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SUMMARY
This task quantified and compared the effect of chronic and large scale bottom fishing
on several measures of benthic ecosystem functioning in several different habitat types.
The processes that were studied are bioturbation, nutrient fluxes, carbon storage,
benthic-pelagic coupling, secondary production and energy flow through food webs. The
effect of bottom trawling on each of these processes was quantified in comparative
studies of areas with gradients of commercial trawling effort in several areas, using
information from existing studies and through surveys in new areas, and through
modelling. Some of these processes were measured directly, while in others the trait
composition of the benthic fauna was used as a proxy for changes in the processes.
Comparison of the effect of trawling on the functional composition of benthic
communities over a large spatial scale in NW Europe showed that both trawling and
natural disturbance caused declines in long-lived, hard-bodied, and suspension-feeding
organisms. Because the effect of trawling and shear stress was similar, there was no
detectable trawling effect on the composition or function of communities exposed to a
high natural disturbance. These observations together provide strong evidence for the
similarity of the community states induced by trawling and natural disturbance.
A food-web model showed that fishing with the different types of gears always has a
negative effect on scavenger biomass and a positive effect on filter feeder biomass,
although for the otter trawl the effect is initially negative with increasing fishing
intensity. The dredge has the most negative effect on deposit feeder biomass which is
reflected in low scavenger biomass. Of all gears tested the otter trawl and the shrimp
trawl have the least negative effect on co-existence with increasing fishing intensity.
Including the effect of resuspension due to the sediment disturbance by the gears
caused some changes in the model outcomes.
A comparative study of the biological (macro-infaunal) and biogeochemical responses
to fishing in two different types of sediment substrates (mud vs. sand) in the Irish Sea
that were predominantly impacted by otter trawls and scallop dredges was carried out
in June 2014. The sandy habitat (>90% sand) was typical of a hydrodynamic
environment characterized by a diverse array of small infaunal species, low organic
carbon levels and fast remineralisation of organic matter in the sediment. The muddier
habitat (>65% fines) was dominated by fewer but larger bioturbating species compared
to sand, and illustrated highly diffusional solute transport, higher organic carbon
content and a shallower oxygen penetration depth. Generally there appeared to be no
clear statistically significant changes in the biogeochemistry of the sandy or muddy
habitat that could be attributed to different intensities of fishing. However, pore-water
nutrient profiles of ammonium, phosphate and silicate provided clear evidence of
organic matter burial and/or mixing as a result of trawling at the muddy site. The
biogeochemistry at the sandy site appeared to remain dominated by the natural
physical environment, so impact of fishing disturbance was less evident. These results
suggest that fishing does not have comparable effects on the biology and
biogeochemical processes in all benthic habitat types. These results were compared
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with the outputs of ecosystem model runs for the same area, and upscaled to make
regional predictions of the state of the ecosystem.
The outcomes for these field and modelling studies were used to identify candidate
processes that could be used as indicators of Good Environmental Status (GES) for the
purpose of the MSFD, and their reference levels. Our current knowledge suggests that:
 A strong natural variation exists in the reference levels of potential indicators of
GES, and reference levels will therefore need to be habitat specific
 Naturally dynamic areas with higher tidal currents are less sensitive to trawling
impacts
 Empirical works shows that long-lived, hard-bodied, and suspension-feeding
organisms could act as good indicators of trawling impact, although this is
contradicted by model outputs.
 organic carbon, oxygen penetration depth and aRPD (redox depth), production
to biomass ratio of the infaunal community, bioturbation potential and porewater ammonium concentration are the parameters which act as good indicators
of trawling impact
 other parameters such as pore-water nutrients (phosphate, sulphate and
silicate) showed some merit but have poorer supporting datasets and need
further work regarding their ability to assess sea-floor status.
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1 GENERAL INTRODUCTION
Marine ecosystems cover more than 70% of the surface of the planet and provide a range of
goods and services. Among the many impacts that affect the world’s oceans, fishing has
undoubtedly caused the greatest ecosystem changes to date leading to the extirpation of
large bodied megafauna and even regime shifts. It is well understood that bottom trawling
affects the biomass, production and diversity of benthic invertebrate communities (animals
that live in and on the seabed). Trawling impacts on benthic communities have to be
considered since benthic invertebrates form the major food source for many commercially
exploited fish species and have a significant role in supporting ecosystem functions such as
the flow of energy through food webs, provision of food for commercial fish species,
bentho-pelagic coupling and nutrient cycling.
In the past, most studies on the effect of bottom trawling have examined the effect on the
state of the ecosystem, e.g. on the biomass and biodiversity of invertebrates. Our
understanding of how trawling affects these ecosystem processes is much more limited, and
we have particularly little understanding of how trawling affects these processes in different
habitats, and how important the effect of trawling is relative to other natural drivers of the
processes.
A major gap in our understanding is found in particular in the effect of trawling on the
biogeochemistry-infauna interactions in different sediment types. Because, measuring
ecosystem function directly can be difficult, the trait composition of the benthic community
can be used as a proxy to quantify the functioning of benthic ecosystems (see WP3
deliverables). Quantifying changes in trait composition over gradients of trawling effort may
therefore help us understand how ecosystem processes are likely to change. Synthesis of
such understanding can be done through ecosystem and food web models.
This task will quantify and compare the effect of chronic and large scale bottom trawling on
several measures of benthic ecosystem functioning in several different habitat types. The
processes that will be studied are bioturbation, nutrient fluxes, carbon storage, benthicpelagic coupling, secondary production and energy flow through food webs. The effect of
bottom trawling on each of these processes was quantified in comparative studies of areas
with gradients of commercial trawling effort in several areas, using information from
existing studies and by through surveys in new areas. In some of the chapters below some
these processes were measured directly, while in others the trait composition of the benthic
fauna was used as a proxy for changes in the processes in other chapters. The outcomes for
these field and modelling studies were used to identify candidate processes that could be
used to as indicators of Good Environmental Status (GES) for the purpose of the MSFD, and
their reference levels.
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2 SIMILAR EFFECTS OF BOTTOM TRAWLING AND NATURAL DISTURBANCE ON
COMPOSITION AND FUNCTION OF BENTHIC COMMUNITIES ACROSS HABITATS
Contributors: van Denderen, P.D., Bolam, S.G., Hiddink, J.G., Jennings, S., Kenny, A.,
Rijnsdorp, A.D., and van Kooten, T.
Bottom trawl fishing has widespread impact on benthic habitats and communities. The
benthic response to trawl disturbance is influenced by the degree of natural disturbance in
an area, as communities are also modified by the effects of currents and waves on the
seabed (bed shear stress). In areas exposed to high natural disturbance, community
responses to trawling also seem to be smaller or absent, leading to the possibility that
natural and trawl disturbance affect benthic communities in a similar way. However,
systematic tests of this hypothesis at large spatial scales and with data spanning many levels
of natural disturbance have not been conducted. Here, we examine the effects of trawl and
natural (tidal-bed shear stress) disturbance on benthic community composition over
gradients of commercial bottom trawling effort in eight areas in the North and Irish Seas.
Using a trait-based approach, that classified species by life history strategies or by
characteristics that provided a proxy for their role in community function, we found support
for the hypothesis that trawl and natural disturbance affect benthic communities in similar
ways. Both sources of disturbance caused declines in long-lived, hard-bodied, and
suspension-feeding organisms. Because the effect of trawling and shear stress was similar,
there was no detectable trawling effect on the composition or function of communities
exposed to a high natural disturbance. Conversely, in three out of five areas with low bed
shear stress, responses to trawling disturbance were detected. In these areas, increased
trawling led to community compositions comparable with those in areas subject to high
natural disturbance; being associated with either small-sized, deposit-feeding animals, or,
mobile scavengers and predators. These observations together provide strong evidence for
the similarity of the community states induced by trawling and natural disturbance.
Knowledge of the interacting effects of trawling and natural disturbance will help to identify
areas that are more or less resilient to trawling and support the development of
management plans that account for the environmental effects of fishing.
Published as:
van Denderen, P.D., Bolam, S.G., Hiddink, J.G., Jennings, S., Kenny, A., Rijnsdorp, A.D. & van
Kooten, T. (2015) Similar effects of bottom trawling and natural disturbance on composition
and function of benthic communities across habitats. Marine Ecology Progress Series, 541,
31–43.
A copy of the paper is available on the BENTHIS website and when double clicked on the
next page.
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3 A FUNCTIONAL FOOD WEB MODEL FOR THE BENTHIC ECOSYSTEM:
DERIVATION AND ANALYSIS
Contributors: Tobias van Kooten, Karen van de Wolfshaar & Daniel van Denderen

3.1 Introduction
It has long been acknowledged that bottom trawl gears have side-effects on non-target
organisms, including benthic invertebrates (de Groot, 1984). In fact, the effects of trawling
have been compared to clearcutting a forest in some ecosystems (Watling and Norse, 1998).
Bottom trawls cause resuspension of nutrients and organic material into the water column
(Grant et al., 1997; Pilskaln et al., 1998; Riemann and Hoffmann, 1991), modify seabed
habitats (Dayton et al., 1995; Kaiser et al., 2002; Puig et al., 2012; Watling and Norse, 1998),
and impose mortality on benthic invertebrate organisms that are not retained by the net
(Collie et al., 2000; Kaiser et al., 2006). Bottom trawls cause a reduction of large, sessile and
low productive benthos, as these are most vulnerable to the direct passing of trawl gears
and have slowest recovery rates. Short-lived, opportunistic benthos and
scavengers/predators are less vulnerable or able to recover more rapidly, and such species
usually dominate areas that are trawled frequently (Kaiser et al., 2006). Intensively trawled
areas are generally less species rich (e.g. Collie et al. (2000), Hiddink et al. (2006), Hinz et al.
(2009), Thrush et al. (1998)) and are altered in their functional composition (de Juan et al.,
2007; Kenchington et al., 2007; Tillin et al., 2006). The fact that frequent trawling may lead
to trawl-induced shifts in the benthic community and influence the food availability for
benthivorous fish. Changes in benthos in response to trawling have also been shown to alter
fish diet compared with untrawled sites (Johnson et al., 2014; Smith et al., 2013) and
historic times (Rijnsdorp and Vingerhoed, 2001). This could have affected both growth rates
and body condition of benthivorous fish compared with fish that feed in areas where
benthic species have not been disturbed by trawling.
Changes in growth rates due to trawl impact were first suggested by Rijnsdorp and Van Beek
(1991) who observed growth rate increases in different age-classes of plaice (Pleuronectes
platessa) and sole (Solea solea) in the North Sea from the 1960s. The changes in growth
rates were only partly explained through density-dependent processes and coincided with
increased bottom-trawl disturbance and eutrophication (Millner and Whiting, 1996;
Rijnsdorp and van Leeuwen, 1996). A positive relationship between growth rates of plaice
and trawling intensity was also observed in the Celtic Sea in sandy habitat (Shephard et al.,
2010). This study also showed a negative effect of trawling on fish growth rates in gravelly
habitat, potentially reflecting dietary differences between habitats and/or habitat-specific
impacts of bottom trawls.
Changes in fish body condition in relation to trawl impact were first suggested by Choi et al.
(2004), who observed a reduction in groundfish condition at the eastern Scotian Shelf off
Novia Scotia from the 1970s onwards. This could potentially be the result of large depletions
of groundfish prey through removals of fish and benthos biomass by fisheries. A negative
relationship between fish body condition and trawling intensity was more systematically

12

BENTHIS deliverable 4.6

Trawling impacts on ecosystem processes

shown by Hiddink et al. (2011) in the Irish Sea. In this study, it was found that plaice body
condition was reduced at increased trawling intensity, while effects of trawling on dab and
whiting (Merlangius merlangus) condition were not detected. The decline in plaice condition
was explained through a shift towards energy-poor prey and a potential decline in plaice
foraging efficiency due to lower prey densities at the trawled sites (Johnson et al., 2014).
Despite these indications of trawling-induced shifts within the benthic food, and trawlingmediated effects on fish food availability, few studies have investigated the effects of
trawling in a food web context. In a recent study, van Denderen et al. (2013) showed how
the combination of primary effects of trawling (removal of fish), the side-effects of trawling
(removal of benthos), the predation of fish on benthos and the competitive interactions
between different benthos types interact to shape the net response of benthos to trawling.
Their model however assumes only two types of benthos, which differ only in their trawling
sensitivity and edibility to fish. Here, we derive and analyse a similar system, but with more
functional differentiation in the benthic food web. Our benthos food web consists of 3
groups of consumers: scavenger/predators, filter feeders and deposit feeders. These are
general guilds that are present in the most, if not all, benthic ecosystems. This functional
benthic food web is preyed on by two fish groups, small and large fish, which are in turn a
potential target for fisheries.
The three groups of benthic invertebrates interact through competition and predation (Fig.
3.1Error! Reference source not found.). Filter feeders feed on phytoplankton suspended in
the water column, which also precipitates onto the seabed at a fixed rate where it becomes
available to the deposit feeders. When this rate is low, deposit feeders get little of the
resource which stays mostly available for the filter feeders. In contrast, when this rate is
high, the planktonic resource is transferred quickly into the resource of which the deposit
feeders can profit. This creates an indirect competition situation between the two groups. In
addition to this pathway the basal resource may become available for deposit feeders
through faecal pellets produced by the filter feeders. Through this pathway filter feeders
may facilitate deposit feeders. Scavengers feed on the juveniles of both filter and deposit
feeders, who hence share a predator in addition to the interaction through the resources.
Small fish feed on small individuals of all benthic invertebrate groups, while large fish feed
on all benthic invertebrates.
Benthic food webs consist of many species, spanning a wide range of forms and functions.
Not only does each local or regional benthic ecosystem consist of many species, there is also
large difference in species composition between locations and in areas with varying abiotic
conditions. This diversity of life forms is an important aspect of the benthic ecosystem, and
is the focus of many scientific publications. However, a focus on complexity can implicitly
also lead to a focus on the differences between individual species, systems, locations, rather
than on finding the common denominator. As a result, a focus on complexity can prevent
the development of a fundamental understanding of the essential processes uniting benthic
ecosystems. In this work, we explicitly look for this common denominator, a conceptual
archetype of a benthic ecosystem, which can be used to generate testable hypotheses
about for example the impact of eutrophication, climate change, fisheries and other
anthropogenic disturbances.
13
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Our archetypical benthic system is based on the major modes of resource acquisition
employed by benthic invertebrate taxa. We choose this criterion because it leads to a
system (food web) describing the major flows of mass and energy through the ecosystem,
which are the primary currency of many ecosystem goods and services. In appendix A, we
explore the variation in traits within each feeding group in the data, in order to assess to
what extent the data supports our assumption of homogeneity within each feeding group.
This set-up allows us to study the net effect of different fishing gears, as shaped by their
direct effects on fish and benthos, and the feedback through the food web. The gears we
studied are otter trawl, beam trawl and dredge, which are commonly used in the north-east
Atlantic and are known to affect the benthic groups in our model (Sciberras and Hiddink,
2015). The shrimp gear and the pulse trawl are added to the analysis as the former
represents disturbance in the more coastal areas, especially in the North Sea, and the latter
is increasingly used as a substitute for beam trawling

3.2 Methods
We use the stage-structured biomass model framework (De Roos et al., 2008) to model the
benthic food web. The model consists of 3 benthos groups, filter feeders (F), deposit feeders
(D) and scavenger/predators (S). Each of these functional groups is modelled as 2 separate
life stages (juveniles j and adults a), because these engage in different ecological
interactions (Fig. 3.1).

Fig. 3.1: Schematic representation of the model food web. Orange arrows indicate foraging
by the benthic groups. Red arrows indicate the degradation and resuspension of the
resource. Blue arrows indicate foraging by fish.
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3.2.1 Resource dynamics
The model contains a phytoplankton resource (P), used by the filter feeders. This resource
also precipitates onto the seafloor, where it is added to the benthic resource (B) and
becomes available for the deposit feeders. This benthic resource is slowly turned into
‘accumulated storage’ (A), which is organic material stored in the anoxic part of the
sediment where it is inaccessible for further biological activity, but from where it can
potentially be recovered by physical disturbance of the seabed by bottom fishing.
Phytoplankton (P) follows semi-chemostat dynamics and has a loss term based on
deposition on the seabed (Figure 1), which is available to the deposit feeders in and on the
seabed. This benthic resource (B) in turn slowly accumulates into the anoxic part of the
sediment (A).
The phytoplankton resource is hence described by:
𝑑𝑃
= 𝑟(𝑃𝑚 − 𝑃) − 𝑝𝑃 − 𝐶𝑃
𝑑𝑡
Where r is the resource renewal rate and Pm is the maximum resource abundance in
absence of consumption and precipitation. We use semi-chemostat resource dynamics
rather than the more common logistic growth, because we consider that only the nearbottom fraction of the water mass is available for phytoplankton consumption by filter
feeders, whereas the bulk of phytoplankton production occurs in the upper water layers and
reaches the P compartment by water mixing and particles sinking. Hence, phytoplankton
production is positive even when P=0. Phytoplankton precipitates to the seabed at constant
rate p, and consumption by filter feeders is given by Cp.
Benthic resource B increases by precipitation of P and (pseudo-) feces deposition of filter
feeders (𝑓), and decreases by deposit feeder consumption(CB), microbial respiration (at rate
l) and loss to biologically inactive deep sediments (at rate q):
𝑑𝐵
= 𝑝𝑃 + 𝑓 + 𝐸𝜌𝐴 − 𝑞𝐵 − 𝑙𝐵 − 𝐶𝐵
𝑑𝑡
Although the carbon trapped in the deep sediment (A) is unavailable for biological activity,
we model its dynamics explicitly because it can potentially be made available by physical
disturbance of the seabed (by bottom trawl fishery). The dynamics are given by:
𝑑𝐴
= 𝑞𝐵 − 𝐸𝜌𝐴
𝑑𝑡
Where E is the intensity of the bottom fishing, and ρ is the relative propensity of the stored
carbon to be remobilized by the perturbation expressed by E.

3.2.2 Consumer and predator dynamics
The key aspects of the structured biomass community framework are the equations for
biomass accumulation governing growth and reproduction, and the equation for
maturation. The biomass accumulation is based on the net biomass from feeding
15
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𝜈𝑖 = 𝜎𝐼𝑖 − 𝑇𝑖
(where i ∈ {Dj, Da, Fj, Fa, Sj, Sa}). Here Ii is the mass-specific intake rate and Ti is the massspecific maintenance rate, and σ is the conversion efficiency of resource to consumer
biomass. Transfer is juvenile to adult biomass through maturation (γ) is governed by:
𝛾𝑘 =

𝜈𝑘𝑗 − 𝜇𝑘𝑗
1−

(1 − 𝑧𝑘

𝜇𝑘𝑗
𝜈𝑘𝑗

)

(where k ∈ {D, F, S}). This function is derived in such a way that it corresponds exactly to a
model with continuous size structure under equilibrium dynamics, and approximates it
otherwise (De Roos et al., 2008). Maturation is a function of ν, the net biomass production
rate, the mortality rate μ, and z, which is the ratio between the size at birth and the size at
maturation.
The equation for ν and γ above are the basis of the dynamics of filter feeders (Fj and Fa),
deposit feeders (Dj and Da) and scavenger/predators (Sj and Sa), where the index indicates
the juvenile (j) or adult (a) stage:
𝑑𝐷𝑗
= 𝜈𝐷+𝑎 (𝐼𝐷𝑎 )𝐷𝑎 + 𝜈𝐷𝑠 (𝐼𝐷𝑠 )𝐷𝑠 − 𝛾𝐷+𝑠 (𝐼𝐷𝑠 )𝐷𝑠 − 𝜇𝐷𝑗 𝐷𝑗
𝑑𝑡
𝑑𝐷𝑎
= 𝛾𝐷+𝑠 (𝐼𝐷𝑠 )𝐷𝑠 + 𝜈𝐷𝑎 (𝐼𝐷𝑎 )𝐷𝑎 − 𝜈𝐷+𝑎 (𝐼𝐷𝑎 )𝐷𝑎 − 𝜇𝐷𝑎 𝐷𝑎
𝑑𝑡
𝑑𝐹𝑗
= 𝜈𝐹+𝑎 (𝐼𝐹𝑎 )𝐹𝑎 + 𝜈𝐹𝑠 (𝐼𝐹𝑠 )𝐹𝑠 − 𝛾𝐹+𝑠 (𝐼𝐹𝑠 )𝐹𝑠 − 𝜇𝐹𝑗 𝐹𝑗
𝑑𝑡
𝑑𝐹𝑎
= 𝛾𝐹+𝑠 (𝐼𝐹𝑠 )𝐹𝑠 + 𝜈𝐹𝑎 (𝐼𝐹𝑎 )𝐹𝑎 − 𝜈𝐹+𝑎 (𝐼𝐹𝑎 )𝐹𝑎 − 𝜇𝐹𝑎 𝐹𝑎
𝑑𝑡
𝑑𝑆𝑗
= 𝜈𝑆+𝑎 (𝐼𝑆𝑎 )𝑆𝑎 + 𝜈𝑆𝑠 (𝐼𝑆𝑠 )𝑆𝑠 − 𝛾𝑆+𝑠 (𝐼𝑆𝑠 )𝑆𝑠 − 𝜇𝑆𝑗 𝑆𝑗
𝑑𝑡
𝑑𝑆𝑎
= 𝛾𝑆+𝑠 (𝐼𝑆𝑠 )𝑆𝑠 + 𝜈𝑆𝑎 (𝐼𝑆𝑎 )𝑆𝑎 − 𝜈𝑆+𝑎 (𝐼𝑆𝑎 )𝑆𝑎 − 𝜇𝑆𝑎 𝑆𝑎
𝑑𝑡
In these equations, terms superscripted ‘+’ indicate the value lies within the interval [0,∞],
e.g. 𝜈𝑆+𝑎 = max(0, 𝜈𝑆𝑎 ). This is necessary to ensure that biomass flow from juveniles to adults
by maturation and from adults to juveniles by reproduction does not reverse under adverse
food conditions. Rather than resorb juveniles by unrealistic ‘inverted reproduction’, the
adult stages lose biomass under starvation. Finally, dynamics are determined by the
mortality rates μ. Under sufficient food, adults are assumed to convert all biomass gains into
offspring, and do not grow.

