturbance occurred and returned to their ambient stomach
contents three days post trawl disturbance (Figure 3a). The total area under the curve represents the total
amount2 ¥ SEGN} F22R SIH{iSy 208N 6KS &iGdzRASR LISNA 2R
stomach contents.

Fish that immigrated into the trawled area reached a peak in abundance that was 1.42 times the ambient
abundance after 30h, and returned to amht abundance within 3 days (Figure 3b). If veswame that

fish do not leave the trawl disturbed area after they have reached satiati@ntdtal area under the curve
represents the total quantity of additional fish present over the studied period andhlsgan additional

by
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35m, this indicates that the attraction area is very small at around 0.6 times this width, c. 50m. These
estimates of attraction areara in the same order of magnitude as values from the literature for baited
cameras and trapgSainteMarie & Hargrave, 1987; Groenewold & Fonds, 2qB@rzano & Sard2002)

but much smaller than for seabirds, which range from 3 km to 8.58kov & Durinck, 2001)aken
together, these values indicate that a trawled area supported 1.6 times the normal number of fish and
that all fish present consumed 2.16 times the amount of normally ingested food. Our approach here is
very simplistic and is only aimed at givingader of magnitude estimate of the importance of scavenging

in the diet of these fish species.

The next step is to estimate how often a trawl passes within 50m of a fish over the course of a year. As
the estimated attraction area is much smaller tharethell size that is generally used for estimating
bottom trawling effort using VMS (>1 rﬁn the vast majority of fish will not cross from one cell to the
next in attraction to trawl paths, and the local trawling effort in a cell will therefore be thevagieeffort

for a fish. A typical trawling frequency for a cell will be once a year, while about 30% of the seabed will
remain unfished, while some areas will be fished >10 times a(yddinket al., 2006) If we assume that

an area is trawled once a year, trawling effort is distributed homogenously in a cell, and tracks lie parallel,
and are 50m wide, there would be at most two trawl tracks witthia attraction area of a fish over the
course of a year. As a fish can eat 2.16 times more than normally after trawling, trawling activity would be
equivalent to a very modest 4.3 extra days of food, or 1.2% of their normal annual energy budget. If we
usethe actual distribution of bottom trawling effort in the North Sea in 2@Bi&ddinket al., 2006) this

would translate into an extra 6.0 days ofofb for the average fish (interquantile range 0.48.2 days).

This suggests that the contribution of carrion to the diet of fish is limited, even in the most heavily trawled
areas.

It is not clear to what extent these shaerm increases in food intakere offset by longerm decreases

in the abundance of prey due to the trawl impact on invertebrates. Using a different appr@€abker &
Hiddink, 2007)estimated that the production of carrion only compensates for 22% ef ribduction in
production at the seabed. However, if bottom trawling makes prey that are normally outside the limits of
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demersal fish.Two studies thaused stable isotope analyses to examine if a scavenging signature could
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be detected in demersal fish, found some evidence of the importance of scavenging in the diets of whiting
Merlangius merlanguand megrimLepidorhombus whiffiagonidut no effect fo a range of other species
(Badalamentiet al, 2008; Shepharat al, 2013) In conclusion, scavenging on carrion generated by
trawling makes a positive but small contribution to the diets of demersal fish.
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Figure2. The relative changes in abundance (a) and stomach content (b) of fish before and after bottom
trawling. Blue points indicate samples before trawling and in control areas, while red points indicate
samples after trawling in the trawled area. Thiadk line is the fitted loess smoother though the before
trawling points and red aftetrawling points.

2.6 Sediment resuspension and primary production

Sediment resuspension due to bottom trawling is most significant in deeper areas with softer
sediments wiere levels of natural disturbance due to wave and tidal action are(wpliseaet

al., 200). Bottom trawling has been shown to enhance sediment resuspension with measured
concentrations up to 500 mg'being much larger than the conciations resuspended by
natural events(de Madronet al, 2005; Tjensvolkt al., 2013) Because finer particles will be
brought into suspasion more quickly and will sink more slowly, trawling modifies the physical
properties of the sedimen{de Madronet al, 2005)(O'Neill & Summerbell, 2011 hraically
trawled sediments along the continental slope of the nentbstern Mediterranean Sea are
characterized by significant decreases in organic matter conflenscedduet al, 2014. For
example, a strong decrease in the mud fraction and an increase in the fine sand fraction was
observed over a period of 35 years in the sediments of the Bay of Biddget al., 2008.
Sediment resuspended as a result of bottom fishing will have a variety of effects including: the
release ofnutrients held in the sedimen{Dupliseaet al, 2002) exposureof anoxic layers,
release of contaminants, increasing biological oxygen den{&aimann and Hoffman 1991)
smothering of feeding and respiratory orgar&uspension feeders may however also benefit
from enhanced levels of POM as shown for scalldflacopecten magellanicu®n Georges
Bank (Grant et al., 199) Resuspension events occurred with sufficient frequency, and the
residence time of the muspended sediment was long enough to provide a consistent
nutritional benefit. Deposit feeding benthos may be negatively affected by trawling due to a
loss of surficial sediments and a reduction of the food quéltgiyeret al., 1991; Watlinget al,
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2001) Sediment resuspension by trawling, in particular its effect on particulate organic matter
(POM), may have important trophodynamic consequences amijtaffect the availability and
quality of food for suspension feeding and deposit fegdrenthos.This can therefore indirectly
increase or decrease the amount of food that is available to fish populations.

The release of nutrients from the sediment may stimulate primary production, while increased
turbidity because of suspended sediment yndecrease primary production. Current evidence
from models suggests that this may have a fairly limited effect on overall primary production
(Allen & Clarke, 2007)

2.7 The effect of bottom trawls on fish productivity

In the previous sections we examined the mechanismdjitngection examines if theredsrect
evidence to support the hypothesis that bottom trawling can change the productivity of fish
populations. Changes in fish condition, growth and population size may become apparent if the
productivity of fish populations is affected by trawling, bbnges in fish productivity are hard

to detect because of the high natural variation in recruitment of commercial fish populations. A
second problem is that fish will be selective feeders and not all benthic species will be
vulnerable to trawling. Hencehé response will depend on this selectivity in combination with
the specific response of the preferred food to the effect of trawling.

The body of empirical evidence for these effects is rather limited. Most studies have examined
the effect on the conditn, growth or lengthat-age of flatfish. Even within this taxonomic
group, evidence is pointing in opposite directions for different species and populations. In the
Irish Sea, the relative weight and lengitrage of plaice was lower in more heavily travigreas

on gravel and mud but was higher on sg&hepharcet al, 2010; Hiddinket al,, 2011b) In the
North Seaa sand dominated sea, an apparent positive effect of beam trawling on the growth
rates of plaice(Rijnsdorp & van Leeuwen, 19963ems to have disappeared in recent years
(Beareet al., 2013) Beamtraw! effort in the North Sea was positively correlated to length

age and growth of sol&olea solegMillner & Whiting, 1996)De Veen, 1976) This work
suggest that flatfish on sand may benefit from light trawling levels, but that higtiensity
trawling on more vulnerable habitats will have a negative eff€ato studies in other areas and

on other species, found negative correlations between the intensity of bottom trawling and the
muscle lipid levels of red mull&fullus barbatugLloretet al., 2007)and the lengths of haddock
Melanogrammus aeglefinys Atlantic cod Gadus morhua and winter flounder
Pseudopleuronectes americani@nithet al., 2013)

On longer timescales, comparison of the growth patterns between modern (ADAGEE9)

and historical otoliths (AD 12Q0925) revealed a major increase in growth rate of haddock,
whereas growth changes were not observed in saBwdachius virenand only in the smaller

size classes of plaice and o@blleet al, 2004) These observed growth rate changes in plaice
and cod occurred within the 20th century and coincided with increase in trawling impact on the
benthos, which may have enhanced the productivity of opportunistic benthic species. However,
a simultaneous increse in eutrophication of the North Sea occurred and the effect of trawling
and eutrophication are had to disentangl@lternatively adepletion of these stocks have
resulted in more benthic food per fish

Modelling approaches have been used to explain thasgirical patterngHiddinket al., 2008b;
van Dendereret al,, 2013) The models show that the interactionstbeen different species of
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benthic invertebrates (differences in their sensitivity to and recovery from trawling disturbance)
and the food selection of fish species (do they eat sensitive or resilient benthos?) are key for
understanding the effect of bottm trawling on fish food intakeVan Dendereret al. (van
Denderenet al, 2013)showed that the ecosystem response to trawling depends on whether
the abundance of benthos is tegown or bottomup controlled. Fishing may result in higher fish
abundance when the benthos that is the begtality fish food is ats much more resistant to
trawling than nonpreferred food. These positive effects occur in bottoim controlled systems

and systems with limited impact of fish feeding on benthos, resembling bettpnecontrol.
Fishing leads to lower yields and fish pesigte in all configurations where susceptible benthos
are more profitable prey. A model by Hiddink et(aliddinket al., 2008b)showed that only low
levels of trawling may result in an increase in the productivity of small polychaetes, but that
higher trawling frequencies result in a lower benthic production in all size classes and functional
groups.

