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Summary

The pulse trawl is presented as an alternative for the traditional tickler chain beam trawl. The beam
trawl has a direct lethal effect on the benthic community, which is much less for the pulse trawl.
However, the pulse trawl, due to its electrical field has non-lethal effects on the benthic community.
The existence of such non-lethal effects have been demonstrated for different organisms and most
often involve a short period of inactivity. Such a period of inactivity may have consequences at the
population level as it may limit feeding. Yet the population dynamical consequences, nor food web
level consequences, have been studied in experimental or field settings.
To study non-lethal and lethal effects of trawling on the benthic community a model was developed
which is based on a trait-based characterization of the food web. This model describes the equilibrium
dynamics of predators, filter feeders and deposit feeders. The model includes direct mortality as a
function of fishing mortality and a non-lethal effect, which was incorporated as a decrease of the
maximum food intake rate. This approach was based on experiments with electric pulse and benthic
invertebrates. We conducted a comparative analysis of lethal and non-lethal impact of trawling on the
equilibrium dynamics of the benthic food web. Only lethal effects represent a tickler chain beam trawl
and a combination of lethal and non-lethal effect represents a pulse trawl. We first studied the effects
of lethal and non-lethal impacts on the food web separately. We then studied the trade-off between
lethal and non-lethal effects for a given total impact on the community. This approach shows how
much non-lethal impact is required to compensate for a decrease in lethal effects of trawling.
The study shows that lethal effects need to be replaced by non-lethal effects with similar strength in
order to maintain the effect of fishing intensity on the food web. Such strong non-lethal effects are
unlikely to occur in the field based on experiments assessing the impact of electricity on benthic
macro-invertebrates and trawling intensity. In other words, the combined non-lethal and lethal effects
of the pulse trawl are unlikely to have a similar effect on the macro-invertebrate benthic community
compared to the lethal effects of the traditional trawl.
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1

