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1Wageningen Institute for Marine Resources and Ecosystem Studies (IMARES), PO Box 68, 
1970 AB IJmuiden, The Netherlands 
2Aquaculture and Fisheries, Wageningen University, PO Box 338, 6700 AH Wageningen, The Netherlands 

Bottom trawls are a globally used fishing gear that physically disturb the 
seabed and kill non-target organisms, including those that are food for 
the targeted fish species. There are indications that ensuing changes to the 
benthic invertebrate community may increase the availability of food and 
promote growth and even fisheries yield of target fish species. If and how 
this occurs is the subject of ongoing debate, with evidence both in favour 
and against. We model the effects of trawling on a simple ecosystem of 
benthivorous fish and two food populations (benthos), susceptible and 
resistant to trawling. We show that the ecosystem response to trawling 
depends on whether the abundance of benthos is top-down or bottom-up 
controlled. Fishing may result in higher fish abundance, higher (maximum 
sustainable) yield and increased persistence of fish when the benthos 
which is the best-quality fish food is also more resistant to trawling. These 
positive effects occur in bottom-up controlled systems and systems with lim­
ited impact of fish feeding on benthos, resembling bottom-up control. 
Fishing leads to lower yields and fish persistence in all configurations 
where susceptible benthos are more profitable prey. Our results highlight 
the importance of mechanistic ecosystem knowledge as a requirement for 
successful management. 

1. Introduction 
There is global concern about the effects of bottom trawling on aquatic ecosystems 
[1,2]. Bottom trawl fisheries target demersal fish, crustaceans and shellfish by 
towing fishing gear over the sea floor, thereby not only manipulating the abun­
dance of the target species, but also physically disturbing the seabed, 
damaging benthic organisms and potentially changing the functioning of the 
entire benthic ecosystem [1]. The FAO estimates that bottom trawling accounts 
for 23% of the global fishery capture [3]. This type of fishery occurs predominantly 
in soft-bottom habitats on the continental shelf, where certain locations may be 
trawled as often as several times per year [4,5]. The direct impact of the gear on 
the seabed is seen as a major impediment to sustainability in trawl fisheries [1]. 
A wide variety of gear modifications and gear restrictions are in development 
to reduce the effect of bottom trawls on the seabed [6]. 

The occurrence and magnitude of mortality from bottom trawling on 
benthic invertebrates is highly species-dependent. Some, such as large bivalves 
and crustaceans, suffer high mortality with long recovery times, whereas 
others, such as certain annelids, are virtually unaffected [7]. Generally, it is 
thought that hard-bodied and large benthic invertebrates are affected most, 
and that chronic trawling induces a shift in the benthic community towards 
smaller and soft-bodied species [8-10]. Smaller species are also often associated 
with shorter generation times, which could lead to higher resilience after dis­
turbances [11]. The trawling-induced shift to smaller species has been shown 
in several modelling studies [12,13]. 

Some benthic invertebrates make up the food for flatfish which are targeted by 
specific bottom trawl fisheries. A debate is ongoing in the literature as to whether 

© 2013 The Author(s) Published by the Royal Society. All rights reserved. 
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bottom trawling can actually increase the food availability for 
flatfish, by shifting the benthic community towards the 'fish 
food' species [11,13- 15]. Fuelling this debate, certain studies 
report increased growth rates of benthivorous flatfish, plaice 
(Pleuronectus platessa) and sole (Solea solea), coinciding with 
higher trawling intensity [16,17), which could be explained 
by a trawling-induced shift of productivity towards those 
benthic invertebrates that the flatfish feed on [18]. Others 
have argued that bottom trawling has negative effects on 
the food availability [19], or that these effects are substrate­
dependent [20]. H owever, none of these studies took into 
account the feedback effect of fish, feeding on benthic 
invertebrates and the manipulation of fish abundance by fishing. 

Here, we study a model of these interactions among two 
different types of benthic invertebrates, a fish predator and 
bottom trawling as a source of mortality for both fish and 
benthic prey. We do this for a top-down controlled system, 
where abundances of benthic invertebrates are largely con­
trolled by fish predation and for a bottom-up controlled 
system where resource limitation determines th.e abundances 
of benthic invertebrates, which, in tum, determines fish abun­
dance. We study both configurations, because the mode of 
trophic control governs the occurrence and shape of trophic 
cascades in response to ex:temal manipulation of ecosystems, 
such as fisheries [21]. Both forms of trophic control occur [22] 
and many studies indicate the importance of both predation 
(for review, see Seitz [23]) and competition [24-26] as struc­
turing processes in soft-bottom habitats. lt is unclear whether 
there is a single predominant mode of trophic control in 
soft-bottom benthic ecosystems [27]. 

