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APPENDIX S1. Estimating catchability of the fish surveys

Estimating the catchability of the survey gears is essential for estimating absolute fish
abundance, and hence for estimating the impact of seals on fish stocks. Two approaches
exist for estimating catchability. The first approach is to estimate the total stock size
using stock assessments, and subsequently comparing the catch per unit of area with the
expected numbers per unit of area based on these assessments (e.g. (Fraser et al. 2007,
Walker et al. 2017)). Because the survival rates for the younger age classes (e.g. 0 and 1-
year olds) are not well known the stocks size estimates of these age-classes are likely
inaccurate. As a result the derived catchability estimates for these age-classes will be

poor.

The second approach to estimate catchability involves experimentally estimating the
proportion of fish escaping the net. (Kuipers 1975) defines four main processes that cause
fish to escape the net: 1) Lateral escape, 2) Disturbance caused by the ship, 3) Escape
through the net and 4) Escape underneath and above the net. (Kuipers 1975) attempted to
experimentally estimate the effect of these 4 processes using a 1.9m wide small meshed
beam trawl. This resulted in a catchability equation which was specified as function of
the beam width. Here we re-estimated that function, and use it to estimate the catchability

of the 3m and 6m DFS gear.

The efficiency of a 1.9 m beam trawl

The experimental study area was located on the tidal flats of the Balgzand, in the
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Dutch Wadden Sea. Fishing was carried out by a rubber dingy, fishing at a speed of 0.5-
0.58 m/s, and a stretched mesh size of 1cm, using 1.9 m (or 3m) beam and 0-3 tickler
chains. Given the relative small (stretched) mesh size of 1cm, only fish <2.5 cm were
considered to partly disappear through the net (item 3 above). Catch rates depended on
whether tickler chains were used, but fishing with more than one tickler chain did not
lead to higher observed catch rates. Hence, the proportion of fish escaping underneath the
net was assumed to be negligible when fishing with more than 1 tickler chain (item 4

above).

To estimate the effect of boat disturbance, catch rates were compared when fishing
with a 8m and 400m long fishing line. The observed discrepancy between catch rates
increased with length. The efficiency Eq as function of length was provided, but this did
not match the function provided in the corresponding figure of (Kuipers 1975). Hence,

the data were reconstructed (Figure S1) and a new efficiency function was estimated.
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1008

1009 Figure S1. (Figure 5 in (Kuipers 1975)). Catches of plaice by length class of the 2m
1010  beam trawl with 8m (solid line) and with 400m (dashed line) fishing line (moving
1011  averages of 3). Right, efficiency in respect of disturbance (Eq) against plaice length.

1012  Curve represents the log of catch-ratio as function of log of length.

1013 A Generalized Linear Model (GLM) assuming a quasi-Poisson distribution was fitted
1014  to the data. The response variable was defined as the catch rate of the 8m fishing line, and
1015 modelled as a function of the log of fish length (L), with the log of the catch rate of the
1016  400m fishing line included as an offset. Similar to (Kuipers 1975), only data from fish >

1017  5cm were included in the model fitting. This results in the following efficiency (as
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1018 fraction) caused by boat disturbance

1019 E,; = exp(1.2263863 — 0.6000988 Ln(L)) eq.S1
1020

1021  The effect of the lateral escape was estimated by comparing the catch rates of a 1.9m
1022  beam and two 1.9m beam fitted together side-by-side. Similar to the analysis based on the
1023 8 and 400m fishing line, a GLM was fitted to the data, with the catch rate of the single
1024  beam as the response variable, and the log of the catch rate of the double beam (i.e. 2 x

1025  1.9m) as model offset (Figure S2)
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1026

1027 Figure S2. (Figure 6 in (Kuipers 1975)). Catches of plaice by length class of the 1.9m
1028  beam trawl (solid line) and 2x1.9m beam trawl (dashed line) (moving averages of 3).
1029  Right, catch-ratio in respect of lateral escape (E|) against length of the plaice. Note that
1030 the catch rates (right figure) were corrected for beam-width. Curve represents the log of

1031 catch-ratio as function of log of length.

1032
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1033 This resulted in the following catch-rate ratio of the 1.9 m beam (c) relative to the

1034  catch rate of the 2 x 1.9m beam (C).

1035 Re(L) = £ = exp(0.7334693 — 0.4834846 Ln(L)) eq. S2

1036  The philosophy underlying the lateral escape, is that within a fixed section (width = b cm)
1037  on either side of the net, fish escape. Hence, the ratio between the catch rate can be defined

1038 as

c _ a-2b
¢ 2a-2b

1039 R, = eg. S3

1040  Where a is the size of the single net (i.e. 1.9m) and 2a the size of the double net. The size
1041 of bis length dependent, with b being larger for larger fish, due to their higher swim speed.
1042  Hence, b can be estimated as

a(l—%RC(L))

1043 b(L) = 42

eq. S4

1044  The total efficiency regarding the lateral escape of the 1.9 m relative to no lateral escape

1045  can now be defined as

1046 E, = 220

eg. S5

1047

1048 , where here a=1.9m.

