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Stable isotopes reveal the effect
of trawl fisheries on the diet of
commercially exploited species
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Bottom trawling can change food availability for benthivorous demersal species by (i) changing benthic
prey composition through physical seabed impacts and (ii) by removing overall benthic consumer
biomass increasing the net availability of benthic prey for remaining individuals. Thus trawling may
both negatively and positively influence the quantity and quality of food available. Using §*3C and
%N we investigated potential diet changes of three commercially exploited species across trawling

. gradients in the Kattegat (plaice, dab and Norway lobster (Nephrops)) and the Irish Sea (Nephrops). In

. the Kattegat, trawling affected primarily the biomass of benthic consumers, lowering competition.

* Nephrops showed significant positive relationships for §'*C and a domed relationship for **N with

. trawling. In the Irish Sea, intense trawling had a negative effect on benthic prey. 5*C and §**N thus
showed the inverse relationships to those observed in the Kattegat. Plaice from the Kattegat, showed
a significant relationship with trawling intensity for §:3C, but not for §'°N. No relationship was found for
dab. Changes of §*3C and §*°N correlated with changes in condition of species. The results show that the
removal of demersal competitors and benthos by trawling can change the diets of commercial species,
ultimately affecting their body condition.

. Demersal fisheries are widespread on continental shelves' and are known to cause significant physical changes
. to benthic ecosystems through the use of heavy ground ropes, chains and otter boards dragged across the seabed
. that drive fish into nets?. Bottom trawl fisheries affect populations of commercial species, such as flatfish and
© crustaceans, directly by harvesting, or indirectly through physical habitat changes induced by mechanical trawl
equipment leading to population changes in benthic invertebrates on which these benthivorous species feed*=. So
far most studies on bottom trawling have examined these direct and indirect effects separately. The consequences
of the simultaneous change in the population density of commercially exploited species and their benthic food
resource as a result of bottom trawling have largely remained understudied®.
The harvest of conspecifics or species with a similar diet by the fishery may directly reduce competition for
. food in systems that are prey-limited®. Conversely, reduced prey biomass and changes in prey compositions
. through the mortality caused by fishing gear impacts on benthos may reduce the quantity and quality of prey
. available to predators®~. Therefore, whereas the release of consumers from competition for prey may result in
. higher food availability and higher body condition, alternatively the reduction in prey availability may result in
. lower energy intake and lower body condition. Fishing, thus, has two opposing effects on individuals of commer-
. cially exploited species and depending on which of these is more important, the consequences of bottom trawling
. on food intake of the individual may be either positive or negative. It is therefore the ratio of consumer to prey
. biomass that becomes important in determining whether prey availability has relatively increased or decreased
. in response to trawling.
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Furthermore bottom trawling may alter prey composition and availability for scavenging benthic consumers
by increasing the accessibility to food in the short-term, as benthic fauna are left damaged or dead in trawl tracks
after the passage of trawl gear'®!! or alternatively by unwanted catches being discarded back into the sea'® !> 13,
Many commercial fish species including flatfish and gadoids, are known to display scavenging feeding behaviour
and it can be assumed that most demersal species can act as scavengers. However, if these temporary increases in
food availability translate into measurable long term benefits for scavenging species is thus far unknown.

Changes in fish diet have been generally assessed through the study of stomach samples'. However, stomach
contents analysis presents a number of methodological biases, i.e. the abundance of prey organisms in stomachs
will be biased towards those species that are digested more slowly, and it only provides an estimation of what
the fish have ingested in the hours prior to capture. Stable isotope analysis of muscle tissue can be used to detect
changes in the diet of species over longer times scales'> !¢ and is particularly useful for species such as crustaceans
that macerate their prey, making identification of prey taxa in stomachs extremely difficult. The isotopes §'*C and
6N are widely used for this type of analysis. 6"°N values increase from prey to consumers considering the two
taxonomic groups studied (crustaceans and fish) by approximatively 2.5%o to 3.4%o per trophic transfer with
each trophic step!’~" and thus §'°N value is used to indicate the trophic position of a species?® .. §3C, in contrast,
increases only by ~1%o with each trophic step?’. As a consequence of the conservative transfer properties of §°*C,
it has been used to trace carbon sources in systems where differences in 6'*C values between different primary
producers (i.e. the carbon source) are distinct? 2.