Our model describes the generic food web interactions 
between functional groups (not particular species) and the 
effects of varying trawling mortality on these groups. Our 
results apply to benthic ecosystems and bottom trawl fisheries 
in general. We show that the effects of trawling intensity on the 
abundances of benthic invertebrates, fish and fisheries yield, 
depend on the mode of trophic control of the community. 
Indirect positive effects of trawling on fish abundance and fish­
eries yield occur in a bottom-up controlled system, when 
resistant invertebrates are a more profitable prey for fish. The 
same positive effects may occur in top-down controlled sys­
tems when fish have a limited predation impact on benthos. 
The difference in trawling impact between top-down and 
bottom-up controlled benthic systems highlight that a mechan­
istic understanding of benthic community functioning is a 
prerequisite for a successful management of trawled fish 
stocks and to conserve the benthic community. 

2. Method 
(a) Model description 
We formulated and analysed two different models, dependent 
on the mode of trophic control, with fish and two benthic invert­
ebrate prey species (hereafter: benthos). The prey differ in 
vulnerability to trawling and in their profitability to fish. 

Benthos follows in both models semi-chemostat dynamics in 
absence of predation, with turnover rate r and maximum density 
Bmax· Interspecific competition is modelled as a dependence of 
the maximum abundance of each benthos group on the density 
of the other, implicitly assuming competition for a shared, con­
stant resource, such as space. Both competition for space and 
food have been observed in field studies in soft-bottom environ­
ments [24- 26]. Explicit modelling of resource competition 

between benthos using a dynamic resource would lead to com­
petitive exclusion of one of the benthos groups [28]. 

(b) Top-down controlled benthic system 
The dynamics of both susceptible (85) and resistant (BR) benthos 
and fish (S) in a top-down controlled system are described by the 
following ordinary differential equations: 

dBs dt = r(Bmax - (Bs + BR))- (aS+ mf)Bs , (2.1) 

dBR ( 1 ) dt = r(Bmax- (BR' Bs)) - aS+ -;;.mf BR (2.2) 

and 
dS dt = aS(ge, Bs + KerBR) - (f + JL)S. (2.3) 

Predation mortality on the benthos follows a linear functional 
response, with fish attack rate a. The change in fish biomass 
depends on attack rate a, and on the abundance and conversion 
efficiencies gBs and g8 , of the prey species. The mortality rate of 
fish consists of the trawling intensity f (for fish trawling intensity 
equals mortality) and natural mortality JL. Benthos is subjected to 
the same trawling intensity f, but scaled by a factor m. The 
parameter a- represents the asymmetric trawling vulnerability 
between the benthos groups. As long as a- > 1, trawling mor­
tality is always higher for the susceptible than for the resistant 
benthos, but note that mortality on each benthos group can be 
both higher or lower than on fish, dependent on m. The fish 
attack rate a is used to vary the strength of fish predation in 
a top-down controlled benthic system. At high a, there is a 
strong impact of fish predation on the abundance of benthos, 
whereas at low a, the numerical impact of fish feeding on 
benthos remain small. 

(c) Bottom-up controlled benthic system 
Benthos is entirely controlled by their resources in a bottom-up 
controlled system. The problem with such a system is that 
there is no non-trivial fish equilibrium. Because fish density is 
unregulated, it either goes extinct, or to infinity. One way to over­
come this is by assuming that fish biomass is an instantaneous 
function of its environment, in terms of food and mortality. 
Th.is approximation of equilibrium fish biomass is achieved by 
setting equation (2.3) equal to zero and solving for S (equation 
(2.6)). The bottom-up regulated system is then described by: 

dBs dt = r(Bmax- (Bs + BR))- mfBs , (2.4) 

dBR 1 dt = r(Bmax- (BR + Bs)) - -;;.mfBR (2.5) 

and S(t) = cr(gs,Bs(t) + ge,BR(t)) (2.6) 
(f + JL) • 

where equations (2.4) and (2.5) are equal to (2.1) and (2.2) minus 
the effect of fish feeding on benthos. 