Introduction

The effect of trawl fishing gear on the seafloor has been established and described in terms of
mechanical disturbance, such as penetration depth (e.g. Depestele et al. (2019)) and sediment
resuspension (O'Neill & Summerbell, 2011), as well as in terms of mortality of benthic organisms on
and in the seafloor (e.g. (Sciberras et al., 2018)).
As an alternative to the traditional trawls which use tickler chains to activate fish, pulse trawls were
developed to reduce ecological impacts, improve selectivity and reduce fuel cost (Haasnoot, Kraan, &
Bush, 2016). These pulse trawls use an electric stimulus to immobilise the fish (de Haan,
Fosseidengen, Fjelldal, Burggraaf, & Rijnsdorp, 2016; Soetaert, Decostere, Polet, Verschueren, &
Chiers, 2015). Pulse trawls have a higher catch efficiency for sole, but a lower catch efficiency for
other fish species and benthic organisms (Poos et al. in prep; ICES, 2018; van Marlen, Wiegerinck,
van Os-Koomen, & van Barneveld, 2014). Pulse trawls do not use tickler chains and have therefore a
less deep penetration in the sea bed and are less damaging to benthic fauna on passage (Depestele et
al., 2019; Soetaert, Decostere, et al., 2015). Tiano et al. (2019) compared the effect of bottom trawl
disturbance by a pulse trawl and a tickler chain beam trawl on the benthic community metabolism and
showed that tickler chain trawling exhibits more prominent alterations than pulse trawling (of type
PulseWing) on benthic biogeochemical processes.
The invertebrates in the benthic food web are effected differently by different trawling gears because
of differences in species characteristics such as mobility, burial depth or longevity, but also due to
differences in gear characteristics such as penetration depth, gear width or vessel speed (Eigaard et
al., 2016; Hiddink et al., 2019; Sciberras et al., 2018). The bycatch and direct lethal effects of benthic
invertebrates is less for the pulse trawl than for the traditional beam trawl (van Marlen et al., 2014).
There have been some experimental studies on the effects of the electricity used with pulse trawling
on benthic invertebrates.
Smaal and Brummelhuis (2005) and van Marlen et al. (2009) exposed over 20 different species,
including echinoderms, polychaetes, bivalves, crustaceans and decapods, to worst-case pulse
conditions showing no consistent negative effects. In one crab species, results suggested a reduction
in food intake. A more elaborate study with shrimp and ragworm did not reveal any mortality or
injuries (Soetaert, Chiers, et al., 2015). Only when shrimps were exposed 20 times in 4 days, an
exposure frequency that does not occur in the sea, a reduced survival rate was observed (0.6)
(Soetaert et al., 2016). Boute et al (in prep) studied the response of a selection of benthic organisms
to pulse exposure. Preliminary results suggest that electrical pulses may increase burrowing behaviour
as animals try to escape the disturbance. These results suggest that exposure to electrical pulses will
affect the normal behaviour of animals which may reduce their food intake or increase their activity
level but will unlikely add to the direct mortality imposed by the mechanical disturbance of the pulse
trawl.
All these examples above report on the individual level effects of electricity and findings on the
number of individuals in the catch. However, the effects of electricity on the food web have hitherto
not been addressed. This would of course be difficult in a field setting, although mesocosm
experiments may provide opportunities for such studies. Nonetheless, impacts of non-lethal effects at
food web level remain under addressed. To that end, a modelling approach was used which translates
effects at individual level to into a food web context.
Here we study the potential of non-lethal effects of fishing on the benthic food web in relation to lethal
effects, in particular how much non-lethal impact is required to compensate food web response for a
decrease in lethal effects of fishing. Thus, we studied how strong the non-lethal effect must be so that
the pulse trawl has the same effect as the traditional trawl on the food web. Thereafter, we estimated
the expected non-lethal effect of the pulse trawl on an individual, based on reported responses of
benthic organisms to electric fields and trawl frequencies. Although these two measures (from model
and field) cannot be directly linked, their relative strength does inform about the expected impact of
the pulse trawl on the food web in a field setting.
For this purpose a model describing the dynamics of a simplified benthic invertebrate food web is
used. The food web model used describes the benthic food web based on three species groups (van de
Wolfshaar et al. submitted). These groups were defined based on a trait analysis (Bolam, Coggan,
Eggieton, Diesing, & Stephens, 2014; Bremner, Rogers, & Frid, 2006; van Denderen et al., 2015) and
consist of predators/scavengers, filter/suspension feeders and deposit feeders. These three groups are
general guilds that are present in the most, if not all, benthic ecosystems (Bolam et al., 2014). The
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group of predators consist of larger free-living species in fila such as annelids, cnidaria and
crustaceans. The group of filter/suspension feeders is comprised of mostly sessile tube-dwelling
species in fila such as molluscs, bryozoa and cnidaria. The group of deposit feeders consists of mostly
burrowing species in fila such as annelids, crustaceans and molluscs and are mostly free living or
tube-dwelling. The non-lethal effects were incorporated as a down-scaling of the intake rate of benthic
invertebrates as suggested from experiments (van Marlen et al., 2009), (Tiano unpublished results).
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2

Methods

2.1

Model

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
predators (P). Each of these functional groups is modelled as 2 separate life stages (juveniles j and
adults a), because these engage in different ecological interactions (Figure 1). This model has been
used to study the food web interactions in relation to trawling (van de Wolfshaar et al. submitted).

Figure 1. Food web composition with predators, deposit feeders and filter feeders.
The model contains phytoplankton (R), used by the filter feeders. This phytoplankton follows semichemostat dynamics and has a loss term based on deposition on the seabed where it adds to the
benthic resource (B) (Figure 1). Phytoplankton dynamics is hence described by
𝑑𝑅
𝑑𝑡

= 𝑟(𝑅𝑚 − 𝑅) − 𝑝𝑅 − 𝐶𝑅

Where r is the resource renewal rate and Rm 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 near-bottom fraction of the water mass is
available for phytoplankton consumption by filter feeders, whereas the bulk of primary production
production occurs in the upper water layers and reaches the R compartment by water mixing and
particles sinking. Hence, phytoplankton production is positive even when R=0. Phytoplankton is
deposited to the seabed at constant rate p, and consumed by filter feeders given by CR.
Benthic resource B increases by deposition of phytoplankton R and decreases by deposit feeder
consumption (CB) and loss to biologically inactive deep sediments (at rate q):
𝑑𝐵
𝑑𝑡

= 𝑝𝑅 − 𝑞𝐵 − 𝐶𝐵

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 result from feeding intake and maintenance costs.