The current study builds on from studies by Hiddink et al.>*® and Johnson et al.’ on Nephrops fisheries in the
Kattegat and Irish Sea, which demonstrated that changes in benthic prey availability due to trawling appears to be
a key driver for plaice (Pleuronectes platessa) and Norway lobster (Nephrops norvegicus) condition but not for dab
(Limanda limanda). The present study aims to increase the insights gained by these previous studies by investigat-
ing the qualitative changes in commercial species diets (plaice, dab and Nephrops) reflected by changes in isotopic
signatures along trawling gradients in both the Kattegat and in the Irish Sea. The two study areas covered distinct
parts of the fishing effort continuum. Trawling intensities in the Kattegat were lower ranging between 0.2 to 7.8
times trawled per annum (y ') (the total area swept by trawl gear within a given area of seabed, divided by that
seabed area), due to various spatial effort regulations i.e. a No Take Zone and seasonal closures, while in the Irish
Sea trawling intensities were higher with intensities ranging from 2.7 to 11.9. y~!. In particular, we predicted for
Nephrops, the species primarily exploited by the fisheries, that the response in isotopic signatures would be dis-
tinct for the two study areas. We hypothesized that in the Kattegat where trawling affected the biomass of benthic
consumers, consequently lowering competition, diets would be composed of higher level trophic prey leading
to increases in both 6*C and 6"°N. In contrast, we predicted that in the Irish Sea, where the high intensities of
trawling had a negative effect on benthic prey biomass, that the trophic level of the diet would decrease reflected
by lower 6"*C and 6N values. These suggested relationships followed the assumption that benthic prey spectra
for Nephrops may have been simplified by intense benthic feeding by competitors and fishing impacts. Moreover,
we predicted that condition would increase with increases in both §"*C and §"°N values, as higher trophic level
benthic prey tends to be nutritionally more valuable compared to lower trophic level prey*. Furthermore, we
investigated the response of isotopic signatures of plaice and dab to trawling in the Kattegat and the link of these
with stomach content and condition.

Results

Comparing benthic prey and consumer biomasses in the Irish Sea and the Kattegat sampling areas (Fig. 1)
demonstrated that trawling affected these two components differently in respective locations. Benthic prey bio-
mass (excluding large infauna, see Methods) in the Irish Sea showed a significant negative relationship with
increasing trawling intensity, while in the Kattegat no significant relationship was detected (Fig. 2A,B, Table 1).
Benthic consumer biomass significantly declined with increased trawling in the Kattegat, but not in the Irish Sea
(Fig. 2C,D, Table 1). In the Kattegat there was a significant dome shaped relationship between the benthic inver-
tebrate biomass to consumer ratio with a maximum at fishing intensities between 5-6 times trawled per annum.
In the Irish Sea benthic prey biomass to consumer ratio was not related to trawling intensity (Fig. 2E,F, Table 1).

The GAMM analysis of §'°C and "N revealed significant responses with increasing trawling intensity for
both 63C and §°N for Nephrops, but only for §*C for plaice from the Kattegat (Fig. 3 and Table 2). For plaice,
61C was lowest at trawling intensities of 4 to 6 times trawled per annum, but higher at low and high trawling
intensities (Fig. 3A). Nephrops showed significant, but opposite, relationships with trawling for both §*C and
6N in the Kattegat and in the Irish Sea (Fig. 3E-H). Whereas Nephrops 6'*C increased linearly with trawling
intensity in the Kattegat, Nephrops 6"*C decreased with trawling in the Irish Sea. In the Kattegat the relationship of
6N with trawling was domed with the maximum 6N values at trawling intensities around 5 times trawled per
annum (Fig. 3F, Table 2). In the Irish Sea, a negative domed relationship was evident with minimal §"°N values at
intermediate trawling intensity between 6 to 10 times y~! (Fig. 3H,). Dab did not show any significant relationship
for §'3C and §"°N (Table 2).

To ensure that isotopic baselines variations did not drive or influence the relationships observed between
isotopic values and trawling, predicted isotopic baselines from empirical models, using bottom temperature as
an environmental predictor, were correlated with the mean isotopic values observed over the sampling stations
using least square regression models. No correlations were evident between the predicted baselines and observed
mean isotopic values (S3). Furthermore, the GAMM analyses examining the relationship between isotopic signa-
tures and trawling were repeated on the observed data subtracting predicted isotopic baseline data (i.e. the new
response variable was the difference between observe isotopic values - the predicted baseline). GAMMs showed
almost identical trends as well as significance levels as observed in the original analysis (see S4 and S5), demon-
strating that predicted baseline variation within sampling areas had significant influence on the relationships
reported due to trawling.
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Figure 1. Location of the two Nephrops trawling areas with sampling stations imposed (A) north eastern Irish
Sea and (B) Kattegat. In the Kattegat fishing effort management zones are displayed, NTZ =No Take Zone.
Maps were created with the software package QGIS Lyon V2.12.

The GAMM for Nephrops condition (expressed as the weight of a standardized length individual) over the
trawling gradient in the Irish Sea was marginally non-significant (Fig. 4C, Table 1). Due to the closeness to signif-
icance and the contextual indications from the Kattegat data, GAMM condition predictions were used to investi-
gate the relationship between §*C and 6'°N values and condition. The relationships between trawling intensities
and body condition for Nephrops, dab and plaice in the Kattegat were not presented within the present publication
as they formed part of a previous publication®. Summarizing these results, a significant negative linear trend of
Nephrops condition was observed with increasing trawling intensity in the Kattegat, while for plaice a domed rela-
tionship with its peak at approximately 5 times trawled per annum was detected. Dab did not show a significant
response to increases in trawling intensities.