3.2.3 Ingestion, consumption, mortality and facilitation
The feeding relationships between the groups in the model are summarized in Error!
Reference source not found.. All consumption (except that by fish) follows a type II
functional response, with full complementarity of resources (sensu Tilman and Sterner,
1984)). Intake rates for each consumer group in the model are limited by their biomass
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specific maximum intake rate M and half-saturation constant H. Filter feeders and deposit
feeders feed only on a single resource compartment, and hence their intake is given by
𝐵

𝐵

𝑃

𝑃

𝐼𝐷𝑗 = 𝑀𝐷𝑗 𝐻+𝐵, 𝐼𝐷𝑎 = 𝑀𝐷𝑎 𝐻+𝐵, 𝐼𝐹𝑗 = 𝑀𝐹𝑗 𝐻+𝑃 and 𝐼𝐹𝑎 = 𝑀𝐹𝑎 𝐻+𝑃.
Consequently, the grazing of resources P and B is given by
𝐶𝑃 = 𝐼𝐹𝑗 𝐹𝑗 + 𝐼𝐹𝑎 𝐹𝑎 and 𝐶𝐵 = 𝐼𝐷𝑗 𝐷𝑗 + 𝐼𝐷𝑎 𝐷𝑎
respectively. Scavengers feed on juvenile filter feeders and deposit feeders, and hence their
intake is given by
𝐹 +𝐷𝑗
𝑗 +𝐷𝑗

𝑗
𝐼𝑆𝑗 = 𝑀𝑆𝑗 𝐻+𝐹

𝐹 +𝐷𝑗
𝑗 +𝐷𝑗

𝑗
and 𝐼𝑆𝑎 = 𝑀𝑆𝑎 𝐻+𝐹

for juveniles and adults respectively.
Mortality of filter feeders, deposit feeders and scavengers consists of a constant stagespecific background mortality, mortality from fishing, and predation mortality from fish.
Furthermore, juvenile filter feeders and deposit feeders also suffer mortality from predation
by scavengers.
We model fish as a generalist predator that forages elsewhere when the modelled prey
abundance is low (with a type III functional response), and whose maximum abundance
(𝑁𝑠𝑚 and 𝑁𝑙𝑚 ) is reduced by fishing intensity E, but can never be negative. Hence, fish
abundance is described by
𝑁𝑠 = max(𝑁𝑠𝑚 − 𝐸𝑄𝑁𝑠 , 0) and 𝑁𝑙 = max(𝑁𝑙𝑚 − 𝐸𝑄𝑁𝑙 , 0).
Small fish Ns feed on the juvenile stages Sj, Dj and Fj, while large fish Nl feed on both the
adult and juvenile stages. Consumption of filter feeders, deposit feeders and scavengers by
fish hence follows
𝑚
𝑚
𝐶𝑚 = 𝑁𝑠 𝑀𝑁𝑠
+
𝑁
𝑀
𝑙
𝑁
𝑙
𝐻 + (𝐹𝑗 + 𝐷𝑗 + 𝑆𝑗 )2
𝐻 + (𝐹𝑗 + 𝐷𝑗 + 𝑆𝑗 + 𝐹𝑎 + 𝐷𝑎 + 𝑆𝑎 )2
with m ∈ {Dj, Fj, Sj}, for the juvenile filter feeders, deposit feeders and scavengers. Fish
maximum intake rate is M and half-saturation density is H. Adults are only prey for large
fish, so that the consumption equation simplifies to
𝐶𝑛 = 𝑁𝑙 𝑀𝑁𝑙

𝑛
𝐻 + (𝐹𝑗 + 𝐷𝑗 + 𝑆𝑗 + 𝐹𝑎 + 𝐷𝑎 + 𝑆𝑎 )2

with n ∈ {Da, Fa, Sa}.
We now can derive total mortality. For the juvenile filter feeders and deposit feeders this
equals
𝑆𝑗
𝑆𝑎
𝜇𝐷𝑗 = 𝜂𝐷𝑗 + 𝐸𝑄𝐷𝑗 + 𝑀𝑆𝑗
+ 𝑀𝑆𝑎
− 𝐶𝐷𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗
and
𝑆𝑗
𝑆𝑎
𝜇𝐹𝑗 = 𝜂𝐹𝑗 + 𝐸𝑄𝐹𝑗 + 𝑀𝑆𝑗
+ 𝑀𝑆𝑎
− 𝐶𝐹𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗
where η is a stage-specific constant background mortality rate, Q is the stage-specific
relative vulnerability to fishing of which E denotes the intensity. The next 2 terms are the
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predation mortality imposed by juvenile and adult scavengers, and finally the consumption
by fish. For the other consumer groups, mortality is simpler and equals
𝜇𝑢 = 𝜂𝑢 + 𝐸𝑄𝑢 + 𝐶𝑢

(where u ∈ {Da, Fa, Sj, Sa}).
We further assume a facilitative effect f of filter feeders on benthic resource B, through the
production of (pseudo-) faeces. The rate at which this process occurs depends on the
consumption rate of the phytoplankton resource and is given by
𝑓 = 𝜀(1 − 𝜎)𝐶𝑃 .
It is hence modelled as a constant fraction ε of the unassimilated consumption (1-σ) of the
phytoplankton resource P (Cp) by filter feeders.
The proportionality factors (Q) scaling fishing mortality for the different groups is based on
differing between damage done by different gears, thereby focusing on differences and
commonalities rather than providing proportionality scaling for each possible gear. Gears
that burrow deep in the seabed cause damage to all organisms, while gears that hardly
burrow the sea bed will mostly damage scavengers rather than buried macro-fauna such as
the filter and deposit feeders. Towing speed will also have an influence as the mobile
scavengers may escape at low towing speeds while sessile animals cannot.
Parameter values are presented in Table 1. Because we model biomass in each model
compartment, rather than number of individuals, all rate parameters (those with units t-1)
are mass-specific. The functional groups in our model should be interpreted as ‘typical
members’ of the group they represent. This has important consequences for the
parameterization. Rather than referring to species-specific values, we use averages for a
large number of species, and allometric scaling laws to derive representative parameter
values.
Per unit biomass values for maximum intake M and maintenance rate T are assumed
inversely proportional to the quarter power of adult body mass, and we assume further that
mass-specific maintenance is generally in the order of 10% of the mass-specific maximum
intake rate (Gillooly et al., 2001; Peters and Wassenberg, 1983; Yodzis and Innes, 1992)
Hence, we assume that
−0.25
−0.25
𝑀 = 𝑊𝑚𝑎𝑡
and 𝑇 = 0.1 𝑊𝑚𝑎𝑡
.
We use an extensive data set of benthic invertebrates from the Dutch Continental Shelf area
in the North Sea to derive the average weight (W) of individuals in each benthic functional
group (F, D and S). By combining these samples with a biological trait database (Bolam et al.,
2014), in particular with the trait ‘maximum size’, we can estimate the average size for each
of the benthos functional groups in the model (Appendix B). Similarly, we use trait
information on longevity to calculate group-specific values for the background mortality (η).
Values are listed in
Table 3.1.

Table 3.1: Parameters and their values.

18

BENTHIS deliverable 4.6

Trawling impacts on ecosystem processes

Parameter

Default value

Units

Explanation

E
Pm
R
𝑚
𝑁𝑠 , 𝑁𝑙𝑚

varied
Varied
0.1
0.1

/day
g/V
/day
g

Wd

8

g

Wf
Ws
p
q
l
𝜂𝐷𝑗 , 𝜂𝐷𝑎
𝜂𝐹𝑗 , 𝜂𝐹𝑎
𝜂𝑆𝑗 , 𝜂𝑆𝑎

6
37
0.5
0.5
0.1
0.009
0.005
0.01

g
g
/day
/day
/day
/day
/day

ε

0.5

-

z

0.01

-

Fishing intensity
Maximum phytoplankton biomass density
Turn-over rate P
Fish maximum abundance
Typical individual body-mass of adult deposit
feeders
Typical individual body-mass of adult filter feeders
Typical individual body-mass of adult scavengers
Deposition of P to B
Infiltration from B to A
Loss from B through Bacterial respiration
Background mortality deposit feeders
Background mortality filter feeders
Background mortality scavengers
Fraction non-assimilated filter feeding transported
to B
mass at birth: mass at maturation

The maximum resource density Pm and half-saturation density H are expressed as gram
biomass per unit volume and therefore the only parameters containing the unit of volume.
H can be set to 1 without loss of generality, as this merely implies a scaling of the units of
the total system volume (Van Leeuwen et al., 2008). Maximum resource density Pm is then
expressed as multiples of the half-saturation density. A conversion efficiency of 0.5 is used
for conversion of both resource and consumer biomass (Peters and Wassenberg, 1983).

3.2.4 Fishing
Five different gears are currently considered for fishing mortality: beam trawl, otter trawl,
dredge, shrimp and pulse trawl (Table 3.2). A study on the impact of trawling on macrofauna was performed within the EU project Benthis (Sciberras and Hiddink, 2015). The
proportionality constants for the beam trawl, otter trawl, dredge are hence taken from the
results from this study. The pulse trawl is not distinguished in this study, but given the
reduction on sea bed disturbance the estimates for the beam trawl are adjusted accordingly
by reducing the impact on filter feeders and deposit feeders by 0.5 and that for scavengers
with 0.25 (van Marlen et al., 2014). The shrimp fisheries is considered because of the high
fishing intensity in the coastal zone. The shrimp gear is considered comparable with the
otter trawl for macro-benthos based on towing speed and weight of the bobbin ropes used
(pers. comm. AD Rijnsdorp) but to differ from the otter trawl for fish.
Table 3.2: Proportion of fisheries induced mortality for all model groups for different gears
(Qi). Values of otter trawl, beam trawl and dredge were obtained from (Sciberras and
Hiddink, 2015) and scaled by setting the highest value (which was the vulnerability of
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scavengers to beam trawling) to one. Values for shrimp and pulse trawl are based on
differences in towing speed, weight of the ground gear and the results presented in Van
Marlen et al. (2014) (pers. comm. A.D. Rijnsdorp).
Gear

Scavengers Deposit feeders Filter feeders Small fish Large fish

Otter trawl

0.57

0.05

0.22

2

2

Beam trawl

1

0.58

0.95

2

2

Dredge

0.42

0.67

0.43

0

0

Pulse trawl

0.75

0.29

0.48

2

2

Shrimp trawl

0.57

0.05

0.22

0.5

0

3.3 Results
Each gear type (Table 3.2), affects the three benthic groups and the two fish classes
differently, and each gear also affects the food web differently (Fig 3.1). In Fig. 3.8 the effect
of the different types of gear becomes clear. With an increase in fishing intensity the
patterns of biomass are rather similar, with an increase in filter feeder and deposit feeder
biomass and a decrease in scavenger biomass. The increase of filter feeders and deposit
feeders is due to a reduction in predation mortality from scavengers but also from small and
large fish (with exception of the dredge), which more than compensates for the direct
mortality caused by the gears. Especially the beam and the otter trawl promote deposit
feeder biomass and reduce filter feeder biomass, except at level of fishing intensity close to
where coexistence is no longer possible. With the dredge the effect is opposite, fishing leads
to an increase in filter feeders and a decrease of deposit feeders. Scavengers decline in
biomass irrespective of gear and hence irrespective of which group is targeted most. This is
due to the fact that a gear such as dredge removes prey biomass, which then leads
indirectly to a decrease in scavenger biomass.
The extent to which all three groups can persist in a stable equilibrium is very different
between gear types. The beam trawl is most detrimental, as it has a high damaging effect on
all three groups (see also Table 3.2). The pulse trawl (PT) has less effect on the all three
groups compared to the beam trawl and especially so for the filter feeders and the deposit
feeders. This results in higher values of fishing intensity for which coexistence is possible
and an increase in filter feeder biomass. The effect of the otter trawl and the shrimp gear is
least detrimental to coexistence of all gears. The difference between the otter trawl and the
shrimp trawl is based on the effect they have on the fish, and not on the three macrobenthic groups. With more damage to fish, the otter trawl has a slightly higher scavenger
biomass and also the area with cyclic dynamics is less than for the shrimp gear. Of all three
groups the dredge mostly affects the deposit feeders, which is illustrated in Fig 3.1 by the
low deposit feeder biomass. The effect of the dredge and the beam trawl are similar at low
levels of fishing intensity concerning the biomass of scavengers, despite the fact that
scavengers are less affected by the dredge then by the beam trawl. This decrease in
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scavenger biomass with the dredge is not due to a lack of reduction in fishing predation as
occurs for the beam trawl, but due to the low biomass levels of deposit feeders.
Fishing gears which penetrate the seabed have the potential to cause resuspension of
carbon which is stored in the biologically inactive (anoxic) sediment, thereby making it
available to deposit feeders. The degree to which this occurs is assumed to be related to the
sediment penetration depth of the gear. The beam trawl and the dredge have the highest
penetration depth, followed by the pulse trawl and then the otter trawl and the shrimp
trawl (pers. comm. A.D. Rijnsdorp). The resuspension of organic matter has an effect on the
impact of the fishing intensity for coexistence and community composition.
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Beam trawl

Otter trawl

Pulse trawl

Dredge

Shrimp trawl

Fig 3.1: Equilibrium dynamics of scavengers, filter feeders and deposit feeders as function of
fishing intensity E for different types of gears. Pm = 10, β=0.5. The dots denote the end of a
stable equilibrium and empty space in between two similarly coloured lines indicates an
equilibrium with small-amplitude cycles. The dots most to the right for each gear type
indicate the point where coexistence of all three groups is no longer possible.
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Pulse trawl

Dredge

Fig 2.3: Equilibrium biomass of the three groups for increasing fishing intensity E. Black lines:
resuspension rate 0.01, green lines: resuspension rate 0.5 per unit intensity for the beam
trawl and the dredge and 0.1 for the pulse trawl.
Accounting for resuspension of resource from deeper layers shows a particularly strong
change in the effects of beam trawl fishery on community composition (Fig 2). With
resuspension, the deposit feeders get more resource with increasing fishing intensity which
shows in an increase of deposit feeder biomass. This increase in deposit feeder biomass
corresponds with a decrease of filter feeder biomass. This is due to apparent competition as
the scavenger biomass slightly increases but thereby depresses filter feeders through
predation. This is not the case when including an identical resuspension rate for the dredge.
Coexistence is prolonged but the changes in biomass are not as large as for the beam trawl.
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3.4 Discussion
The benthic food web in the North Sea was classified into three different groups based on
species common traits as found during sampling. The three groups are scavengers, feeding
on filter feeders and deposit feeders. Filter feeders may compete with the deposit feeders
for resources depending, because they have access to the planktonic resource before it is
deposited on the seabed, where it becomes available to the deposit feeders. However,
there is also a potential facilitation as a fraction of the plankton resource consumed but not
assimilated by filter feeders is deposited in- or onto the sediment (generation of
pseudofaeces). Fish and fisheries can be included in the food web. The whole food web
configuration, with different settings, allows for a suite of ecological mechanisms to
operate.
At low values of the phytoplankton resource, and without fish or fishing, either deposit
feeders or filter feeders can invade first. This is determined by the parameter values
determining which group can survive at the lowest minimum resource abundance. When
filter feeders are the first to invade, the effect on their resource can prevent the invasion of
deposit feeders, leading to competitive exclusion (Holt et al., 1994). This mechanism does
not work in the opposite direction, as there is only a one-way energy flow from the
phytoplankton resource to the benthic resource, and not vice versa. This asymmetry
prevents the occurrence of strong competitive exclusion, so that coexistence of filter
feeders and deposit feeders occurs at higher productivity. The production of faecal pellets
greatly enhances the scope for this coexistence, especially at intermediate productivity, as it
further softens the competition between the two groups.
When including scavengers the food web resembles a so-called ‘diamond-shaped food web’
(Holt et al., 1994), that results in apparent competition, where the presence of a predator
(here the scavengers) can facilitate coexistence by reducing the competitive superiority of
one of the consumers. When the ‘apparent competition’ through the favours one of the
consumers, while the ‘real’ competition (via the resource) favours the other, apparent
competition can potentially facilitate coexistence. In our system, predator presence results
in exclusion of the deposit feeders at higher resource levels due to increased predation
mortality, supported by increased filter feeder biomass. In other words, apparent
competition does not increase the scope for competition. Nonetheless, stable coexistence
of filter feeders, deposit feeders and scavengers occurs for a wide range of productivity
levels. A deviation from the more classical diamond shaped apparent competition system
may promote the scope of coexistence, as is the case here. Wollrab et al. (2013) showed
that when a predator undergoes an ontogenetic niche shift this also promotes the
coexistence of the two resource competitors compared to a more simple system. Deviations
of the most simple diamond shaped system results in a decrease in interaction strengths
and weakened links thereby promoting persistence (McCann et al., 1998).
The addition of fish adds mortality for all groups in the food web. This further reduces the
strength of competition (both resource competition, and scavenger-mediated apparent
competition, and hence further increases the scope for competition.
The benthic food web model developed here provides a framework that can easily be
reparameterized for different regions. The average size and background mortality need to
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be specified for a regional system based on the characteristics of the species represented in
a group and if necessary also the impact of fishing on the different groups. The grouping
itself into scavengers, filter feeders and deposit feeders holds for all regions studied within
the Benthis project, including the north-east Atlantic region and the Mediterranean
(Sciberras & Hiddink, 2015).
Fishing with the different types of gears always has a negative effect on scavenger biomass
and a positive effect on filter feeder biomass, although for the otter trawl the effect is
initially negative with increasing fishing intensity. The dredge has the most negative effect
on deposit feeder biomass which is reflected in low scavenger biomass. Of all gears tested
the otter trawl and the shrimp trawl have the least negative effect on coexistence with
increasing fishing intensity. When including the effect of resuspension due to the depth of
the gears, which holds especially for the beam trawl and the dredge and to a lesser extend
for the pulse trawl, the effects of fishing are more pronounced. Including resuspension for
the beam trawl introduces apparent competition where the increase of deposit feeders due
to resuspension negatively affects filter feeders through increased scavenger predation
mortality. This is to a lesser extent also the case for the dredge, for which the same
resuspension was assumed but where the direct effects of the gear differ from those of the
beam trawl.
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3.6 Appendices
Appendix A: Functional trait variation of taxa within feeding groups
The starting point of this analysis is a dataset of the benthic invertebrate ecosystem on the
Dutch Continental Shelf. This dataset of species abundance information, which has been
collected annually for the period 1991-2010 has been coupled to a benthic functional trait
database (Bolam et al. Benthis Deliverable D3.4), leading to a time series of the abundance
of each of the major modes of resource acquisition. This allows us to study the distribution
of other traits within each feeding group.
The data compilation and manipulation procedure, from which we use the results, is
described in detail elsewhere (van Denderen et. al., in prep) and is described only briefly
here. The basic data consists of samples taken annually using a Reineck Boxcore at specific
locations distributed on the Dutch Continental Shelf (Verduin et al. 2012) Fig. 3.3. The
majority of benthic macrofauna biomass in these samples has been identified to genus level.
A small fraction of the data (<<1%) is identified to higher taxonomic level. This ‘biomass by
sample’ data is then multiplied by a (normalized) fuzzy-coded benthic functional trait matrix,
in which each genus present is described in terms of its morphological and ecological
functions (Bolam et al, Benthis Deliverable D3.4). The resulting data is split according to the
trait ‘feeding type’, which consists of the modalities predator, scavenger/opportunist,
subsurface deposit feeder, surface deposit feeder and suspension feeder. To explore the
homogeneity of these groups in terms of their other traits, we have plotted time series of
the relative distribution of all modalities within each trait, for each of the feeding mode
groups.
Results
Because of the fuzzy coding of the biological traits database, it is possible that genera are
assigned multiple modalities of each trait, either because different species within a genus
have different feeding modes, because different life stages within species have different
ways of collecting food, or because individuals of species within the genus are capable of
multiple feeding modes. To study the degree of overlap between feeding types, we checked
the distribution of feeding modes within each individual feeding mode (Fig. 3.4). There is
clearly a high degree of overlap between surface and subsurface deposit feeders, and
between scavenger/opportunist and predator, in the sense that a large fraction of predators
are also scavenger/opportunists (and vice versa), and a large fraction of surface deposit
feeders are also subsurface deposit feeders (and vice versa). Further analysis (not shown)
also indicates that these groups are similar in most other traits. Because of this overlap, we
have combined these groups (indicated as scavenger/predator and deposit feeder) in the
rest of the analysis. This results in 3 groups which differ in feeding mode (see Fig.3.6 – Fig.
3.8 for the trait composition of these groups).
Suspension feeders
For almost all traits, the biomass is strongly concentrated (>50%) in a single modality (Fig.
3.5). The exception is the trait ‘sediment position’, where no single modality is dominant.
The other dominant characteristics are summarized in
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Table 3.3.3.
Deposit feeders
For all but one traits, the biomass is strongly concentrated (>50%) in a single modality (Fig.
3.6). The exception is the trait ‘longevity’, where no single modality is dominant. The other
dominant characteristics are summarized in
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Table 3.3.3.
Scavenger/predators
This group is somewhat more heterogeneous in trait composition than the other two (Fig.
3.7). Scavenger/predators are generally free-living, have a maximum lifespan of 3-10 years,
and have a planktonic larval stage. Their morphology is divided between ‘soft’ and
‘exoskeleton’. The vast majority is mobile (‘swimming, ‘crawl’, or ‘burrow’). They generally
live on or very near the sediment surface and engage in diffusive bioturbation and/or
surface deposition of organic material. Their maximum size varies but is in most cases
between 2 and 20 cm. Most have a pelagic egg stage, but benthic eggs and egg brooding
also occur (
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Table 3.3).