𝜈𝑖 = 𝜎𝐼𝑖 − 𝑇𝑖
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(where i ∈ {Dj, Da, Fj, Fa, Pj, Pa}). Here Ii is the mass-specific intake rate and Ti is the mass-specific
maintenance rate, and σ is the conversion efficiency of resource to consumer biomass. Transfer from
juvenile to adult biomass through maturation (γ) is governed by

𝜈𝑘𝑗 − 𝜇𝑘𝑗

𝛾𝑘 =

1−

(1 − 𝑧𝑘

𝜇𝑘

𝑗

𝜈𝑘

𝑗

)

(where k ∈ {D, F, P}). 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 equations for νi and γk noted above are the basis of the dynamics of filter feeders (Fj and Fa),
deposit feeders (Dj and Da) and predators (Pj and Pa), where the index indicates the juvenile (j) or
adult (a) stage:

𝑑𝐷𝑗
= 𝜈𝐷+𝑎 (𝐼𝐷𝑎 )𝐷𝑎 + 𝜈𝐷𝑗 (𝐼𝐷𝑗 )𝐷𝑗 − 𝛾𝐷+𝑗 (𝐼𝐷𝑗 )𝐷𝑗 − 𝜇𝐷𝑗 𝐷𝑗
𝑑𝑡
𝑑𝐷𝑎
= 𝛾𝐷+𝑗 (𝐼𝐷𝑗 )𝐷𝑗 + 𝜈𝐷𝑎 (𝐼𝐷𝑎 )𝐷𝑎 − 𝜈𝐷+𝑎 (𝐼𝐷𝑎 )𝐷𝑎 − 𝜇𝐷𝑎 𝐷𝑎
𝑑𝑡
𝑑𝐹𝑗
= 𝜈𝐹+𝑎 (𝐼𝐹𝑎 )𝐹𝑎 + 𝜈𝐹𝑗 (𝐼𝐹𝑗 )𝐹𝑗 − 𝛾𝐹+𝑗 (𝐼𝐹𝑗 )𝐹𝑗 − 𝜇𝐹𝑗 𝐹𝑗
𝑑𝑡
𝑑𝐹𝑎
= 𝛾𝐹+𝑗 (𝐼𝐹𝑗 )𝐹𝑗 + 𝜈𝐹𝑎 (𝐼𝐹𝑎 )𝐹𝑎 − 𝜈𝐹+𝑎 (𝐼𝐹𝑎 )𝐹𝑎 − 𝜇𝐹𝑎 𝐹𝑎
𝑑𝑡
𝑑𝑃𝑗
= 𝜈𝑃+𝑎 (𝐼𝑃𝑎 )𝑃𝑎 + 𝜈𝑃𝑗 (𝐼𝑃𝑗 )𝑃𝑗 − 𝛾𝑃+𝑗 (𝐼𝑃𝑗 )𝑃𝑗 − 𝜇𝑃𝑗 𝑃𝑗
𝑑𝑡
𝑑𝑃𝑎
= 𝛾𝑃+𝑗 (𝐼𝑃𝑗 )𝑃𝑗 + 𝜈𝑃𝑎 (𝐼𝑃𝑎 )𝑃𝑎 − 𝜈𝑃+𝑎 (𝐼𝑃𝑎 )𝑃𝑎 − 𝜇𝑃𝑎 𝑃𝑎
𝑑𝑡
In these equations, terms superscripted ‘+’ indicate the value lies within the interval [0,∞], e.g. ν+
Pa =

max(0, νPa ). 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.
The feeding relationships between the groups in the model are summarized in Fout!
Verwijzingsbron niet gevonden.Fout! Verwijzingsbron niet gevonden.. All consumption follows
a Holling 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
specific maximum intake rate M and half-saturation constant H. Deposit feeders and filter feeders feed
only on a single resource compartment, and hence their intake is given by

𝐼𝐷𝑗 = 𝑀𝐷𝑗

𝐵
𝐻+𝐵

, 𝐼𝐷𝑎 = 𝑀𝐷𝑎

𝐵
𝐻+𝐵

, 𝐼𝐹𝑗 = 𝑀𝐹𝑗

𝑅
𝐻+𝑅

and 𝐼𝐹𝑎 = 𝑀𝐹𝑎

𝑅
𝐻+𝑅

.