The relationship between isotopic signatures and predicted species condition were investigated using least
square regression analysis of 6"°C (untreated and lipid normalized) and 6'°N versus species condition (previously
published data® for the Kattegat and the present publication for Nephrops for the Irish Sea see above) revealed a
significant negative relationship for plaice with §'*C. Nephrops condition in the Kattegat and the Irish Sea showed
significant positive relationships with §"*C (Fig. 4A,B,D, Table 3). No relationship between condition and §*C
was found for dab. As the relationships detected between §'*C and condition showed similar significance levels
after lipid normalization it was concluded that the source of §*C changes observed were related to changes in prey
species composition rather than related to the lipid content of the tissue. 6'°N showed a significant relationship
with Nephrops condition in the Kattegat but not in the Irish Sea (Table 3, not displayed in Figure). No relationship
was found between condition and §'°N for plaice or dab.

Stomach content compositions of plaice were analysed to explain the effects of trawling on 6"*C by the feeding
type of the prey consumed. The mean percentage contribution of prey items in stomachs belonging to different
feeding groups a) scavenging and predatory prey, b) suspension and deposit feeding prey, and ¢) non-determined
feeding types were correlated with the measured 6>C signature of plaice from the stations sampled. The percent-
age contribution of suspension and deposit feeding prey showed a significant negative relationship with §'*C
values (d.f.= 1,9, p=0.014, > =0.51), while no such relationship was found for the other groups (Fig. 5).

Discussion

Towed bottom fishing gear have been shown to affect commercially exploited fish condition through two main
drivers; changes in density of intra- and inter-specific competitors and changes in benthic prey biomass™*. Both
processes are thought to directly affect both the quantity and quality of food intake of commercial species. The
results of the carbon §'*C and nitrogen 6'°N analysis demonstrated that trawling was most likely responsible for
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Figure 2. (A,B) Response of benthic biomass to trawling frequency (A: Kattegat, B: Irish Sea). (C,D) Response
of main benthic consumers (Plaice, Dab and Nephrops combined and additionally long rough dab in the
Kattegat) to fishing pressure (C: Kattegat, D: Irish Sea. E,F). Note that y-axis scales of panels (A, B) as well as
(E,F) are different. Benthic prey biomass to benthic consumer ratio (kg km?) in relation to fishing intensity

(E: Kattegat, F: Irish Sea). Black lines represent significant GAM model relationships and grey lines their 95%
confidence intervals. Dashed line in F signifies non-significant trend. Points represent mean values at stations.

dietary changes in plaice and Nephrops, but not in dab. In the Kattegat, which due to spatial effort regulations had
lower fishing effort ranges, trawling reduced primarily the overall numbers of benthic consumers while not sig-
nificantly affecting benthic prey biomass. Thus, at low to medium trawling intensities, as trawling increased up to
approximately 5 times trawled per annum, more benthic prey became available per benthic consumer. At higher
trawling intensities, the trend reversed with less prey being available per individual. Conversely, in the Irish Sea
fishing intensities were higher, leading to decreases in benthic prey biomass while not significantly affecting the
numbers of benthic consumers. This absence of a significant response may have to do with demersal fish (in par-
ticular plaice and dab) immigrating into the relatively small area of the fishing ground from other areas or it may
be related to consumer populations having already stabilized at low levels across the trawling gradient. Prey bio-
mass in the Irish Sea was overall significantly lower compared to the Kattegat. Consequently, the prey to predator
ratio was also lower emphasizing that overall competition for food may have been more intense in the Irish Sea.
The lower 6'*C of Nephrops at low trawling intensities in the Kattegat and at high trawling intensities in the
Irish Sea could be the result of less optimal feeding conditions due to stronger competition for food resources.
Two alternative changes in feeding and diet exist that could explain the observed patterns. Nephrops are known
to adopt suspension-feeding or ‘micro-raptorial’ feeding during periods of food scarcity”’. Thus, the lower 6*C in
the tissues of Nephrops could be explained by an increase in this feeding activity and the consumption of plank-
tonic particulate organic matter that in general has lower §"*C compared to benthic invertebrates®. Alternatively,
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[N [Resdf [F ® [p \
Kattegat
Benthic prey biomass (kg km~?) 15 13.18 4312 0.005 0.666
Benthic consumers (kg km~2) 15 12.76 6.863 0.512 0.008 ek
Benthic prey: consumer ratio (kg km=2) | 15 1223|4982 0474 ]0.023 |*
Irish Sea
Benthic prey biomass (kg km~2) 11 10.00 6.78 0.366 0.028 *
Benthic consumers (kg km~2) 11 10.00 0.47 0.057 | 0.509
Benthic prey: consumer ratio (kgkm=2) | 11 10.00 | 0.65 0.036 | 0.442
Nephrops condition (g) 199 195.00 | 6.42 0.931 0.097

Table 1. GAM and GAMM statistical outputs for response variables tested individually against the independent
variable trawling frequency y~! (results also displayed in Fig. 2A-F). Res.df are the residual degrees of freedom.