Fig. 3.3: Sampling locations of boxcore samples used in the analysis. Figure from Verduin et
al. (2012).
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Table 3.3: General trait composition of the 3 feeding groups
Suspension feeders

Deposit feeders

Scavenger/predator

•

Sexual reproduction,
pelagic eggs

•

Sexual reproduction,
pelagic eggs

•

•
•

Planktotrophic larvae
Burrow-dwelling

•
•

•
•

•

Surface depositing

•

Planktotrophic larvae
Free-living, some burrow
dwelling
Diffusive mixing

•

Sessile

•

•

•
•

Hard-shelled
Maximum age >10y

•
•

•
•

Max size (10-20cm)
Infauna (in top 10 cm)

•
•

Burrowers (some crawlers
and sessile)
Hard shelled
Longevity variable but >1
year.
Max size 2-10cm
Infauna, in top 5cm
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•

•
•
•
•

Sexual reproduction,
pelagic eggs, some
benthic or brood eggs
Planktotrophic larvae
Free-living and burrow
dwelling
Diffusive mixing and
surface deposition
Mobile (swimers,
crawlers, burrowers)
Soft and hard shelled
Maximum age 3-10y
Max size 2-20cm
Epifauna or shallow
infauna (<5cm)
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Suspension feeders

Subsurface deposit feeders

Surface deposit feeders

Surface and subsurface deposit feeders combined

Predators

Scavenger/opportunist
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Predators and scavenger/opportunist combined

Fig. 3.4: Distribution of feeding types within feeding type groups and combinations of
feeding groups
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Fig. 3.5: Trait composition within the feeding type modality 'suspension feeders'
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Fig. 3.6: Trait composition within the feeding type modality 'deposit feeders'
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Fig. 3.7: Trait composition within the feeding type modality 'scavenger/predator'
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Appendix B: Trait-based calculation of characteristic body size and mortality
Background mortality
Background mortality was calculated using the biological traits and data presented in
Appendix A. For each longevity category, a midpoint was determined. These were 0.5, 2.0,
6.5 and 20 years. We then calculated an average for all taxa in the data, weighted by their
average biomass in the most recent 10 years of data. This yielded an average longevity of
5.1 years for deposit feeders, 6 years for filter feeders and 4.5 years for scavengers.
The longevity trait is defined as the maximum recorded age for each genus. Using these
values directly would greatly underestimate background mortality, as the majority of
individuals will not survive to the maximum recorded age. We have assumed that 1 in every
1000 individuals reaches the maximum age, so that the mortality rate is given by:
−ln(0.001)/𝐿
Were L is the calculated longevity. This calculation yields values of 0.0037d-1 for deposit
feeders, 0.0031d-1 for filter feeders and 0.0042d-1 for scavenger/predators.
Size at maturation
We use size at maturation to calculate the mass-specific maximum intake rate and
maintenance rate. Body mass at maturation was calculated using the biological traits and
data presented in Appendix A (the maximum size trait). The trait value assigned to each
genus reflects the maximum known size. The model on the other hand, assumes that adults
do not grow, and instead use all their energy for reproduction. We used the 25 th percentile
of the width of each size category as an estimate of length at maturation within that
category, except for the largest, where we use the category minimum (2.5, 12.5, 40.75,
125.75, 275.75 and 500 mm). We then calculated an average maturation length for all taxa
in the data, weighted by the average biomass in the most recent 10 years of data. The
resulting average length at maturation was cubed to obtain a (relative) estimate of body
mass at maturation. This yielded 8 g for deposit feeders, 6 g for filter feeders and 37 g for
scavengers.
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COMPARING IMPACTS OF BOTTOM FISHING ON SEDIMENT BIOGEOCHEMICAL
AND BIOLOGICAL PARAMETERS IN COHESIVE AND NON-COHESIVE SEDIMENTS

Contributors: Marija Sciberras, Jan Geert Hiddink, Claire Powell, Ruth Parker, Silke Kroeger,
Stefan Bolam

4.1 Introduction
Bottom fishing (taken to include mobile fishing gear that are in direct contact with the
seabed, such as scallop dredging and demersal otter trawling) is a key source of physical
disturbance in shallow shelf seas, and is well known to affect the diversity, community
structure, size composition and production of benthic invertebrate communities (Carbines &
Cole 2009; Hiddink et al. 2006; Hinz et al. 2009; Jennings et al. 2005; Reiss et al. 2009; Smith
et al. 2000; Strain et al. 2012). Despite the expectation that sediment community function,
carbon mineralization and biogeochemical fluxes will be strongly affected by fishing
disturbance, little is known of its effects on such processes in the marine ecosystem.
Continental shelf sediments are significant in the global biogeochemical cycling of carbon
and nitrogen; although shelf sediments make up only 9% of the total oceanic sediment area,
they are responsible for about 83% of all oceanic benthic mineralization (Jørgensen 1983).
Any effect of bottom fishing on shelf sediments could therefore be important for
biogeochemical cycling. For example, using model simulations of a generalised soft
sediment system, Duplisea et al. (2001) predicted that physical mixing resulting from
trawling activities will create different steady state benthic processes caused by macrofauna
bioturbation.
Bottom fishing disturbance may affect benthic ecological and biogeochemical processes in a
number of ways: (i) through the physical mixing and resuspension of sediments, (ii) the
reduction or loss of bioturbating macrofauna that play a key role in biogeochemical
processes, (iii) the reduction of faunal diversity and functional complexity of the community.
Although many sedimentary functions are enhanced or regulated by individual infauna,
diversity and community configuration are additional controlling influences (Waldbusser et
al. 2004).

4.1.1 Biogeochemical implications of trawling-induced sediment disturbance
Continental shelf environments typically receive about half their nutrients for primary
production from the sediment (Pilskaln et al. 1998). This nutrient input is derived from
organic matter decay and nutrient remineralization within sediments, followed by upward
physical transport driven by processes such as molecular diffusion and biological irrigation.
The magnitude of this role is determined largely by sediment type (e.g. mud vs sand), rates
of input of organic material, rates of diffusion of oxygen into the sediment, the depth of the
oxygenated (oxic) layer, and the structure of the biological community. In general, as
sediment grain size decreases, organic content increases, and the depth of the oxic layer
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decreases. The positioning of the oxic zone and redox discontinuity layer (RDL or aRPD, i.e.
the boundary between predominantly oxic and anoxic sediment) relative to the
sediment/water interface plays an important role in controlling the flux of nutrients
(including nitrate, ammonium, phosphate and silicate) that are generated through
remineralization by sediment bacteria from the sediments. In shallow waters such as shelf
seas, where physical and biogenic (bioturbation) effects result in heterogeneous sediments,
the vertical zonation of redox sediment layers can be complex. Differing nutrients can have
contrasting behaviours within the sediment and with depth due to their cycles and
behaviour. Si can be used as a conservative tracer as normally its dissolution increases with
depth. Ammonium and phosphate also can be released with depth in relation to organic
matter degradation and iron reduction/oxidation cycles, and indicate higher reducing
environments within the sediment (Malcolm & Sivyer 1997 and references therein; Clavero
et al. 2000).
Bottom fishing can be expected to affect sedimentary carbon and nutrient budgets through
processes which alter nutrient release derived from the recycling oforganic matter and
sediment resuspension. Duplisea et al. (2001) calculated that the potential total nitrogen
release from trawling induced mortality, assuming a direct mortality of 5–65% and that 50%
of this is consumed by scavengers, amounts to a release of between 2.4 and 68 mmol (N) m2
following a trawl passage. Blackburn (1997) calculated the release of nitrogen compounds
following resuspension of sediment for a variety of scenarios (rate of organic matter
decomposition and distribution with depth) and concluded that resuspension of the first 0.8
to 2.4 cm of sediment would liberate 5 mmol N m–2 into the overlying water column. Given
that trawling gears often penetrate beyond this depth, such release seems likely. Pilskaln et
al. (1998) estimated that the annual release of ammonium from the sediments into the
water column via bottom trawling activity is equal to 306 x 10 6 µm N. Similarly, they
concluded that trawling activity may be important in supplying significant inputs of silica (as
dissolved silicate) to the overlying water column from the underlying sediments. Preliminary
empirical work in the Botney Cut region, UK, indicated that resuspension events in
sediments impacted by trawling lead to larger fluxes of phosphate, silicate and nitrogenous
species compared with untrawled sediments (Duplisea et al. 2001). The overall effect of
bottom fishing is that the nutrients will be delivered to the water column in a large pulse
rather than by the usual slower and steadier mechanisms, suggesting that the storage and
probably recycling times of these compounds is decreased in trawled sediments.
Furthermore, this pulse of nutrients can have important implications for the type and rates
of primary production, especially if sediment fluxes of Nitrogen (N): Phosphorus (P): Silicon
(Si) ratios are altered significantly (Coughlan et al, 2012). For example, seasonal changes in
nutrient inputs to temperate coastal systems tend to shift phytoplankton populations from
a late fall-winter picoplankton population to a spring-summer diatom-dominated
community, resulting in an overall increase in primary productivity and organic carbon
export rates (Chavez 1996; Pilskaln et al. 1996).
Another effect of trawling is the burial or mixing of fresh, labile organic matter
(phytodetritus) deeper into the sediment, away from the sediment-water interface (Mayer
et al. 1991). This burial could shift organic matter decay from aerobic, eukaryotic
populations at the sediment-water interface toward anaerobic, prokaryotic metabolism in
the subsurface. It follows that the reverse situation would also occur depending on gear
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type and mode of action; older carbon could be brought to surface layers (Pusceddu et al.
2005) or deeper anaerobic sediment would be exposed to aerobic conditions via trawlinginduced sediment mixing. Locally, oxygen can decrease in the overlying water immediately
after trawling, as reduced substrata are mixed into the water column, and there is some
evidence to suggest that trawling affects the actual rate of benthic sediment oxygen uptake
(Riemann & Hoffmann 1991, Warnken et al. 2003). Together, these disturbances to the
oxygen regime could influence key steps in the nitrogen cycle, as oxygen regulates both
nitrification and denitrification in benthic sediments (Rysgaard et al. 1994). The increased
oxygen at depth not only affects diagenetic reactions, microbial distributions, and
colonization patterns of meiobenthos but also has an important link to phosphate dynamics
(Waldbusser et al. 2004). Phosphate adsorption is enhanced in the presence of oxygen
(Lohrer et al. 2004), and changes in adsorption will affect flux rates. The degree to which
anaerobic versus aerobic microbial populations are affected by bottom trawling will depend
upon the depth and thickness of the sedimentary reduction-oxidation zones (as mediated by
the infaunal community) and to what depth within the sediments trawling-induced mixing
occurs.

4.1.2 Biogeochemical
macrofauna

implications

of

trawling-induced

changes

in

bioturbating

Macrofauna play an important role in disturbing and restructuring the sediment and
modifying sediment biogeochemical processes through bioturbation, that is the mixing of
sediment and particulate materials carried out during feeding and burrow maintenance
activities, and bioirrigation, that is the enhancement of pore water and solute advection
during burrow flushing (Rhoads 1974; Volkenborn et al. 2010). On a worldwide scale, the
biologically mixed depth (BMD) may reach down to a mean depth of 9.8 ± 4.5 cm (Boudreau
1998) but this depth varies both with season and species-specific activities. Open burrow
structures can increase the sediment movement and sediment-water interfacial area but
can also increase sediment heterogeneity by increasing ventilation and oxygen penetration
and therefore potentially increase the export of regenerated nutrients.
Bioturbation and bioirrigation processes are inextricably linked and have been shown to
influence oxygen, pH and redox gradients (Pischedda et al. 2008; Queiros et al. 2011), metal
cycling (Teal et al. 2009; 2010; 2013), sediment granulometry (Montserrat et al. 2009),
pollutant release (Gilbert et al. 1994), macrofauna diversity (Volkenborn et al. 2007),
bacterial activity and composition (Gilbertson et al. 2012; Mermillod-Blondin & Rosenberg
2006). Ultimately, these macrofaunal activities have a large impact on organic matter
remineralization, transformation of nitrogen, mobilization of phosphate and silicate and
regulation of bentho-pelagic fluxes (Bertics et al. 2010; Hooper et al. 2005; Kristensen 2001).
Whilst the primary effects of bottom fishing, such as the direct mortality of species due to
damage from the fishing gear, has been well studied (e.g. Jennings & Kaiser 1998, Jennings
et al. 2002), the secondary effects of trawling, in particularly the implication of removal of
bioturbating organisms on sediment geochemistry is less well known. It is hypothesized that
trawling may affect the oxygen regime and biogeochemical processing by altering the
structural and functional composition of the benthic fauna (Pelegri et al. 1994, Kristensen
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2000, Marinelli & Williams 2003). Through the combined results of field and mesocosm
experiments, Olsgard et al. (2008) demonstrated that a reduction (ca. 65%) in the
abundance of the burrowing shrimp Calocaris macandreae has major influence on the
macrobenthic-mediated sediment water nutrient fluxes in the Oslofjord area. Furthermore,
the reduction of functional complexity of complex benthic assemblages due to trawling is
likely to have measurable effects on the resulting geochemical properties of the sediment
column (Waldbusser et al. 2004). Bottom fishing may produce a significant change in burrow
spacing and geometry, with the replacement of late-stage successional assemblages of
polychaetes (fewer and larger burrows) by more-opportunistic assemblages (more
numerous but smaller burrows), and thus may result in changes in nutrient fluxes out of the
sediments. Aller (1982, 1988) has demonstrated that the density and size of animal burrows
in sediments can substantially affect both the direction and magnitude of nitrogen flux
across the sediment-water interface.

4.1.3 Factors influencing trawling-induced biogeochemical effects: Sediment type and
natural sediment mixing
Interfacial (sediment-water) and within-bed transport processes depend largely on the
composition of the sediment and the activities of the benthic fauna within (Forster & Graf
1995; Osinga et al. 1996; Ziebis et al. 1996a; Ziebis et al. 1996b). While diffusion is the major
transport mechanism for solutes in muddy cohesive sediments (Berner 1980), advective
transport processes generated by the interaction of bottom currents with sediment
topography and wave action gain significance in sandy beds where permeability is higher
(Huettel et al. 1996; Huettel et al. 1998; Huettel & Webster 2001). Tidally driven advective
flows may play an important role in transporting interstitial water into and out of highly
permeable sediments such as sands (Huettel et al. 1996; 1998). Permeable sediments have
a high capacity for trapping phytoplankton material and rapid (largely aerobic) cycling and
regeneration of nutrients (Huettel & Rusch 2000; Ehrenhauss et al. 2004). Experiments by
Jansen et al. (2005) showed that the in-situ benthic uptake of oxygen is enhanced under
conditions of advective flow relative to purely diffusive conditions. The reduction in
advective transport that occurs as sediment permeability decreases (e.g. from coarse to fine
sand) is expected to result in a lower total oxygen uptake and consequently a shallower
oxygen penetration depth within the sediment (Jansen et al. 2005). This reduced oxygen
penetration within fine sediment results in lower nitrification and higher ammonium fluxes
(Jansen et al. 2005). By contrast, at the medium and coarse sand station, higher rates of
oxygen supply and deeper oxygen penetration resulted in higher nitrification rates and
higher nitrate fluxes from the sediment (Jannsen et al. 2005).
Transport across the sediment-water interface is not only influenced by the grain size of the
sediment, but also by its sorting and state of consolidation, animal burrows, benthic diatom
mats, or bacterial mats (Rusch & Huettel 2000). Furthermore, the extent of different
transport processes depends on the ecosystem under consideration. For example, in
densely populated intertidal or subtidal areas, bioturbation and bioirrigation may
dominantly contribute to interfacial particle and solute fluxes. However, macrofauna also
can enhance advective exchange by increasing the permeability, the water–sediment
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interface area, and surface topography (Forster & Graf 1995; Marinelli & Boudreau 1996;
Ziebis et al. 1996a).
The relative impacts of bottom fishing disturbance on sediments will depend on the the gear
mode of action and the frequency of fishing disturbance vs. natural sediment mixing. In
highly natural disturbed areas where wave and tidal actions lead to bulk sediment
disturbance and transport, the effects of trawling are likely to be less important (Osinga et
al. 1996; Trimmer et al. 2005). Moreover, the fauna living in these areas are likely to be well
adapted to continual disturbance and more resilient to the effects of trawling. The effects of
disturbance are likely to be short-lived for assemblages of biota that are subject to frequent
natural perturbations, as animals that inhabit unconsolidated sediments are those with life
histories adapted to frequent disturbance by currents and re-suspension of sediment (Collie
et al. 2000; Jennings & Kaiser 1998; Jones 1992). Conversely, in areas with less natural
disturbance, trawling disturbance is likely to account for a significant proportion of total
disturbance. In areas with low natural disturbance, the biogeochemical impacts of trawling
may be profound given that the effects of trawling on macrobenthos and sediment mixing.

4.1.4 Linking this study to GES
The aim of the Marine Strategy Framework Directive (MSFD) is to ensure a healthy and
sustainable marine environment across EU member states by achieving Good Environmental
Status (GES) in all water bodies by 2020. To determine whether or not GES is achieved, the
MSFD lists 11 descriptors of GES which are to be used to judge this by. This work focuses on
only one descriptor, ‘sea-floor integrity’, which is defined as “a level that ensures that the
structure and functions of the ecosystems are safeguarded and benthic ecosystems, in
particular, are not adversely affected” (EU 2008 Directive 2008/56/EC). Although descriptors
have been defined, the MSFD does not define a single set of attributes that would be
necessary to provide adequate information on whether GES of any of the descriptors has
been achieved.
The criteria used to enable parameter assessment are the ICES criteria for development of
Ecological Quality metrics (ICES 2001; OSPAR ICG-MSFD 2011) are:
1 - Easy to understand by non-scientists and other users
2- Sensitive to a manageable human activity
3 - Tightly linked in space and time to that activity
4 - Responsive primarily to a human activity, with low responsiveness to other causes of
change
5- Easily and accurately measured, with low error rate (precision)
6 - Measureable over a large proportion of the area over which the element is to be applied
7 - Based on an existing body or time series of data to allow realistic setting of objectives.
Criteria 1, 5, 6 and 7 relate to baseline status and technical criteria whilst criteria 2, 3 and 4
are related to the ability of a parameter / indicator to respond to and detect change. These
criteria have also been used for development of eutrophication and fisheries indicators
(Painting et al. 2005; Rice & Rochet 2005) and to identify parameters which would make
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useful potential indicators in Defra funded work on marine biogeochemistry (Painting et al.
2012; van der Molen et al. 2012). This work builds directly on those approaches.
Faunal and biogeochemical parameters selected in this study were informed by previous
studies which highlighted parameters that showed merit in satisfying the above criteria and
have been tested on this basis (Painting et al. 2010, Parker et al. 2012). This study aims to
investigate the parameters that are the best indicators of GES and the reference levels of
these same indicators where appropriate. The previous studies had advocated that the
parameters most capable of describing regional status and variance were oxygen
penetration depth (OPD), apparent redox potential discontinuity (aRPD), percent silt,
percent organic carbon and community bioturbation potential (BPc). Whilst, parameters
shown to be good indicators of change under trawling impact were: aRPD, organic carbon,
and community production. These parameters were included in this study for comparison
purposes as well as other metrics which hadn’t yet been fully investigated.