Ly O2yOfdzaizys GKS STFFSOG 2F (ANrgtAy3a 2F TFAAF
feeding habits and the environmental conditions. There is a body of evidence that suggests that

flatfish living in naturally disturbed sandy habitatsay benefit from low levels of bottom
disturbance, but that in other species, in other habitats, and at higher levels of trawling fish
productivity is negatively affected.

2.8 Discussion

The evidence presented in the preceding sections shows that are sewechlanisms through
which bottom trawling can affect the productivity of exploited fish populations. The direction
and magnitude of these different effects are different. The empirical evidence supporting the
hypothesis that bottom trawling reduces the mhactivity of fish populations is very limited, and
as many studies recording positive as negative effects were folinid. possible that the
different mechanisms are cancelling each other diite ultimate objective of this wonkasto

be able to predictvhich habitats, fisheries, or target species are likely to experience important
indirect effects of bottom fishindgt seems that we have only achieved this objective to a limited
degree. The general pattern seems to be that the effects on bottom trawlinfish productivity

are negative but small, but that the effects of low levels of trawling could be positive for flatfish
on sandy bottoms.

Fsheriesthat are currentlypersistinga high yieldmust be exploiting species that are able to
withstand both tre direct and indirect effects of exploitation. If they were not, the fishery would
have collapsed. As such, indirect trawling effects on productivity of currently exploited
populations are unlikely to be severe as in such situations the population woutddwlapsed

long ago. In fact, species that have been coping well with exploitation using bottom trawls, such
as plaicePleuronectes platessanay have benefited from trawling though increases in their food
supply, while having little reliance on complex refuges as they bury in the sediment for taking
cover (Brown & Trebilco2014) In contrast, some species are exploited using trawls and have
experienced population collapses, for example d8ddus morhualing Molva molva and
spurdog Squalus acanthiagGreenstreet & Hall, 1996; Chet al, 2004) These species eat
benthic invertebrates as juveniles and could be negatively affected when young, but all of these
species are piscivores as adulstyg://www.fishbase.org. Nevertheless, the juveniles of these
species may depend on habitat complexity fefuges from predation. It is therefore far from
evident that the indirect effects of bottom trawling have played any role in the collapse of these
species are it is much more likely that the direct effects of exploitation caused the declines.
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2.8.1 Simultareous reductions in carrying capacity and fish population size

Exploitation of a target fish populations is always going to result in a decrease in the population
size. Fisheries ecology assumes that the subsequent reduction in competition over resources
leads to an increased growth of the remaining fish and results in a surplus production of fish
that can be sustainably harvested. Any reductions in the availability of benthic food and refuge
for commercial fish as a result of bottom trawling are therefoxxurring simultaneous to a
decline in the requirement for these resources. As the energy requirement per gram of body
weight of small fish is higher than for larger fish (), the energy requirements will decline less that
the biomass of the fish stock, btitere will be a decline in energy requirements nevertheless. If
the effect of bottom trawling on the target species is larger than the effect on the that resources
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invertebrates, or when recovery of the benthic invertebrates is faster), an increase in the
amount of prey available per fish is possible, and increasing growth of fish with increasing
bottom trawling can be expected. Is such situations bottomwtiag may still reduce the
productivity of commercial fish stocks relative to a situation where the fish are exploited using
other techniques, but this effect will be impossible to detect using current techniques. Similar
reasoning can also be applied toet provision of refuge by benthic fauna, but with the added
effect that the abundance of predators may be reduced and therefore the requirement for
refuges may be reduced too.

A proper assessment of how benthic food production changes with exploitatiquires a
quantification ofbenthic production dynamics including any tajpwn effects of fish predation

on benthos. Most studies that have examined the effect of bottom trawling on benthic
production have estimated production using production to biomas®sao convert measured
body sizes into production estimatédiddinket al., 2006) but such an approach is not suitable
for detecting these subtle effects because it cannot capture the effect of dedefigndent
growth on production. Instead, benthic production will need to be measured using repeated
sampling for each benthic species present in the community separately.

Densitydependent increases in growth occur in trawled fish populations would suggest that
these indrect trawling effects are relatively unimportant. Intriguingf,orenzen & Enberg,
2002) found evidence for densitdependent growth in only 2 out of 7 bottotmawled fish
stocks, vinile they found evidence for densityependent growth in 7 out 9 other fish stocks.

2.8.2 The spatial scaleof trawling, the spatial scale of the fisheriemnd topdown
effects

Most dudies that havesampled benthic invertebrates over gradients of commerciattdm trawling
intensities within areas with homogeneous habitat (<100 km) have found a decline in the biomass of
benthic invertebrates with increasing trawlinfEngel & Kvitek, 1998; Hiddinkt al, 2006) These
observations apparently conflict with the model outputs in section 7 that predict an increasenitic
invertebrates with more bottom trawling. This apparent contradiction can occur in systems where
benthos can increase in abundance when it is released from predation by fish, when the fish is reduced in
abundance by trawling. A second requirementhat the fish populationsare more mobile than their
benthic prey.In such a situationthe fishery affects the fish populations at the scale of the population,
while it affects the benthoss affectedlocally, at the scale of &rawl (Figure 3)Heath (2005)showed

using data from the North Sea that the depletiondg#fmersal fish specianay havereleagd the benthos

from predation pressure, and leading tan increase in benthic productioriThere is currently no
consensus on whether a reduction in fish predation can result in an increase of benthic invertebrates. This
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is obviously an important question to answer because if it is it is very unlikely thatrbhdtawling will
indirectly reduce the productivity of fish.

o
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Top-down effect of fish predation
o at high fishing mortality
©

40

Benthic community biomass

20
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0 1 2 3 4 5

Local trawling frequency

Figure 3. The hypothesized relationship between trawling frequency and benthic invertebrate biomass in
top-down and bottomup controlled ecosystems. Bottom trawling reduces the abundanceeotHic
invertebrates in the trawl path. The abundance of the target fish species is also reduced by trawling
activity, but because fish are mobile, fish abundance is reduced at larger spatial scales that benthos
abundance. In a toplown controlled ecosysta, where high levels of fish predation suppress the
abundance of benthic invertebrates, a high fishing mortality on fish will release benthic invertebrates
from top-down control and the overall abundance of benthos will therefore increase. As a reshlspét
negative relationship will still exist between trawling frequency and benthic biomass at local scales, but
the relationship will be at a higher level that in a situation with a low fishing mortality. If fish predation
does not reduce the abundancef denthos (bottomup control), the relationship between benthic
biomass and trawling frequency will not change with increasing fishing mortality. The data points on the
lines illustrate what the distribution of benthic biomasses could be at high and Biindi mortality
(assuming spatial variation in the actual trawling frequencies but a higher mean trawling frequency in the
high fishing mortality situation). This illustrates that benthic biomass could increase, under specific
conditions, on a regional sieaeven when bottom trawling kills benthic invertebrates.

2.8.3 The way forward

Both costs and benefits of bottom fiigg to fish populations have been highlighted, bupacts

and consequences depend on the scale and intensity of fishing, the habitats affected and the
objectives of conservation and fisheries management. We show that current debate would be
better informed and contribute more to management if studiespoédominantly local impacts
could be scaledip to assess their collective effects on populations, fisheries and ecosystems.
This would contribute to identifying thresholds for acceptable intensities and distributions of
disturbance given different managemieand conservation goals

Given that we have not come up with a clear answer, there are several remaining challenges. A first
challenge is to get better handle on strength of toglown effects of fish predation on benthogd/ithout

this it is impossibléo assess whether food availability per fish will increase or decrease with bottom
trawling. In addition to this, a second challenge is that we nemgidcal evidence to test if there is ever

an increase in food abundance for fish at low levels of traydit local scalesThirdly, it is necessary to
study how the densitdependence of growth varies with different levels of trawling intensity for
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benthivorous fish. This would elucidate how the interaction of the depletion of food sources of fish by
trawling and reduction in the predation pressure on benthos by depletion of the fish affect fish growth.
Such an analysis will show whether or not exploitation with trawls leads to increase in growth that is
anticipated in fisheries models, if it does not thésai sign that trawling erodes the ability of the ecosystem

to support the fishery.