Nephrops may also feed increasingly on supra-benthic mysids if abundances of other benthic prey are low i.e.
due to competition or fishing impacts. Mysids have a stronger trophic association to the planktonic food and
thus also have lower §'*C?. However, which of the two mechanisms caused the observed patterns could not be
determined by the presented data. 8'°N followed the tendencies of §'*C only in part. In the Kattegat, an increase
in 6N was observed up to a trawling intensity of approx. 5 times trawled y~! after which it slightly decreased.
In the Irish Sea, 8'°N decreased together with §'*C until a trawling intensity of approximately 8 times y~! after
which it slightly increased again. The reasons for these patterns is currently not clear but may have to do with a
change in the dominant benthic prey consumed. §"*C as well as 6"°N were positively correlated with the condition
of Nephrops thus emphasizing the positive effect the switch from planktonic food web prey towards benthic prey
had for the species.

Of the two flatfish species in the Kattegat, only plaice showed a significant relationship between §'*C and
trawling frequency. Plaice displayed the lowest values of 6'*C at trawling frequencies around 5 times trawled y~!.
The decrease in §"°C at medium trawling intensities was most likely associated to a change in the diet of plaice
towards prey items that are more closely linked to carbon sources originating from planktonic food webs such
as suspension and deposit feeding species®. Furthermore, §1*C values of plaice showed a significant relationship
with condition inferring that the suggested change in prey composition at medium fishing intensity reflected
a change towards better feeding conditions. Feeding may be optimal for the individual at this point due to the
presence of fewer competitors and relatively high densities of benthic prey. As this relationship was evident in
both untreated and lipid normalized data the possibility that the negative relationship was caused by a higher lipid
content of the fish tissue could be excluded. This result highlighted that increases in condition are not necessarily
linked to diet changes towards higher trophic level prey as originally hypothesized, but that other dietary changes
can equally affect fish condition positively. The absence of a response in isotopic signatures in dab appears to sug-
gest that dab, with its generalist feeding strategy™> %, is able to feed successfully despite competition and changes
in prey availability without measurable effects on its condition.

Another source of dietary change that may influence the stable isotope signatures of commercial species may
be through discards by fishery. Discarding of by-catch from the Nephrops fisheries is generally high and thus
could be a potential source of food for the commercial species®. Dab, plaice and undersized Nephrops are likely
to be the main discard species in both study areas®?. Based on our observation on fish biomass multiplied by the
fishing frequency, discarding of these species should have steadily increased with trawling frequency in both the
Kattegat and in the Irish Sea. Therefore, if discards formed an important part of the diet of Nephrops an increas-
ing relationship of both §'*C and §"°N with trawling frequency should also have been evident in both areas, for
increased feeding on fish and crustacean discards would have led to higher isotopic signatures compared to feed-
ing on other benthic prey. While the relationships observed in the Kattegat matched this trend, in the Irish Sea
6"C and 6N showed decreasing trends, opposite to the theoretical increases predicted. In contrast to Nephrops,
plaice 6"*C and 6N values in the Kattegat did not show relationships that could be associated with discarding.
It is therefore concluded that while discarding cannot be completely excluded as an explanation for the observed
trends in 6"*C and 6"°N for Nephrops in the Kattegat, the data presented from the Irish Sea appears to point more
towards shifts in feeding from benthic food towards a more planktonic based food source.

Few studies to date exist that examine the responses of commercially exploited species diet and condition
through trawl induced changes in prey availability>°. Assessments of changes in stable isotope signatures of com-
mercial species are even less common and currently few other studies exist that investigate changes in 6"*C and
6N along a trawling gradient. A study in the Celtic Sea investigated changes in 6'°N of four commercial fish spe-
cies at low, medium and high trawling intensities®'. This study found that whiting (Merlangius merlangus) at dif-
ferent size classes had significantly higher 6'°N at low trawling effort sites, whilst a similar trend was only evident
for large megrim (Lepidorhombus whiffiagonis). 8*°N values for plaice and lemon sole (Microstomus kitt) showed
no significant differences. §*C was not analysed. The lower 6'°N was interpreted as a change in diet of whiting
and large megrim to a benthic diet at high trawling intensity sites. This was interpreted as reflecting scavenging of
these fish on benthic organisms that were damaged by trawling activities. The relationships observed by the Celtic
Sea study®! were quite different to the results of the present study. However, it needs to be noted that within the
present study we examined the effect of trawling on the diet of relatively small flatfish and a crustacean species
that are true benthivores, while in the Celtic Sea study significant relationships were found for whiting and large
megrim, species that generally tend to have piscivorous diets. Studies in the Mediterranean Sea, investigating
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Figure 3. Relationship of isotopic carbon and nitrogen signatures along trawling gradients in muscle tissue of
(A,B) Plaice in the Kattegat, (C,D) Dab in the Kattegat (E,F) Nephrops in the Kattegat and (G,H) Nephrops in
the Irish Sea. Solid black lines signify significant GAMMSs and grey lines represent 95% confidence intervals.
Points represent mean values at stations.