Consequently, the grazing of resources R and B is given by

𝐶𝑅 = 𝐼𝐹𝑗 𝐹𝑗 + 𝐼𝐹𝑎 𝐹𝑎 and 𝐶𝐵 = 𝐼𝐷𝑗 𝐷𝑗 + 𝐼𝐷𝑎 𝐷𝑎
respectively. Predators feed on juvenile filter feeders and juvenile deposit feeders, and hence their
intake is given by

𝐼𝑃𝑗 = 𝑀𝑃𝑗

𝐹𝑗 +𝐷𝑗
𝐻+𝐹𝑗 +𝐷𝑗

and 𝐼𝑃𝑎 = 𝑀𝑃𝑎

𝐹𝑗 +𝐷𝑗
𝐻+𝐹𝑗 +𝐷𝑗

for juveniles and adults respectively. To model the non-lethal effects of gear damage the intake rates
of all benthic groups are scaled with fishing intensity E, using coefficient β for all groups. The scaling is
linear, following the function
𝐼𝑢∗ = (1 − 𝛽𝐸) ∗ 𝐼𝑢
(where u ∈ {Dj , Da, Fj, Fa, Pj, Pa}). In this way the intake rate is maximized for β=0, and zero for β=1.
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Mortality of filter feeders, deposit feeders and predators consists of a constant stage-specific
background mortality and mortality from trawling. Furthermore, juvenile filter feeders and deposit
feeders also suffer mortality from predation by invertebrate predators.
We can now derive total benthic mortality, which for the juvenile filter feeders and deposit feeders
equals

𝜇𝐷𝑗 = 𝜇𝑏

𝐷𝑗

+ 𝜌𝐸𝑄𝐷𝑗 + 𝑀𝑃𝑗

𝑃𝑗
𝑃𝑎
+ 𝑀𝑃𝑎
𝐻 + 𝐹𝑗 + 𝐷𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗

and

𝑃𝑗
𝑃𝑎
𝜇𝐹𝑗 = 𝜇𝑏 + 𝜌𝐸𝑄𝐹𝑗 + 𝑀𝑃𝑗
+ 𝑀𝑃𝑎
𝐹𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗
𝐻 + 𝐹𝑗 + 𝐷𝑗
where

𝜇𝑏

is a stage-specific constant background mortality rate, 𝜌 is the scalar of lethal gear damage,

Qx is the stage-specific relative vulnerability of each benthic group/stage x, to trawling, of which E
denotes the intensity. The next two terms are the predation mortality imposed by juvenile and adult
predators.
For the remaining benthic groups, mortality equals:
(where u ∈ {Da, Fa, Pj, Pa}).

2.2

𝜇𝑢 = 𝜇𝑏 + 𝜌𝐸𝑄𝑢
𝑢

Parameters

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 (for which we use body mass at maturation),
and we assume further that mass-specific maintenance is generally in the order of 10% of the massspecific maximum intake rate (De Roos et al., 2007; Gillooly, Brown, West, Savage, & Charnov, 2001;
Peters & Wassenberg, 1983). Hence, we assume that
−0.25
−0.25
𝑀 = 𝑊𝑚𝑎𝑡
and 𝑇 = 0.1 𝑊𝑚𝑎𝑡
.

We used an extensive data set of benthic invertebrate samples from the Dutch Continental Shelf area
in the North Sea (van Denderen, Hintzen, Rijnsdorp, Ruardij, & van Kooten, 2014) to derive the
average weight (W) of individuals in each benthic functional group (F, D and P). Using a biological trait
database (Bolam et al., 2014), we used trait information on feeding mode and maximum size to
estimate the average size for each of the benthos functional groups in the model. Similarly, we used
trait information on longevity to calculate group-specific values for the background mortality (𝜇𝑏 ).
These data were collected using a Reineck box-corer (Daan & Mulder, 2009). However, this device is
not particularly suitable for sampling the generally larger, mobile (epi-) benthic predators. For these,
data from the ICES Beam Trawl Survey (using an 8m beam trawl with a 40 mm cod end mesh size in
the North Sea) were used.
The maximum resource density Rm and half-saturation density H are expressed as biomass per unit
volume and therefore the only parameters containing the unit 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,
De Roos, & Persson, 2008). Maximum resource density Rm is then expressed as multiples of the halfsaturation density. It was set to an arbitrary value such that all three benthic groups persist in the
system (Van de Wolfshaar et al. submitted). A conversion efficiency (σ) of 0.5 is used for conversion
of both resource and consumer biomass (Peters & Wassenberg, 1983). The deposition rate of the
phytoplankton resource was set to 0.2, in accordance with field estimates (pers. com. Karline
Soetaert). The decay rate of the benthic resource was estimated to be half of the deposition rate
(pers. com. Karline Soetaert).
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The proportionality constants (Qi) for the direct mortality per unit trawling intensity E (for beam
trawls) were taken from a recent meta-analysis (Sciberras et al., 2018).The constants were scaled by
setting the highest value (the effect on predators) to 1 (Table 1). This approach means that trawling
intensity E should be interpreted as a relative measure only. The lethal mortality is scaled with 𝜌. We
assume that the pulse trawl imposes half of the lethal effects of the traditional beam trawl (𝜌 =