2.9 Conclusions

In conclusion, bottom trawling causes a high level of mortality to benthic fauna, especially
emergent epifauna.ln most cases, the indirect effects of bottorsHing on target fish species
seem small compared with the direct effects. Historically, trawling may have modified habitat
and reduced the carrying capacifyor fish species that depend on benthic fauna this epifauna
for food and shelter, productivity @hhence sustainable harvest may decline with increasing
levels of bottom fishing disturbance. In some cases, these disturbance effects can be traced to
changes in the feeding and growth of demersal flatfish. In most cases these indirect effects are
smallcompared with the direct mortality cause by fishing. A likely possible explanation for this
is that the distribution of fishing effort is very patahgmall fractions of fishing grounds are
heavily fished, while large fractions are lightly fished or ingfts The indirect effects of bottom
fishing are therefore also likely to be localized, for example to flatfish species living on
vulnerable habitatsThis would suggest that management measures that minimize the footprint
of fishing will lead to higher gids than measures that spread fishing activity more Widead
evenly across the seabed
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P. Daniel van Denderen, Tobias vantkn@nd Adriaan D. Rijnsdorp

Abstract

Bottom trawls are a globally used fishing gear that physically disturbséaded and kill notarget
organisms, including those that are food tbie targeted fish species. There are indications that ensuing
changes to théenthic invertebrate community may increase the availability of food jarinote growth
and even fisheries yield of target fish spexid and howthis occurs is the subject of ongoing debate, with
evidence both in favoumand against. We model the effects of trawling on a simple ecosystem of
benthivorous fish and two food populations (benthos), susceptible easistant to trawling. Weshow
that the ecosystem response to trawlimtgpends on whether the abundance of benthos is-tlpvn or
bottom-up controlled. Fishing may result in higher fish abundance, higher (maxisustainable) yield
and increased persistence of fish when the benthdsich is the besguality fish food is also more
resistant to trawling. Thes@ositive effects occur in bottomp controlled systems and systems with
limited impact of fish feeding on benthos, resembling bottam control.Fishing leads to lower yields én
fish persistence in all configurationghere susceptible benthos are more profitable prey. Our results
highlight the importance of mechanistic ecosystem knowledge as a requirementstmcessful
management.
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Van Denderen, P.D., van Kooteh, and Rijnsdorp, A.D. (2013) When does fishing lead to more fish?
Community consequences of bottom trawl fisheries in demersal food webs. Proceedings of the Royal
Society B: Biological Sciences 280(1769).

http://rspb.royalsocietypublishing.org/content/280/1769/20131883.short
A copy of the paper is available on the BENTHIS website.

25


http://rspb.royalsocietypublishing.org/content/280/1769/20131883.short

BENTHIS deliverable 4.7 Effect on fish feeding

Qat LwL/!'[ {¢!5L9{

4 9cc9/¢{ hC 2htblahbdbwCh PIb Bhowms LDHLD

Johnson, A.F., Gorelli, G., Jenkins, S.R., Hiddink, J.G., and Hinz, H.

Abstract

The effects of bottom trawling on benthic invertebrates include reductions of biomass, diversity and body
size. These changes may negatively affect prey availability for demersal fishes, potentially leading to reduced
food intake, condition and yield of fi shes in chronically trawled areas. Here, the effect of trawling on the prey
availability and diet of the commercially important flatfish species, plaice (Pleuronectes platessa) and dab
(Limanda limanda), was investigated over a chronic trawling intensity gradient in the Irish Sea. Previous work
in this area has shown that trawling negatively affects the condition of plaice but not of dab. The present
study showed that reductions in local prey availability did not result in reduced feeding of fish. Even at
frequently trawled sites with low prey biomass, both plaice and dab managed to maintain constant levels of
stomach fullness and gut energy contents. Dietary shifts in plaice towards energy-poor prey items were,
however, evident when prey species were analysd individually and a potential decrease in foraging
efficiency was seen as the most plausible cause for thereduced body condition observed . Understanding the
relationship between trawling, benthic impacts, fish foraging and resultant body condition is an important
step in designing successful mitigation measures for future management strategies in bottom trawl fisheries.

Published as:
Johnson, A.F., Gorelli, G., Jenkins, S.R., Hiddink, J.G., and Hinz, H. (2015) Effects of bottom trawling on fish
foraging and feeding. Proceedings of the Royal Society B: Biological Scienc8&2(1799), 20142336.

http://classic.rspb.royalsocietypublishing.org/content/282/1799/201423 36.full
A copy of the paper is available on the BENTHIS website.
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IMARES, P.O.Box 68, 1970 AB Ijmuiden, TiNetherlands
Aquaculture and Fisheries Group, Wageningen University, P.O. Box 338 , 6700 AH Wageningen, The Netherlands

5.1 Introduction

Bottom trawling affects the biomass and species composition of the benthic ecosystem and consequently affect the
growth of benthivorous fish species. Previous studies have reported both positive and negative effects of bottom trawling
on the growth. In this study, we analysed the condition factor of individual fish recorded during routine research vessel
surveys in the south-eastern North Sea in late summer. Condition factor was standardised for each year for males and
females separately in order to reflect the relative condition of the sampled individuals relative to the population mean.
Condition factor was analysed in relation a suite of environmental variables including the primary and secondary
production estimated with a regional ecosystem model (ERSEN), depth, geographic location and trawling intensity.

5.2 Methods

Fish samples. Fish were sampled during the annual Beam Trawl Survey carried out in Augusbeptember by IMARES in the
southern-eastern North Sea. Weight, length, gender and age were determined and the location of the sample was
recorded. In total 13088 plaice and 6144 sole were collected in the period between 2002 and 2012. Condition factor was
estimated as the residual of the glm-model of the log -transformed body weight and log -transformed length, including
gender and the interaction between gender and the log-transformed length. The condition factor was estimated for each
year separately.

Environmental variables. Density of plaice and sole were estimated for each sampling station. Trawling intensities were
estimated for the 10x10 km square around each samgding station based on VMS data of the Dutch beam trawl fleet.
Temperature data and biological productivity were obtained from the ERSEM model (van Denderen et al., 2014).

5.3 Results

Condition factors of plaice and sole varied in space and was highest in the coastal zone (Figure 1). The effect of
environmental variables on body condition and their possible interactions was explored using a structural equation
analysis. The analysis showed that temperature and productivity are negatively correlated with depth,while productivity is
positively correlated with temperature. Trawling intensity is positively correlated with depth, temperature and productivity.
The condition of plaice is significantly correlated with depth and benthic productivity. Depth has a negati ve effect, while
productivity has a positive effect. The effect of trawling, temperature and density were not significant (Figure 2 upper
panel). For sole, the condition was negatively related to trawling intensity. Sole density was positively correlated with
productivity.

! This paper was presented at th& Blatfish Ecology Symposium19 November 2014, Cle Elum, Washington, USA
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Figure 1. Spatial pattern in the relative condition factor of plaice (left) and sole (right).
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Figure 2. Structural equation analysis of the relative body condition in plaice (upper panel) and sole (lower panel). Full Ines

show significant effects. Dotted lines show insignificant effects. Red arrows indicate negative effects. Blue arrows indicate

positive effects. The Rvalues in the boxes show the correlation coefficient of the significant environmental variables.
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To further investigate these relationships, allowing for non-linearity, a GAM approach was applied. The GAMmodel
including only the variables that are biologically meaningful (temperature, secondary production, plaice density and
trawling intensity) explained 20% of the deviance in condition.

The analysis indicates that condition may decrease with increasing trawling intensity. The relationship estimated for
temperature and secondary production are (partly) as expected. However, the relative high condition at low secondary
production in plaice is unexpected. Also the increase in condition at high plaice densities is surprising, but may indicate
that plaice aggregate in areas where there is plenty of food.
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Figure 3. Plaice. Result of the GAM analysis of the condition fator in relation to density (Icpuepla), trawling intensity
(trawl), temperature (temp) and secondary production (bp).
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5.4 Caclusions

Trawling influences benthic ecosystem

The trawling impact differs across habitats

No impact detected in areas of high natural disturbance

Top-down or bottom -up control

Habitat dependent effects may explain the contradictions in the literature on effect on food benthivorous
flatfish

Condition analysis suggests a slight negative effect of trawling

= =4 -4 —a -

=

1 Dedicated sampling along trawling gradients required for further investigati on

5.5 References
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6.1 Abstract

1. Bottom trawl fisheries are widspread and cause mortality of benthic invertebrates and this can
decrease the availability of prey to target fish species. Exploitation also redie@abundance of
the fish species themselves. Modelling studies have shown that bottom trawling could lead to
both increases and decreases in fish production, but so far empirical evidence to test these ideas
has been very limited. We hypothesize thaethffect of bottom trawling on the food intake and
condition of fish depends on how the ratio of prey to consumers changes with increasing fishing
pressure.

2. We simultaneously assessed the impact of bottom trawling on the food availability, condition
and gomach contents of three flatfish and Norway lobster in an area in the Kattegat that had a
steep commercial bottontrawling gradient but otherwise homogeneous environmental
conditions.

3. Forthe plaice, prey biomass initially decreased more slowly thanhioenass offish, and as a
result the amount of food available per plaice increased before decreasing at higher trawling
frequencies>5 yl. This pattern was mirrored in both the condition and stomach contents of
plaice, which both peaked attermediate levels of trawling, and for long rough dab.

4. No effect of trawling on dab prey and condition was found. Norway lobster condition increased
as abundance decreased with trawling.