Kattegat

Plaice 6'*C 76 13 73.71 3.16 0.193 0.032 *
Plaice 6N 76 13 75.00 0.95 0.002 0.331

Dab 6°C 85 15 83.13 2.05 0.083 0.212

Dab 6N 85 15 84.00 1.68 0.043 0.199

Nephrops 6*C 68 12 67.00 12.17 0.219 <0.001 o
Nephrops 5N 68 12 65.45 9.68 0.331 <0.001 o
Irish Sea

Nephrops §°C 52 9 8.00 7.615 0.172 0.008 o
Nephrops 6N 52 9 7.12 5.730 0.157 0.021 *

Table 2. GAMM statistical outputs presented in Fig. 3 A-H. Relationship of the response variables listed with
trawling frequency y—'. Res.df are the residual degrees of freedom.
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Figure 4. Relationship between §'*C and condition as weight of a standard length fish (A) plaice and (B)
Nephrops in the Kattegat. (C) Weight of standardized length Nephrops (g) with increasing trawling frequency
in the Irish Sea. Standardized length for Nephrops refers to carapace length in all instances. Only significant
relationships are presented except for (D), the relationship between 6"*C and condition expressed as weight of

a standard length Nephrops from the Irish Sea. The dashed line represents the non-significant prediction of the
GAMM model. Nephrops weight displayed in the Irish Sea are predictions for clawless male individuals, see
Methods. The significant relationship of §°N and Nephrops condition in the Kattegat (Table 3) was not displayed
due to lower r? and significance values compared to §*C.

Kattegat
Plaice §13C 13 |11 5.49 0.33 |0.038 |*
8BC ormatized | 13 | 11 7.27 0.39 ]0.021 | *
§C 12 |11 10.93 | 0.52 | 0.007 | **
Nephrops | 6C ,opmatizea | 12 | 11 8.022 |0.44 |0.017 |*
6N 12 |11 5.92 0.37 0.035 |*
Irish Sea
§C 9 |7 9.23 0.57 |0.018 |*
Nephrops | 6°C opmatized |9 |7 7.87 0.52 | 0.026 |*
6N 9 |7 2.52 0.26 | 0.156

Table 3. Least square regression models of '*C and §'°N against standardized body weight (as a proxy for
condition). Weight values were obtained from the predicted GAMM model outputs and 6°C and §'°N observed
measurements. Both 6°C and §'*C normalized were used in the analysis. A significant relationship of both §*C
and §'°C normalized verified that the relationship was not related to the lipid content of the tissue. Res.df are the
residual degrees of freedom.

differences in isotopic signatures of 6!*°C and §'°N in trawled versus un-trawled areas found higher §'°N values
in untrawled areas for red mullet (Mullus barbartus), hake (Merlcuccius merluccius), monkfish (Lophius bude-
gassa) and pandora (Pagellus erythinus). No trawling related differences were found for 6'*C**-34. The authors of
these studies concluded that trawling only had limited trophodynamic effects on fish species. The lack of a clear
response in §°C and 8N of commercial species in studies using trawled versus untrawled area comparisons may
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Figure 5. Plaice stomach composition of functional feeding groups along the trawling gradient in the
Kattegat. Relationship between mean percentage contribution in weight in plaice stomach of (A) Predators and
Scavengers, (B) Suspension + Deposit feeders, and (C) Unidentified feeding traits and 6**C.

have to be reinterpreted in the light of results from the present study. When comparing trawled versus untrawled
areas only two points along the trawling spectrum are being compared. Within our results we demonstrate that
at very low and high trawling intensity, isotopic compositions may be quite similar as prey availability may be
driven by two different processes, i.e. competition amongst benthic consumers and the reduction of benthic prey
biomass through fishing impacts.

The changes in 6"*C and 6'°N documented by the present study were subtle and it could be argued that they
simply reflect geographical differences in isotopic baseline values, therefore confounding results. However, we
found no evidence of predicated isotopic baselines to correlate with mean observed values. Furthermore, repeat-
ing the GAMM analyses on the relationships between isotopic signatures and trawling using as a response varia-
ble the difference between observed values and predicted isotopic baselines showed almost identical trends and
significance levels. These results suggested that baseline variations are a highly unlikely source for the observed
trends. This argument was further supported by the distinct responses observed for plaice and Nephrops in the
Kattegat. If baseline changes were at the root of the observed changes responses should have been similar. This,
together with the correlation of §"*C with specific prey types found in stomachs of plaice and correlations of body
condition for plaice and Nephrops (for both areas) appears supportive of results reflecting genuine diet changes.