0.5)(Rijnsdorp, de Haan, Smith, & Strietman, 2016).
Table 1: Parameters and their values used in the model
Parameter

Default value

Units

Explanation

E

varied

d-1

Trawling intensity

Rm

6

g/l

Scaled maximum phytoplankton biomass density

r

0.1

d-1

Phytoplankton turnover rate

Wd

4

g

Individual body-mass of adult deposit feeders

Wf

9

g

Individual body-mass of adult filter feeders

Wp

11

g

Individual body-mass of adult predators

TP, TF ,TD

0.055, 0.058,

d-1

Mass-specific maintenance rate of predators, filter

0.071
MP, MF, MD

0.55, 0.58,

feeders and deposit feeders
d-1

0.71

Mass-specific intake rate of predators, filter feeders and
deposit feeders

H

1

g/l

Half saturation constant

σ

0.5

-

Conversion efficiency

p

0.2

d-1

Deposition rate of R to B

q

0.1

d-1

Loss rate from B

𝜌

1

-

Coefficient of lethal trawling effect on benthos

β

0

-

Coefficient of non-lethal trawling effect on benthos

𝜇𝑏 𝐷 , 𝜇𝑏 𝐷

0.009

d-1

Background mortality deposit feeders

𝜇𝑏 𝐹 , 𝜇𝑏 𝐹

0.005

d-1

Background mortality filter feeders

𝜇𝑏 𝑃 , 𝜇𝑏 𝑃

0.012

d-1

Background mortality predators

z

0.01

-

Ratio of mass at birth to mass at maturation

Qp

1

-

Trawling mortality scaling coefficient for predators

Qd

0.58

-

Trawling mortality scaling coefficient for deposit feeders

Qf

0.95

-

Trawling mortality scaling coefficient for filter feeders

𝑗

𝑗

𝑗

𝑎

𝑎

𝑎
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2.3

Analyses

The model builds upon the model described in Van de Wolfshaar et al. (submitted), and adds nonlethal effects of trawling on intake rates.
We conduct a comparative analysis of lethal and non-lethal impact of trawling on the equilibrium
dynamics of the benthic food web. We first studied the effects of lethal and non-lethal impacts on the
food web separately as function of trawling intensity. We then studied the trade-off between lethal and
non-lethal effects for a given total impact on the community. In order to study such combined effect of
a decrease in lethal effects and an increase in non-lethal effects, as is suggested to occur when
switching from a traditional beam trawls with tickler chains to a pulse trawl using electricity, we set
the fishing intensity (E) to a fixed value. We then determine the total benthic biomass, all groups and
stages combined, in equilibrium. Next step is a reduction of the lethal effect of trawling (decrease of
ρ), and we study the strength of the non-lethal effect (β) needed to keep the total biomass in the
system constant. We conduct this analysis for five different fixed values for fishing intensity. This
approach shows how much non-lethal impact is required to compensate for a decrease in lethal effects
of fishing.
All analyses were conducted using Content (Kuznetsov, Levitin, & Skovoroda, 1996), a software
package for numerical analysis of dynamical systems.
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3