1049  The total efficiency E, taking both lateral escape and boat disturbance into account, can be

1050 defined as
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E=Ed'El eq. S6

The efficiency of the DFS beam trawl

Similar to the gear used by (Kuipers 1975), the DFS uses a net with a similar mesh size
(i.e. 2cm) and 1 tickler chain. However, the DFS differs in a number of other aspects. 1.
The survey takes place at a higher speed (i.e. 1.03-1.54 m/s, instead of 0.5 m/s). 2. It uses
a larger beam width (3 m in the Wadden Sea, and 6 m in the Wadden coastal zone), 3.
Most fishing takes place in the Wadden Sea gullies, and not on the relative flat tidal mud

flats as in, which may lead to a different proportion of escape underneath .

Using eq. 5 it is now possible to correct the efficiency to take the larger beam width into
account (Figure S3). (Kuipers 1975) did not find evidence for fish escaping underneath
the net when using at least one tickler chain, but fishing took place on the relative flat
mud flats. In contrast, (Reiss et al. 2006) towed three nets behind each other, and found
that on average only 37% of the flatfish dab (Limanda limanda) remained in the first net,
while the others escape underneath. This might be due to a difference in behaviour
between dab and plaice, but could also be due to a difference in topography and bottom
structure. Since the DFS surveys the gullies and coastal waters of the North Sea, we
assume that the proportion of escape underneath is better represented by the study of
(Reiss et al. 2006). When combining the reconstructed length-specific efficiency and

accounting for possible escape underneath the net based on (Reiss et al. 2006), the
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efficiency becomes substantially lower (solid red and purple line, Figure S3). These

efficiency estimates will be used in the subsequent calculations.

We expect this to be an under-estimate of efficiency, particularly because the DFS fishes
at twice the speed of the (Kuipers 1975) study. However, there appears to be a close
correspondence with the efficiency estimates from (Bergman et al. 1989) (green line and
solid purple line in Figure S3), who also used a 3m beam trawl. However, unfortunately
no details or data are presented in (Bergman et al. 1989), and hence their estimated

efficiency cannot be validated.
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1081 Figure S3. Efficiency estimates for flatfish for different gear types taking the size-

1082  selective catchability into account. The orange line is the total estimated efficiency for
1083  plaice based on (Kuipers 1975). The dashed purple and red line are based on (Kuipers
1084  1975), but correcting for the larger beam-width (i.e. 3 and 6m, respectively). The solid
1085 purple and red line, also take escape underneath into account (Reiss et al. 2006). These
1086  lines will be used as the catchability estimates of the DFS in the Wadden Sea (3m beam)

1087  and Wadden coastal zone (6m beam). The green line represents the estimated efficiency
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of a 3m beam based on simultaneously fishing with a 1.9 and 3m beam trawl (Bergman et

al. 1989). Catchability estimates exceeding 1, where truncated to 1.

The efficiency of the IBTS, SNS and BTS

For the regions bordering the Wadden Sea, data from the international bottom trawl
survey (IBTS), sole net survey (SNS) and beam trawl survey (BTS) are available.
Although, surveys also take place in a larger area, further offshore, some fish hauls occur
in the same region as the coastal DFS. For those sampling stations in the overlapping
years (here data from 1987 onwards were used) it was possible to directly compare the
length-specific catch per unit area estimates of the IBTS, SNS and BTS survey, with
those from the DFS. This will provide a measure of relative efficiency. Since, we now
have a (rough) estimate of the efficiency of the DFS, we can reconstruct the absolute

catchability.

95% of the DFS sampling locations occur at depths shallower than 20m, hence we only
select the IBTS, SNS and BTS survey data from similar depths and within at least 50km
of the nearest seal haul-out site in the Wadden Sea. The catch-ratios are shown in the top-
figures of Figure S4a-c. Up to approximately 10 cm, the catch per unit of area are higher
in the DFS, compared to the BTS and SNS, which is possible due to the larger mesh size
of the latter two gears (i.e. 4 cm). However, catch-rates are substantially larger at larger
length classes. For example, for a length-class of >20cm, the BTS and SNS catch at least
3 times more individuals per unit of area. This is most likely due to the larger fishing

speed (BTS/SNS = 4nm, DFS= 2-3 nm). Overall, the catch rate of the IBTS is much
63
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1110  lower, which is most likely due to the fact it does not use a heavy beam.
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1112  Figure S4a. Catch ratios for plaice of SNS and DFS (top figure). Values <1 imply that the
1113  absolute numbers per ha caught in the DFS are higher than in the SNS. Red line is a

1114  GAM fitted to the data (shaded area is 95% CI). Lower figure is absolute catchability of
1115  the SNS survey, taking the catch-ratio between SNS/DFS and the absolute catchability