4.1.5 Study objectives
Significant work has been carried out on assessing the impact of bottom fishing on benthic
communities, but little is known about the impacts on benthic sediment processes, or
combined impacts for the fauna and biogeochemical coupling of the seabed. Changes in the
physical and biological nature of the sediments due to fishing may well result in changes in
benthic secondary production and pathways of carbon and nutrient cycling between the
pelagic and benthic systems. It is thus important to better understand these processes in
order to plan and manage marine resources in a sustainable way.
The objectives of this study are:
i. to investigate changes in benthic community structure and sediment
biogeochemistry across a gradient of bottom fishing. This has been achieved
through concurrent measurements of sediment geochemistry and faunal
assemblage, including the community bioturbation potential index (BPC). The
influence of fishing on sediment biogeochemistry is a trade-off between changes to
the physical nature of the sediment (e.g. sediment resuspension) and the biological
nature (e.g. species capable of bioturbation and bioirrigation) of the sediment.
Impacts due to fishing may be of the following nature:
 Macrofaunal assemblage affect - It is hypothesized that fishing will
negatively affect benthic invertebrate abundance (density and biomass)
and diversity. Loss of large bioturbating macrofaunal species is also
expected to increase at higher trawling frequencies; therefore it is
hypothesized that the potential of the benthic community for
bioturbation (BPC) will be reduced at higher trawling frequencies. If
macrofaunal processes are more important in governing sediment
biogeochemistry, it is hypothesized that the oxygen penetration depth
and redox potential discontinuity layer will be shallower due to lower
biomass of bioturbating species at higher trawling frequencies.
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Sediment resuspension affect – the resuspension of sediment due to
fishing will result in mixing and homogenisation of the upper few cms of
the sediment surface.
Sediment mixing affect – the mixing of sediment due to fishing will result
in the burial of ‘newer’ organic matter at depth. Fishing gears with
different depth of penetration within the sediment are expected to have
a different effect on sediment mixing.
If processes such as sediment resuspension or sediment mixing are more
important than macrofaunal processes then it is hypothesized that the
depth of oxygen penetration within the sediment and the redox potential
discontinuity layer are deeper at higher trawling frequencies and
associated biogeochemistry would alter accordingly. Furthermore it is
hypothesized that the degree of sediment resuspension and sediment
mixing will be fishing gear-specific , such that fishing gear which
penetrate the sediment deeper such as scallop dredges will result in
higher impact on nutrient regeneration at deeper sediment depths due
to sediment mixing than will fishing gear that scrape the sediment
surface such as otter trawl.

ii.

to gain insight into the biological and biogeochemical responses to bottom fishing in
cohesive (mud, diffusion-dominated system) and non-cohesive (sand, advectiondominated system) sediments. Some manipulative investigations have
demonstrated that the influence of bioturbation on nutrient regeneration and
oxygen consumption is greater in diffusion-dominated (low disturbance, fine
sediments and low rates of sediment pore water exchange) than in advectiondominated (high disturbance, coarse sediments and consequently high rates of
sediment pore water exchange) systems. Such observations support the hypothesis
that bioturbating organisms act as ‘direct vectors’ of water flow in diffusiondominated systems while they only ‘modulate’ flow in advective systems (Boulton et
al. 2002, Volkenborn et al. 2007). Given that macrofauna-mediated processes are
expected to have a more significant influence in cohesive sediments, it is
hypothesized that changes due to fishing are larger and more significant in cohesive
than non-cohesive sediments. This in turn is likely to result in differences in nutrient
regeneration and oxygen penetration depths between the two sediment types.

iii.

to examine linkages between infaunal and biogeochemical sediment parameters
that may be useful as indicators for ecosystem functioning

iv.

to identify and investigate the potential of a suite of faunal and biogeochemical
parameters as functional GES indicators and their reference levels from empirical
measurements.
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4.2 Methods
4.2.1 Study locations
Evaluation of the spatial variation of the infaunal assemblage and biogeochemical
characteristics of the sediment at different bottom fishing intensity was carried out in two
study areas between the 28th June and 6th July 2014. The work focused on two sampling
areas located in the north Irish Sea and encompassed both cohesive (muddy) and noncohesive (sandy) sediments (Fig. 4.1). The sandy study area was located off the east coast of
the Isle of Man (IoM) where scallop dredging for Pecten maximus and some otter trawling
for Aequipecten opercularis occurs. The muddy study area was located off the coast of
Cumbria, England, where otter trawling for Nephrops norvegicus occurs (NP). Site selection
within these two sampling locations was based on existing knowledge of sediment type
(CEFAS, unpubl. data) and information available in BGS maps, water depth and natural tidal
and wave bed-stress to ensure comparability. Furthermore, study sites were selected along
a gradient of trawling intensity estimated using vessel satellite positioning information
(VMS) in ArcGIS. A total of sixteen 1 x 2 km sampling sites were sampled within each study
area, however, only eleven and eight sites from the muddy and sandy location, respectively,
were included in the analyses after outlier sites in terms of sediment composition and depth
were excluded.
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Fig. 4.1. Map of the sampling sites at the non-cohesive sediment location (Isle of Man fishing ground; IoM1 –IoM8) and cohesive sediment
location
(Nephrops
fishing
ground;
NP1
–
NP11).
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4.2.2 Environmental data
The water depth at each site was recorded by the echo-sounder during the survey on board
the RV Prince Madog and later corrected for tidal state. Estimates of tidal-bed shear stress
(N m−2) and wave-bed shear stress (N m−2) at the study sites were derived from a twodimensional hydrographical model of the Irish Sea (see detailed description on shear stress
calculations in Hiddink et al. 2006). Bed shear stress was used as a measure of natural
disturbance to quantify tidally generated currents and wave action that affect sediment
transport by advection and hence the structure of the invertebrate community.
Since 2005, European Community fishing vessels over 15 m long were required to report
their position by satellite every 2 hours (EC 2003). Fishing intensity data for bottom fishing
vessels were calculated from the EC Satellite Vessel Monitoring System (VMS) provided by
Marine and Fisheries Agency (prior to becoming the Marine Management Organisation,
MMO, under the Marine and Coastal Access Act 2009). Fishing intensity data estimates were
generated for the period January 2009 to December 2011. It was not possible to use more
recent VMS datasets as these were withheld by the MMO. To calculate fishing intensities
from VMS data, data records of vessels fishing with bottom towed gear were included in the
analysis. Transmitted vessel speed was used to distinguish fishing from non-fishing records
(Lee et al. 2010). Calculations of fishing intensity were restricted to vessel speeds of
between 1 and 4 knots. The area swept by each vessel was calculated as the product of the
number of hours fished, average fishing speed (equal to 2.54 knots or 4.7 km h−1) and gear
width. Fishing intensity was defined as the number of times an area of 1 km 2 was swept by
bottom gear per year.

4.2.3 Sampling of invertebrate populations and sediment biogeochemistry
Three sediment (and overlying water) samples were collected at haphazard locations within
each sampling site using a 0.1 m2 NIOZ (Netherlands Institute for Sea Research, Texel)
corer. The corer (30 cm internal diameter) collected sediment to a depth of 30 to 50 cm.
Cores where the water had drained were discarded and the corer redeployed. Oxygen
profile readings and pore-water nutrients samples were collected from one of the three
cores collected at each sampling site, chlorophyll and organic carbon and nitrogen content
were determined for two replicate cores and sediment particle size analysis and infauna
composition from three cores.
Oxygen profile
To measure benthic oxygen uptake, a large sediment sub-core (30 cm deep) together with
the overlying water were sub-sampled from the NIOZ core using Perspex tubes (65 cm long,
10 cm internal diameter). Sediment oxygen concentration profiles were carried out
immediately after collection using Clarke-type oxygen microelectrodes from Unisense
(Revsbech 1989). Two profiles were taken for each sub-core. The oxygen penetration depth
(OPD), which is the depth to which free oxygen is present in the sediment, was taken to be
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the depth at which oxygen saturation above 0% was last observed using a method adapted
from Rabouille et al. (2003).
Particle size analysis (PSA), porosity, chlorophyll-a and organic carbon analysis
Sub-cores for particle size analysis (PSA), porosity and organic carbon and nitrogen analysis
were frozen at -20 °C upon collection and transported to the laboratory for analysis. For
PSA, the thawed samples were size segregated by wet sieving at 1 mm, with the finer
fraction (< 1 mm) analysed on a Malvern Mastersizer 2000 laser sizer and the coarser
fraction (> 1 mm) dry sieved. The sieve and laser diffraction data together produce a
complete particle size distribution, which is the method in the NMBAQC best practice
guidelines (Mason et al. 2011). Porosity was calculated from the dry weight and wet weight
of known volumes of thawed sediment sub-cores, assuming a sediment particle density of
2.7 g cm3 and a seawater density of 1.035 g cm3. Sediment chlorophyll was extracted from
the thawed sub-cores using acetone and analysed using a fluorometer as described by Tett
(1987). Samples for the analysis of sediment organic carbon were defrosted, freeze dried,
and acidified as described in Hedges & Stern (1984). Organic carbon content was then
determined using a Thermo-Finnigan elemental analyser.
Pore-water nutrient profiles
Pore-water nutrients were analysed using a sipping system from whole NIOZ cores (Sivyer
2000). The extracted water samples were filtered at 0.2 µm and analysed for nitrate, nitrite,
silicate, phosphate and ammonium using a scalar auto-analyser (Kirkwood et al. 1996).
Infauna
Following removal of the sub-cores for the non-faunal sediment samples (above), the rest of
the core sample was sieved over a 1 mm sieve and the benthic invertebrates collected were
fixed and preserved in 4% formalin for subsequent identification. In the laboratory, all
invertebrates were identified to the highest practicable taxonomic resolution (mostly
species) and the wet weight of each individual organism was measured after blotting.
The sediment within the sub-core used for oxygen measurements (volume= ca. 0.16m3,
equivalent to ca. 35% of the total core sample) was also sieved over a 1mm sieve and the
infauna preserved in 4% formalin solution. However, the volume of sediment removed for
particle size analysis, chlorophyll, porosity and organic carbon and nitrogen was considered
low (volume = ca. 0.018m3, equivalent to ca. 4% of total core sample) and assumed to have
negligible contribution to overall infauna abundance and biomass. Furthermore, the
freezing and thawing process was assumed to damage animal tissue hence making the
process of species identification difficult. Therefore, sediment sub-samples collected for
particle size analysis, chlorophyll, porosity and organic carbon and nitrogen were not
processed for infauna.
Sediment Profile Images
In addition to NIOZ cores, a Sediment Profile Imagery (SPI) camera was deployed at each
station. The SPI-camera deployment consisted of the SPI frame being lowered onto the
seabed, where two in-situ vertical profile photographs were then taken of the seabed. The
SPI frame was then raised slightly and ‘hopped’ forward approximately 10m and lowered
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again for another ‘cast’. A total of five SPI casts were collected at each station. SPI images
were analysed for penetration depth (the depth that the SPI prism had penetrated the
sediment surface) and for apparent redox potential discontinuity (aRPD) layer, which is the
depth at which the sediment transitions from an oxidising to a reducing environment, as
determined by the Fe3+/Fe2+ colour boundary. These were measured from the images using
the NIH software ImageJ as described in Teal et al. (2010).

4.2.4 Statistical analyses
Trawling impact on biogeochemical and faunal parameters
Analyses exploring the relationship between mean values of different biogeochemical and
faunal parameters (the response variables) and trawling frequency (y-1) (predictor variable)
were performed using General Linear Models (GLMs) and Generalized Additive Models
(GAMs) from the package mgcv in R (Zuur et al. 2009). We expected the response variables
to either increase or decrease linearly with trawling frequency (linear model) or to show a
non-linear or humped response to trawling (GAM model) suggesting higher values of the
response variable at medium trawling frequency. The Akaike Information Criterion (AIC) was
used in model selection; the results for the model with the lowest AIC value are presented
in this report. A Gaussian error distribution was used for each of these models.
Homogeneity of residuals was established through visual examination of plotted
standardized residuals versus fitted values.
Three types of dissolved inorganic nutrients were analysed in porewater water samples:
ammonium (NH4–N), phosphate (PO4–P) and silicate (SiO4-S). Depth profiles for total organic
nitrogen and nitrite are also provided in Appendix I, however we focus exclusively on
ammonium in the analyses, as ammonium made up the majority of the total dissolved
inorganic nitrogen in our samples and because it gave the clearest patterns of change with
depth. The effect of trawling on nutrient concentrations profile was examined using GAM
model with nutrient concentration as the response variable and trawling frequency and
sediment depth as the predictor variables. An additional analysis was also carried out using
integrated depth profile concentration data, whereby the concentration of ammonium,
phosphate and silicate were averaged for the 1-5 cm, 5.1-10 cm and 10.1 – 20 cm depth
layers. These were linked to the natural zonation in sediment chemistry, linking to
OPD/aRPD and also the potential trawling impacts from resuspension (<5cms), mixing (020cms) and macrofaunal activity (0-10cms).
In addition to assessing the effect of bottom fishing on infaunal density, biomass and
species diversity, the response of species with different life history and ecological
characteristics to fishing was examined. A suite of five traits were selected to describe the
life history and ecological characteristics of the species that may determine their
contribution to ecosystem functioning: Body size (mm), Longevity (years), Mobility, Feeding
group, Bioturbation mode. Each of these traits was subdivided into multiple ‘modalities’
chosen to encompass the range of possible attributes of all the taxa; for example, modalities
for mobility were ‘swimming’, ‘burrowing’, ‘crawling’ and ‘sessile’. A full description of the
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modalities within each trait category is given in Appendix II. Traits information was obtained
from the biological traits database generated for BENTHIS WP3 (Bolam et al. 2014).
Linking biogeochemical and faunal parameters
As for section 2.4.1, GLM and GAM models were used to explore the relationship between
different biogeochemical parameters (the response variables) and faunal parameters
including the community bioturbation potential, infaunal abundance and infaunal biomass
(the predictor variables).
Bioturbation potential
The community bioturbation potential (BPc) that was first described by Solan et al. (2004a),
was used as a means to estimate the potential of the benthic communities at the sampling
sites to bioturbate and thus the extent of the resident communities to affect important
ecosystem properties that underpin ecosystem functioning. This metric combines
abundance (Ai) and biomass (Bi) data with information about the life traits of individual
species or taxonomic groups. This information describes modes of sediment reworking (Ri)
and mobility (Mi) of taxa in a dataset, two traits known to regulate biological sediment
mixing (Solan et al. 2004b). Values for Ri and Mi were obtained from Queiros et al. (2013).
The formula for calculating the community bioturbation potential, BPc, is shown below
(Queiros et al. 2013):
𝐵𝑃𝐶 = ∑

𝐵𝑖
√
× 𝐴𝑖 × 𝑀𝑖 × 𝑅𝑖
𝑖=1 𝐴𝑖
𝑛

4.3 Results
4.3.1 Environmental conditions at sampling sites
Particle size analysis and subsequent correlation analyses between a number of
environmental parameters (depth, tide and wave bed stress, % sediment grain size
composition) and trawling frequency identified a number of sites that were excluded from
further analyses to avoid confounding of the trawling effect by other environmental
conditions. Out of a total of 32 sites that were sampled during the survey, 19 sites were
retained for statistical analyses; 11 sites from the muddy study area (NP) and 8 sites from
the sandy area (IoM).
Depth, tide and wave bed stress, and % sediment grain size composition were more-or-less
consistent among sampling sites within each study location (Table 4.1). The sites at NP were
composed of more than 60% mud and the sediment was poorly sorted, whereas sites at IoM
were composed of more than 95% sand and the sediment was moderately well sorted
(Table 4.1, Figure 4.2). The trawling intensity at the retained sites ranged from 0.17 to 3.09
y-1 at NP and a relatively small range from 0 to 1.63 y-1 at IoM (Table 4.1).
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Table 4.1. Summary of the abiotic habitat characteristics and trawling frequency at each sampling site within the two study locations, Isle of
Man fishing ground (non-cohesive sediment) and Nephrops fishing ground (cohesive sediment). Trawling frequency is expressed as the
number of times an area equivalent to 1 km2 is fished with bottom fishing gear in a year.
Site
code

Trawling
frequency (yr-1)

Depth
(m)

Mean tide
stress (Nm-2)

Mean wave
stress (Nm-2)

Grain size distribution
Gravel (%)

Sand (%)

Mud (%)

Sorting

Nephrops fishing ground, off Cumbria, England (NP)
NP1

0.17

35.0

0.17

0.69

0.0

29.0

71.0

very poorly sorted

NP2

0.69

43

0.22

0.42

0.0

26.4

73.6

very poorly sorted

NP3

0.70

33.7

0.19

0.61

0.0

17.2

82.8

poorly sorted

NP4

0.91

30.3

0.21

0.92

0.0

33.3

66.7

very poorly sorted

NP5

1.08

34.4

0.18

0.72

0.0

19.0

81.0

poorly sorted

NP6

1.40

35.7

0.16

0.52

0.0

28.9

71.1

very poorly sorted

NP7

1.92

33.1

0.18

0.81

0.0

23.6

76.4

very poorly sorted

NP8

2.05

34.4

0.21

0.64

0.0

15.8

84.2

very poorly sorted

NP9

2.67

38.1

0.19

0.59

0.0

36.2

63.8

very poorly sorted

NP10

2.99

31.5

0.22

0.68

0.0

31.3

68.7

very poorly sorted

NP11

3.09

40.9

0.22

0.52

0.0

20.3

79.7

very poorly sorted

Isle of Man fishing ground (IoM)
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IoM1

0.00

26.3

0.20

0.76

0.3

99.7

0.0

moderately well sorted

IoM2

0.05

27.1

0.23

0.79

0.1

99.9

0.0

well sorted

IoM3

0.11

19.6

0.14

1.43

0

100

0

well sorted

IoM4

0.25

23.9

0.17

1.00

2.4

97.6

0.0

moderately well sorted

IoM5

0.35

27

0.25

0.70

1.3

98.7

0.0

moderately well sorted

IoM6

0.51

23.7

0.17

1.14

0.1

99.9

0.0

moderately well sorted

IoM7

1.16

29.4

0.20

0.74

0.2

99.8

0.0

moderately well sorted

IoM8

1.63

33

0.11

0.73

0.4

95.0

4.6

moderately sorted
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Fig 4.2. Sediment profile images obtained using the SPI-camera at the muddy study area (NP) and the sandy study area (IoM).
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4.3.2 Trawling impact on faunal and biogeochemical parameters
The aim of this analysis was to examine how sediment biogeochemical and faunal
parameters (response variables) varied in relation to increasing fishing frequency (predictor
variable) from bottom towed gear in an area of high mud content and another of high sand
content. Direct statistical comparisons of the relationship between response and predictor
variable in the cohesive and non-cohesive sediment types were not possible as the overlap
in the range of trawling frequencies between the two study areas was only limited. As
replicate samples taken at a single station are unlikely to be spatially independent, the
analysis was based on mean values for each variable at each station, with separate means
calculated for the 1-5 cm, 5-10 cm and 10 – 20 cm depth layers where sediment profile data
were collected.

