
 
 
 

43 
 
 
 

Helgolandes Meeresuntersuchungen 43:461–477. 749 

Benoît, H., D. Swain, W. Bowen, G. Breed, M. Hammill, and V. Harvey. 2011. 750 

Evaluating the potential for grey seal predation to explain elevated natural mortality 751 

in three fish species in the southern Gulf of St. Lawrence. Marine Ecology Progress 752 

Series 442:149–167. 753 

Bergman, M. J. N., H. W. van der Veer, A. Stam, and D. Zuidema. 1989. Transport 754 

mechanisms of larval plaice (Pleuronectes platessa L.) from the coastal zone into the 755 

Wadden Sea nursery area. Rapp . P.-v. Reun. Cons. int. Explor. Mer 191:43–49. 756 

Beverton, R. J. H. 1995. Spatial limitation of population size; the concentration 757 

hypothesis. Netherlands Journal of Sea Research 34:1–6. 758 

Brasseur, S., R. Czeck, A. Galatius, L. F. Jensen, J. Armin, P. Körber, R. Pund, U. 759 

Siebert, J. Teilmann, and S. Klöpper. 2017. TSEG Grey Seal surveys in the Wadden 760 

Sea and Helgoland in 2016-2017. General growth but local drop in numbers. 761 

Wilhemshaven, Germany. 762 

Brasseur, S. M. J. M., T. D. van Polanen Petel, T. Gerrodette, E. H. W. G. Meesters, P. J. 763 

H. Reijnders, and G. Aarts. 2015. Rapid recovery of Dutch grey seal colonies fueled 764 

by immigration. Marine Mammal Science 31:405–426. 765 

Brasseur, S. M. J. M., P. J. H. Reijnders, J. S. M. Cremer, E. H. W. G. Meesters, R. J. 766 

Kirkwood, L. F. Jensen, A. Jeβ, A. Galatius, J. Teilmann, and G. Aarts. 2018. 767 

Echo’s from the past: Regional variations in recovery within a harbour seal 768 

population. PloS one 13:e0189674. 769 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

44 
 
 
 

Brown, S. L., S. Bearhop, C. Harrod, and R. A. McDonald. 2012. A review of spatial and 770 

temporal variation in grey and common seal diet in the United Kingdom and Ireland. 771 

Journal of the Marine Biological Association of the United Kingdom 92:1711–1722. 772 

Clapham, P. J., S. B. Young, and R. L. Brownell. 1999. Baleen whales: conservation 773 

issues and the status of the most endangered populations. Mammal Review 29:37–774 

62. 775 

Cook, R. M., S. J. Holmes, and R. J. Fryer. 2015. Grey seal predation impairs recovery of 776 

an over-exploited fish stock. Journal of Applied Ecology 52:969–979. 777 

Cook, R. M., and V. Trijoulet. 2016. The effects of grey seal predation and commercial 778 

fishing on the recovery of a depleted cod stock. Canadian Journal of Fisheries and 779 

Aquatic Sciences 73:1319–1329. 780 

Couperus, B., S. Gastauer, S. M. M. Fässler, I. Tulp, H. W. van der Veer, and J. J. Poos. 781 

2016. Abundance and tidal behaviour of pelagic fish in the gateway to the Wadden 782 

Sea. Journal of Sea Research 109:42–51. 783 

Dawson, A. S., and A. S. Grimm. 1980. Quantitative seasonal changes in the protein, 784 

lipid and energy content of the carcass, ovaries and liver of adult female plaice, 785 

Pleuronectes platessa L. Journal of Fish Biology 16:493–504. 786 

Dickson, W. 1993. Estimation of the capture efficiency of trawl gear. I: Development of a 787 

theoretical model. Fisheries Research 16:239–253. 788 

Engelhard, G. H., M. A. Peck, A. Rindorf, S. C. Smout, M. van Deurs, K. Raab, K. H. 789 

Andersen, S. Garthe, R. A. M. Lauerburg, F. Scott, T. Brunel, G. Aarts, T. van 790 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

45 
 
 
 