1116  estimate of the DFS (Figure S3, red solid line) into account.
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Figure S4b. BTS catchability estimates. See Figure S4a. Blue plusses are the absolute
catchability estimates for plaice based on (Walker et al. 2017). The higher catchability
estimates for the larger length classes, might be explained by a higher turbidity in the

coastal waters, possible causing lower lateral escape.
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1125  Figure S4c. IBTS catchability estimates. See description Figure S4a.
1126
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APPENDIX S2. Supplementary figures and tables

Table S1. Characteristics of the different survey gear types -

Kuipers | Reiss etal. 2006 | DFS-WZ DFS-WC GOV SNS BTS Bergmann et al. 1989
1975

Net mesh | ? 20mm 35mm 35mm 100mm 80mm 120mm ?

Cod end 10mm 4mm 20mm 20mm 20mm 40mm 40mm 20mm

Fishing 0.51m/s | 0.51 m/s 1.0-1.5m/s 1.0-1.5m/s 2.1 m/s (4nm) | 1.8-2.1m/s 2.1 m/s (4nm) | 1.5 m/s (2nm)

speed (2-3nm) (2-3nm) (3.5-4nm)

Beam 1.9m 2m 3m 6m 6m 8m 3m

width

*Bergmann et al. 1989 specify a mesh size of 10 x 10mm, which equals a stretched mesh size of 20mm



https://doi.org/10.1101/267567

Table S2. Caloric density of the 10 main prey items found in the harbour seal diet.

Species/Family Latin name Caloric Range Source

density

(kcallg)
European flounder Platichthys flesus 1.09 0.99-1.20 (Summers 1979)
Sandeel Ammaodytes sp. 1.41 0.88-1.48 (Pedersen and Hislop 2001)"
Dover sole Solea solea 0.91 0.61-1.20 (Soriguer et al. 1997)%
Five-bearded rockling Ciliata mustela 1.02 0.88-1.29 Average of round fish; cod and whiting
Whiting Merlangius merlangus 1.10 0.91-1.29 (Pedersen and Hislop 2001)"
European Plaice Pleuronectes platessa 0.87 0.61-0.87 (Costopoulos and Fonds 1989)8
Atlantic cod Gadus morhua 0.94 0.88-1.05 (Harkonen and Heide- Jagrgensen 1991)
Common dragonet Callionymus lyra 1.02 0.88-1.29 Average of round fish; cod and whiting
Common dab Limanda limanda 0.87 0.61-0.87 Assumed similar to Plaice
Bull-rout Myoxocephalus scorpius 1.02 0.88-1.29 Average of round fish; cod and whiting
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"based on the average caloric density for 0 and I group flounder measured in July-Sept of 4.6 kcal/g dry weight. For July, the relationship
between wet weight (x, in g) and dry weight (y, in g) was defined as y = - 0.36 + 0.24x (Summers 1979). Therefore, the wet-dry weight
conversion factor for a 100 g flounder was 0.236, resulting in an estimated energy density of 1.09 kcal/g wet weight.

“Converted from kJ/g to kcal/g using the conversion factor of 0.239. Caloric density estimates were based on fish >10cm caught in quarter 3.
Range was based on minimum and maximum energy density observed in all size-classes and seasons.

8In the Wadden Sea, the condition factor varied between 0.75 in winter, and 0.95 in summer, which corresponds to caloric densities between
0.61-0.87 (Costopoulos & Fonds 1989).

T Range based on minimum and maximum value of the range for plaice and flounder.
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Figure S2. Growth of 0-group plaice per day based on optimal DEB model conditions
(a), and how this leads to the change in length (in cm, b) and weight (in gram, c)

throughout the year.
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Figure S3a-e. Observed length (circles and standard error bars) and predicted length
(solid red line) of 0- and 1-year old flounder (Platichthys flesus), bull-rout
(Myoxocephalus scorpius), dab (Limanda limanda) and sole (Solea solea). Grey line
indicates water temperature. Predicted growth (solid lines) is based on DEB model
where food intake parameter is allowed to vary between the winter months and other

times of the years.
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Figure S4. Species composition. Biomass (kg/ha) in BTS (top figure) and DFS Wadden coast

and Wadden Sea (bottom figure)
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Figure S5. The estimated effect of seal predation on the biomass of prey fish for the Wadden

Sea (red lines), Wadden coast (green lines) and remaining areas up to 50km from the haul-
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outs (blue lines, and see regions in Figure 1). The fish survey in September (i.e. BTS for the
North Sea offshore zone up to 50km from the nearest haul-out, and DFS for the Wadden coast
and Wadden sea) is the starting point (open circle), after which biomass decline due to seal
predation. During the summer season, a rapid increase in biomass occurs, except in years
when the number of individuals has drastically reduced. In the subsequent survey, the
biomass of remaining fish (i.e. larger individuals, >13.5cm) has declined, but is again

supplemented with new recruits.
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