Results

3.1

Lethal effects of trawling

We calculated the equilibrium biomass of the three benthic groups (predators, deposit feeders and
filter feeders) with increasing trawling intensity. Here, we model trawling intensity as lethal effects
only, mimicking a traditional beam trawl (β=0 and ρ=1) (Figure 2. The biomass of the benthic groups
(P, D and F) as a function of the trawling intensity (E) (left panel) and the change in resource density
of phytoplankton (R) and the benthic resource (B) (right panel). In this figure there are only lethal
effects and no non-lethal effects, mimicking a traditional beam trawl (β=0 and ρ=1). Black lines
represent the adult stages and grey lines represent the juvenile stages., left panel). These lethal
effects of trawling are modelled as a mortality term for all groups. At low trawling intensity there is a
high equilibrium biomass of juvenile predators and deposit feeders, while filter feeders have low
biomass. Trawling intensity affects the predators most, and higher trawling intensity leads to lower
equilibrium predator biomass and ultimately a loss in predators in the food web. Fewer predators
means less predation. This reduction is so strong that it outweighs the direct increase in mortality for
filter feeders. The result is an emergent positive relationship between trawling intensity on filter feeder
equilibrium biomass: more trawling is associated with a higher filter feeder biomass. In turn, this
increase of filter feeders reduces the phytoplankton resource and the deposition to the benthic
resource (Figure 2. The biomass of the benthic groups (P, D and F) as a function of the trawling
intensity (E) (left panel) and the change in resource density of phytoplankton (R) and the benthic
resource (B) (right panel). In this figure there are only lethal effects and no non-lethal effects,
mimicking a traditional beam trawl (β=0 and ρ=1). Black lines represent the adult stages and grey
lines represent the juvenile stages., right panel) and hence lower food availability for deposit feeders
at higher trawling intensity. This negative effect on deposit feeders aligns with the direct mortality
effect. The result is a negative relationship between trawling intensity and equilibrium deposit feeder
biomass. Overall, there is an increase in total benthic biomass, driven by the higher filter feeder
equilibrium biomass. Eventually, trawling intensity becomes so high that none of the benthos groups
can persist.

Figure 2. The biomass of the benthic groups (P, D and F) as a function of the trawling intensity (E)
(left panel) and the change in resource density of phytoplankton (R) and the benthic resource (B)
(right panel). In this figure there are only lethal effects and no non-lethal effects, mimicking a
traditional beam trawl (β=0 and ρ=1). Black lines represent the adult stages and grey lines represent
the juvenile stages.
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3.2

Non-lethal effects of trawling

Non-lethal effects of trawling are implemented as a reduction of the intake rate of all three benthos
groups. The patterns of changing equilibrium biomass with increasing trawling effort are similar to
those observed with lethal effects (Figure 3). The range of trawling intensity along which the pattern
occurs is wider, but this is a result of parameter scaling choices, rather than a model result. The
trawling-induced reduction in intake rate, although equal for all groups, leads to a decreased predator
biomass and hence a reduction in predation pressure on filter feeders and deposit feeders. In the filter
feeders, this outweighs the trawling-induced reduction in intake rate, leading to higher equilibrium
biomass of filter feeders at higher trawling intensity. The biomass of deposit feeders increases with
increasing fishing intensity, which differs from the response found using lethal effects. This is caused
by the reduced intake rate of the filter feeders which, despite high biomass. This directly limits the
degree to which the filter feeders can reduce their planktonic resource, and hence the rate at which it
deposits. The result is that enough of the primary production deposits to facilitate a positive net effect
of trawling intensity on deposit feeder equilibrium biomass. This is illustrated in Figure 3 (right panel)
showing a decrease in phytoplankton but a less steep decrease in benthic resource density.
Eventually, trawling intensity becomes so high that none of the benthos groups can persist.

Figure 3. The biomass of the benthic groups (left panel) and resource density (right panel) as a
function of the trawling intensity (E) with only non-lethal effects (β=5 and ρ=0). Black lines represent
the adult stages and grey lines represent the juvenile stages.

3.3

The combined effect of lethal and non-lethal effects

The interplay of lethal and non-lethal effects was studied by reducing the lethal effect (decrease of ρ)
and simultaneously increasing the non-lethal effect (increase of β) using 5 different values of trawling
intensity. This was done while keeping total food web biomass constant for each value of trawling
intensity (see section 2.3). The biomass isoclines are plotted as function of the fraction of lethal
effects (ρ) and the fraction of the intake rate remaining when non-lethal effects occur (Figure 4).
When the strength of the lethal effects is reduced, a reduced intake rate is necessary to keep total
equilibrium biomass constant (Figure 4). At high levels of lethal effects, e.g. between 0.6 and 1, the
decrease in intake rate to compensate needs to be the same order of magnitude as the decrease in
lethal effects to maintain the same overall effect on biomass. This means that the indirect effects need
to be as strong as the direct, lethal, effects for a similar community response to trawling.
The rate at which the intake rate needs to be scaled down (the steepness of the curves) is higher at
higher trawling intensity. However, when the lethal effects approach very low values, less
compensation in the intake rate is needed to maintain the biomass. The direction of the curves
reverses at very strongly reduced lethal effects, combined with low trawling intensity. This is caused
by food web interactions.