4.3.3 Faunal community parameters
In general, infaunal abundance and species richness were higher in sand than in mud; on
average, abundance was six times higher in sand than in mud (mean ± SE: 186.25 ± 25.51
indvs / core in sand; 32.61 ± 2.31 indvs / core in mud) and species richness was three times
higher (mean ± SE: 35.29 ± 1.31 species / core in sand; 11.09 ± 0.46 species / core in mud).
In contrast, infauna biomass and community bioturbation potential were higher in mud than
in sand (mean ± SE for biomass: 4.97 ± 0.93 GWW / core in mud vs. 1.45 ± 0.27 GWW / core
in sand; mean ± SE for BPC: 292.89 ± 83.46 in mud vs. 69.49 ± 8.64) (Fig 4.3).
In terms of species composition, the muddy study area was dominated by fewer species but
larger individuals; whereas the sandy study area was characterized by a more diverse
assemblage of smaller individuals. From a total of 68 species that occurred at the muddy
study area, only 13 and 7 species contributed to the majority (> 85%) of the total abundance
and biomass at this area, respectively. Conversely, from a total of 156 species that were
recorded at the sandy study area, 30 and 29 species contributed to the majority (> 85%) of
the total abundance and biomass at this area, respectively.
The species that contributed to more than 85% of total abundance in mud are: Phoronis sp.
(34.0% of total abundance), Nephtys incisa (17.4%), Nephtys sp. (8.4%), Saxicavella jeffreysi
(6.4%), Minuspio (Prionospio) sp. (3.0%), Enteropneusta sp. (2.9%), Callianassa subterranea
(2.7%), Abra alba (2.1%), Polydora sp. (1.8%), Maxmuelleria lankesteri (1.8%), Tharyx
killariensis (1.7%), Glycera sp. (1.6%) and Glyphohesione klatti (1.5%).
The species that contributed to more than 85% of total biomass in mud are: Maxmuelleria
lankesteri (71.0%), Callianassa subterranea (8.2%), Nephtys incisa (4.7%), Notomastus sp.
(1.9%), Spio sp. (1.5%), Nephtys sp. (1.3%), Glycera unicornis (1.2%).
The species that contributed to more than 85% of total abundance in sand are:
Echinocardium spp. (18.8%), Lagis koreni (9.8%), Ensis sp. (juvenile) (9.8%), Poecilochaetus
serpens (5.9%), Phoronis sp. (5.9%), Phaxas pellucidus (5.8%), Parvicardium spp. (5.7%),
Owenia fusiformis (4.11%), Mya arenaria (2.4%), Sthenelais limicola (2.3%), Thracia
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phaseolina (2.0%), Spiophanes bombyx (1.5%), Pseudocuma longicornis (1.5%), Scoloplos
armiger (1.2%), Argissa hamatipes (1.0%), Moerella pygmaea (1.0%), Magelona filiformis
(1.0%), Ophiuroidea juvenile (1.0%), Spisula elliptica (0.9%), Scalibregma inflatum (0.8%),
Spio sp. (0.8%), Abra prismatica (0.8%), Arcidea cerruti (0.8%), Bathyporeia gracilis (0.7%),
Magelona johnstoni (0.7%), Ensis ensis (0.7%), Tubulanus polymorphus (0.6%), Glycera
oxycephala (0.6%), Orbinia sertulata (0.6%), Thyone sp. (0.6%).
The species that contributed to more than 85% of total biomass in sand are: Annelid
biomass (10.0%), Labidoplax sp. (8.5%), Cerianthus sp. (8.3%), Ensis ensis (juvenile) (7.8%),
Bivalve biomass (5.2%), Lucinoma borealis (4.7%), Astropecten irregularis (3.2%), Phoronis
sp. (2.9%), Clymenella torquata (2.4%), Clymenella cincta (2.3%), Thracia phaseolina (2.3%),
Abra prismatica (2.3%), Lagis koreni (2.3%), Cerebratulus sp. (1.9%), Echinocardium spp.
(1.9%), Maldanidae biomass (1.6%), Orbinia sertulata (1.6%), Nucula hanleyi (1.6%),
Aglaophamus rubella (1.5%), Bathyporeia gracilis (1.4%), Anaitides groenlandica (1.3%),
Ophiura albida (1.2%), Lepidasthenia argus (1.2%), Euspira nitida (1.2%), Mya arenaria
(1.2%), Owenia fusiformis (1.1%), Nephtys cirrosa (1.1%), Ensis sp. (juvenile) (1.0%),
Actinaria sp. (0.9%).
There was no discernible impact of trawling on infaunal abundance, biomass, species and
functional diversity and evenness for the faunal community in mud (NP) (Table 4.2, Fig 4.3).
The Community bioturbation potential (BPC) did not change significantly with increasing
trawling frequency in either mud or sand (Fig. 4.3, Table 4.2). However, fishing had a
significant influence on total infaunal biomass, species diversity and evenness in sand (IoM);
all three of these faunal variables were observed to increase with trawling frequency (Table
4.2, Fig 4.3). As a means of sensitivity analysis the analysis for biomass was repeated with
and without rare (present at only one station) and large (> 1.5g) species included in total
biomass; no differences were found among the two outputs and the result for total biomass
without rare and large species is given in Table 4.2.
Correlation analysis between infaunal community structure and trawling frequency using
the BIOENV analysis in PRIMER v.6 did not reveal any significant correlations between
fishing and the biotic community in either mud or sand. Similar results were obtained using
infaunal abundance and biomass data; Community abundance in mud ρ = -0.12, p-val =
0.78; Community biomass in mud ρ = -0.12, p-val = 0.78; Community abundance in sand ρ =
0.30, p-val = 0.18; Community biomass in sand ρ = 0.41, p-val = 0.12.
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Fig 4.3. The effect of bottom fishing on (a) infaunal abundance, (b) biomass (g wet weight),
(c) species richness, (d) Pielou’s evenness, (e) Shannon diversity, (f) community bioturbation
potential (BPC), (g) functional diversity and (h) functional evenness in mud (black symbols)
and sand (grey symbols). The dotted line represents the GLM or GAM model for significant
effect of fishing.
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Table 4.2. Statistical outputs of the GAM model examining the relationship of different
community descriptor parameter to trawling frequency (y-1) in mud (NP) and sand (IoM).
Significant relationships are shown in bold. The result for total biomass is presented for the
dataset where rare (present at only one station) and large (> 1.5g) species were excluded.
Community parameter

n

edf

F

p-val

Deviance
explained (%)

Nephrops fishing ground, off Cumbria, England (NP)
Total abundance

11

1.38

1.37

0.29

30.1

Total biomass

11

1.00

0.03

0.86

0.37

Species richness

11

1.00

0.87

0.38

8.83

Shannon diversity

11

1.00

0.77

0.4

7.86

Pielou’s evenness

11

1.17

0.11

0.81

6.13

Bioturbation potential (BPC)

11

1.23

0.37

0.63

12.6

Functional diversity

11

1.02

0.41

0.54

5.2

Functional evenness

11

1.00

1.02

0.34

10.2

Total abundance

8

1.00

0.02

0.90

0.37

Total biomass

7

1.31

10.46

0.02

79.70

Species richness

8

1.00

0.01

0.94

0.10

Shannon diversity

7

1.00

8.25

0.03

62.30

Pielou’s evenness

7

1.00

15.22

0.01

75.30

Bioturbation potential (BPC)

8

1.00

0.38

0.56

5.92

Functional diversity

7

1.77

1.58

0.31

49.30

Functional evenness

8

1.79

1.92

0.24

49.02

Isle of Man fishing ground (IoM)
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4.3.4 Biological traits
In mud, fishing resulted in significantly lower abundance of surface deposit feeders, surface
deposit bioturbators and species with a maximum body size of 11 – 20 mm (Table 4.3).
Species that bioturbate by removing sediment at depth in the substratum and expelling it at
the sediment-water interface (upward conveyors) showed a slight but significant increase in
abundance with trawling frequency (Table 4.3). In general, sessile and medium-sized species
(21 – 100 mm) that feed by way of suspension feeding were most abundant in mud.
Biodiffusors and non-bioturbating species appeared to be equally abundant in the muddy
substratum (Fig. 4.4).
In sand, the effect of fishing was not significantly different between any of the modalities
examined for the five biological traits included in this study (Table 4.4). Sessile and mediumsized species (21 – 100 mm) that feed through subsurface deposit feeding or suspension
feeding were most abundant in sand (Fig. 4.5). Surface deposition and biodiffusors were the
most common mode of bioturbation in the sandy substratum.
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Fig. 4.4 Infaunal abundance of species with different biological trait characteristics recorded
at increasing trawling frequency in mud; (a) body size (mm), (b) mobility, (c) feeding mode,
(d) longevity (years), (e) bioturbation mode. Coloured symbols represent the relative mean
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abundance for species with different modalities within each of the biological traits
examined. The dotted line represents the GLM model for a significant relationship between
abundance of a specific modality and trawling frequency. [Dep = deposit feeder, Pred =
predator, Scav = scavenger, SubD = sunsurface deposit feeder, Susp = suspension feeder, DC
= downwards conveyor, Diff = diffusor, None = non-bioutrbating organism, SD = surface
deposition, UC = upwards conveyor].
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Table 4.3. Statistical outputs of the linear models (GLMs) examining the relationship
between abundance of species with different biological traits and trawling frequency (y-1) in
mud.
Mud: Nephrops fishing ground (NP)
Body size (mm)

slope

SE

t-val

p-val

Adj-R2

< 10

-0.19

0.19

-0.96

0.37

-0.01

11 - 20

-1.44

0.63

-2.30

0.05

0.30

21 - 100

-1.65

1.56

-1.06

0.32

0.01

101 – 200

-0.06

0.96

-0.06

0.95

-0.11

201 - 500

-0.08

0.12

-0.66

0.53

-0.06

Mobility

slope

SE

t-val

p-val

Adj-R2

Sessile

-2.07

1.88

-1.10

0.30

0.02

Crawl

-0.77

0.39

-1.98

0.08

0.23

Burrower

-0.24

0.34

-0.71

0.50

-0.05

Swim

-0.33

0.29

-1.15

0.30

0.03

Feeding mode

slope

SE

t-val

p-val

Adj-R2

Suspension feeder

-1.11

1.82

-0.61

0.56

-0.07

Surface deposit feeder

-1.27

0.59

-2.15

0.06

0.27

Subsurface deposit feeder

-0.24

0.41

-0.58

0.57

-0.07

Scavenger / Opportunist

-0.25

0.34

-0.74

0.48

-0.05

Predator

-0.53

0.34

-1.57

0.15

0.13

Longevity (years)

slope

SE

t-val

p-val

Adj-R2

<1

-0.14

0.07

-1.81

0.10

0.18

1–3

-1.63

1.69

-0.96

0.36

-0.01

3 - 10

-1.69

1.08

-1.56

0.15

0.13
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> 10

0.04

0.11

0.34

0.74

-0.09

Bioturbation mode

slope

SE

t-val

p-val

Adj-R2

Diffusive

-0.97

0.84

-1.15

0.28

0.03

Surface deposition

-2.14

0.85

-2.52

0.03

0.35

Upwards conveyor

0.08

0.03

2.45

0.04

0.33

Downwards conveyor

-0.47

0.36

-1.32

0.22

0.07

None

0.16

1.56

0.11

0.92

-0.11
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Fig. 4.5 Infaunal abundance of species with different biological traits characteristics
recorded at increasing trawling frequency in sand; (a) body size (mm), (b) mobility, (c)
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feeding mode, (d) longevity (years), (e) bioturbation mode. Coloured symbols represent the
relative mean abundance for species with different modalities within each of the biological
trait examined. [Dep = deposit feeder, Pred = predator, Scav = scavenger, SubD = sunsurface
deposit feeder, Susp = suspension feeder, DC = downwards conveyor, Diff = diffusor, None =
non-bioutrbating organism, SD = surface deposition, UC = upwards conveyor].
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Table 4.4. Statistical outputs of the linear models examining the relationship of abundance
of species group with different biological traits to trawling frequency (y-1) in non-cohesive
sediment (Sand).
Sand: Isle of Man fishing ground (IoM)
Body size (mm)

slope

SE

t-val

p-val

Adj-R2

< 10

-0.47

3.90

-0.12

0.91

-0.17

11 - 20

4.57

7.18

0.64

0.55

-0.09

21 - 100

19.85

43.47

0.46

0.66

-0.13

101 – 200

-13.22

13.23

-1.00

0.36

-0.001

201 - 500

-0.63

0.44

-1.41

0.21

0.12

Mobility

slope

SE

t-val

p-val

Adj-R2

Sessile

14.71

33.14

0.44

0.67

-0.13

Crawl

1.60

2.46

0.65

0.54

-0.09

Burrower

-5.68

23.15

-0.25

0.81

-0.16

Swim

-1.24

1.49

-0.83

0.44

-0.05

Feeding mode

slope

SE

t-val

p-val

Adj-R2

Suspension feeder

9.92

28.07

0.35

0.74

-0.14

Surface deposit feeder

0.99

11.07

0.09

0.93

-0.17

Subsurface deposit feeder

-1.24

1.49

-0.83

0.44

-0.05

Scavenger / Opportunist

-0.25

1.69

-0.15

0.89

-0.16

Predator

-1.00

1.98

-0.51

0.63

-0.12

Longevity (years)

slope

SE

t-val

p-val

Adj-R2

<1

0.99

11.07

0.09

0.93

-0.17

1–3

31.68

25.79

1.23

0.27

0.07

3 - 10

1.94

19.49

0.09

0.92

-0.16
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> 10

-23.32

19.11

-1.22

0.27

0.07

Bioturbation mode

slope

SE

t-val

p-val

Adj-R2

Diffusive

-3.41

22.03

-0.16

0.88

-0.16

Surface deposit

31.68

25.79

1.23

0.27

0.07

Upwards conveyor

3.73

13.73

0.28

0.79

-0.15

Downwards conveyor

3.16

3.62

0.87

0.42

-0.04

None

4.83

8.69

0.56

0.60

-0.11
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4.3.5 Biogeochemical parameters
As expected, the muddy sites were characterized by a higher organic carbon and nitrogen
content than the sandy sites; (mean ± SE for organic carbon: 0.87 ± 0.04 %m/m in mud vs.
0.06 ± 0.01 %m/m in sand; mean ± SE for organic nitrogen: 0.1 ± 0.004 %m/m in mud vs.
0.02 ± 0.001 %m/m in sand) (Fig. 4.6a,b). The average chlorophyll-a content of the muddy
substratum was 1.8 ± 0.18 µg/g (mean ± SE), whereas that in sand was lower than 1 µg/g
which was the minimum detection limit of the fluorometer instrument used for laboratory
analysis of sediment chlorophyll. Sediment porosity was slightly higher for mud (mean ± SE:
0.68 ± 0.01) than for sand (mean ± SE: 0.41 ± 0.01) (Fig. 4.6d). No effects of trawling on
sediment porosity, sediment organic carbon and nitrogen content and chlorophyll-a
concentration were detected in mud (Fig. 4.6, Table 4.5). There was a slight but significant
increase in organic nitrogen content with increasing trawling frequency on sandy
substratum, but no significant effects on the other parameters were detected (Fig. 4.6c,
Table 4.5).
The oxygen penetration depth (OPD) calculated from oxygen concentration readings
recorded at 1 mm intervals within the upper 4 cm of the sediment was shallower than 2 cm
across the stations sampled in the muddy substratum (Fig. 4.6f, Fig. 4.7). The mean (± SE)
OPD was 0.64 ± 0.08 cm and ranged between 0.30 and 1.20 cm. Most of the oxygen profiles
showed smooth depth trends, indicating that the oxygen distribution in mud was governed
by molecular diffusion between the oxic seawater and the oxygen-consuming sediment (Fig.
4.7). The subsurface oxygen peaks (decrease followed by a sudden increase in oxygen
concentration within the first 1cm of the sediment) at stations NP2 and NP6 are likely due to
the bioturbating activities of the crustacean Callianassa subterranea observed within the
oxygen sub-cores (Fig. 4.7). Attempts at collecting oxygen profile data for stations in sand
were a failure except at station IoM8, which was the site with the highest trawling
frequency (Fig. 4.8). This might indicate that trawling at site IoM8 might lead to sorting and
fining of surface sediments. However, the coarse sand mixed with shell fragments at the
remaining sandy sites only allowed profiling of the very top and well oxygenated sediment
layer, hence resulting in no deductible OPD data for sand. Examination of the relationship
between oxygen penetration depth (OPD) and trawling frequency did not indicate a
significant relationship in either sand or mud (Fig. 4.6f, Table 4.5).
As for the OPD, the depth of the apparent redox discontinuity layer (aRPD) calculated from
sediment profile images was shallower than 2 cm (Fig 4.6e). The mean (±SE) aRPD was 1.29
± 0.14 cm and ranged between 0.85 and 1.90 cm at the muddy sites. There was no
significant relationship between the aRPD and trawling frequency in mud (Table 4.5). Good
quality sediment profile images, which enabled subsequent analysis of the aRPD layer were
only obtained for 9 out of the 11 stations sampled in mud. Issues related to overpenetration of the SPI-camera in the sediment and smearing of the faceplate prohibited
extraction of the aRPD at stations NP7 and NP9. None of the images collected in sand were
good enough for extracting aRPD values, primarily because penetration of the SPI-camera in
sand was too shallow to reveal the aRPD and because of insufficient fines for an aRPD to be
discernible within the visible section of the sediment profile (colour homogenously light
brown/yellow). While these issues restrict the use of the parameter aRPD within the context
of the GAM analysis, the information about the nature of the sediments under investigation
obtained from the use of the SPI camera still provides valuable additional context. Example
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images illustrating the very different nature of the sediments at the two study sites are
given in Fig. 4.2.
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Fig 4.6. The relationships between bottom fishing on biogeochemical parameters in mud
(black symbols) and sand (grey symbols); (a) organic carbon content, (b) sediment
chlorophyll-a content, (c) organic nitrogen content, (d) sediment porosity, (e) apparent
redox discontinuity layer (aRPD) in cm, (f) maximum oxygen penetration depth (OPD) in cm.
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No data was available for sediment chlorophyll, aRPD and OPD in sandy substratum (see
text).

Table 4.5. Statistical outputs of the GAM and GLM models examining the relationship of
different biogeochemical parameter to trawling frequency (y-1) in mud (NP) and sand (IoM),
respectively. Significant relationships are shown in bold. edf indicates estimated degree of
freedom, n is the sample size, F is the F-statistic for the GAM model, SE indicates the
standard error of the GLM model, aRPD is the apparent redox discontinuity layer, OPD is the
oxygen penetration depth.
Nephrops fishing ground, off Cumbria, England (NP)
Biogeochemical parameter

n

edf

F

p-val

Deviance
explained (%)

Organic carbon (%m/m)

11

1

0.09

0.77

1.00

Organic nitrogen (%m/m)

11

1

0.15

0.71

1.66

Chlorophyll-a (µg/g)

10

1

0.01

0.94

0.07

Porosity

11

1

1.81

0.21

16.80

aRPD (cm)

9

1

1.58

0.24

18.50

OPD (cm)

10

1

0.71

0.42

8.20

Isle of Man fishing ground (IoM)
Biogeochemical parameter

slope

SE

t-val

p-val

Adj-R2

Organic carbon

0.02

0.01

2.15

0.07

0.34

Organic nitrogen

0.005

0.002

2.98

0.02

0.53

Porosity

0.02

0.01

1.71

0.14

0.22
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Fig 4.7. Oxygen concentration (µmols L-1) profile with depth for each sampling station (NP1
– NP11) and trawling frequency (in red) examined in muddy site.
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Fig 4.8. Oxygen concentration (µmols L-1) profile with depth at different trawling frequency
(in red) at the sandy site. No data was collected for IoM2 and IoM5 due the very coarse
nature of the sediment.
In general, the concentrations of ammonium and silicate in pore-water were an order of
magnitude higher in mud than in sand (Fig. 4.9 – 4.12). This is to be expected due to the
higher carbon levels which are the source for the resupply of these inorganic nutrients. The
depth profiles illustrate the resupply of these inorganic nutrients from depth under organic
matter breakdown and accumulation within the pore-water. The oxidation of ammonium
and hence loss from the pore-water is clear in the muddy sites and occurs in the upper
sediment layers. The consistent level of nutrient concentrations in the upper 5 cms in the
sandy sites indicates higher pore-water flow between the sediment and water column and
an upper mobile well-oxygenated sediment layer that is typical of sand but not of mud.
Phosphate concentrations were similar in mud and sand and were generally low, this is
likely to illustrate an extended sub-oxic environment where iron remains in particulate
phase and hence is binding phosphate in the muds, whilst in the sands this could reflect the
lack of phosphate supply related to lower carbon levels (Fig. 4.13 - 4.14).
The influence of fishing disturbance on the changes in nutrient concentration within the
sediment was examined by means of a GAM model with trawling frequency and sediment
depth as the predictor variables and nutrient concentration as the response variable. For
the muddy sites, there was no significant effect of trawling frequency or of the interaction
term between trawling frequency and depth suggesting that changes in nutrient
concentration within the sediment were independent of the trawling intensity at the study
site (Table 4.6). However, there was a significant effect of depth on the concentration of
ammonium, phosphate and silicate in mud (Table 4.6); most of the profiles showed an
increase in the concentration of these nutrients with sediment depth (Fig. 4.9, 4.11, 4.13).
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The concentration of ammonium and silicate doubled in quantity between the upper 2cm of
the sediment (NH4+ = 24.43 ± 19.04 µmols, SiO4- = 121.76 ± 102.22 µmols) and deeper
sediment (NH4+ = 48.13 ± 17.72 µmols, SiO4- = 233.14 ± 71.99 µmols) (Fig. 4.9, 4.11). This
indicates the presence of anoxic or reducing conditions at sediment depths deeper than 1 or
2 cm, which is in good agreement with the observed OPD and aRPD values in mud. It was
not possible to examine the effect of fishing and depth on nutrient concentrations obtained
in sand using GAM models, because of insufficient number of replicates. Nonetheless, it is
interesting to note that the concentration of nutrients (ammonium, phosphate, silicate) in
sand was low down to ca. 5cm (Fig. 4.10, 4.12, 4.14), indicating that the pore-water is likely
to be water column equilibrated; providing evidence of well-mixed and oxygenated
sediment. It is also clear that there is considerable heterogeneity in the nutrient pore-water
profiles with depth, which can be linked to heterogeneity within the TON profiles (Fig. A2).
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Fig. 4.9. Ammonia concentration (µmols) profile with depth for each trawling frequency
(indicated in red) examined in mud.
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Fig. 4.10. Ammonia concentration (µmols) profile with depth for each trawling frequency
(indicated in red) examined in sand.
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Fig. 4.11. Silicate concentration (µmols) profile with depth for each trawling frequency
(indicated in red) examined in mud.
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Fig. 4.12. Silicate concentration (µmols) profile with depth for each trawling frequency
(indicated in red) examined in sand.
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Fig. 4.13. Phosphate concentration (µmols) profile with depth for each trawling frequency
(indicated in red) examined inmud.
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Fig. 4.14. Phosphate concentration (µmols) profile with depth for each trawling frequency
(indicated in red) examined in sand.
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Table 4.6. Statistical outputs of the GAM model examining the relationship of pore-water
nutrient concentrations to trawling frequency (y-1) and sediment depth (cm) in mud (NP);
nutrient concentration ~ trawling frequency + s(depth). Significant relationships are shown
in bold. edf indicates estimated degree of freedom, n is the sample size, F is the F-statistic
for the GAM model, SE indicates the standard error of the model.
(A) Ammonium concentration (NH4+)

Intercept
Trawling frequency
Sediment depth

slope

SE

t-val

p-val

41.03
-0.92

3.32
1.77

12.38
-0.52

<0.001
0.61

n

edf

F-val

p-val

R2

120

4.35

29.75

<0.0001

0.51

slope

SE

t-val

p-val

174.74
7.35

14.54
7.45

12.02
0.99

< 0.0001
0.33

n

edf

F-val

p-val

R2

96

4.41

27.21

<0.001

0.55

slope

SE

t-val

p-val

1.46
0.29

0.44
0.23

3.32
1.27

0.001
0.21

n

edf

F-val

p-val

R2

120

1

8.34

0.005

0.07

(B) Silicate concentration (SiO4-)

Intercept
Trawling frequency
Sediment depth

(C) Phosphate concentration (PO43-)