(d) Asymmetry in prey profitability 
Because benthic species differ in energetic content, defence mech­
anisms against predation (shells, for example) and vertical position 
in the seabed, asymmetry in benthos edibility to fish may be 
expected. This asymmetry has been implemented in our model 
using the conversion efficiency g. This reflects our choice to keep 
the model as simple and generic as possible. Both higher conver­
sion efficiencies of the resistant benthos group (g-8, < g8,) and 
higher efficiencies of the susceptible benthos group (g8 , > g8,) 

have been studied. Besides using the conversion efficiency, we 
have studied two alternative types of asymmetry (difference in 
productivity and in prey-speci.fic edibility), and find no qualitative 
difference with our results (see electronic supplementary material, 
appendix 51). 
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Table 1. Model parameters and their values. y, year; V, unit of volume; m, unit of mass. 

description symbol default value unit 

benthic growth rate 

benthic carrying capacity 

fish attack rate Ct 

2.5 

0- 1 

susceptible benthos conversion efficiency 9Bs .. .. - · .. . .. 0.3 or 0.6 ... .. ~ ~ _, 

resistant benthos conversion efficiency 
•········ ······· ........ ... 9Br . .................................... OJ Or 0.6 ....................................... ..... ~ ~:::; .. .. 

""" '" ....... . 
fish natural mortality 

.............. .. ......... ' ...... " .......... ....................................... . ....................................... ~·, 

M ~ y 

trawling intensity 
f ~~rl~d.. . . . . ... ' ... .. . ..... ... ..... y:.'.i"' .... 

benthos asymmetric vulnerability to trawling (J' 40 .. " , . ..... . .... ....... . 
scaled gear impact of trawling on benthos m 0-4 

(e) Parametrization 
We used semi-chemostat dynamics to describe invertebrate 
growth, which means that no predator-prey cycles occur [29]. 
Parameters r and Bmax can be chosen arbitrarily without affecting 
the qualitative behaviour of the model [29]. We assumed a 40-fold 
difference (u= 40) in trawling vulnerability between susceptible 
and resistant benthos groups. This is in line with direct beam 
trawl mortality estimates of 20-30% for susceptible and less than 
0.5% for resistant species, particularly annelids [30]. However, 
trawling vulnerability between susceptible and resistant benthos 
groups may vary dependent on type of trawl and habitat [7]. For 
that reason, the sensitivity of our model outcome is tested in the 
Results section for a range of u values. In general, our results are 
robust to substantial variation in u. 

Piet et al. [31) estimated the mean annual trawling mortalities 
for the most susceptible macrobenthic species in the Dutch sector 
of the North Sea at 31-44%. This is comparable with the mean 
annual fishing mortality for plaice and sole, 49% and 45% respect­
ively, in the North Sea during the same period [32). Hence, we set 
the trawling mortality of susceptible benthos equal to that of fish, 
whereas resistant benthos have mortalities 40 times as low (1 I o'). 
We used fish natural mortality JL = 0.1 per year, which is also 
used in stock assessments of plaice and sole [32). Parameter 
values are summarized in table 1. Although our models descri­
bed changes in biomass, we used biomass and abundance 
interchangeably throughout the manuscript. 

(f) Analysis 
We showed the long-term effects of trawling on benthos and fish 
by numerical continuation of equilibrium biomass densities of 
the system with changing parameter values, using the software 
package CoNTENT [33]. Trawling intensity f, attack rate a, conver­
sion efficiencies g& and g8 n benthos asymmetric vulnerability 
to trawling u and the scaled trawling impact on benthos m 
were all varied. 

3. Results 
(a) Model dynamics of benthos and fish 
In a bottom-up controlled system benthos biomass remains 
at carrying capacity (BmaJ, independent of fish attack rate, 
whereas the net biomass production remains at zero. Fish bio­
mass increases linearly with increasing attack rate (figure 1, 
dashed lines). 

By contrast, in a top-down controlled system, there is a 
minimum fish attack rate (a) below which fish cannot persist 

(a) 

3.0 
~ 

"' "' 
.;/,~':'.~ ... .... ........... .. ............. . . 

E 
0 
:.0 
"' 1.5 0 
-5 
c: 
"' .0 

(b) 

"' .g ~ 5.0 g g 
8 ~ a.e 
~ .~ 

8~ 
0 "' 2.5 
:.0~ g o B 

0 

(c) 
30 

"' "' .. 
E 
0 

:.0 15 ..c ... 
"' 

... 
.,:: ... ... ... 