Wageningen Marine Research report C011.20

| 13 van 24

Figure 4. Biomass isoclines for different values of trawling intensity (E), as a function of the reduction
of lethal effects (x-axis, ρ) and the fraction of the intake rate (1-β∙E).

Figure 5. Plotted is the non-lethal effect needed to maintain biomass at trawling intensity E, for
different fractions of lethal effect (i.e. vertical cross sections from Figure 4). The solid line represents a
0.5 reduction of lethal effect, which is suggested to represent the lethal effect fraction of the pulse
trawl compared to the traditional trawl.
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The relationship between trawling intensity and the non-lethal effects as plotted in Figure 4 can be
displayed in a different manner (Figure 5). For a given reduction in lethal effect (ρ) the relationship
between the scaling of the intake rate and the trawling intensity can be plotted. This shows that an
increasing trawling intensity leads to a decrease in intake rate in order to maintain a constant total
community biomass. If the lethal effects are strongly reduced (e.g. ρ = 0.2) a stronger reduction of
the intake rate is needed compared to a mild reduction in lethal effects (e.g. ρ = 0.8) to maintain a
constant biomass. Assuming that the pulse trawl exerts half of the lethal mortality compared to the
traditional trawl (ρ = 0.5, solid line in figure 4B), the intake rate needs to be reduced to 0.8 of its
original value (at E = 0.05) for the pulse trawl to have the same effect on community biomass as the
traditional trawl.

Figure 6. A breakdown of the (constant) total food web biomass into biomass of juveniles (grey) and
adults (black) of the three groups plotted as function of lethal effects (x-axis, ρ) and reduction of the
intake rate (Figure 4). Note that the total biomass remains the same. Left panel: E=0.02. right panel:
E=0.04.

While the total community biomass is kept constant, its distribution over the different groups changes
(Figure ). Replacing lethal by non-lethal effects (moving leftwards along the x-axis in figure 6) leads to
a higher predator equilibrium biomass. Filter feeder equilibrium biomass shows the opposite pattern,
because the increase in (juvenile) predator biomass means a higher predation pressure. This results in
their decreased equilibrium biomass. In turn, the reduction in filter feeders leads to higher inflow of
food for the deposit feeders. The net effect is that adult deposit feeder biomass increases due to this
increase in resources. Juvenile deposit feeders are sensitive to predation mortality and therefor their
biomass increases less with the increase in resources than that of the adults. This occurs despite a
decrease in intake rate of the deposit feeders. At a strong reduction of the lethal effects the intake
rate of all groups is less hampered. Because the predators have again a higher intake rate, predation
mortality on the juvenile filter and deposit feeders increases. Yet, the intake rate of the filter feeders
increases as well, resulting in a net increase in filter feeder biomass. The deposit feeders not only
suffer from increased predation mortality, they also face a reduction in resources now that the filter
feeders increase in biomass and reduce phytoplankton levels. The increase in intake rate of the
deposit feeders cannot counter these food web effects, resulting in a decrease in deposit feeders
biomass at low values of lethal gear effects.
When the trawling intensity is higher, the shift in biomass distribution over the benthic groups with
changing lethal effects is more pronounced (Figure , right panel). This is because the non-lethal
effects have to make up more trawling related mortality to keep the biomass constant, yielding a
stronger response in food web interactions.
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A reduction of lethal effects, either by reduced harvesting intensity or by downscaling the lethal effects
of the gear will reduce mortality and promote predation pressure on filter and deposit feeders. So, in
order for a trawl with less lethal effects to have the same effect on total food web biomass, non-lethal
effects need to compensate the biomass losses through mortality with a reduction in biomass
production. Different, and especially non-linear, feedback loops drive the dynamics of the food web,
based on lethal or non-lethal interactions.
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4