5. Together these results support the idea that when the abundance of both the gmeythe
target predator are affected by exploitation, which of these declines more quickly will determine
whether exploitation will result in an increase or a decrease of the food intake, condition and
growth rates of the target species.

6. Synthesis andpplication.Bottom trawls may result in lower fishing yields compared to fishing
gears that do not affect prey availability. Understanding the relationship between trawling,
benthic impacts, fish foraging and resultant body condition is an important stegesigning
successful mitigation measures for future management strategies in bottom trawl fisheries. The
effects of bottom trawls may be mitigated by the modification of fishing gears or by minimizing
the area of the seabed fished by bottom trawls.

Kewwords: Pleuronectes platesséjmanda limandaHippoglossoides platessoiddsephrops norvegicus,

Otter trawl, Beam trawl, Scallop dredge, ecosystem effects of fishing, Kattegat, Marine protected area,
Amphiura
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6.2 Introduction

Demersal fisheries using ottand beam trawls and scallop dredges are widespread, and typically use
heavy ground ropes and chains to drive fish and shellfish from the seabed into nets. Physical disturbance
from such fisheries can cause significant changes in the seabed ecosysteinu®tudies have found

that the effects of bottom trawling on benthic invertebrates include reductions of biomass, diversity and
body size, changes in the functional trait composition of the community, and that the effects are different
between differentgears and habitat¢Hiddinket al., 2006; Kaiseet al, 2006; Tillinet al., 2006) These
changes in the benthic ecosystems are conservation issues in themselves, but there is also ongoing
concern that bottom fishing may impact the densal fish species that depend on these habitats for food,
such as codsadus morhuahaddockMelanogrammus aeglefinuand many species of flatfisfAuster &
Langton, 1999) Trawling potentially leads to changes in food intake, body condition and therefore yield of
fishes in chronically trawled are@Sogarty, 2005)

Trawling may affect prey availability both negatively angipeely, depending on the diet of fish and the
intensity of trawling. The total biomass of benthic invertebrates and of large benthic invertebrates in
particular decreases strongly with increasing trawlingnost habitats(Hiddinket al, 2006) and this is
therefore likely to result in a reduction of the amountfobd available to many benthivorous fish species.
However, modelling studies suggdsiat low levels of bottom trawling may benefit the small benthic
invertebrates that form the food source for sonfish speciesby removing the largéenthic fauna that

small benthic preycompete with for food and spadgliddinket al,, 2008; van Dendereet al., 2013) Vay

high intensities of trawling are likely to ultimately also remove those small prey. A model by Van
Denderenet al. (2013)showed that the fish population response to trawling depends on whether the
abundance of their benthic prey is tafpwn or bottomup controlled. They assumed that within the
benthos, fish prey are competing over resources witfeo benthos that is not eaten by fish, and that fish
prey were less vulnerable to trawling than the nprey. They found that in bottorip controlled systems
trawling may result in higher fish abundance and higher yield of fish, but not kddem contrdled
ecosystems.

Empirical support for such increases in food availability with trawling is however largely lacking so far.
Jenningset al. (2002)found no change in the biomass of small infaunal polychaetes with chronic trawling
and concluded that beam trawling disturbance does not hav@ositive or negative effect on their food
supply for flatfish. The only empirical study to record changes infood supply for fish is a comparison of fish
diets between a highand lowtrawling area in Monterey Bay that found that the abundance of an
opportunistic worm species was higher at high trawling, and that incidence of this important prey item in
the diet of some flatfish species increased at high trawling (Engel & Kvitek, 1998).

These indirect effects of trawling through changes in food avaitigloitcur at the same time as the direct
removal of target fish biomass that would occur with any fishing gear. Changes in prey abundance are
only likely to have a negative effect on the food intake of fish if any negative effects on prey availability
arelarger than the decline in fish stocks that any fishery cawsed the prey to fish ratio declines. l.e. any
reduction in the abundance of the benthic prey due to fishing would need to be faster than the reduction
in the target fish stock.

Empirical stuges that have examined the effect of trawling on both benthic prey and the fish
simultaneously are very scarce. Llogedtal. (2007)found that polychaete prey biomass and abundance
was lowest in trawled areas and that the red mullbtullus barbatusfrom these area had lower lipid
reserves and hence body condition. Similarly, the condition of the flatfish ftéreonectes platessaas
negatively related to trawling frequency in theshii Sea. The plaice in this area were able to maintain their
stomach fullness despite the reduction of local prey biomass and abundance, and the reduced body
condition was best explained by the additional energetic costs of searching in a reduced prey field
(Hiddinket al., 2011; Johnsomt al, 2015) Shephardet al. (2010)observed declines in the lengtit-age

in gravel with increasing trawling, but not sand, for plaice in the Celtic Sea.
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Here we assessed the impact of bottom trawling on the doavailability of fish bysimultaneously
measuring the abundance of prey, the food intake by figie resulting condition of fishand the
abundance of fistin an area that had a steep commercial bottom trawling gradient inkh#&egatbut
otherwise homogneous environmental conditionsThis is the first study that has measured all these
parameters simultaneously, and is therefore able to explore how both changes in prey availability and fish
abundance with trawling interact to cause changes in the ston@mitents and the condition. Similar
previous work has often not been in a position to detect the potential increases in prey abundance at low
levels of trawling because too few areas with low trawling were available for sampling. In this study we
avoid ths problem by sampling in and outside areas where trawling has been restricted.

The main objective of this study is to disentangle the effects of changes in prey availability with trawling
on fish food intake from the effects of changes in competitiorrofood sources that are caused by
reduction in fish stocks due exploitation. We hypothesize that food intake and the resulting condition of
benthivorous fish relates positively to the biomass of their prey and negatively to the biomass of
competitors of fenthivorous species. As both prey and fish biomass are expected to go down with
increasing bottom trawling, the effect of the food availability per fish will depend on which one of those
will decline faster, and fish condition could increase as well asedse. Figure 1 illustrates how different
shapes of the relationship between prey and fish biomass and trawling frequency can result in very
different prey to fish biomass ratios (i.e. the amount of food available per fish). Subtle differences in the
shapeof the curve can result in the effect of trawling on the food/fish ratio changing from a declining
relationship (Figure 1b, ¢ and f) to an optimum curve (Figure 1d, g and h), and effectively any shape of
relationship seems possible.

6.3 Methods

We studied three species of benthivorous flatfish (plaleuronectes platessaab Limanda limanda,
long rough dabHippoglossoides platessoideand Norway lobsteNephrops norvegicusThesefour
species comprised9% of our catch biomass the study aea. Plaice feeds on small polychaetes and to a
lesser extent on bivalvgRijnslorp & Vingerhoed, 2001pabfeeds onmobile crustaceans, polychaetes,
fish and mollusc siphon@raber & de Groot, 1973).ong rough dab feeds on shrimpsdashrimplike
crustaceans, phiurid brittle starsand polychaeteg¢Lande, 1976; Klemetsen, 1993; Ntiba & Harding, 1993;
Amezcueet al., 2003) Norway lobster feeds on great diversityof prey, including crustaceanspolluscs,
polychaetesechinodermsand fish(Cristo & Cartes, 1998; Parskilliamset al., 2002)and may even do
some suspension feedin@iooet al,, 1993) Weightat-length has been shown to be a proxy for fitness in
plaice(Kennedyet al., 2008) and although such information is not available for titker species, it does
not seem unreasonable to assume that such correlations exist for these other species.

6.3.1 Outline

The effects of chronic trawling on the weigditlength of fish was investigated overrauddy fishing
groundand associated closed aremsthe southern KattegatFigure 2in August 2013The main bottorn

trawling activity that occurs on this fishing ground is otter trawling for Norway lobstEplirops
norvegicu} and gadoid fishThree different types of closed areas with different regigns were created

in this area in 2008 to protect cod stocks, and this created a gradient in trawling éffiather & Eero,

2013) The area was divided in a permanently closed area, a seasonally closed area, a seasonally closed
area where gears that do not target cod are allowed, and a permanently open area. This management
regime had been in place for 5 years when we sampled tka ar August 2013. At each of the stations

we sampled the infaunal benthic invertebrates using a grab and the fish and Norway lobster using a trawl.
Permission to sample inside the closed areas was obtained from Havs och Vatten myndigheten in Sweden.
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6.3.2 Station selection

We selected 19 sampling stations on mud between 25 and 40m dgffh.COM, 200That covered a

large range of fishing pressyravith stations in all different types of closed areas. Each station was
defined as a box of 3x3 km. We reviewed station characteristics after the survey with the most up to date
fishing pressure estimates and actsaldiment composition information in order to exclude stations that
were outliers in terms of sediment composition, depth and fishing pressure using-Muaignsional
Scaling (see Results).