0 l.O 
fish attack rate (a) 

Figure 1. (a) Benthos biomass, (b) net biomass production of benthic resources 
r(Bmax- (Bs+ BR)) + r(Bmax- (BR+ 85)) and (c) fish biomass as function of 
the fish attack rate a (both (a) and (b) are the sum of Bs and BRl· The solid lines 
show model results when system is top-down controlled, whereas dotted lines 
show model outcome when system is bottom-up controlled (dotted line in (b) is 
at zero). At low values of a, fish cannot persist in a top-down controlled system 
(to the left of the vertical dashed lines). Higher values of a increase fish pre­
dation and this results In coexistence between both benthos and fish. 
8, persistence of benthos without fish. f = 0, m = 0, g6, and g8, are both 
0.6, all other parameters have default values. 

even in the absence of fishery and where benthos abundances 
equal carrying capacity (figure 1, solid lines). Close to this 
persistence threshold, fish equilibrium abundance is low 
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(a) bottom-up control (d) top-down control (a~0.09) (g ) top-down control (a; 0.14) (j ) top-down control (a; 0.8) 

(gg,<Cs,l (Cs,<Cs,l (gs,<Cs,l (gs, <Cs,l 
0.50 10 

20 -171 0 12 - m 0.5 
~ m 2 

m 4 E 
c 0.25 :0 6 
.;;: 

0~ 
c= 

0 0 0 

(b) (e) (h) (k) 

-------
,/ 

z 2 R 2 R / 2 
R 

z R e / / 
0 

:0 
d I ~ -5 

~ " .l5 s s 
0 s 

0 - 0 

(c) (/) (i) 

1.2 
M •., 
"' 1.0 

~ t 't 

~ 
.!! 0.6 .,., 0.5 "' N 

~ 
0 6 0 0.05 0.10 0 0.5 1.0 

trawling intensity (f) trawling intensity (j) tmwling intensity (f) trawling intensity (f) 

Figure 2. Impact of bottom trawling (by varying f) on fish biomass, benthos biomass and yield, the product of the trawling intensity (f) and fish density, in a 
bottom-up controlled system (a-c) and three systems with various strengths of top-down control (d-f, a= 0.09; g-i, a= 0.14; j-1, a = 0.8). Resistant 
benthos are more profitable food for fish (g8, < g8,). The different grey coloured lines present different scaled trawling mortalities on benthos (m). Susceptible 
and resistant benthos {in b, e, h and k) have the same biomass levels at m = 0. All lines above this black line (m = 0) show biomass levels of resistant benthos 
{marked with R), whereas all lines below this black line show biomass levels of susceptible benthos (marked with S). The dots (in ~ f, i and I) represent maximum 
sustainable yield levels. g8,= 03, g6,= 0.6, all other parameters have default values. 

and its effect on the benthos equilibriwn densities limited. 
The presence of fish induces increased net biomass pro­
duction of both benthos groups. This effect becomes more 
pronounced at higher attack rates as feeding by fish reduces 
competition among the benthos (figure lb). The increased 
net production leads to strongly increased fish equilibrium 
abundance (figure l c). 

(b) Impact of bottom trawl fishery on benthos and fish 
Bottom trawling increases the mortality of fish and poten­
tially of benthos, and changes the predation pressure on, 
and the competitive interactions between the two benthos 
prey groups. The ecosystem effects of trawling depend on 
whether the system is bottom-up or top-down controlled 
(figure 2). 

In a bottom-up controlled system, fish predation has 
no effect on benthos. Therefore, when fishing only affects fish 
(m = 0), trawling simply reduces fish density (figure 2a). 
When trawling does affect benthos (m > 0), both benthos 
and fish respond to trawling. For any degree of asymmetry 
(a > 1) between the susceptible and resistant benthos, trawling 
causes susceptible benthos to lose competition with resistant 
benthos and this reduces susceptible benthos to very low abun­
dance, whereas resistant benthos abundance strongly increases 
(these initial changes occur at low f and are not visible in figure 
2b). Further increasing trawling intensity leads to a gradual 
reduction of the resistant benthos (figure 2b). When the resist­
ant is also the more profitable benthos (g& < gsr), trawling 
increases the quality of the available prey for fish and can 

cause a positive relationship between fishing intensity and 
fish abundance. This positive relationship between trawling 
intensity and fish abundance occurs up to a certain maximum 
trawling intensity (f) (not visible in figure 2a as it occurs at 
very low levels of f), which decreases with the strength of 
the direct effect of trawling on benthos (m), but increases 
with a , the degree of asymmetry of thls effect on benthos 
(figure 3a,b). 