The findings of this paper highlight that trawling does not simply remove fish and benthos, but it also changes
prey and predator relationships. As such it emphasises that the secondary effects of trawling should be taken into
account within an ecosystem approach to fisheries. Fisheries management measures, such as the reduction or
displacement of fishing effort trough fishing closures, may therefore have unexpected effects on both benthic prey
and the predators®. These consequences need to be carefully evaluated and adapted to the local case scenarios to
ensure the effectiveness of fisheries management measures. Based on the results of this study trawling frequen-
cies of about 5 times y~!' may improve feeding and condition for plaice and Nephrops in the Kattegat. In the Irish
Sea trawling should be no higher than 4 times y~! to avoid negative effects on Nephrops diet and thus condition.
Furthermore, by switching to gears that affects benthic prey to a lesser extent, such as gill nets, long-lines or pots
and creels targeting Nephrops®, the negative effects of bottom trawling on the diet and condition of commercial
species may be mitigated.

Materials and Methods

Sampling areas. Survey work was conducted off the Cumbrian coast (UK) in May 2011 (north-eastern Irish
Sea) and in the southern Kattegat in August 2013 (Fig. 1). Both areas are characterized by low-energy hydrody-
namic conditions and have a muddy substratum and an active Nephrops fishery utilizing otter trawls*>*.

Fishing effort and station selection. Fishing effort in the Irish Sea was estimated from the spatial distri-
bution of trawling activities over the fishing ground derived by combining over-flight data from 1999 to 2004, as
in ref. 36, with Satellite Vessel Monitoring System (VMS) data from 2004 to 2008, as in ref. 6. For a more detailed
description of fishing effort estimates see ref. 6. The 2008 fishing estimates were used within this study with the
assumption that overall fishing patterns had not changed significantly over the following two years prior to the
survey.

In the Kattegat, fishing pressure was estimated by combining VMS data with official logbook data and fishing
gear dimension estimates. From this data, vessel tracks with an estimated impact area were calculated to estimate
trawling frequencies over the trawling ground. For the calculation, only Swedish and Danish VMS and logbook
data were used for vessels >15 m following the assumption that the fishing effort by other countries and vessels
below 15m would be small and comparable to the effort distribution calculated. Data for a three-and-a-half-year
period prior to sampling, from January 2010 to August 2013, was used to estimate trawling intensity (for more
details see ref. 25).
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In the Irish Sea, eleven sampling stations over a steep trawling gradient were selected for the sampling of fish
and benthos. Trawling frequency ranged between 2.7 to 11.9 y~!. All stations had a similar depth (31 +6m) and
substratum type (sandy mud) see Table S1.

The selection of stations in the Kattegat followed the same principles as in the Irish Sea. In total fifteen stations
were sampled that had a trawling frequency gradient of 0.2 to 7.8 y~!. All stations had similar habitat characteris-
tics with respect to depth (32 + 3m) and sediment type (sandy mud) see Table S2.

Multivariate statistical analyses were used in both areas to ensure comparability of environmental variables
of sampling stations included in the analysis. The results of these analyses have been published for the Irish Sea*
and for the Kattegat™.

Study species. Tissue samples of plaice and dab for stable isotope analysis were collected from the Kattegat
Sea, whereas tissue samples of Nephrops were collected from both the Kattegat and the Irish Sea. All three species
are caught by commercial trawl fisheries, and are benthic predators feeding on relatively similar prey items. Plaice
generally feed on small polychaetes and to a lesser extent on bivalves>?**, while dab feed on mobile crustaceans,
polychaetes, fish, mollusc siphons and (the arms of) brittle stars'®*®3°. Nephrops feeds on a great diversity of prey,
in particular small crustaceans, molluscs, echinoderms (including brittle stars) and fish*»4!. Furthermore, it has
been suggested that Nephrops may be able to adopt filter-feeding or ‘micro-raptorial’ (feeding on plankton or par-
ticulate organic matter) feeding during periods of food scarcity®’, which is thought to be particularly important
for females spending prolonged periods in their burrows during egg bearing.

Sampling of benthos and fish. The benthic infauna was sampled by taking five 0.1 m? grab samples at
random locations within a station. In the Irish Sea, a station was defined by a 1 x 2 km box and in the Kattegat by
a 3 x 3 km box. Each grab sample was sorted over a 1 mm sieve and preserved in 4% formalin for later taxonomic
identification. Results from the five individual grabs were pooled before statistical analyses was carried out as
within station variability was not of interest to this study. Only individuals with heads, in the case of worms, and
oral discs, in the case of brittle stars, were included in the abundance estimates, whilst all parts where used for
biomass estimates.

In the Irish Sea, fish were sampled during daylight hours using a rock hopper otter trawl with a net opening
of 16 m, a head line height of 3 m, and an 82 mm diamond mesh cod-end. Two 30-minute tows were executed
at 4 stations at a speed of 3 knots. Due to adverse weather conditions all remaining stations were only towed
once. Similarly, in the Kattegat, fish were sampled using an otter trawl with a net opening of 25 m and an 80 mm
cod-end. Two 30-minute tows were conducted at all stations. All fish from each haul were identified, measured to
the nearest millimetre and weighed to the nearest gram on-board the vessel. If the number of fish caught per spe-
cies was greater than 50 individuals, a subsample of 50 individuals was measured and weighed. Total abundance
and weight of fish caught were measured per tow and standardized by the swept area to kg km~2. In the Kattegat,
the carapace length (CL) and total body weight of Nephrops was recorded. In the Irish Sea, Nephrops catches were
frozen directly after capture and taken to the laboratory for later analysis. During defrosting of bulk samples in
the laboratory animals frequently had missing claws. As a consequence, all front claws (chelipeds) were removed
prior to weighing.