6.3.3 Fishing pressure estimates

Fishing pressure was estimated usiBgropean Community Satellite Vessel Monitoring System (VMS)
data The yearly seabed area (Rnswept by a fishing gear was estimated for each station for a three year
and half period from 2010 to Aug 2013. These fishing pressures were estimated on tkegtid8ssby
computing the accumulated swept areas within a year from all the bottmmtact fishing gears (otter

and bottom pair trawls) by Danish and &lish vessels larger than 15. We used Danish and Swedish
official catch and effort statistics for conming VMS data with logbook data, together with estimates
regarding the dimensions of the different gears. The relationships between gear dimensions and vessel
size (e.g. trawl door spread and vessel engine power (kW)) for different gear groups wer® @ssih
guantitative information of bottom contact (e.g. width of gear) to each logbook trip, and the extended
logbook data were combined with interpolatecssel tracks based on VMS dékttintzenet al., 2012)

The required vessel size information, in terms of engine power (kW) and vessel length overall in metres,
was collected, together with the gear specifications in a-gamopean industrpased questionnaire
survey(Eigaardet al, 2015) This study enabled statistical modelling of the vessel size or vessieleeng
power ~ gear size relationships for different métiers (combinations of gear types and target species) to be
conducted and deduce the width of the sweep of each of the (VMS interpolated) fishing event taking
place across the stationgrawling intensityis expressed here as the swept area ratid, (the mean
number of knf fished / the area of each station, 9k

6.3.4 Sampling of fish and invertebrate populations

Fish and invertebrates were sampled at each statioAugust 2013 Two tows of 30 min duratiowere
doneat each station with otter trawl (distance across mouth of the 8B&8m, 80 mm mesh coeknd)at a
speed of 3 knotbetween 7.45 and 17.00fhe total catch number and weight per species was measured.
The length (to the nearest mm) and weight (to the nearest gjhef individual fishin the catch was

recorded on board. If the catch of a species in a haul was large (>50 indivitluals),dzo & I YLIX S 2F xp

was measured andeighed.For Norway lobster,ite carapace length and the total weight was measured
for intact male lobsters. Females and males with missing limbs were excllidedenthic invertebrates
were sampled by taking five O.ﬁSmithMclntyre grabat haphazard locations in the station b@x50ml
sediment samplevasretained for grain size analysis and the rest of the sam@ee sorted over a 1 mm
sieve and preserved in 4% formalin for identification. Results from the 5 individual grabs were pooled
before statistical analyses as replicatiovithin stations was aimed at increasing the accuracy and
precision of our estimates of benthic production and not at obtaining estimates of within station
variability. All invertebrates were identified to the highest practicable taxonomic resolution (m&thus

or Family) andhe wet weight of each individual organism was estimated after blotfimy.some analysis

wet weight was converted to energy (J) using conversion factors from(Bo&p)

Average particle sizes and particle size distributions veleermined using a Malvern laser diffraction
particle size(Blott & Pye, 2001)
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6.3.5 Fish condition

Throughout therest® G KA & LI LISNE WFAAKQ ¢Aft 0SS dzASR G2 AYRA
lobster. The condition of individual fish was estimated as the weggHength of the fish. In the rest of

GKA& LI LISNI 6S gAft dzaS WarSHYRAWKRY 2 § adza S R alyz2iyrety TRAT:
condition proxy rather than eviscerated weight as higher numbers of fish could be processed that way.

Using total weight implies that differences in gonad and stomach content weight between stations may

have incrased the variation in the condition. The 5% shortest and longest fish per species were excluded

from all analyses to avoid biases that could be caused by particularly large or small fish. Only stations

where more than 10 fish were caught were used for dbod estimates to avoid biased condition

estimates due to low numbers of fish.

6.3.6 Stomach contents

Plaice and dab of total body length ¥®9 mm and 16874 mm, respectively, were selected for
stomach content analysis. These size ranges minimized théhdkd of incorporating ontogenetic
changes in diet and allow comparison with Johnssinal. (2015) who used the same size ranges.
Stomachs of up to 20 individuals of each speciesgpation were extracted and stored in 8% buffered
formalin for processing. The mass of the entire stomach (whether full or empty) and total mass of prey
contents were recorded after blotting. Prey items were then separated, identified to the highest
taxonamic resolution possible, couetl, weighed and measured. In total, 200 plaice and 295 dab
stomachs wereanalysed. The fraction of empty stomachs was reported separatetyaining analyses

only examined stomachs that had some contents to avoid includimgtfiat had regurgitated their
stomach contents. Tonvestigate differences in energy content of the prey species consumed, the mean
energy content per stomach was calculated using biomass conversion f§Btess 2015) The level of
stomach fullness to which plai@nd dab fed at each site was calculated as the mean stomach content
weight as a percentage of body biomass. Stomach contents of long rough day and Norway lobster were
not examined.

6.3.7 Analyses

Because we were aiming to detect whether bottom trawling camltéa decreases, increases or humped
responses in prey availabilities, stomach contents and fish condition, we used Generalized Additive
Models (GAM) and Generalizes Additive Mixed Models (GAMM) as those allow any shape of relationship
to be fitted. Mostanalyses were performed using GAM using mean values per station as the response
variable and trawling frequency't)/as the driverTo account for the noindependence of fish condition
measurements within a station, the effect of trawling or benthic protion on the logy(weight) at
logio(length) of fish was estimated usigAMM from the packagemgcvin R(Zuuret al, 2009; Wood,

2015) using logylength) and trawling as fixed factors and usld G GA 2y Q | & landANER dzLJA y 3
Gaussian errodistribution. As the interaction between lgglength) and trawling was not significant, this

term was excluded from analyséddomogeneity of residuals was established through visual examination

of platted standardized residualgersusfitted values.

6.4 Results

6.4.1 Environmental conditions
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Particle size analysis and subsequent MDS indicated that four stations (K, O, Q and S) were less muddy
than the other stations in combination with a high trawling intéps{Table S1, Figure 3). To avoid
confounding of sediment composition with trawling intensity these stations were excluded from further
analyses. The trawling intensity on the remaining station ranged ficto 7.9 yl. Some bottom trawling

was recordedeven in the areas that were closed to all trawling.

6.4.2 Infauna

The community of infaunal invertebrates was dominated by the brittlesfarphiuraspp. by numbers

and by the ocean quahogrctica islandicaand sea urchirSpatangus purpureuby biomass. Together
these three species comprised 92% of all invertebrate biomass. Mean total community biomass was not
significantly related to trawling intensity (Figure 4a, Table 1a), but bottom trawling limited the total
biomass that could be foundta station (90% quantile regression, p = 0.029). This pattern can be
explained if we assumed that the lotiged, fragile, lowdensity but highbiomassArcticaand Spatangus

are particularly vulnerable to trawling activities. Whether or not these emlected in 5 x 0.1fnof
samples is unpredictable even if they are present, and therefore a lower total biomass may be obtained
even at low trawling stations, but high biomass is never found at high trawling stations.

A comparison of the weight distribion of the infauna and the stomach contents of plaice and dab
indicated that the fish select only the smaller infauna as prey (Figure S1); 97.5% of plaice prey was <0.20g
while 97.5% of dab prey was <0.63@gnphiurawas very dominant and made up 22% bgttotal

biomass of invertebrates, but 76% of biomass <0.20 g and 84% of biomass below 0.63g. Other species in
the prey size classes are mostly polychaetes and bivalves. Plaice prey biomass declined slowly at lower
trawling frequencies and more quickly almtrawling frequencies of 5]ywhile no significant relationship
between dab prey abundance of trawling was found (Figure ,4bable 1a).

6.4.3 Fishbiomass

Most fish that were caught were around 2€n in length, whildéNephropshad a carapace length of arnd

5 cm (Table S2Ppab andNephropshiomass was about five times higher than those of plaice and long
rough dab. The biomass per trawl of dab atephropgand as a consequence also the total fish biomass)
declined quickly with increasing trawling intétysand levelled off at a trawling intensity of 5 gFigure 5,

Table 1b). The abundance of plaice and long rough dab did not react to trawling. Other abundant species
in the catch wereGadus morhua, Microstomus kitt, Merluccius merluccius, Scopthalnausbris and
Eutrigla gurnardus

6.4.4 Fish condition

The weighat-length peaked around 5 times'yor both plaice and long rough dab (Figure 6, Table 1c). Dab
weight-at-length did not respond to trawling, whildephropsweight-at-length increased with increasing
fishing pressure (Figure 6, Table 1c). The difference between the highest and lowest condition recorded
was around 4% for plaice, long rough dab &tephrops

CA3IdzNBE cl FyR o0 faz2z 3IA@Sa GKS WLINEémpagsonvihyfie dzy SNJ o6 A
fish condition. This ratio was calculated by dividing the fitted GAM for prey by the fitted GAM for fish

biomass. We used total fish biomass as the measure of the abundance of consumers because in particular

plaice abundance was low inomparison with the abundance of competitors, and therefore the

abundance of competing species was considered a better proxy for the abundance of competitors than

G§KS FodzyRIyOS 2F LI FAOS f2ySed ¢KS WLINBandbg O2vyadzy
and showed a similar pattern to plaice weigittf Sy 34 K® ¢KS WLINBE& (2 02y adzySNJ
increased and also showed a similar pattern to (the -smmificant) dab weighat-length. This
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comparable pattern therefore suggests that batbmpetitor abundance and prey availability affect the
food intake by these fish.