If, in a bottom-up controlled system, susceptible benthos 
is the more profitable prey (gss > gs,), then the decline in 
fish abundance with trawling intensity is accelerated at 
higher m, because the quality of the available prey is reduced 
(figure 4a). This results in less fish and lower fishery yields 
(figure 4b). 

Under both strong and intermediate top-down control 
(a = 0.8 and 0.14), trawling reduces the abundance of fish 
(figure 2g,j). Initially, this leads to higher biomass of both 
benthos groups, as they suffer reduced predation mortality 
(figure 2h,k). When there is a direct effect of trawling on benthos 
(m > 0), the positive effect on the susceptible benthos is reduced, 
whereas that on the resistant benthos is reinforced by reduced 
competition. When thls divergence is stronger, the larger the 
effect of trawling on benthos. At high trawling intensity, the 
upward trend is reversed in the susceptible species as direct 
trawling mortality outweighs reduced predation mortality. 

With any degree of top-down control, trawling intensity 
drives fish to extinction at the point where fish intake can 
no longer compensate for mortality (figure 2d,g,j). Generally, 
thls occurs at higher trawling intensity as the fish attack rate 
increases (compare figure 2f,i,l). When th.e resistant benthos 
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(a) 
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Figure 3. The increase in fish biomass (occurring inside the grey area) as a result of bottom trawling, in relation to the trawling Intensity (f) and the scaled fishing 
mortality on benthos (m) (a,c) or the relative impact of bottom trawling on resistant compared to susceptible benthos (u) (b,d) in a bottom-up controlled system 
(a,b) and a system with weak top-down control (a = O.o9, c,d). g8,= 0.3, g8,= 0.6, m = 2 for (b,d), all other parameters have default values. 

(a) bottom-up control 

(gs,> 8s,) 
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~ 

"' E 
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:.0 5 
..c: 
tE 

0 

(b) 

0 3 6 
trawling intensity (f) 

(c) 

20 

10 

0 

(d) 

L.O 

0.5 

0 

top-down control (a=0.8) 

(gB,>gBr) 

--m 
--m 

m 
m 

0.5 

trawling intensity (f) 

0 
0.5 
2 
4 

1.0 

Figure 4. Impact of bottom trawling (by varying f) on fish biomass and yield, the product of the trawling intensity (f) and fiSh density, In both a system which is 
bottom-up controlled (a,b) and a strong top-down controlled system (c,d, a = 0.8). Susceptible benthos are more profitable food for fish (g8, > gBr). Solid lines 
correspond to stable equilibria, dashed lines to unstable equilibria. g8,= 0.6, g6,= 0.3, all else is similar to figure 2. 

group is also the more valuable fish food (gsr > gs.), a direct 
effect of trawling on benthos (m > 0) extends the range of 
trawling intensity under which fish can persist. This happens 
because trawling incurs a food quality subsidy which makes 

up for part of the mortality it imposes on fish. Furthermore, 
under a range of trawling intensity, a direct effect of trawling 
on benthos increases both fish biomass (figure 2d,g,j) and fish­
ery yield (figure 2f,i,l). The opposite occurs when susceptible 
benthos are more profitable prey (figure 4c,d): the stronger 
the direct effect of traw ling on benthos (m), the lower the fish 
abundance and yield and the earlier fish go extinct. 

A weakly top-down controlled system (a = 0.09) behaves 
somewhat similar to a bottom-up controlled system, because 

fish have only a limited impact on benthos. It shows both 
increasing yield with higher m and a positive relationship 
between trawling and fish biomass (figure 2d,f). However, 
this positive relationship only occurs when both the trawling 
effect on benthos and the asymmetry in trawl susceptibility 
between benthos groups are large enough (figure 3c above 
m ~ 1.6 and figure 3d above u ~ 5). 

(c) Impact of bottom trawl fishery on maximum 

sustainable yield 
In a bottom-up controlled system, maximum sustainable 
y ield (MSY) is generally higher and occurs at higher trawling 
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intensity, the smaller the effect of trawling on benthos. When 
there is no effect on benthos at all (m = 0), maximum yield 
occurs at infinitely high trawling intensity and can hardly 
be classified as sustainable, because it occurs at infinitely 
low fish biomass (figure 2a,c). 