Procedures of animal sampling were carried out according to relevant guidelines and regulations. Sampling
protocols were approved by Bangor University.

Sampling for fish stomach contents. Stomach samples of plaice and dab were taken from individuals
with a body length range between 182-299 mm and 168-274 mm respectively in the Kattegat. Concentrating
on these sizes limited the possibility of introducing ontogenetic changes in diet. Stomachs of 20 individuals per
station were extracted and stored in 8% formalin solution.

Sampling and stable isotope analysis. White muscle tissue samples from 5-6 individuals of each respec-
tive study species were collected for each station. For flatfish, individuals were chosen from the same size range
as the stomach samples to evade confounding ontogenetic variation in carbon §"*C and nitrogen §'°N readings®.
(Dab mean length: 198 mm + 17 S.D.; Plaice mean length: 251 mm £ 29 S.D.). The mean carapace length (CL)
for Nephrops collected in the Kattegat was 51 mm = 1 S.D. and was 43 cm = 3 in the Irish Sea. For the flatfish,
a 2 x 2cm piece of white muscle tissue was taken with the skin removed approximately 2 cm to the right of the
pectoral fin and 1 cm above the lateral line. For the Nephrops, white muscle tissue was extracted from the first tail
segment with shell, digestive and nerve tract removed. Due to logistical constraints of the sampling, all samples
from the Kattegat were preserved in 100% pure ethanol for transport to the laboratory. Ethanol preservation of
tissue samples has been shown to affect stable isotope readings in particular for carbon 6"*C and less so for nitro-
gen 8"°N*2. Thus care needs to be taken when interpreting the absolute carbon §'*C values. However, as all samples
from the same area were treated the same, the relative values amongst stations with different fishing histories
remain comparable. Nephrops samples from the Irish Sea were stored frozen at —18 °C after capture for later anal-
ysis in the laboratory. In the laboratory, all tissue samples were oven dried for 24 hours at 75 °C. Each individual
tissue sample was ground to a homogenous powder using an agate pestle and mortar. Subsequently, 1.5-2.0 mg
of the resulting powder was weighed into tin capsules for stable isotope analysis. Tissue samples were combusted
for C and N isotope compositions using continuous flow isotope ratio mass spectrometry (CF-IRMS) THERMO
delta X PLUS mass spectrometer (Scientific Technical Services - University of the Balearic Islands). The isotope
mass spectrometer was operating in dual mode measuring 6'°N and 6'*C in the same sample. Stable isotope ratios
where expressed in the conventional ¢ notion as parts per-mil (%o) according to the following equation 1:
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X = [(Rsample/Rstandard) - 1] x 1000 (1)

where X is §"*C or 6"°N and R is the corresponding §'*C or §"°N ratio respectively. The analytical precision of
measurements expressed as the standard deviation was 0.16%o for 6'*C and 0.11%o for §"°N as estimated from
the bovine liver standard (1577b, US Department of Commerce, National Institute of Standards and Technology,
Gaitherburg, MD) analysed together with the samples.

Statistical analysis. To demonstrate how the effect of trawling on benthic prey and consumers differed in
the two areas the effect of trawling frequency (times trawled y~!) on benthos (biomass), benthic consumers, and
benthic consumers to benthic invertebrate prey biomass ratios were analysed using Generalized Additive Models
(GAMs) for both areas. GAMs were used as the relationships were not expected to necessarily follow a linear
relationship?. The response variable ‘biomass’ was total benthic infaunal biomass sampled per station, excluding
the biomass of rare large infauna species such as large echinoderms and bivalve species (e.g. Asterias rubens,
Echinocardium spp. or Arctica islandica) as they are not sampled well using grabs and are not eaten by our study
species but disproportionately affect sample biomass. The main benthic consumers in the Irish Sea were plaice,
dab and Nephrops (97% of biomass in otter trawls®). In the Kattegat these same three species and additionally long
rough dab (Hippoglossoides platessoides) were the four main benthic consumers (89% of biomass in otter trawls®).

The main focus of the present study was to determine the effect of trawling on the stable isotope signatures
of plaice, dab and Nephrops. As the relationships were not expected to necessarily follow a linear relationship
the response of §'*C or 6N with trawling intensity was modelled using Generalized Additive Mixed Models
(GAMM). GAMMs were run using the package mgcv in R*»#. A mixed model approach, with stations as a
grouping variable, was used as the measurements of individuals caught at the same station were not independent.
All models had a Gaussian error distribution. Homogeneity of residuals was established for each model through
visual examination of plotted standardized residuals versus fitted values.