6.4.5 Stomach contents

Overall, dab stomachs were much fuller than plaice stomachs. The most common prey item in the
stomach of both species was the brittlestAmphiurg but the rest of the diet is more focused on
polychaetes and bivalves for plaice and more on crustaceans fofFigbre S2). Even thoudfmphiura

has a low energy density (Table S3), it still contributes most energy to the diet of both species at most
stations. Tle percentage of empty stomachs did not respond to trawling in either of the two species
(Figure 7ab, Table 1d). Stomach fullness and the stomach energy content approximately doubled over
the trawling gradient for plaice, but did not change with trawling dab (Figure 7 Table 1d).

6.5 Discussion

The results from this study support our hypothesis that food intake and the resulting condition of
benthivorous fish relates positively to the biomass of their prey and negatively to the biomass of
competitors d competing fish. For plaice, prey biomass initially decreased more slowly than the biomass
of consumers, and as a result the amount of food available per plaice increased before decreasing at
higher trawling frequencies. This pattern was mirrored in btita condition and stomach contents of
plaice, which both peaked at intermediate levels of trawling. No significant effect of trawling on dab prey
abundance was detected, and as fish biomass decline the prey/consumer ratio increased moderately for
dab. Altlough not significant, again this pattern was mirrored in both the condition and stomach contents
of dab, which both showed increases. No diet information was available for long rough dab, but the
condition reacted to bottom trawling in a similar way to iok, which suggest they may be relying on a
similar diet. Nephropscondition increased linearly with increasing trawling, suggesting that their food
sources did not react strongly to trawling, and that a release from competition was the overriding factor
driving the increase in condition for this species. Together these results support the idea that when the
abundance of both the prey and the target predator are affected by exploitation, it is important to know
which of these declines more quickly as thil determine whether exploitation will result in a@ncrease

or a decrease of the food intake, condition and growth rates of the target species. Our results show that
the assumption of Van Denderest al. (2013) that prey abundance will increase with ttang was not
supported, but our results do emphasize that it is important to take-dopvn effect of fish predation on
benthic prey into account when trying to assess the effect of bottom trawling on fish productivity.

Energetically, it is likely to beare costly to forage in loyprey compared with higiprey patches. In areas

of low benthos, fish will have to spend more time searching for prey, and therefore increasing energy
expenditure. The prey to consumer ratio that we calculated does not takentisisaccount. If this effect is
important it would be expected that the effect of trawling on fish condition is stronger than the effect on
stomach contents, but this was not evident from our resuts.the functional responses of demersal fish
foraging onbenthic prey are unknown, we cannot do a quantitative assessment of this effect.

The effects of trawling on fish condition were modest (around a 4% increase over the trawling gradient for
plaice, long rough dab and Norway lobster relative to an untrawledtion). Our analysis shows that the
effect of trawling on fish condition results from two different effects: the effect of trawling on prey
availability and the effect of the reduction in fish stocks by exploitation. The effect on prey availalility is
local effect, while the effect of exploitation fissh populations that range widelg going to occur over a
larger scale. When evaluated at the scale of the fish population, the effect of prey availabilibe will
weakeras only about ¥4 of the seabésl trawled at frequencies over Ily(Jennings & Lee, 2012)he

effect of reductions in competition over food will be stronger over larger scales however as fish are more
mobile than their prey, and can forage awfagm areas that have depleted prey populations. This means
that the effect of trawling on the condition and prey availability per fish is likely to be more positive when
evaluated over larger scales.
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An important assumption in our analyses was that thifedént species at least partly share the same
food sources. Given the dominance Afmphiurain the environment, and in the stomachs of plaice and
dab, this does not seem an unreasonable assumpidephropswas one of the most abundantly caught
species aall stations, but because we fished in the day when they are mostly hiding in their burrows, it is
likely that Nephropswas many times more abundant than the flatfish species together, and therefore
even a partial prey overlap will have resultedNaphropsbeing an important competitor for the flatfish.

Any study using an observational approach has to consider the potential for confounding factors affecting
conclusions. This study assumed that the condition of fish represented the local prey availability. Previous
work suggests that flatfish forage withguite limited areagde Castreet al,, 2015) The mobility of the

fish in the study area is poorly known, and therefore, we cannot be sure that individuals captured at
different stations had been feeding at that statiamthe time that they built up theicondition (weeks)
before sampling. This, however, does not affect the conclusions that trawling had an effect on the
condition of three of the species, as mobility would break up any spatial pattern in condition; therefore,
these analyses are likely tonderestimate any effect of trawling on condition. This is confirmed by
comparing the magnitude of the effect of trawling on condition with the effect on stomachs contents; the
effect on condition was much smaller than the effect on the stomachs. As tmeasto contents reflect

the food intake in the previous 24h and the condition the previous weeks, this confirms that fish mobility
weakens the observed effects.

A problem of using weigkdt-length as an indicator of food intake is that as food intake iases, both
length and weight may increase which means that a higher food intake will not be reflected in a
straightforward increase in lengtat-weight (Lloretet al,, 2014) The length ranges of fish in our samples
included both juveniles and adults, and juvenile fish are likely to invest more eigmiength growth

than adults. This effect will therefore have decreased our ability to detect differences in food intake
between stations.

Implications

A general assumption in fisheries management is that fish productivity increases with exploitation
because of a reduction in competition over food and other resources. Our results show that this
assumption seems reasonable fiephropsand dab, but not for plaice and long rough dab. Although
condition and food intake for these two species increase up tongs trawling ¥, these results do not
show that bottom trawling has a positive effect on the prey availability as sometimes has been suggested.
Instead, it shows that bottom trawling above a frequency of ‘Srgduces the carrying capacity of the
ecosytem to support production of plaice and long rough dab, compared to a fishing gear that would not
have areffect on the food of the fish. The effects of bottom trawls may be mitigated by switching to gears
that do not affect prey availability, such ad giéts or longlines, but it seems unlikely that such gears can
efficiently exploit demersal fish populatio®@ur results suggest that production of plaice be maximized by
fishing areas at an intensity of less than B. yThis may not be compatible with magement for
biodiversity conservation though as biodiversity benefits from concentrating fishing activities as much as
possible (Jenning®t al., 2012)
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6.8 Tables

Table 1. Statistical outputs of GAM and GAMM models. Relationship of response variable to trawling
frequency (5}). Res.df are the residuals degseof freedom.
a. Infauna per 0.1 MGAM

Parameter n_ res.df F p
Total infauna 15 13 1.176 0.298
Infauna <0.20 g WW 15 124 4.175 0.041
Infauna <0.63 g WW 15 13 0.244 0.630
b. Fish biomass per trawl GAM
Species n res.df F p
Pleuronectes platessa 15 125 0.717 0.494
Limanda limanda 15 120 7.049 0.007
Hippoglossoides platessoides 15 11.9 2.202 0.144
Nephrops norvegicus 15 123 7.301 0.007
Total 15 12.2 6.043 0.013
c. Fish condition GAMM
Species n res.df F p
Pleuronectes platessa 372 367.9 6.399 0.002
Limanda limanda 915 9120 1.201 0.273
Hippoglossoides platessoides 883 878.9 7.143 0.001
Nephrops norvegicus 471 467.9 5.853 0.014
d. Fish stomach contents GAM
Species n res.df F p
Pleuronectes plates% empty 13 110 0.803 0.389
Limanda limand&6 empty 15 12.2 1.555 0.247
Pleuronectes platesdalliness 13 8.9 4.849 0.024
Limanda limanddullness 15 130 2.79 0.121
Pleuronectes platessanergy 13 93 4.340 0.034
Limanda limanda&nergy 15 130 2.59 0.134
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6.9 Figures
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Figure 1. Hypothetical prey to consumer biomass ratios for different shaped relationships between prey
(top row) and consumer biomass (left column) and trawling frequency.
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Figure 2. Map of the study area with the sampling stations and MPA bousdadi&ated. NTZ = No take
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Figure 7. Stomach contents of plaice and .dab: fraction empty, el: stomach fullness as a percentage
of body weight. &: stomach energy content. a, c, e: plaice. b, d, f: dab.
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Online supplementary material.
Tables
Table S1. Site characteristics of the sampling stations. Stations in uadies excluded from further

analysis because they combined higher fishing effort with coarser sediment and could therefore have
confounded the outcomes.