As trawling intensity increases and fish abundance is 
reduced, any top-down regulated system behaves more 
'bottom-up', as fish are decreasingly able to control benthos 
biomass. At weak and intermediate top-down control, this 
shift occurs relatively early and leads to an increased MSY 
with higher m (figure 2f,i). The same shift occurs in a strongly 
top-down controlled system but at fishing intensities higher 
than MSY, in that case it reduces MSY with a stronger trawl­
ing effect on benthos (figure 2! ). The same decrease in MSY 
with increasing m occurs when the susceptible prey is the 
more profitable (figure 4b,d). 

4. Discussion 
We have shown that direct mortality of trawl fishery on non­
target benthic organisms can lead to persistence of fish up to 
higher trawling intensities, increased fish biomass and (maxi­
mum sustainable) fisheries yield, and a positive relationship 
between fish abundance and trawling intensity. The presence 
of these indirect effects depends on the mode and degree of 
trophic control (top-down or bottom-up) of the benthic 
organisms, and on the relative susceptibility of the most 
important benthic fish prey to trawling. 

When the benthos which is the best-quality fish food is also 
more resistant to trawling than the lower-quality benthos, 
trawl gear that incurs higher mortality on the benthos can 
lead to higher fish biomass than more selective gear with 
less effect on the benthos. This result is independent of the 
mode of trophic regulation. In top-down controlled systems, 
this also extends the maximum trawling intensity at which 
fish can persist. The increase in fish biomass leads to higher 
fishery yield under both top-down and bottom-up control, 
and to higher MSY under all but the strongest top-down con­
trol. When susceptible benthos are the most profitable prey, 
trawling reduces fish abundance, yield and persistence of 
fish in all situations. 

Under bottom-up and weak top-down control, a positive 
relationship between trawling intensity and fish biomass 
emerges as fishing increases the quality of the available 
prey to such an extent that it more than offsets the direct mor­
tality it imposes on fish. This occurs over a wide range of 
non-target effects of trawling, but only at low trawling inten­
sity (figure 3). The relevance is hence only expected for 
irregular fished stocks, where it could lead to a peak in fish 
abundance. By contrast, increased (maximum sustainable) 
yield and persistence of fish occur at higher trawling inten­
sity, and so are more relevant to the management of highly 
exploited ecosystems. 

Our analysis shows that in both top-down and bottom -up 
controlled systems, the abundance of the resistant benthos is 
positively related to trawling intensity, as a result of either 
reduced fish predation or interspecific competition. This corre­
sponds with empirical observations of increased abundance of 
annelids and polychaetes, generally considered resistant to 
trawling, in heavily trawled areas [8-10]. However, such obser­
vational data do not allow us to distinguish between the two 
possible mechanisms (reduced predation or competition). 

Fishing generally leads to reduced abundance of suscep­
tible benthos in our model. This is also found in a number of 
field studies that have shown a higher abundance of suscep­
tible invertebrates, such as large bivalves and spatangoids, in 
areas with lower trawling intensities [9] or areas closed for 
bottom trawling [10,34]. Our model shows that the impact of 
bottom trawling on susceptible benthos can be mitigated by 
reducing the mortality imposed by trawling. This may be 
accomplished by either reducing fishing effort, or through 
technical adaptations reducing the direct impact of the trawl 
on the seabed. Development of such less destructive trawls is 
an active field of research [6,35]. Our results indicate that this 
may actually, dependent on the mode of trophic control and 
asymmetry in prey profitability, lead to reduced fish 
abundance and yield. 

The trawling-induced effects on the food availability for 
fish affect MSY differently in top-down or bottom-up con­
trolled systems (figure 2, yield). A positive effect of trawling 
on resistant benthos leads to an increased fish abundance 
and MSY in a bottom-up controlled system (figure 2a,c). This 
phenomenon occurs at trawling impacts on benthos which 
reflect those found in the North Sea. There are indications 
that in the North Sea, the more profitable prey (in particular 
polychaetes) are also more resistant to trawling [18], which is 
the configuration for which we find a positive effect of benthic 
trawling mortality on fish abundance and yield. 