Kooten, and M. Dickey-Collas. 2013. Forage fish, their fisheries, and their 791 

predators: who drives whom? ICES Journal of Marine Science 71:90–104. 792 

Estes, J. A., M. Heithaus, D. J. McCauley, D. B. Rasher, and B. Worm. 2016. 793 

Megafaunal Impacts on Structure and Function of Ocean Ecosystems. Annual 794 

Review of Environment and Resources 41:83–116. 795 

Freitas, V., J. F. M. F. Cardoso, K. Lika, M. A. Peck, J. Campos, S. A. L. M. Kooijman, 796 

and H. W. Van Der Veer. 2010. Temperature tolerance and energetics : a dynamic 797 

energy budget-based comparison of North Atlantic marine species. Philosophical 798 

Transactions of the Royal Society B: Biological Sciences 365:3553–3565. 799 

Galatius, A., S. M. J. M. Brasseur, R. Czeck, J. Armin, P. Körber, P. Ralf, U. Siebert, J. 800 

Teilman, and S. Klöpper. 2017. Trilateral Seal Expert Group (TSEG). Aerial surveys 801 

of Harbour Seals in the Wadden Sea in 2017. Population counts still in stagnation, 802 

but more pups than ever. 803 

Gaston, A., R. Ydenberg, and G. Smith. 2007. Ashmole’s halo and population regulation 804 

in seabirds. Marine Ornithology 35:119–126. 805 

Geelhoed, S. C. V., M. Scheidat, R. S. A. van Bemmelen, and G. Aarts. 2013. Abundance 806 

of harbour porpoises (Phocoena phocoena) on the Dutch Continental Shelf, aerial 807 

surveys in July 2010-March 2011. Lutra 56:45–57. 808 

Gilles, A. 2008. Characterisation of harbour porpoise (Phocoena phocoena) habitat in 809 

German waters. Christian-Albrechts University, Kiel. 810 

Glorius, S., J. Craeymeersch, T. van der Hammen, A. Rippen, J. Cuperus, B. van der 811 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

46 
 
 
 

Weide, J. Steenbergen, and I. Tulp. 2015. Effecten van garnalenvisserij in Natura 812 

2000 gebieden. IJmuiden. 813 

Hansson, S., U. Bergström, E. Bonsdorff, T. Härkönen, N. Jepsen, L. Kautsky, K. 814 

Lundström, S.-G. Lunneryd, M. Ovegård, J. Salmi, D. Sendek, and M. Vetemaa. 815 

2017. Competition for the fish – fish extraction from the Baltic Sea by humans, 816 

aquatic mammals, and birds. ICES Journal of Marine Science 817 

fsx207:https://doi.org/10.1093/icesjms/fsx207. 818 

Härkönen, T. 1986. Guide to the otoliths of the bony fishes of the northeast Atlantic.  819 

Danbiu ApS. Biological Consultants. Hellrup, Denmark. 820 

Härkönen, T. 1987. Seasonal and Regional Variations in the Feeding-Habits of the 821 

Harbor Seal, Phoca-Vitulina, in the Skagerrak and the Kattegat. Journal of Zoology 822 

213:535–543. 823 

Härkönen, T., and M. P. Heide- Jørgensen. 1991. The Harbor Seal Phoca-Vitulina as a 824 

Predator in the Skagerrak. Ophelia 34:191–207. 825 

Heessen, H. J. L., and N. Daan. 1996. Long-term trends in ten non-target North Sea fish 826 

species. ICES Journal of Marine Science – ICES Journal of Marine Science 827 

53:1063–1078. 828 

Heithaus, M. R., A. Frid, A. J. Wirsing, and B. Worm. 2008. Predicting ecological 829 

consequences of marine top predator declines. Trends in Ecology and Evolution 830 

23:202–210. 831 

Houle, J. E., F. de Castro, M. A. Cronin, K. D. Farnsworth, M. Gosch, and D. G. Reid. 832 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

47 
 
 
 

2016. Effects of seal predation on a modelled marine fish community and 833 

consequences for a commercial fishery. Journal of Applied Ecology 53:54–63. 834 

Innes, S., D. M. Lavigne, W. M. Earle, and K. M. Kovacs. 1987. Feeding Rates of Seals 835 

and Whales. The Journal of Animal Ecology 56:115. 836 

Kastelein, R. A., C. Staal, and P. R. Wiepkema. 2005. Food Consumption and Body Mass 837 

of Captive Harbor Seals (Phoca vitulina). Aquatic Mammals 31:34–42. 838 

Kavanagh, A. S., M. a. Cronin, M. Walton, and E. Rogan. 2010. Diet of the harbour seal 839 