Intercept
Trawling frequency
Sediment depth
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For pore-water nutrients, additional analyses for the effect of fishing were carried out for
the 1-5 cm, 5.1-10 cm and 10.1-20 cm depth layers. These were linked to the natural
zonation in sediment chemistry, linking to OPD/aRPD and also the potential trawling
impacts from resuspension (<5cms), mixing (0-20cms) and macrofaunal activity (0-10cms).
Ammonium
On average, the concentration of ammonium in mud was higher at depths deeper than 5 cm
(1-5 cm: 34.76 ± 2.64 µmol; 5.1-10 cm: 55.75 ± 5.01 µmol; 10.1-20 cm: 55.95 ± 2.39 µmol)
(Fig. 4.15). This would be expected due to ammonium oxidation within the suboxic and oxic
parts of the sediment and resupply at depth. Whereas ammonium concentration was
relatively similar across all trawling frequencies within the upper 5 cm of the sediment
(which ties in with lack of change in OPD or aRPD which would otherwise alter ammonium
oxidation depths), there were significant differences in ammonium concentration with
trawling frequency between 5 and 20 cm depth (Table 4.7). The concentration of
ammonium between 5 and 10 cm depth peaked at medium trawling frequency and was
lowest at highest trawling frequency (0 – 1.5 y-1 = 55.41 ± 3.4 µmol NH4+; 1.51 – 2.5 y-1 = 73 ±
6.71 µmol NH4+; 2.6 – 3.1 y-1 = 30.98 ± 2.53 µmol NH4-). At depths of between 10 – 20 cm,
the concentration of ammonium increased with trawling frequency, ranging from 40.7 ± 2.1
µmol at lowest trawling frequency to 60.67 ± 4.25 µmol at highest frequency (Fig. 4.15).
From the profiles and concentrations it is likely therefore that trawling is stimulating
ammonium production by mixing TON to depth or bringing pore-water up from depth. In
sand, the concentration of ammonium did not change significantly with trawling frequency
within the first 10 cm of the sediment (Fig. 4.15, Table 4.8). This likely reflects the lower
carbon levels (ammonium source) in the substrates but also the oxygenation of the upper
parts of the sands, probably by natural pore-water advection processes which would mask
any impacts in the upper layers of sediment.
Phosphate
In mud, the concentration of phosphate remained relatively constant with fishing pressure
within each of the three integrated depths examined (Fig. 4.16, Table 4.7) and the range of
phosphate concentrations were also similar at each depth range (1-5 cm: 1.97 ± 0.32 µmol;
5.1–10 cm: 1.50 ± 0.51 µmol; 10.1–20 cm: 2.65 ± 0.43 µmol). In sand, similar observations
were obtained as for mud and phosphate concentrations in sand were also relatively similar
to those in mud (Fig. 4.16).
Silicate
The concentration of silicate did not vary significantly with fishing pressure in mud (Table
4.7) or sand (Table 4.8) (Fig. 4.17). Concentrations were generally lower in the upper 5 cm of
the sediment and higher in mud than in sand (Mud - 1-5 cm: 177.06 ± 17.17 µmol; 5.1–10
cm: 239.94 ± 8.29 µmol; 10.1–20 cm: 297.43 ± 15.74 µmol; Sand - 1-5 cm: 11.84 ± 7.81
µmol; 5.1–10 cm: 33.01 ± 13.19 µmol; 10.1–20 cm: 23.98 µmol)
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Fig 4.15. Depth-integrated ammonium concentration profiles recorded at increasing
trawling frequency in mud and sand. Dots and bars represent the mean and standard error
values for ammonium concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 - 20
cm at each sampling site. The dotted line represents the GAM model for significant
relationship
of
ammonium
concentration
with
trawling
frequency.
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Fig 4.16. Depth-integrated phosphate concentration profiles recorded at increasing trawling
frequency in mud and sand. Dots and bars represent the mean and standard error values for
phosphate concentration measured between 1 and 5 cm, 5.1 and 10 cm, and 10.1 and 20
cm at each sampling site. The dotted line represents the GAM model for significant
relationship of phosphate concentration with trawling frequency.
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Fig 4.17. Depth-integrated silicate concentration profiles recorded at increasing trawling
frequency in mud and sand. Dots and bars represent the mean and standard error values for
silicate concentration measured between 1 and 5 cm, 5.1 and 10 cm, and 10.1 and 20 cm at
each sampling site. The dotted line represents the GAM model for significant relationship of
silicate concentration with trawling frequency

89

BENTHIS deliverable 4.6

Trawling impacts on ecosystem processes

Table 4.7. Statistical outputs of the GAM models examining the relationship of response
variable (Ammonium, Phosphate and Silicate concentration in µmols) to trawling frequency
(y-1) in cohesive sediment (Mud).
Mud: Nephrops fishing ground (NP)
Ammonium (NH4+)

n

edf

F

p-val

Deviance
explained (%)

1 - 5 cm

11

1

0.64

0.64

2.58

5.1 – 10 cm

11

2.96

11.63

0.003

86.9

10.1 – 20 cm

10

1.28

3.66

0.08

49.9

Phosphate (PO43-)

n

edf

F

p-val

Deviance
explained (%)

1 - 5 cm

11

1

1.23

0.3

12

5.1 – 10 cm

11

1

0.29

0.6

3.14

10.1 – 20 cm

11

1

0.44

0.52

4.65

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

29.33

17.07

1.72

0.12

0.18

5.1 – 10 cm

-0.33

9.03

-0.04

0.97

-0.17

10.1 – 20 cm

13.26

16.02

0.83

0.44

-0.04
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Table 4.8. Statistical outputs of the linear models examining the relationship of response
variable (Ammonium, Phosphate and Silicate concentration in µmols) to trawling frequency
(y-1) in non-cohesive sediment (Sand).
Sand: Isle of Man fishing ground (IoM)
Ammonium (NH4+)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

2.32

1

2.31

0.1

0.52

5.1 – 10 cm

4.93

3.23

1.53

0.22

0.25

Phosphate (PO43-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.91

0.36

2.54

0.08

0.58

5.1 – 10 cm

0.9

0.54

1.67

0.19

0.31

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

19.78

8.42

2.35

0.1

0.53

5.1 – 10 cm

34.15

13.61

2.51

0.09

0.57

10.1 – 20 cm

12

13.79

0.87

0.48

-0.09
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4.3.6 Linking biogeochemical and faunal parameters
Given the expected close link between sediment chemistry and biology, we investigated
whether the biogeochemical metrics measured in this study show linkages with important
properties of benthic macrofaunal communities. Functional and structural attributes of the
biological communities are considered: community bioturbation potential (BPC), faunal
abundance, faunal biomass.
Community bioturbation potential (BPC)
There were no clear significant relationships linking organic carbon and nitrogen content of
the sediment, sediment chlorophyll and porosity to community bioturbation potential (Fig.
4.18, Table 4.9). Similarly, there were no significant relationships between the apparent
redox potential discontinuity layer (aRPD) or the oxygen penetration depth (OPD) to
community bioturbation potential (Fig. 4.18, Table 4.9).
The community bioturbation potential did not explain any of the variation in the
ammonium, phosphate or silicate concentrations in mud at any of the three depth layers
examined (Fig. 4.21 – 4.23, Table 4.12). However, there was a significant increase in
ammonium concentration within the first 10 cm of the sediment with higher community
bioturbation potential in sand (Fig. 4.21, Table 4.12). This, however, should be viewed with
caution as the relationship draws its significance from mainly one data-point. Phosphate and
silicate concentrations also increased significantly as the community bioturbation potential
of sand increased (Fig. 4.22 – 4.23, Table 4.12). On average, the concentration of phosphate
increased by 3-fold as bioturbation potential increased by 2-fold (range of phosphate
concentration for 1-5cm: 0.67 to 2.62 µmol, 5.1-10cm: 1.74 to 4.20µmol; range of BPC: 37 to
87) (Fig. 4.22). On average, the concentration of silicate increased by 42-fold within the first
5cm of the sediment and by 8-fold between 5-10cm as bioturbation potential increased by
2-fold (range of silicate concentration for 1-5cm: 1.6 to 42.82 µmol, 5.1-10cm: 9.4 to
82.5µmol; range of BPC: 37 to 87) (Fig. 4.23).
Infaunal abundance
There were no clear significant relationships linking organic carbon and nitrogen content of
the sediment, sediment chlorophyll and porosity and aRPD or OPD to community infaunal
abundance (Fig. 4.19, Table 4.10).
There were significant differences in ammonium concentration with infauna abundance
within the first 5 cm depth of the muddy sites (Table 4.13). The concentration of ammonium
within the first 5cm depth increased as infauna abundance increased from ca. 20 to 35
individuals per core, peaked at medium abundance (ca. 35 individuals per core) and
decreased as abundance reached a maximum of ca. 40 – 45 individuals per core (Fig. 4.24).
A similar trend was found for silicate concentration in the first 5cm of the sediment, but the
relationship was not significant (Fig. 4.26). There were no significant changes in phosphate
concentration with increasing infauna abundance (Table 4.13).
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There were no clear significant relationships linking ammonium, phosphate and silicate
concentration to infauna abundance in sand (Fig. 4.24 – 4.26, Table 4.14).
Infaunal biomass
There were no clear significant relationships linking organic carbon and nitrogen content of
the sediment, sediment chlorophyll and porosity and aRPD or OPD to community infaunal
biomass (Fig. 4.20, Table 4.11).
In mud, the concentration of ammonium was not affected by infauna biomass within the
first 10cm of the sediment, but then decreased significantly with infauna biomass for
sediment depths between 10 and 20 cm (Fig. 4.27, Table 4.15). There were no significant
changes in phosphate and silicate concentration with increasing infauna biomass in mud
(Table 4.15).
There were no clear significant relationships linking ammonium, phosphate and silicate
concentration to infauna biomass in sand (Fig. 4.24 – 4.26, Table 4.16).
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Fig. 4.18. The relationship between community bioturbation potential (BP C) and
biogeochemical metrics in mud (black) and sand (grey); (a) organic carbon, (b) sediment
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chlorophyll-a, (c) organic nitrogen, (d) sediment porosity, (e) apparent redox discontinuity
layer (aRPD) in cm, (f) maximum oxygen penetration depth (OPD) in cm.

Table 4.8. Statistical outputs of the GAM model examining the relationship of different
biogeochemical metrics to community bioturbation potential (BPC) in mud (NP) sand (IoM).
Biogeochemical metric

n

edf

F

p-val

Deviance
explained (%)

Mud: Nephrops fishing ground (NP)
Organic carbon

11

1.43

0.61

0.54

14.2

Organic nitrogen

11

1.29

0.44

0.60

9.76

Chlorophyll-a

10

1

0.12

0.74

1.48

Porosity

11

1.84

2.57

0.14

42.8

aRPD (cm)

9

1

0.44

0.53

5.89

OPD (cm)

10

1.73

1.71

0.24

40.6

Sand: Isle of Man fishing ground (IoM)
Organic carbon

8

1

0.87

0.39

12.7

Organic nitrogen

8

1

0.60

0.47

9.06

Porosity

8

1.88

3.89

0.09

62.2
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Fig. 4.19. The relationship between total infaunal abundance and biogeochemical metrics in
mud (black) and sand (grey); (a) organic carbon, (b) sediment chlorophyll-a, (c) organic
nitrogen, (d) sediment porosity, (e) apparent redox discontinuity layer (aRPD) in cm, (f)
maximum oxygen penetration depth (OPD) in cm.
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Table 4.9. Statistical outputs of the GAM model examining the relationship of different
biogeochemical metrics to total infaunal abundance in mud (NP) and sand (IoM).
Biogeochemical metric

n

edf

F

p-val

Deviance
explained (%)

Mud: Nephrops fishing ground (NP)
Organic carbon

11

1

0.03

0.86

0.37

Organic nitrogen

11

1

0.07

0.79

0.80

Chlorophyll-a

10

1

0.01

0.99

0

Porosity

11

1

0.01

0.93

0.09

aRPD (cm)

9

1.69

4.35

0.06

63.4

OPD (cm)

10

1

0.05

0.83

0.59

Sand: Isle of Man fishing ground (IoM)
Organic carbon

8

1

0.07

0.79

1.23

Organic nitrogen

8

1

0.42

0.54

6.5

Porosity

8

1

0.18

0.69

2.88
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Fig. 4.20. The relationship between total infaunal biomass and biogeochemical metrics in
mud (black) and sand (grey); (a) organic carbon, (b) sediment chlorophyll-a, (c) organic
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nitrogen, (d) sediment porosity, (e) apparent redox discontinuity layer (aRPD) in cm, (f)
maximum oxygen penetration depth (OPD) in cm.
Table 4.10. Statistical outputs of the GAM model examining the relationship of different
biogeochemical metrics to total infaunal biomass in mud (NP) and sand (IoM).
Biogeochemical metric

n

edf

F

p-val

Deviance
explained (%)

Mud: Nephrops fishing ground (NP)
Organic carbon

11

1

0.10

0.76

1.11

Organic nitrogen

11

1

0.01

0.91

0.16

Chlorophyll-a

10

1

1.09

0.33

12

Porosity

11

1

0.31

0.59

3.29

aRPD (cm)

9

1

0.14

0.72

1.95

OPD (cm)

10

1

3.38

0.10

29.70

Sand: Isle of Man fishing ground (IoM)
Organic carbon

8

1.55

0.73

0.51

33.3

Organic nitrogen

8

1

0.69

0.44

10.4

Porosity

8

1.38

0.22

0.77

15.2
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Fig 4.21. The relationship between community bioturbation potential (BPC) and ammonium
concentration in mud and sand. Dots and bars represent the mean and standard error
values for ammonium concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 - 20
cm at each sampling site.
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Fig 4.22. The relationship between community bioturbation potential (BP C) and phosphate
concentration in mud and sand. Dots and bars represent the mean and standard error
values for phosphate concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 - 20
cm at each sampling site.
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Fig 4.23. The relationship between community bioturbation potential (BP C) and silicate
concentration in mud and sand. Dots and bars represent the mean and standard error
values for silicate concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 - 20 cm
at each sampling site.
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Table 4.11. Statistical outputs of the GAM model examining the relationship of response
variable (concentration of ammonium, phosphate and silicate concentration in µmols) to
community bioturbation potential (BPC) in mud.
Mud
n

edf

F

p-val

Deviance
explained (%)

1 - 5 cm

111

1

0.13

0.73

1.4

5.1 – 10 cm

11

1

1.77

0.22

16.5

10.1 – 20 cm

10

1

0.44

0.53

5.22

Phosphate (PO43-)

n

edf

F

p-val

Deviance
explained (%)

1 - 5 cm

11

1.32

0.16

0.81

8.13

5.1 – 10 cm

11

1

0.03

0.87

0.33

10.1 – 20 cm

11

3.71

0.97

0.49

49

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.02

0.07

0.32

0.76

-0.11

5.1 – 10 cm

0.002

0.03

0.06

0.95

-0.17

10.1 – 20 cm

-0.04

0.07

-0.54

0.61

-0.01

Ammonium (NH4+)
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Table 4.12. GAM model examining the relationship of response variable (concentration of
ammonium, phosphate and silicate concentration in µmols) to community bioturbation
potential
(BPC)
in
sand.
Sand
Ammonium (NH4+)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.11

0.02

5.33

0.01

0.87

5.1 – 10 cm

0.26

0.06

3.95

0.03

0.78

Phosphate (PO43-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.04

0.006

6.71

0.007

0.92

5.1 – 10 cm

0.04

0.01

4.01

0.03

0.79

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.87

0.16

5.37

0.01

0.87

5.1 – 10 cm

1.51

0.20

7.64

0.005

0.93

10.1 – 20 cm

1.26

0.37

3.44

0.08

0.78
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Fig 4.24. The relationship between infaunal abundance and ammonium concentration in
mud and sand. Dots and bars represent the mean and standard error values for ammonium
concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 - 20 cm at each sampling
site.
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Fig 4.25. The relationship between infauna abundance and phosphate concentration in
cohesive (MUD) and non-cohesive (SAND) sediment. Dots and bars represent the mean and
standard error values for phosphate concentration measured between 1 - 5 cm, 5.1 - 10 cm,
and 10.1 - 20 cm at each sampling site.
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Fig 4.26. The relationship between infauna abundance and silicate concentration in cohesive
(MUD) and non-cohesive (SAND) sediment. Dots and bars represent the mean and standard
error values for silicate concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 –
20 cm at each sampling site.
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Table 4.13. GAM model examining the relationship of response variable (concentration of
ammonium, phosphate and silicate concentration in µmols) to infaunal abundance in
cohesive sediment (Mud).
Mud
Ammonium (NH4+)

n

edf

F

p-val

Deviance
explained (%)

1 - 5 cm

11

2.64

3.71

0.06

66.7

5.1 – 10 cm

11

1.85

2.17

0.17

45.5

10.1 – 20 cm

GAM not fitted

Phosphate (PO43-)

n

edf

F

p-val

Deviance
explained (%)

1 - 5 cm

11

1

0.41

0.54

4.36

5.1 – 10 cm

11

1

1.08

0.33

10.7

10.1 – 20 cm

11

1.28

0.21

0.75

13.5

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

-2.68

2.46

-1.09

0.31

0.02

5.1 – 10 cm

-0.5

1.21

-0.42

0.69

-0.13

10.1 – 20 cm

-2.32

2.11

-1.1

0.31

0.03
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Table 4.14. GAM model examining the relationship of response variable (concentration of
ammonium, phosphate and silicate concentration in µmols) to infaunal abundance in noncohesive sediment (Sand).
Sand
Ammonium (NH4+)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

-0.013

0.018

-0.72

0.52

-0.14

5.1 – 10 cm

-0.02

0.05

-0.48

0.66

-0.24

Phosphate (PO43-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

-0.0003

0.007

-0.05

0.97

-0.33

5.1 – 10 cm

-0.001

0.009

-0.13

0.91

-0.33

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

-0.10

0.15

-0.67

0.55

-0.16

5.1 – 10 cm

-0.08

0.27

-0.29

0.79

-0.30

10.1 – 20 cm

0.15

0.09

1.63

0.25

0.35
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Fig 4.27. The relationship between infaunal biomass and ammonium concentration in
cohesive (MUD) and non-cohesive (SAND) sediment. Dots and bars represent the mean and
standard error values for ammonium concentration measured between 1 - 5 cm, 5.1 - 10
cm, and 10.1 - 20 cm at each sampling site.
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Fig 4.28. The relationship between infauna biomass and phosphate concentration in
cohesive (MUD) and non-cohesive (SAND) sediment. Dots and bars represent the mean and
standard error values for phosphate concentration measured between 1 - 5 cm, 5.1 - 10 cm,
and 10.1 - 20 cm at each sampling site.
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Fig 4.29. The relationship between infauna biomass and silicate concentration in cohesive
(MUD) and non-cohesive (SAND) sediment. Dots and bars represent the mean and standard
error values for silicate concentration measured between 1 - 5 cm, 5.1 - 10 cm, and 10.1 - 20
cm at each sampling site.
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Table 4.15. GAM model examining the relationship of response variable (concentration of
ammonium, phosphate and silicate concentration in µmols) to infauna biomass in mud.
Mud
Ammonium (NH4+)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

-0.2

1.07

-0.19

0.85

-0.11

5.1 – 10 cm

-1.94

1.91

-1.02

0.34

0.003

10.1 – 20 cm

-2.3

0.8

-2.87

0.02

0.45

Phosphate (PO43-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.16

0.12

1.36

0.21

0.08

5.1 – 10 cm

0.21

0.19

1.08

0.31

0.02

10.1 – 20 cm

-0.10

0.17

-0.63

0.55

-0.06

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

6.52

6.61

0.99

0.35

-0.003

5.1 – 10 cm

-0.11

3.23

-0.04

0.97

-0.17

10.1 – 20 cm

3.03

5.73

0.53

0.61

-0.09
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Table 4.16. GAM model examining the relationship of response variable (concentration of
ammonium, phosphate and silicate concentration in µmols) to infauna biomass in sand.
Sand
Ammonium (NH4+)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

2.20

0.95

2.30

0.11

0.52

5.1 – 10 cm

4.42

3.19

1.38

0.26

0.19

Phosphate (PO43-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

0.83

0.36

2.28

0.11

0.51

5.1 – 10 cm

0.69

0.59

1.17

0.33

0.08

Silicate (SiO4-)

slope

SE

t-val

p-val

Adj-R2

1 - 5 cm

19.09

7.74

2.47

0.09

0.56

5.1 – 10 cm

32

13.26

2.41

0.09

0.55

10.1 – 20 cm

0.68

16.28

0.04

0.97

-0.49
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4.4 Discussion
4.4.1 Sand vs. mud
The sandy habitat (> 90% sand) was typical of a hydrodynamic environment characterized
by a diverse array of small infaunal species and fast remineralisation of organic matter in the
sediment. It is likely that physical processes such as tidal currents and waves mediate the
redox system leading to mobile parts of the upper sediment and pore-water advection
through the sediment matrix. This is evident from the low organic carbon content
associated with fast remineralisation in the sediment, consistently low concentrations of
pore-water nutrients and total organic nitrogen with depth and a high oxygen penetration
depth (> 2.5 cm). The lack of fines and iron (Fe) in this sediment implies a phytodetrital
source for the inorganic phosphate (PO43-) and silicon (Si).
The muddy habitat (>65% fines) was dominated by fewer but larger species compared to
sand and illustrated highly diffusional solute transport, higher organic carbon content and a
shallower oxygen penetration depth (< 1.5 cm). Although large macrofaunal species such as
Maxmuelleria lankesteri, Callianassa subterranea and Nephtys sp. will have contributed to
sediment mixing, it is likely that trawling resulted in significant sediment mixing and organic
matter burial at depth.