Several studies have found faster growth of benthivorous 
fish with higher trawling intensity [16,17,20]. By contrast, 
Hiddink et al. [15] found, in the most comprehensive study 
on this interaction, a negative relation between the condition 
of plaice individuals and trawling frequency in a field study 
in the Irish Sea, whereas no effect of trawling was found on 
the condition of Dab (Limanda limanda). They hypothesized 
that trawling could indirectly affect growth of target species, 
resulting in. lower fisheries yield. This result is compatible with 
the model configuration with strong top-down control and/ or 
the susceptible benthos being the most profitable prey, in that 
case there is no trawling-induced increase in fish resources and 
the highest MSY occurs when there is no impact of trawling on 
benthos at all (m = 0 in figures 21 and 4b,d). In this case, the 
use of fishing gear that minlmizes benthic mortality would 
lead to higher abundance, catches and increased persistence of 
fish. To the best of our knowledge, there are no studies measur­

ing the long-term consequences of the indirect effects of trawling 
on fish abundance and MSY. 

The response of our modelled community to trawling 
depends strongly on the asymmetry between the two benthos 
groups not only in their vulnerability to trawling, but also 

in their role in the food web. We have used the conversion 
efficiency parameter as a generic way to impose such asymme­
try, but alternative mechanisms are easily conceivable. One 
alternative is a difference in edibility (or preference) of the 

benthos groups to fish. We have shown that the results of our 
analysis are qualitatively identical under this assumption (see 
electronic supplementary material, appendix Sl) . Another 
possibility is that one group has a higher intrinsic growth 
rate (is more r-selected [36]) and can more efficiently recolonize 
the 'free space' created by trawling. Assuming that such fast­
growing species would generally be smaller, Jennings et al. 
[14] hypothesized that increasing trawling intensity would 
coincide with smaller benthic invertebrates. Because fish are 
gape limited [37], a shift to smaller individuals in the benthic 
community means that a larger proportion is edible to fish. 

II 
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Jennings et al. [14] did not find this effect in field data, but they 
have no information on fish presence or feeding in their study 
area, which may have confounded their results. Asymmetry in 
productivity between susceptible and resistant benthos (see 
electronic supplementary material, appendix 51) does not 
qualitatively change our results. The addition of size structure 
and size-dependent predation in the benthos community is 
beyond the scope of this study, but could profoundly affect 
community dynamics and response to trawling [29,38]. 

Besides a shift towards more profitable prey, other mech­
anisms by whlch trawling may increase the food availability 
for benthivorous fish have also been suggested. The physical 
disturbance of the seabed and resulting resuspension of 
nutrients may have increased the primary productivity 
[5,39]. This hlgher productivity could then lead to increased 
benthic productivity. Others have suggested that food subsi­
dies owing to discards and killed organisms in the trawl path 
can also positively affect the food availability for fish, by deli­
vering easy prey for (scavenging) fish [40,41], but the effect 
of these food subsidies is considered relatively small on 
scavenger population levels in the southem North Sea [41]. 

The response of the benthic component in our model to 
trawling is consistent with other modelling studies [12,13], 
which did not incorporate fish predation . However, the inter­
action between fish and its benthic prey in our model has 
substantially increased the complexity of the response to 
trawling. To assess the importance of predation in marine 
benthic communities, caging experiments are still seen as 
the most valid method [42], but we know of no predator 
exclusion experiments conducted at the feeding grounds of 
commercially important benthivorous fish species. 

In this study, we have examined a bottom-up controlled 
system and three systems with various strengths of top­
down regulation. However, the mode of regulation is not a 
fixed property of natural systems, but depends on the state 
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and history of the system. Thls is illustrated in our model, 
where top-down controlled benthlc systems behave more 
bottom-up controlled as the fish population is depleted by 
fishery (figure 2g,l). Our results show that an assessment of 
the degree to which a system is bottom-up or top-down con­
trolled should be central to any strategy of adaptive and 
ecosystem-based management of exploited fish stocks, 
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fish is expected only at high trawling intensities. It also 
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may result in higher abundance of susceptible benthos. 

Our work hlghlights that the relative importance of bottom­
up and top-down processes is crucial for understanding the 
dynamics of benthic communities. We also show that incorrect 
assumptions regarding trophic control of the ecosystem can 
lead to remarkable failure of management of exploited benthi­
vorous fish and the conservation of benthos. Unfortunately, 
little is known about the trophic regulation of marine benthic 
ecosystems worldwide, but our work highlights that further 
study is urgently required in the light of the recent worldwide 
push for ecosystem-based marine management [44]. 
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