Discussion

The consequences of pulse trawl compared to a traditional beam trawl on a benthic community were
studied using a mathematical model of the benthic food web, because food web effects of trawling are
difficult to assess in a field or experimental setting. This model incorporates both lethal effects and
non-lethal effects. Lethal effects are modelled as a mortality rate and non-lethal effects are modelled
as a reduction in biomass production through a reduced intake rate. This approach was based on
experiments with electric pulse and benthic invertebrates (PhD project J. Tiano, van Marlen et al.
(2009)). The model was used to assess how strong non-lethal effects need to be to obtain the same
food web effect as lethal effects. This provides a theoretical boundary of how strong non-lethal effects
must be. All estimates of non-lethal effects that indicate that such levels are not reached in reality
support the notion that the impact of the pulse trawl on the food web is less than that of the
traditional trawl.
The results demonstrate that a reduction in lethal effects can be compensated by non-lethal effects to
maintain total food web biomass and that non-lethal effects need to be the same order of magnitude
as the lethal effects. Impact estimates of non-lethal effects of the pulse trawl on individuals already
indicate that the such high levels of indirect effects are unlikely to occur in the field (PhD project J.
Tiano, van Marlen et al. (2009)). The impact of the pulse trawl on the macro-invertebrate food web,
taking non-lethal effects into account, will be less than that of the traditional beam trawl.
The strength of the non-lethal effects needed to compensate the loss of lethal effects depended on the
trawling intensity. A higher trawling intensity resulted in a stronger required decrease of the intake
rate. Thus, biomass removal from the system through lethal effects is replaced by a loss of biomass
production through non-lethal effects. While the total biomass was kept constant, the biomass
distribution among benthic groups changed with changing strength of lethal and non-lethal effects.
If we were to assume that the pulse trawl imposes half of the lethal effects of the traditional beam
trawl (Rijnsdorp, de Haan, Smith, & Strietman, 2016), Figure 4 and Figure 5 imply that for high
trawling intensities a simultaneous reduction to 0.8 of the intake rate is needed to maintain constant
equilibrium community biomass. At low trawling intensities a smaller nonlethal effect suffices to
maintain the equilibrium biomass of the benthic community. Any gear with non-lethal effects smaller
than those required to compensate for its reduced lethal effects, is predicted to have a smaller overall
impact on the benthic ecosystem than the traditional beam trawl using tickler chains. Experiments
show that after exposure to an electric field comparable to that of a single passing of a pulse trawl,
benthic invertebrate individuals remain inactive for no more than 20 minutes (J. Tiano unpublished).
This implies a reduction in feeding time of 3%, given a 12 hour feeding activity per day, on the day of
passing. Converted to the intake rate as used in the model this means a downscaling of the rate to
0.97 of its value on the day of passing. The food web consequences are further affected by the
frequency of exposure (Fe) during the daily and seasonal activity period of the animals. Assuming an
activity period of D hours per day and an activity period of N days/year, a fasting response of R hours
to an electrical disturbance event during the activity period of the animal would represent a Fe∙R/D∙N
reduction in the food intake. Given a maximum exposure frequency to beam trawls of about 5 times
per year (Eigaard et al., 2016), a daily activity period D of 12 hours, a seasonal activity period of 9
months (Braeckman et al., 2010), and a fasting response time of 0.3 hours, the likely non-lethal effect
will be about a 0.0004 decrease in intake rate in a year at individual level.
Although the results from this model study are hard to relate to quantitative measurements, it
appears that the decrease in individual intake rate suggested by the information available (Tiano et al,
in prep) and as calculated above, is far less than what would be required for the non-lethal effect to
make up for an assumed 50% reduction in lethal effects. The model presented here illustrates that
non-lethal food web level effects implemented as a reduction in intake rate need to be quite severe for
any effect to take place.
The model used in this study allows for non-linear feedback loops to occur. This gives rise to food web
responses to trawling such as simultaneous negative and positive processes affecting biomass, which
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may be overlooked when considering only net effects of trawling. An increase in filter feeder biomass
with trawling intensity is such a counter-intuitive result. Such an increase occurs when predator
biomass is reduced by fishing mortality, releasing the filter feeders from predation pressure. The net
result may then be an increase in total food web biomass but this may be accompanied by a decrease
in diversity. The lack of consensus of bottom trawling effects on benthic macro-invertebrates and the
wide error bars provided in meta-analyses may be partly explained by food web interactions (Collie,
Hall, Kaiser, & Poiner, 2000; Kaiser et al., 2006; Sciberras et al., 2018). The variation in response and
consequent lack of significant effects in these studies is often attributed to inconsistencies in sampling
design, data paucity or high background variation leading to low statistical power.
In conclusion, this study shows that lethal effects need to be replaced by non-lethal effects (reduced
feeding activity) with similar strength in order to maintain the effect of trawling intensity on the food
web. Such strong non-lethal effects are unlikely to occur in the field based on experiments assessing
the impact of electricity on individual benthic macro-invertebrates (van Marlen et al., 2009) (Tiano et
al. unpublished) and trawling intensity (Eigaard et al., 2016).
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