4.4.2 Impacts of bottom fishing
Generally there were no significant changes in the bulk properties of the sediment (organic
carbon and nitrogen content, chlorophyll-a content, porosity and grain size distribution) or
in the abundance (density and biomass) of the benthic fauna that could be attributed to
trawling frequency at either the sandy or muddy sites. However, pore-water nutrient
profiles of ammonium, phosphate and silicate provided evidence of trawling disturbance at
the muddy sites. It appears that trawling is impacting the substrates in terms of the carbon
distributions (and hence biogeochemistry) either directly by physical mixing or indirectly
through the faunal assemblage. Several studies have reported carbon increases in deeper
layers but whether the mechanism is by active mixing or burial (Brown et al. 2005; Trimmer
et al. 2005) or by changes in the infaunal community (Duplisea et al. 2001) it remains
unclear. Pusccedu et al. (2005) attributed the increases in total organic carbon (TOC)
concentrations to organic matter uplift from deeper sediment layers by sediment reworking
by benthic biota. In this study we found no links between infaunal parameters (BPc, infaunal
abundance and biomass) and biogeochemical parameters (e.g. OPD, aRPD, nutrient
concentrations), nor evidence for change in infaunal parameters with trawling frequency
therefore we found no convincing evidence that the effect of fishing on the sediment
biogeochemistry is through changes in the biota. The increase in ammonium production at
depth (> 5 cm) supports the idea that a long-term consequence of benthic trawling is the
burial of organic matter associated with fines to deeper sediment strata (similar results to
Mayer et al. 1991; Trimmer et al. 1999; Trimmer et al. 2005). Benson et al. (2008) has
described the possible penetration of otter trawls doors down to 5 – 17cm in muds,
therefore it is likely that the increase in ammonium production at the depths observed at
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the muddy sites could be due to organic matter burial or mixing to depth by otter board
actions rather than due to sediment resuspension or macrofaunal activities. Furthermore,
the injection of carbon (phytodetritus) to depth is also be likely to stimulate localized Fe
reduction which would have allowed the increased phosphate release at depth. Future
analysis on TOC and C:N ratios would enable age determination and source of carbon, hence
allowing the process of impact to be identified better.
There was no relationship between trawling frequency and any of the nutrient
concentration profiles at any of the sandy sites. The biogeochemistry at this site appeared
to remain dominated by the natural physical environment, such that the impact of scallop
dredging at the dredging intensities investigated in this study was not evident. The
ammonium depth profiles and deep OPD at the sandy sites suggest well oxidized sediment
to depths of ca. 6 – 10cm for both high and low trawling impact sites. The extremely low
phosphate concentrations in sand provide further evidence of a well-oxidized and highly
(naturally) disturbed environment.
Otter trawling or scallop dredging activity will, in theory, resuspend and re-oxidize the top 5
to 10 cm of the sediment (Benson 2008; O’Neill et al. 2013) and reduce fauna (Carbines &
Cole 2009; Hiddink et al. 2006; Hinz et al. 2009; Jennings et al. 2005; Reiss et al. 2009; Smith
et al. 2000; Strain et al. 2012). The fact that there was no relationship in biogeochemical
parameters (e.g. OPD and aRPD) or in the abundance (density and biomass) of the benthic
fauna with the short-term satellite data (VMS data averaged from 2009 – 2011) may be due
to a number of reasons:
(i) Inter-annual variability in the spatial distribution of the fishing fleet. Averaged VMS
data over a 3 year period generally gives a good estimate of chronic disturbance by
fishing, however unless the fleet distributions are temporally invariant year on year
then the trawling pattern across the sites may have changed. This temporal
variability in trawling frequency needs to be borne in mind when interpreting
possible effects on biogeochemistry,
(ii) Historical fishing pressure. The communities found at sites of low trawling
frequencies at the muddy location (NP) were most likely already in a chronically
disturbed state, as the whole area has been fished since the latter half of the 19 th
century. Given this, it is likely the impact of pressure on habitat state is
considerably diminished and so the amount of change in status or function for
additional amount of pressure may be small. Without further historical analysis of
pressure climatologies it is hard to say where these sites sit on the impact
trajectory but may explain our lack of response to trawling pressure determined by
VMS,
(iii) Resolution and scale. The mismatch of scales between the VMS data (1 km 2) and
the sampling gear (1 m2), together with the difficulty of matching up different gear
penetration depths with infaunal distribution and biogeochemical zones within the
sediment might have reduced our ability to detect changes with trawling
frequency.
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4.4.3 Impact of macrobenthos
Some manipulative investigations have demonstrated that the influence of bioturbation on
nutrient regeneration and oxygen consumption is greater in diffusion-dominated (low
disturbance, fine sediments and low rates of sediment pore water exchange) than in
advection-dominated (high disturbance, coarse sediments and consequently high rates of
sediment pore water exchange) systems (reviewed by Mermillod-Blondin & Rosenberg
2006). Such observations support the hypothesis that macrofauna mediates a number of
biogeochemical processes and their influence will be stronger in muddy than in sandy
substrates. Our results did not show strong significant relationships between macrofaunal
parameters (abundance, biomass and bioturbation potential) and biogeochemical
parameters (such as organic carbon and nitrogen content, OPD and aRPD) in either mud or
sand. The effect on nutrient concentration profiles was not clear, but the conservative
nature of the silicate in many of the profiles indicates that the usual heterogeneity
introduced by a diverse bioturbating community is largely absent. One reason for this is that
the macrofauna has little effect on biogeochemical processes at the studied sites. The
natural and/or anthropogenic disturbance processes such as tides, waves and bottom
fishing (as discussed above) may have an over-riding effect. Hiddink et al. (2009) showed
that biodiversity was less important in the maintenance of oxygenated sediments as
physical disturbance (wave stress) increased. This is not to say that fauna is not important,
but may explain the lack of significant changes in this study. If high biodiversity may seem
superfluous for ecosystem functioning under the perceived conditions at a given point in
time, changes in the disturbance regime may increase the importance of biodiversity for a
given ecosystem function.
A second reason may be that macrofaunal abundance and biomass may be inadequate
metrics for measuring the effect of macrofauna on biogeochemical processes. A number of
studies have shown that the spatial configuration and type of infauna activity are important
attributes affecting transport and reaction rates in sediments (Aller & Aller 1998; Marinelli
1994; Marinelli & Williams 2003). Waldbausser et al. (2004) found that although species
such as Clymenella and Leitoscoloplos (head-down deposit feeders) feed and move particles
in the same general direction, their differences in depth of bioirrigation and tube building
appeared to have measurable effects on the resulting geochemical properties of the
sediment column. Therefore, whereas metrics such as macrofaunal abundance and biomass
give a good idea of the size and number of species in a sample they provide no distinction
between species that bioturbate or bioirrigate the sediment from those that do not. The
community bioturbation potential was therefore also analysed for this reason.
We observed low bioturbation potential of the community overall; the BPc metric numbers
were low (< 900 for muddy sites and <100 for sandy sites) when compared to North Sea
sites which ranged from 400 to 12,000 (Solan et al. 2012; Parker et al. in prep.). Infaunal
communities at the sandy sites were diverse and highly abundant but the infauna were
generally very small; 85% of individuals weighed less than 0.1g of which 90% weighed less
than 0.05g in sand. Infaunal communities at the muddy sites were characterized by a few
dominant species and although species were generally larger than in sandy sites, the
majority of the fauna were very small; 71% of individuals weighed less than 0.1g of which
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83% weighed less than 0.05g. Therefore assuming that the magnitude of bioturbation is
determined by the size of the individuals in addition to functional group of species
(sediment reworking mode, feeding mode, mobility) and their abundance (Aller 1982, Solan
et al. 2004), the fauna at these sites might be too small to over-ride physical processes that
may be acting and regulating biogeochemical processes in the sediment.

4.4.4 Linking study to GES
The biogeochemical and faunal parameters examined in this study were chosen for their
power, cost and capacity as tested in the North Sea (Painting et al. 2012; Parker et al. 2012).
In this sense they fit the criteria 1 (easy to understand) and 5 (easily and accurately
measured), although the OPD and aRPD were not easily measurable in some sands or
coarser substrates and biogeochemical datasets are still relatively few in terms of setting
time-series (criteria 7).
We observed little response of the biogeochemical variables to the trawling pressure
gradient (reasons discussed above) and consequently it has been difficult to determine
reference levels from the empirical measurements taken during this study. Further work of
similar assessment but including higher number of ‘reference’ stations (i.e. no or very little
impact of fishing) is required to improve our present knowledge.
Table 4.17Error! Reference source not found. summarises the merit of the main sea-floor
parameters as indicators of trawling pressure, including their linkage and response to the
activity, as derived from literature understanding and case studies conducted to date
including new data from this study. In summary, from current knowledge we may conclude
that:
 organic carbon, oxygen penetration depth and aRPD (redox depth), P:B (community
turnover) and pore-water ammonium concentration are the parameters which act as
good indicators of trawling impact
 other parameters such as pore-water nutrients (phosphate, sulphate and silicate)
showed some merit but have poorer supporting datasets and needed further work
regarding their ability to assess sea-floor status
 BPC (community bioturbation potential) did not link well with the biogeochemical
variables assessed in this study. We advocate that more work regarding biological
trait relations with environmental (including biogeochemical) variation is needed,
perhaps focussing on targeted range of individual traits
The analysis in this study has brought together various assessment methods to measure the
merit of a range of faunal and biogeochemical parameters as indicators for trawling
pressure. However, the assessment for determining reference levels of these measures has
been hindered by the number of samples of differing trawling pressure within the studied
area. Future work on larger trawling gradient studies would improve the confidence of
these findings.
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4.4.5 Conclusion
This study used an observational approach where we used existing gradients of bottom
fishing in two sediment type regimes in the northern Irish Sea to examine the combined
impacts for the fauna and biogeochemical coupling of the seabed. Although the
observational approach employed in this study did not allow for unambiguous assignment
of causation to fishing disturbance, it provided useful insights into the effects of fishing on
benthic communities and processes. We conclude that the impacts of fishing on fauna and
sediment biogeochemical parameters examined here are very much dependent on the type
of sediment and gear mode and may well be influenced by the history of exploitation of the
area studied.
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Table 4.17. Summary of bottom fishing induced changes observed in studies for the period 2001 to present. In these studies fishing pressure is
estimated either from over-flight data (sightings per unit effort, SPUE) or satellite observations (vessels per square Km; SAT or fishing frequency
(number of times per year, following methodology by Lee et al. xxx).
Sediment
measure
Particle
spectra

Parameter changes
size 



OSP: sediment becomes
finer and sediment sorting
increases with trawling
(SPUE)
Thames: no relationships
found



Porosity



OSP & Thames: Increases
with trawling (SPUE)
across both sites but less
significant for Thames
NP: no change



IoM: no change






Gear / substrate



Resuspension from trawling brings fines to
surface
Trawling is targeted to finer, high
production areas
Trawling overlaid on progression of
sediment types through OSP
Biological changes prevent rehomogenisation of sediment once
impacted
As above, issue of whether trawling targets
finer, more organically rich areas
regionally.

Beam trawls
some otter
muddy sands

Resuspension from trawling brings fines to
surface

Otter
mud




% silt

TOC & TON

Conceptual trawling pressure process

No change
Increases with increased
pressure
Increase with increasing
pressure
Decreases







References
/ Parker et al. 2003;
– Trimmer et al. 2005

Parker et al. 2003
Beams – sands

Beams mainly – Trimmer et al. 2005
some otter trawls.

trawls

– This study
This study





Differential trawling action
~ increase in fines as sediment sorting
occurs under resuspension
Mixing of deeper sediment layers to the
surface
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Beams – muddy Trimmer et al. 2005
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Sulphate
reduction

Oxygen - OPD

aRPD - SPI






NP: no change
IoM: no change



OSP: significant +ve
correlation with trawling
(SPUE) (and % silt)


Denitrification
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Thames no relationship
found
Decrease in coupled
denitrification (Dn)) with
increasing trawling effort
(SAT) – may be seasonally
mediated
Deepening of OPD by
≈2mm with increased
trawling (both SPUE and
SAT) – only in 2001.




NP: no detectable change
Shallowing of aRPD



NP & IoM: No Change
detectable













Resuspension and TOC degradation

physical ploughing, burial of carbon or
product of fining of sediments
biological changes encouraging deeper
burial of carbon (lower bioturbation
mixing)

Otter trawls – This study
mud
This study
Scallop dredge sand
Beams & otters – Trimmer et al. 2005
muddy sand
Duplisea et al. 2001
Beams – sand

Beams and otters
Burrow formers which mediate Dn are
– muddy sand
removed
Deeper physical mixing of carbon so less
Dn
Seasonal effect
physical disturbance and remains of
resuspension and redox changes
Biotic demand for O2 changes in upper 1cm
Carbon changes in upper layers
Otter trawling mud
Beams – muddy
Changes in assemblage size/biomass ~
sand
bioturbation and BMD
Little change in assemblage function / high
Otters – muds;
impact
Otter and scallop
dredge on sands

Parker et al. 2003

Trimmer et al. 2005

Parker et al. 2003

This study
Parker et al. 2012
This study
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Biomass
Production/ P:B

– 


Bioturbation
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Decrease in biomass
(individual and
assemblage)
Production and P:B
increase with increased
effort
Bioturbation decreases





Physical impact on fauna, dominance of
smaller, faster growing species
Shift to faster-growing species

Beams and otters Jennings et al. 2002;
– muddy sands
Jennings et al. 2005;
Duplisea et al. 2002;
Parker et al. 2003.

Bioturbation decreases ∞ decrease in
biomass and loss of bigger species
This study

Traits

Pore-water
nutrients –






Ammonium
Phosphate



Silicate



NP & IoM: BPc no change
NP: Surface deposit and
bioturbators decrease in
mud
IoM: No change in sands
No ambient flux changes
observed, mainly
instantaneous acute
studies
NP: Ammonium
concentration increases at
depth with increasing
trawling frequency




NP: Fauna potentially historically impacted
IoM: Physical processes over-ride impact
by fishing

Otter trawling mud

Parker et al. 2012



Introduction of organic matter at depth
due to sediment mixing/burial during to
fishing gear

Otter trawling – This study
mud

This study
Scallop dredge sand

IoM: no detectable
changes due to trawling in
ammonium, phosphate,
silicate concentration
profiles
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4.7 Appendices
Appendix I. Nutrient profiles
Fig. A1. Total organic nitrogen concentration (µmols) profile with depth for each fishing
pressure (in red) examined in non-cohesive sediment (sand).
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Fig. A2. Total organic nitrogen concentration (µmols) profile with depth for each fishing
pressure (in red) examined in cohesive sediment (mud).
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Fig. A3. Nitrite concentration (µmols) profile with depth for each fishing pressure (in red)
examined in cohesive sediment (mud).
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Fig. A4. Nitrite concentration (µmols) profile with depth for each fishing pressure (in red)
examined in non-cohesive sediment (sand).

132

BENTHIS deliverable 4.6

Trawling impacts on ecosystem processes

Appendix II. Description of traits and modalities used in the biological trait analysis (adapted from Bolam et al. 2014b, c).
Trait

Modality

Body size (mm)

<10
11 – 20
21 – 100
101 – 200
201 – 500
> 500

Longevity (yrs)

<1
1–<3
3 - 10
> 10

Trait Definition

Maximum recorded size of adult (as individuals or
colonies)

Indicates potential for the adult stage to be exposed to
physical disturbance (larger individuals stand a higher
chance of by-catch or damage from gear). Implications
for the movement of organic matter within the
benthic system as large organisms hold organic matter
(low turnover) within the system relative to smallbodied species (high turnover) (Pearson and
Rosenberg, 1978).

Maximum reported life span of the adult stage

Indicates the relative investment of energy in somatic rather
than reproductive growth and the relative age of sexual
maturity, i.e. a proxy for relative r- and k- strategy (Pearson
and Rosenberg, 1978).

Suspension

The removal of particulate food taken from the water
column, generally via filter-feeding

Surface deposit

Active removal of detrital material from the sediment
surface. This class includes species which scrape and/or
graze algal matter from surfaces

Subsurface deposit

Removal of detrital material from within the sediment
matrix

Feeding group

Scavenger
opportunist

/

Functional significance and/or vulnerability to fishing

Species which feed upon dead animals

Feeding mode has important implications for the potential
for transfer of carbon between the sediment and water and
within the sediment matrix. Feeding mode also has
important repercussions for many biogeochemical
processes (Rosenberg, 1995). Furthermore, whilst
scavengers may benefit from higher food availability as a
result of carrion, suspension feeders may suffer damage to
their filtering devices due to high concentration of
suspended sediment following the fishing disturbance
event.
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Predator

Species which actively predate upon animals (including
the predation on smaller zooplankton)

Parasite

Species which have a parasitic mode of life on other
invertebrate species

Sessile

Species in which the adults have no, or very limited,
mobility either because they are attached or are limited
to a (semi-) permanent tube or burrow

Burrower

Infaunal species in which adults are capable of active
movement within the sediment

Crawl/creep/climb

Capable of some, generally limited, movement along the
sediment surface or rocky substrata

Swim

Species in which the adults actively swim in the water
column (many usually return to the bed when not
feeding)

Diffusive mixing

Vertical and/or horizontal movement of sediment
and/or particulates

Surface deposition

Deposition of particles at the sediment surface resulting
from e.g. defecation or egestion (pseudofaeces) by, for
example, filter and surface deposit feeding organisms

Upward conveyor

Translocation of sediment and/or particulates from
depth within the sediment to the surface during
subsurface deposit feeding or burrow excavation

Downward conveyor

The subduction of particles from the surface to some
depth by feeding or defecation

Mobility

Bioturbation
mode
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Adults of faster moving species are more likely to evade
capture by trawl gear than slow-moving or sessile
individuals. Mobility also affects the ability for adult
recolonization of disturbed areas.

Describes the ability of the organism to rework the
sediments. Can either be upward, downward, onto the
sediment or mixing of the sedimentary matrix. Bioturbation
mode has important implications for sediment-water
exchange and sediment biogeochemical properties.
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Do not perform any of the above and/or not considered
as contributing to any bioturbatory capacity
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Appendix III. Sediment profile images obtained using the SPI-camera at the muddy study area (NP) and the sandy study area (IoM).
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5 REGIONAL 3D BIOGEOCHEMISTRY MODELS: COMPARISON OF MODEL
PREDICTIONS WITH THE OUTPUTS OF THE COMPARATIVE STUDY IN CHAPTER 4.
Contributors: Johan van der Molen

5.1 Introduction
Results from an existing run with the 3D biogeochemistry model GETM-ERSEM-BFM (Van
der Molen et al. 2016b) are used here to put the observations in chapter 4 into perspective.
This model has been applied to several regions in the north-west Atlantic and covers regions
ranging from the Baltic to the Celtic Sea. The model results were compared with the
observations from the stations presented in this report. Subsequently, a station in the sandy
region, and a station in the muddy region were selected based on best model performance
across the observed variables available. Time series of a range of state variables and
benthic-pelagic fluxes at these stations were extracted from the model and discussed in
terms of seasonal and inter-annual variability. Also, maps of spatial distributions of several
model variables are provided for reference purposes.