Sta Latitude Longitude Depth  Mud Sediment Closure Swept
tion (°) ©) (m) and silt area ratio
(%) o
10% Median 90%
quantile grain  size quantile
(Hm) (Hm) (Hm)
A 56.339 12.260 31 100 2 8 35 No take 0.4
zone
B 56.498 12.449 27 100 3 9 36 No take 1.5
zone
C 56.416 12.266 32 85 3 12 172 No take 0.8
zone
D 56.302 12.174 31 99 3 10 60 No take 1.5
zone
E 56.391 12.406 27 100 2 10 51 No take 0.2
zone
F 56.552 12.468 28 99 3 20 76 Selective 2.6
seasonal
closure
G 56.584 12.386 31 100 2 9 29 Selective 4.6
seasonal
closure
H 56.628 12.369 34 100 3 10 38 Selective 4.6
seasonal
closure
| 56.689 12.324 34 100 3 9 32 Selective 4.5
seasonal
closure
J 56.310 12.115 31 78 3 13 223 Seasonal 7.9
closure
K 56.748 12.032 34 52 4 117 355 Seasonal 5.4
closure
L 56.848 12.247 34 100 3 10 44 Selective 5.7
seasonal
closure
M 56.353 12.172 33 100 2 8 30 No take 0.4
zone
N 56.585 12.286 39 93 3 10 104 Selective 4.5
seasonal
closure
(@] 56.366 12.018 32 43 4 156 344 Seasonal 8.0
closure
P 56.735 12.296 35 100 2 9 29 Selective 5.4
seasonal
closure
Q 56.976 11.802 37 40 5 186 473 Open to all 9.1
fishing
R 56.668 11.809 38 94 3 21 107 Open to all 7.4
fishing
S 56.723 11.888 40 76 4 59 223 Open to all 8.6
fishing
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Table S2. Size of the fish in the catch. Total length for the fish, carapace lengtaploropsnorvegicus

(mm)

Species 5% quantile Median 95%quantile
Pleuronectes platessa 163 259 329
Limanda limanda 151 180 219
Hippoglossoides platessoides 139 181 219
Nephrops norvegicus 40 51 67
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Table S3. Mean energy density of different prey group items. Energy density is reported as the mean per
group and was calculated from the biomassighted conversion factors of the lower taxa that are
making up these groups.

Group Energy density (J
g-Ww)
Amphiura 1.878
Annelida 3.384
Bivalve 3.031
Crustacea 4.389
Glycera 3.523
Other 3.253
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TableS3. Number of stomachs analysed per station

Station Dab Plaice

A 20 13
B 21 O
C 20 8
D 19 20
E 20 O
F 20 13
G 20 9
H 20 19
I 18 20
J 19 18
L 19 17
M 19 20
N 20 20
P 20 17
R 20 6
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Figure S2. Stomach content composition by energy contribution (J) for plaice and dab. The stations are
ranked by trawling intensity.
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J.G. HiddinkSchool of Ocean Scien¢@&angor University, Menai Bridge, Anglesey, LL59 5AB, UK.

7.1 Introduction

If the effects of bottom trawling on benthic invertebrates cause a major change in the amount of food
that is available for fish to eat, it could be expected that lasgale change the growth of fish occur. It

is likely that a lower food availability will results in a lower maximum size oflfistenzen and Enberg
2002) On the other hand, exploitation of fish stockdll also reduce their abundance and biomass, and
therefore reduce the food requirements for the fish stock. If we ignore the effect of bottom trawling on
fish food for now, it can be expected that fish growth goes up with increasing levels of exphyitatio
because competition of their food resources will decline with declining fish stocks. For example, Lorenzen
and EnberdLorenzen and Enberg 200&)owed that the maximum size of many fisbakts, |, increases

when the biomass of the fish stock decreases. In fact, classic fisheries models assume that fish production
increases with declining fish abundance exactly because of this decrease in comgdgtioings, Kaiser

et al).

Densitydependent increases in growth in trawled fish pagtidns would suggest that these indirect
trawling effectsof fish food availability are relatively unimportant, while an absenceeofsity-dependent
increases in growthor even decreases in growth with decreasing stogk®yld suggest that bottom
trawling is reducing the ability of the ecosystem to support fish productitrtriguingly, Lorenzen and
Enberg(Lorenzen and Enberg 200®)und evidence for densitgdependent growth in only 2 outfo7
bottom-trawled fish stocks, while they found evidence for densigpendent growth in 7 out 9 other fish
stocks.

It is necessary to study how the densdgpendence of growth varies with different levels of trawling
intensity for benthivoroudish. This would elucidate how the interaction of the depletion of food sources
of fish by trawling and reduction in the predation pressure on benthos by depletion of the fish affect fish
growth. Such an analysis shewhether or not exploitation with trawls leads to increase in growth that is
anticipated in fisheries modeld.it does not this is a sign that trawling erodes the ability of the ecosystem
to support the fishery.

Here we aim to test whether bottom trawlg reduces thability of the ecosystem to support the fishery.
We willtest the hypothesisthat densitydependent increases in growth are stronger for fish that rely less
on benthic food sources, and lower or even negative in fish that feed exclusivegntimic invertebrates.

7.2 Methods

7.2.1 Outline

We will use the method of Lorenzen and Enb@rgrenzen and Enberg 200®) estimate the strength of
densitydependence of growth on fish stock bionsasVe use longerm time-series of fish lengtat-age

and stock abundance to estimate how the maximum length of fish populations changes as a function of
the abundance of competitors. They estimated this as the parameter g, which is the chapgde onifor

an increase in the biomass of the fish species by 1 KgMarmally it is expected that g is positive, when
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L, decreases with an increase in the abundance of competitors. Here we expecy tisdarger for
piscivorous and zooplanktivorous speciearitfor bottomtrawled benthivorous species.

An important assumption of this approach is that variations in stock size are caused by varying levels of
fishing pressure, which is probably valid over the time periods of many decades that we study here.

7.2.2 Time series of weighat-age of North Atlantic commercial fish stocks

We extracted time series of the weight-age, stock biomasdgishing mortality,and temperature of32

stocks of3 North Atlantic commercial fish species (@ddus morhuasaithePollachis virend., haddock
Melanogrammus aeglefinysvhiting Merlangius merlangushakeMerluccius merlucciyserring Clupea
harengus plaicePleuronectes platesdaand soleSolea soled.) from stock assessment reports and other
sources (e.g. http://www.ices.dk)These species differ in their dependence on benthic food sources.
Some species are benthivorous throughout their life (plaice, sole), some show ontogenetic shifts towards
increasing piscivory in later life (haddock, cod, whiting, saithe and hake), and herring never eats any
benthos. The degree of benthivory of these species is ranked in this order for further analysis, and our
hypothesis therefore expects g to be smaller or negafor the flatfish species and larger for the species
later in the list.

Data were obtained from virtual population analysis (stocks sizes and fishing mortality) and regular
biological monitoring of fisherdependent samples (weigtat-age). We analysedodly size of fish stocks

from both sides of the North Atlantic (ICES and NAFO areas) because these stocks are well documented
and long timeseries are available. Plaice and sole are rdstiito the NorthEast Atlantic, while the other

four species rangecaoss the North Atlantic Ocean. The number of stocks analysed per species varied
from 1 to 9 (Table 1). Thetocks analysed represent management units rather than fully distinct
populations. For each stock we created tables of mieaigth-by-ageand abundarce-by-age Where only

weight data were available, these were converted to length using lejwgtight relationships for the

study populations from Fishbase.oMye excluded from our analysisthose years for which time series

of cohort weight data weredientical (indicating a lack of data at the start of the VRA)he oldest year

class of each cohort (because this year class sometimes represents the mean weight for several ages
combined),iii) stocks that contained <10 cohorts (to ensure that statatpower was sufficient).

In studies where total stock biomass was reconstructed, this was expressddomass density, by

dividing biomass by the relevant statistical area. As the distribution of most populations is spatially
heterogeneous, the biomasdensity estimates are in effect averages over relatively large areas.