Isotopic baseline values of §'*C or §*°N may vary in space due to differences in environmental conditions, in
particular temperature*=%. In general, to determine the isotopic baselines studies tend to collect tissue samples
of primary consumers such as filter feeding bivalves or other basal organisms**~*’. Organisms that were suitable
for estimating isotopic baseline values, such as clams, were present in grab samples but no single species had
a high enough biomass across all stations over the trawling gradient to allow estimation of isotopic baseline
values. We therefore estimated the isotopic baseline using empirical relationships that relate the baseline to envi-
ronmental conditions®>~*". Here, we used the relationships that predict isotopic baselines from queen scallops
tissue, Aequipecten opercularis, based on the annual mean sea bottom temperature (SBT) that was developed for
the North Sea [6°Cyyy0p = 0.336*SBT-21.53 (from** modified by*’); §"*N,yiop = 0.59*SBT 4-1.62 from*]. Mean
annual bottom temperature data for the two-year period prior to sampling was used. Bottom temperature data
was extracted from ocean models that can be accessed through the COPERNICUS MARINE ENVIRONMENT
MONITORING SERVICE. (http://www.marine.copernicus.eu/; Irish Sea model data: NORTHWESTSHELF_
REANALYSIS _BIO _004 _011; Kattegat model data: BALTICSEA _REANALYSIS _PHY _003 _008). To ensure
that isotopic baselines variations did not drive or influence the relationships observed between isotopic values and
trawling; predicted isotopic baselines were correlated with the mean isotopic values observed at sampling stations
for respective species and areas. The robustness of our results were further examined by repeating the GAMM
analyses using the difference between observed isotopic values and the predicted baseline and examining if it
affected observed relationships. A persistence of trends and significance levels would indicate that the predicted
isotopic baselines were unlikely be the source of the observed trends.

Similarly, the impact of fishing on the condition of the three commercial species was analysed by using
Generalized Additive Mixed Models (GAMMs) to model the relationship between log,, weight and log,,
length and trawling intensity, with station as a grouping factor and a Gaussian error distribution as described®.
Thereafter, we refer to changes in the condition in the weight at length as the condition. For presentation pur-
poses, condition is reported as the weight at a standardized length, which is the mean length observed consider-
ing the data from all stations. As the interaction between log,, length and trawling was not significant, this term
was excluded. Homogeneity of residuals was assessed visually as described above. Nephrops condition was only
calculated using male individuals.

The relationship between isotopic signatures and predicted species condition were investigated using least
square regressions. To determine if any observed relationships between condition and 6°C were caused by the
lipid content of the tissue rather than by changes in prey composition, regression of §'*C were performed with
untreated and lipid normalized data following the arithmetic correction for aquatic animals*. Fish and shellfish
in general do not store lipids in white muscle tissue'®, nevertheless a study on lobsters* found that lobsters that
fed on the same food but with different lipid concentrations showed differences in 6'*C. Higher lipid content food
had lower §"3C. Thus, changes in §'*C in white muscle tissue of study species with trawling intensity may either
reflect that prey were linked to a different carbon source or indicate changes in the lipid content of the tissue. To
distinguish between the effects of lipids in lowering 6"*C values and genuine changes in prey, we predicted that
any observed relationship between 6'*C and commercial species condition should disappear after arithmetic lipid
correction of 6"°C if higher lipid storage in the tissue was the responsible driver
— s

13
4 Cnormulized untreated

3324099 xC: N (2)

The resulting normalized 6'3C (equation 2) is comparable to the §'3C after direct chemical extraction of
lipids*.
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Stomach content composition of plaice were analysed to explain the effects of trawling on 6°C (see results
section). 6"*C signatures were thought to be most likely influenced by the feeding type of the prey consumed. It
was assumed that an increase in the amount of suspension feeders and deposit feeders compared to predators
and scavengers in the diet may lead to a decrease in §"*C as these feeding types are more closely related to the
pelagic food web having themselves lower §'°C signatures®. Thus, the relationship between §°C and the mean
percentage of prey feeding types using wet weight as an estimate of biomass in stomachs were examined by least
square regressions. Prior to analysis the prey items were categorized into three feeding types: a) scavenging and
predatory prey, b) suspension and deposit feeding prey, and c) non-determined feeding types. The characteriza-
tion was based on the traits database biotic (www.marlin.ac.uk/biotic) and expert judgment by the authors. Many
prey species exhibited both suspension and deposit feeding, as was the case for bivalves and brittlestar species that
dominated the stomach contents of plaice.

Data Accessibility.  Fish abundance and infauna data for the Kattegat is already available through the Dyrad
data repository (http://dx.doi.org/10.5061/dryad.04dv4). Stomach contents data for dab and plaice are available
through DAPSTOM database held by CEFAS. Stable isotope as well as data on infauna, and fish from the Irish
Sea is available through the Dyrad data respository (doi:10.5061/dryad.g3qh8).
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