5.1.1 Model description
The 3D hydrodynamic model GETM (General Estuarine Transport Model, www.getm.eu;
Burchard & Bolding 2002) solves the shallow-water, heat balance and density equations. It
uses GOTM to solve the vertical dimension. For the current work, GETM was run on a
spherical grid covering the area 46.4N-63N, 17.25W-13E with a resolution of 0.02
longitude and 0.05 latitude (approximately 5 km), and 25 non-equidistant layers in the
vertical (Fig. 5.1). The model bathymetry was based on the NOOS bathymetry
(www.noos.cc/index.php?id=173). The model was forced with tidal constituents derived
from TOPEX-POSEIDON satellite altimetry (LeProvost et al. 1998), atmospheric forcing from
the ECMWF ERA-40 and Operational Reanalysis (ECMWF 2006a,b), interpolated river runoff
from a range of observational data sets (the National River Flow Archive
(www.ceh.ac.uk/data/nrfa/index.html) for UK rivers, the Agence de l'eau Loire-Bretagne,
Agence de l'eau Seine-Normandie and IFREMER for French rivers, the DONAR database for
Netherlands rivers, ARGE Elbe, the Niedersächsisches Landesamt für Ökologie and the
Bundesanstalt für Gewässerkunde for German rivers, and the Institute for Marine Research,
Bergen, for Norwegian rivers; see also Lenhart et al., 2010), and depth-resolved
temperature- and salinity boundary conditions from ECMW-ORAS4 (Balmaseda et al. 2013;
Mogensen
et
al.
2012;
http://www.ecmwf.int/products/forecasts/d/charts/oras4/reanalysis/).
The
sea-bed
composition was generated using a function of water depth, tidal currents and waves fitted
on the North Sea Benthos Survey data (Fig. 5.2Error! Reference source not found.; Basford
et al. 1993; Van der Molen et al. 2016a). An enlargement for the eastern Irish Sea is given in
Fig. 5.3, with the sampling stations of this study super-imposed (see Table 5.1 for an
overview of station numbers as used here, labels as used elsewhere in the report, and
sediment type).
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Fig. 5.1. Model domain and bathymetry. Numbers are SmartBuoy locations used for model
confirmation (Van der Molen et al. 2016a,b).
The ERSEM-BFM (European Regional Seas Ecosystem Model - Biogeochemical Flux Model)
version used here (19-02-2015) is a development of the model ERSEM III (see Baretta et al.
1995; Ruardij & Van Raaphorst 1995; Ruardij et al. 1997; Vichi et al. 2003; Vichi et al. 2004;
Ruardij et al. 2005; Vichi et al. 2007; Van der Molen et al. 2013; van der Molen et al. 2014;
van der Molen et al. 2016b, www.nioz.nl/northsea_model), and describes the dynamics of
the biogeochemical fluxes within the pelagic and benthic environment. The ERSEM-BFM
model simulates the cycles of carbon, nitrogen, phosphorus, silicate and oxygen and allows
for variable internal nutrient ratios inside organisms, based on external availability and
physiological status. The model applies a functional group approach and contains five
pelagic phytoplankton groups, four main zooplankton groups and five benthic faunal groups,
the latter comprising four macrofauna and one meiofauna groups. Pelagic and benthic
aerobic and anaerobic bacteria are also included. The pelagic module includes a number of
processes in addition to those included in the oceanic version presented by Vichi et al.
(2007) to make it suitable for temperate shelf seas: (i) a parameterisation for diatoms
allowing growth in spring, (ii) enhanced transparent exopolymer particles (TEP) excretion by
diatoms under nutrient stress, (iii) the associated formation of macro-aggregates consisting
of TEP and diatoms, leading to enhanced sinking rates and a sufficient food supply to the
benthic system especially in the deeper offshore areas (Engel, 2000), (iv) a Phaeocystis
functional group for improved simulation of primary production in coastal areas (Peperzak
et al., 1998), (v) a pelagic filter-feeder larvae stage, and (vi) benthic diatoms, including
resuspension, transport and pelagic growth. The suspended particulate matter (SPM)
module, containing contributions by waves and currents, and included for improved
simulation of the under-water light climate, has been developed further compared to the
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version used by van der Molen et al. (2014). It now includes full 3D transport, according to
formulations similar to the method of van der Molen et al. (2009), but uses only one SPM
fraction subject to a concentration-dependent settling velocity to parameterise the effects
of multiple grain sizes for computational efficiency (van der Molen et al., 2016a). An
experimental method to include resuspension of particulate organic matter as a proportion
of the SPM resuspension is also included. The model does not include effects of trawling.
Note that this model only includes diffusive physical processes in the sediment.

Fig 5.2. Percentage silt and mud used in the model. Circles are North Sea Benthos Survey
data (Basford et al., 1993); from Van der Molen et al. (2016a).
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Fig 5.3. Silt and mud content in the model [%], and station positions.
Table 5.1. Station numbers, labels and sediment type.
Station number

Station label

Sediment type

30
21
24
18
25
27
29
19
23
17
20
34
36
44
38
46
37
35
31

NP1
NP2
NP3
NP4
NP5
NP6
NP7
NP8
NP9
NP10
NP11
IoM1
IoM2
IoM3
IoM4
IoM5
IoM6
IoM7
IoM8

Mud
Mud
Mud
Mud
Mud
Mud
Mud
Mud
Mud
Mud
Mud
Sand
Sand
Sand
Sand
Sand
Sand
Sand
Sand
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Methods

The model was initialized from an earlier run, run from 2000 to 2005 as spinup, and run
from 2006-2008 for results (see Van der Molen et al., 2016b for details and validation with
SmartBuoy time series observations). The results were stored as daily averages, from which
monthly averages were calculated. The daily output was discarded. For comparison with the
observations here, time series of monthly averages were extracted at the field work stations
(Error! Reference source not found.), and values of June and July for each of the three years
were interpolated to obtain estimates at the turn of the month, coinciding with the field
programme. The results were plotted together with the field observations of porewater
nutrient concentrations for model confirmation. The best fitting station in the muddy and
sandy area were selected, and time series of a range of variables were plotted to provide
background information for the field observations.
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Results

Model results of the oxygen penetration depth showed slight underestimates at most sites
(Fig 5.4). Results for porewater concentrations of phosphate (Fig 5.4

Fig) indicated that the model over-estimated by several orders of magnitude in oxic and
denitrification layers. In the anoxic layer, the model over-estimated at muddy sites, and
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gave variable results at sandy sites. The model results for porewater concentrations of
nitrate showed reasonable agreement with observations at most stations (Fig 5.5).
Modelled pore-water concentrations for ammonium showed slight over-estimates at most
sites, with a good match at some (30, 31) (Fig 5.6). For silicate, modelled porewater
concentration in the anoxic layer were consistently a factor of 5-100 larger than observed.
Considering the results presented in Figures 5.4 to 5.7, Stations 18/NP4 and 35/IoM7
showed the best overall correspondence with the observations in the muddy and sandy
areas, respectively. Hence, these stations were chosen to present time-series results to
assess the seasonal and inter-annual variations of porewater nutrient concentrations, fluxes
at the sea-bed interface, and faunal functional types.
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Fig 5.4. Comparison of model and observations for Phosphate (mmol m-3) with depth in the
sediment (vertical). A log scale was used to resolve the oxic and denitrification layers, and to
resolve concurrent small and large values. Green lines: interface between oxic layer and
denitrification layer for June 2006, 2007 and 2008; blue lines: interface between
denitrification layer and anoxic layer; red lines: observed oxygen penetration depth; black
145

BENTHIS deliverable 4.6

Trawling impacts on ecosystem processes

lines: observed phosphate concentrations; blue stars: modelled phosphate concentrations,
interpolated between monthly averages of June and July.

Fig 5.5. As Fig 5.4 but for nitrate; observations are Total Organic N.
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Fig 5.6. As Fig 5.4 but for ammonium.
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Fig 5.7. As Fig 5.4 but for silicate.
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Modelled time series results for oxygen penetration depth at Stations 18/NP4 (Fig 5.8) and
35/IoM7 (Fig 5.9) suggest an annual cycle with reasonably stable February to March
maxima, and August to September minima, but considerable variability in the transition
from winter to summer, explaining the spread in the results for June-July in Fig 5.4.
Phosphate content (note that we did not process the model output, and this is the amount in
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not

the

concentration

as

in

Fig

5.4

Fig) in the oxic layer mimicked the temporal signal of OPD relatively closely at both sites.
Nitrate (in the combined oxic and denitrification layer) showed skewed seasonal cycles, with
winter maxima coinciding with the maxima in OPD, but summer minima occurring 2-3
months earlier. Silicate concentrations (in the combined oxic and denitrification layer) were
in anti-phase with the OPD at both sites. Finally, ammonium content in the oxic layer
showed a skewed seasonal cycle at Station 18/NP4, with autumn maxima in October and
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summer minima in June. At Station 35/IoM7, ammonium showed two cycles per year, with
maxima in May and November and minima in August and February.

Fig 5.8. Modelled time series at Station 18/NP4: oxygen penetration depth and porewater
nutrient content.
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Fig 5.9. As Fig 5.8, but for Station 35/IoM7.
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Fig

5.10. Modelled time series of bed stresses and nutrient fluxes at sediment interface, Station
18/NP4.
Monthly averaged current-induced bed-shear stress showed a similar signature at both sites
(Fig 5.10, Fig 5.11), with minimum values in summer, and maximum values in winter. As no
seasonal components were included in the tidal forcing, this resulting seasonality must be
due to a combination of seasonality in wind-driven currents, and interaction between the
diurnal and semi-diurnal tidal constituents that were included in the forcing. Wave-induced
bed-shear stress was also similar at both sites, with relatively short winter peaks and longer
quiet periods in summer. At the sandy site (35/IoM7), both maximum current and maximum
wave shear stresses were larger than at the muddy site (18/NP4).
Fluxes of phosphate were consistently out of the bed into the water column at both sites,
with maxima in summer. Fluxes of nitrate were into the bed in winter, and out of the bed in
summer. At the sandy site (35/IoM7), two maximum outfluxes occurred, one in early
summer and one in the autumn. Fluxes of ammonium were consistently out of the bed, with
maxima in October. At the sandy site (35/IoM7), additional maxima occurred in May. Fluxes
of silicate were also consistently out of the bed at both sites. Sandy site 35/IoM7 showed a
clear seasonal cycle with maxima in August and minima in April, whereas muddy site 18/NP4
showed much less clearly defined variability.
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Fig 5.11. As Fig 5.10, but for Station 35/IoM7.
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Fig 5.12. Modelled time series of bed stresses ad oxygen, CO2 and POC fluxes at the seabed
interface, Station 18/NP4.
Fluxes of Oxygen were consistently into the bed at both sites (Fig 5.12Error! Reference
source not found., Fig 5.13) with maximum flux in summer. The muddy site (18/NP4)
showed a more regular pattern, whereas the sandy site (35/IoM7) showed a rapid increase
in flux between March-April and June, and a gradual decline in summer and autumn. CO2
fluxes were consistently out of the bed, and in anti-phase, with a slight delay, with the
oxygen fluxes. Settling and resuspension of organic material was greatest in summer and
smallest in winter at both sites, suggesting that supply (through production and transport)
and remineralisation were the dominant factors, and not so much the instantaneous
hydrodynamic conditions. Values were larger at the muddy site than at the sandy site, as
might be expected.
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Fig 5.13. As Fig 5.12 but for Station 35/IoM7.
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Fig 5.14 Modelled time series of the carbon biomass of the benthic functional types,
Station18/NP4.
Both sites showed a dominance of suspension feeders, deposit feeders and benthic
predators, with only small biomass of epibenthos and meiobenthos. At the muddy site
(18/NP4), the biomass of both suspension and deposit feeders showed a maximum in midsummer, whereas at the sandy site (35/IoM7) deposit feeders displayed a longer maximum
period, starting in August and lasting to January. At the sandy site, 2007 showed higher
biomass than the other two years, whereas at the muddy site it showed lower biomass.
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Fig 4.15. As Fig 5.14, but for Station 35/IoM7.
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Fig 5.16. Modelled spatial distributions of OPD, phosphate in the oxic layer, nitrate in the
oxic and denitrification layers, total particulate organic matter, deposit feeders and filter
feeders for June 2008. The numbered black dots are the stations used in this study.
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The spatial distributions of OPD, POC, nitrate, phosphate, deposit feeders and suspension
feeders are given in Error! Reference source not found.. OPD was larger at the muddy
stations than at the sandy stations. Phosphate concentrations in the oxic layer were larger
for the muddy stations than for the sandy stations. Nitrate concentrations in the oxic and
denitrification layers was also larger at the muddy stations than at the sandy stations. The
particulate organic matter distribution was varied, with only a weak imprint of the sediment
composition. A similar argument held for the spatial distributions of the deposit feeders and
suspension feeders.
5.4

Discussion and conclusions

Apart from bathymetry, meteorological forcing and tide gauge data, no data from the Irish
Sea were used in the setup and calibration of the ecosystem model. Hence, the comparison
made here is a good test of model performance. Discrepancies should be expected, because
i) the observations and model results do not coincide in time, ii) the representation of the
sea-bed composition in the Irish Sea in the model is not confirmed, iii) the model resolution
in the area of interest is relatively coarse, with several stations coinciding with the same
model grid cell, iv) the model does not represent the tides in the Irish Sea very well.
A few remarks are in order regarding the sea-bed composition in the model, which
appeared to be coarser than that found in the field (Table 4.1). The sea-bed composition in
the model does not include the fluff layer, which may contain higher concentrations of mud,
but which may also be resuspended on a seasonal frequency. The North Sea Benthos Survey
data on which the sediment composition was based (Fig 5.2) did not contain mud
concentrations over 25% in water depths comparable to those in the eastern Irish Sea,
except for a few isolated points that were not reproduced by the fitted function. During the
last 10 years, the model has been developed using sea-bed compositions based on the
North Sea Benthos Survey data, so it is possible that some of the functionality and
parameters are tuned towards a more compressed range of mud content. For a better
appreciation of the differences, the sampling and analysis techniques used in the current
study should be compared with those of the North Sea Benthos Survey; this could not be
done here.
Given the caveats above, the model represented OPD and the porewater concentrations of
nitrate and ammonium at the stations reasonably well. The porewater concentrations of
phosphate in the anoxic layer were represented less well, while those in the oxic and
denitrification layer were several orders of magnitude larger than observed. The observed
phosphate concentrations were interpreted as low (Section 4.3.2.3), with inferred
interactions with iron and trawling, neither of which were included in the model, as
suggested causes. For silicate, modelled concentrations in the anoxic layer were consistently
much too high. The reasons for this are unclear, but may to some level be related to those
for the over-predictions of phosphate.
The simulated OPD varied significantly between years. Inspection of the annual cycles of
OPD suggested large interannual variability at the time of year in which the observations
were taken, and less variability in winter and late summer. This may explain some of the
differences with the observed values.
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If interannual variability is to be minimized in monitoring programmes, the current results
suggest that the best time of year to measure OPD and pore-water nutrients is FebruaryMarch when the ecosystem is in a relative state of rest, just before the start of biological
activity. The period of August-September seems a reasonable second choice, but differences
in response times of ecosystem variables are likely to introduce a higher level of interannual
variability for this time of year.
The benthic-pelagic fluxes considered here showed no clear correlation with bed-shear
stresses, suggesting that the main driving forces in the model are not primarily
hydrodynamics-related, but are rather driven by concentration gradients set by
biogeochemical processes. The influence of hydrodynamics on benthic-pelagic exchange is
an area of modelling that is currently under development, and it may be that the model
used here is under-representing these processes.
It was not possible to compare the model results of the faunal functional types with the
observations, as the model results are expressed in biomass, whereas the observations are
in numbers of individuals. The difference in benthic biomass at the sandy and muddy site for
2007 compared to 2006 and 2008 may be related to the difference in phosphate flux, which
may be an important component driving the local primary production. This could be
investigated further in further work.
The spatial distributions of OPD, POC, nitrate, phosphate, deposit feeders and suspension
feeders (Error! Reference source not found.) show some relationship with the sediment
composition (Error! Reference source not found.), but with significant differences,
indicating that sediment composition is an important, but not the only driver.
5.5
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6 GENERAL DISCUSSION
This task quantified the effect of chronic and large scale bottom trawling on benthic
ecosystem functioning in different habitat types (chapter 2 and 4). We used this information
to improve the ecosystem model components that describe these processes (chapter 3 and
5). Using a model the effects was compared to the natural seasonal variation to get an
estimate of their relative importance (chapter 5). This model was used to regionally map
ecosystem functioning in the Irish Sea (chapter 5).
We found that trawling strongly affected the functional composition of benthic invertebrate
communities over large spatial scales in some areas, but not others. Comparison of the
effect of trawling on the functional composition of benthic communities over a large spatial
scale in NW Europe showed that both trawling and natural disturbance caused declines in
long-lived, hard-bodied, and suspension-feeding organisms. Because the effect of trawling
and shear stress was similar, there was no detectable trawling effect on the composition or
function of communities exposed to a high natural disturbance. These observations
together provide strong evidence for the similarity of the community states induced by
trawling and natural disturbance (Chapter 2).
Our more detailed study of the biological (macro-infaunal) and biogeochemical responses
to fishing in two different types of sediment substrates (mud vs. sand) in the Irish Sea that
were predominantly impacted by otter trawls and scallop dredges was carried out in June
2014 (Chapter 4). The sandy habitat (>90% sand) was typical of a hydrodynamic
environment characterized by a diverse array of small infaunal species, low organic carbon
levels and fast remineralisation of organic matter in the sediment. The muddier habitat
(>65% fines) was dominated by fewer but larger bioturbating species compared to sand, and
illustrated highly diffusional solute transport, higher organic carbon content and a shallower
oxygen penetration depth. Generally there appeared to be no clear statistically significant
changes in the biogeochemistry of the sandy or muddy habitat that could be attributed to
different intensities of fishing. However, pore-water nutrient profiles of ammonium,
phosphate and silicate provided clear evidence of organic matter burial and/or mixing as a
result of trawling at the muddy site. The biogeochemistry at the sandy site appeared to
remain dominated by the natural physical environment, so impact of fishing disturbance
was less evident. Together chapter 2 and 4 show that fishing does not have comparable
effects on the biology and biogeochemical processes in all benthic habitat types.
In chapter 3, a food-web model showed that fishing with the different types of gears always
has a negative effect on scavenger biomass and a positive effect on filter feeder biomass,
although for the otter trawl the effect is initially negative with increasing fishing intensity.
These predictions contradict the results in chapter 2, which found negative effects of
trawling on sessile filter feeders. The dredge has the most negative effect on deposit feeder
biomass which is reflected in low scavenger biomass. Of all gears tested the otter trawl and
the shrimp trawl have the least negative effect on co-existence with increasing fishing
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intensity. Including the effect of resuspension due to the sediment disturbance by the gears
caused some changes in the model outcomes.
In chapter 5, the results of chapter 4 are compared with the outputs of ecosystem model
runs for the same areas using regional models, and up-scaled to make regional predictions
of the state of the ecosystem. Model outputs show limited agreement with the observations
for most stations. The model shows that the seasonal and spatial variations in many of the
measured parameters are substantial, and important when compared to the limited effects
of trawling that were detected in chapter 4. Deliverable D1.2 will follow on from this work
by scaling up the assessment of the impact of fisheries on European benthic ecosystems by
region.
Chapter 3 and 4 show how ecosystem processes change function with trawling for different
gears and habitats, and chapter 5 shows the implications for regional changes in functions.
Because the effect of trawling on ecosystem processes in chapter 4 were either not
detected, absent or modest, we did not assess what the effect of altered trawling
distributions or management actions on the ecosystem would be.
The outcomes for these field and modelling studies were used to identify candidate
processes that could be used as indicators of Good Environmental Status (GES) for the
purpose of the MSFD, and their reference levels. These indicators are likely to be most
appropriate for Descriptor 6, Seabed integrity, and are useful because they are spatially
explicit impact indicators that link structure to function. Our current knowledge suggests
that:
 A strong natural variation exists in the reference levels of potential indicators of GES,
and reference levels will therefore need to be habitat specific.
 Naturally dynamic areas with higher tidal currents are less sensitive to trawling
impacts, and some GES indicators reference levels therefore need to be habitat
specific
 Empirical works shows that long-lived, hard-bodied, and suspension-feeding
organisms could act as good indicators of trawling impact in areas with low tidal
shear stress. However, this outcome was contradicted by model outputs in chapter 3
and should therefore be used with care.
 Organic carbon, oxygen penetration depth and aRPD (redox depth), production to
biomass ratio of the infaunal community, bioturbation potential and pore-water
ammonium concentration are the parameters which act as good indicators of
trawling impact. Reference levels for areas that are in a good status, and the
expected seasonal and spatial variation for these indicators are given in chapter 4
and 5.
 Other parameters such as pore-water nutrients (phosphate, sulphate and silicate)
showed some merit but have poorer supporting datasets and need further work
regarding their ability to assess sea-floor status.
Overall, this report makes a large contribution to understanding how trawling and the
environment interact in shaping responses of ecosystem processes to different trawling
gears. This understanding will be applied in the synthesis of understanding of trawling
impacts in WP1.
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Applicability of findings to areas with low levels of natural disturbance in the
Mediterranean and Black Sea

The empirical work that is reported in this deliverable was carried out in the tidally
dominated shelf seas of north-western Europe, and some of the modelling was also focused
on this area. We therefore need to discuss here to what extent the results that are found
here are applicable to areas such as the Mediterranean and Black Sea where tidal currents
are very weak compared with Atlantic waters, and that are often also less affected by waves
because of a greater depth of many shelf areas. The natural disturbance across most of
these areas is therefore much lower than in much of the Atlantic. Much of the work in this
deliverable was focused on examining the interaction between natural disturbance and
trawling disturbance (Chapter 2 and 4), and we should therefore be able to extrapolate our
finding from low natural disturbance areas in the Atlantic area to the Mediterranean and
Black Sea.
The work in Chapter 2 showed that naturally dynamic areas with higher tidal currents are
less sensitive to trawling impacts, and that trawled in naturally stable areas makes the to
become more like naturally dynamic areas. Study area A in Chapter 2, the Fladen Ground,
may however contradict these predictions, as it is a deep area (about 150 m) with a very
high mud content of the sediment that may be quite similar to some Mediterranean
ecosystems and no effects of trawling were detected in this area.
The work in Chapter 4 compared the effect of trawling on fauna and biogeochemistry in
advective sediments (sand with stronger tidal current) and diffusive sediments (mud with
much lower currents). The effects of fishing on biogeochemistry were stronger on mud than
on sand, where biogeochemistry appeared to be more strongly influenced by tidal currents
and waves. On sand, dredging did not affect biogeochemistry. The effects on fauna and
bioturbation potential on biogeochemistry were very limited in both mud and sand habitats.
Therefore, if we extrapolate these results to the Mediterranean and Black Sea where tidal
currents are very low, we can conclude that on average the ecosystems in these more stable
areas are probably going to be more sensitive to trawling impacts than Atlantic ecosystems,
and probably similar to low tidal current mud ecosystems in the Atlantic.
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