7.2.3 Estimation of growth parameters

A von Bertalanffy growth model was used to predict mean length 4, of age grouga at timet from the
observed mean length of the cohort in the prews year lpsay,t):

Lprcd,a.,.c — LIB _ CLDCB_Lobs,a— 1,0— l)exp(_K)
where lg is the asymptotic length at the average observed (or reconstructed) biomass density B during

the year (i to t'l):

B,_, + B;)

LxB = Lﬁcl_—g( 2

The values ofyl,, K and g where estimated usitfie nisfunction in R. Stocks were excluded from further
analysis if the estimated value of K was not significantly different from zero.
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7.3 Results

After removing 5 species where estimated value of K was not significantly different from zero, all
estimated values of |, seemedwithin the expected range (Figure 1 and Table 1). Significant density
dependence of growth was found for 12 out of 32 specgesias significantly positive for 8 species and
significantly negative for 4 species (Table 2).
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Table 1. Estimates and significance of g for each of the fish stocks considered.-Tddaepindicates
whether g is significantly different from &k ! lindicates thedifferencein AlCbetween model with and
without density dependenceak ! L / irgli€ates that there is little evidence for densiyependence of
growth, and a negative ! lméans that inclusion of densiyependence of growth in the model made it
worse.

g L K Biomass

Species Stock (cmha'kg)  @m Y (kg.hd) pvalue k! L/
Clupeaharengus 25 29 32 -0.34 17 0.26 13.2 0.000 80.0
Clupea harengus 31 -0.17 17 032 94 0.000 27.6
Clupea harengus 28 3.67 26 022 21 0.000 45.9
Gadus morhua Baltic_22 24 1.53 149 0.13 13.3 0.044 2.4
Gadus morhua 1 2.81 216 0.06 6.3 0.002 8.2
Gadusmorhua |_lICoastal -22.93 155 0.08 0.6 0.367 -1.1
Gadus morhua IV_Vlla_llla -0.35 129 0.17 7.9 0.286 -0.9
Gadus morhua llla 4.83 166 0.12 2.8 0.008 5.9
Gadus morhua Va 0.22 142 0.13 28.6 0.188 -0.2
Gadus morhua Vbl 1.66 126 0.13 54 0.099 11
Gadusmorhua Vila -1.54 123 0.2 32 0.157 0.1
Gadus morhua Vilek -0.44 132 0.23 34 0.816 -1.9
Melanogrammus aeglefinus 1_lI 6.23 99 0.13 1.0 0.000 311
Melanogrammus aeglefinus Vbl 0.21 74 0.18 5.7 0.616 -1.7
Melanogrammus aeglefinus VIlbk 0.03 65 031 221 0.593 -1.7
Merlangius merlangus IV_VIid_llla -1.32 34 034 59 0.000 13.3
Merluccius merluccius llla_IV_VI_VII_Vlllab 0.18 164 0.05 1.3 0.972 -2.0
Pleuronectes platessa llla 1.46 48 0.22 3.9 0.452 -1.4
Pleuronectes platessa v -0.04 45 024 7.2 0.814 -1.9
Pleuronectes platessa Vila 0.59 42 031 18 0.420 -1.3
Pleuronectes platessa Vild -0.19 45 0.23 5.0 0.725 -1.9
Pleuronectes platessa Vile 4.29 54 0.17 0.8 0.065 15
Pleuronectes platessa Vlifg 2.08 46 0.22 0.6 0.477 -1.5
Polachius virens 11l 3.52 127 01 2.1 0.077 1.2
Polachius virens Va 0.92 157 0.07 8.5 0.138 0.3
Polachius virens Vbl 4.47 180 0.08 11.0 0.000 30.6
Solea solea llla -3.13 32 041 0.7 0.086 1.0
Solea solea v 2.28 39 042 1.2 0.000 11.5
Solea solea Vila 4.92 41 024 1.0 0.000 15.6
Solea solea Vild -0.49 34 038 43 0.531 -1.6
Solea solea Vile -3.52 37 027 09 0.001 8.4
Solea solea Vlifg 7.60 51 0.21 0.7 0.032 2.7
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Figure 1.The relationship between, hnd l.., for each of the fish stocks, Lis the point where the fitted

black line crosses the grey (1:1) line. The variation around the fitted relationships is partly explained by
BFNRALFGAZ2ya Ay adG201 oA2YlFaa F2N) ad2014a ¢oKSNBE 3 r nd
were excluded because the estimated K values was not significantly different from zero. Examples of such
species ar&aithe_IV_VI_llland Sole_Vlllab

Table 2. Number of significant effectsgih the fitted models.

Number of stocks
Significant negativg 4
Significant positive 8
No significant effect of 20
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Figure 2. The relationship between the affinity of spet¢tebenthicfood and habitatand the strength of
densitydependence for growth. The facilitate comparison between different spethes,strength of
density dependence is expressed ask@1 (units kg' ha). This therefore indicates the proportional
decrease in L per kg hd increase in biomass. Solid points represent stocks wigeveas significantly
different from zero, open points whemgwas not significantly different from zero.

We did not find any relationship between the magnitudegadnd the dependence of species on benthic
resources (Figure 2). The hypothesis thgawould be smaller for species that depend more on benthic
resources is therefore not supported. The only hint of such a pattern occurring is the observation that the
most negativeg was found for sole, which is the most strictly benthivorous species, but solals@ashe
species with the highest observed

7.4 Conclusion

The hypothesis thag would be smaller for species that depend more on benthic resources is not
supported by these results. This implies thlagre is no evidence to support the idea that the carrying
capacity of the ecosystem to support benthivorous fish is reduced by the bottom trawling fisheries that
are targeting these fish specidé.such an effect exists, it is therefore likétybe quie small, and this an
indication thatthe effect of bottom trawling on fish productivity is unlikelylie large ando be occurring

over large scales.
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Cod
Cod
Cod
Cod
Cod
Cod
Cod
Cod
Cod
Cod
Cod

Haddock
Haddock
Haddock

Haddock
Haddock
Haddock

Herring

Herring
Herring
Herring
Herring
Herring

Herring

Herring
Herring

Plaice
Plaice
Plaice
Saithe
Saithe
Saithe
Saithe
Saithe

Sole
Sole
Sole
Sole
Sole

Celtic Sea

Faroe plateau (Vbl)
Georges Bank

Gulf of Maine
Icelandic

Kattegat

Northeast Arctic, Barents Sea (I,

North Sea
West $otland

Faroe (Vb)
Icelandic
Northeast Arctic, Barents Sea

North Sea
West $otland

AutumnSpawn

Baltic

Baltic

Baltic

North Sea

Norwegian Spring Spawning

SpringSpawn

Eastern Channel

Irish Sea

North Sea

Faroe

Icelandic (Va)

Northeast Arctic, Barents Sea
North Sea

Bay of Biscay
CelticSea

Irish Sea

North Sea
Western Channel

Vilek
Vb1l
5Z
5Y
Va
llla

[, Il
IV, llla, Viid
Via
3NO
3P

Vb
Va
[l

IV, llla
Via
4TVW

4TV

2527, 28.2, 29, 32
30

31

IV, Viid, llla

[, 1l

4TV

4VWX
5YZ

Vild

Vila

Y

Vb

Va

I, 1l

IV, VI, llla
4VWXS5YZ

Villa,b
Viifg
Vila
\Y
Vile

(ICES 2006d; ICES 2008d
(ICES 2006a; ICES 2008a
(Mayo and Terceiro 2005)
(Mayo and Terceiro 2005)
(ICES 2006a; ICES 2008a
(ICES 2007b)

(Hylen ; ICES 2007a)
(ICES 2007e; ICES 2009d
(ICES 2006c; ICES 2008c;
(Power, Healegt al.2005)
(Brattey, Cadiganet al.
1999)

(ICES 2007e; ICES 2009c
(ICES 20064a; ICH®3a)
(ICES 2007a; Navarret
Mengeet al.2000)

(ICES 2007e; ICES 2009d
(ICES 2007f; ICES 2008c)

(Frank, R.KMohn et al.
2001)
(LeBlanc,
2006)
(ICES 2007b; ICES 2009a

(ICES 2007b; ICES 2009a
(ICES 2007b)

(ICES 2007c; ICES 2009b
(ICES 2007d; Toresen a

Poirieret al.

@stvedt 2000)
(LeBlanc, Poirieret al.
2006)

(Power, Clarlket al.2006)

(Overholtz, Jacobsoat al.
2003)
(ICES 2008b; ES 2009d)

(ICES 2007f; ICES 2008c)
(ICES 2008b; ICES 2009d
(ICES 2007e; ICES)

(ICES 2006a; ICES 2008a
(ICES 2007a; ICES 2013)
(ICES 2007e; ICES 2009d

(Stone, PPerley et al.
2006)
(ICES 2006b)

(ICES 2006d; ICES 2008d
(ICES 2007f; ICES 2008c)
(ICES 2007e; ICES 2009d
(ICES 2006d; ICES 2008d

Table S1Sources of the data used for each of the stocks used in the analyses.
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This report collates the work that has been carried out under Task 4b8intis together the results of
several different studies that have examined the effect of bottom trawling on the food intake, condition
and population productivity of trawled deensal fish populations. It combines the results of empirical and
modelling studies, and synthesizihe available knowledge from the literature in order to give the most
comprehensive overview of the topic so far.

Some effectsof bottom trawling, both posive and negative, on the food intake and condition of
commercial fished species was evident at local scales and in models, but such effects were not detected
over larger spatial scales. The detected empirical effects at local scales were quite sulefeecAithat

can be hard to detect at the local scale will be even weaker when viewed at the shelf sea scale. The effect
on those populations that range widely will also be rather small and diffuse. As mentioned before, the
effects can be both positive andegative, but there exists only little empirical evidence for positive
effects. The models predict that the effects of trawling can be substantial and both positive and negative,
but only under a limited set of conditions, at low trawling for species wsjtacific dietlt seems that the
flexibility of the diet of fish helps them in overcoming effects of trawling, especially when they can shift to
less sensitive prey, which lead to increases in food availability.

In conclusion, the large amount of work m® under this WP shows that there is no strong evidence to

suggest that bottom trawling has substantial positive or negative effects on commercial fish populations
by affecting their food supply.
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