(Phoca vitulina vitulina) in the west and south-west of Ireland. Journal of the Marine 840 

Biological Association of the United Kingdom 90:1517–1527. 841 

van Keeken, O. A., M. van Hoppe, R. E. Grift, and A. D. Rijnsdorp. 2007. Changes in the 842 

spatial distribution of North Sea plaice (Pleuronectes platessa) and implications for 843 

fisheries management. Journal of Sea Research 57:187–197. 844 

van Kooten, T., C. M. Deerenberg, R. Jak, R. van Hal, and M. A. M. Machiels. 2015. An 845 

exploration of potential effects on fisheries and exploited stocks of a network of 846 

marine protected areas in the North Sea. IJmuiden. 847 

van Kooten, T., L. Persson, and A. M. de Roos. 2007. Size-dependent mortality induces 848 

life-history changes mediated through population dynamical feedbacks. The 849 

American naturalist 170:258–70. 850 

Kuipers, B. 1975. On the efficiency of a two-metre beam trawl for juvenile plaice 851 

(Pleuronectes platessa). Netherlands Journal of Sea Research 9:69–85. 852 

de la Vega, C., B. Lebreton, U. Siebert, G. Guillou, K. Das, R. Asmus, and H. Asmus. 853 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

48 
 
 
 

2016. Seasonal Variation of Harbor Seal’s Diet from the Wadden Sea in Relation to 854 

Prey Availability. PLOS ONE 11:e0155727. 855 

Leopold, M. F. 2015. Eat and be eaten: Porpoise diet studies. Wageningen University and 856 

Research. 857 

Leopold, M. F., C. J. G. Damme, C. J. M. Philippart, and C. J. N. Winter. 2001. Otoliths 858 

of North Sea fish-Fish identification key by means of otoliths and other hard parts. 859 

ETI (Expert Centre for Taxonomic Identification), University of Amsterdam, 860 

Amsterdam, The Netherlands. 861 

Leopold, M. F., C. J. G. van Damme, and H. W. van der Veer. 1998. Diet of cormorants 862 

and the impact of cormorant predation on juvenile flatfish in the Dutch Wadden Sea. 863 

Journal of Sea Research 40:93–107. 864 

Lorenzen, K., and K. Enberg. 2002. Density-dependent growth as a key mechanism in the 865 

regulation of fish populations: evidence from among-population comparisons. 866 

Proceedings. Biological sciences 269:49–54. 867 

Lynam, C. P., M. Llope, C. Möllmann, P. Helaouët, G. A. Bayliss-Brown, and N. C. 868 

Stenseth. 2017. Interaction between top-down and bottom-up control in marine food 869 

webs. Proceedings of the National Academy of Sciences of the United States of 870 

America 114:1952–1957. 871 

Markussen, N. H., M. Ryg, and N. A. Øritsland. 1990. Energy requirements for 872 

maintenance and growth of captive harbour seals, Phoca vitulina. Canadian Journal 873 

of Zoology 68:423–426. 874 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

49 
 
 
 

Morissette, L., V. Christensen, D. Pauly, M. Hammill, and H. Bourdages. 2012. Marine 875 

Mammal Impacts in Exploited Ecosystems: Would Large Scale Culling Benefit 876 

Fisheries? PLoS ONE 7:e43966. 877 

Pedersen, J., and J. R. G. Hislop. 2001. Seasonal variations in the energy density of fishes 878 

in the North Sea. Journal of Fish Biology 59:380–389. 879 

Philippart, C. J. M., J. J. Beukema, G. C. Cadee, R. Dekker, P. W. Goedhard, J. M. van 880 

Iperen, M. F. Leopold, and P. M. J. Herman. 2007. Impacts of nutrient reduction on 881 

coastal communities. Ecosystems. 882 

Reijnders, P. J. H. 1992. Retrospective Population Analysis and Related Future 883 

Management Perspectives for the Harbour Seal Phoca vitulina in the Wadden Sea. 884 

Netherlands Institute for Sea Research 20:193–197. 885 

Reiss, H., I. Kröncke, and S. Ehrich. 2006. Estimating the catching efficiency of a 2-m 886 

beam trawl for sampling epifauna by removal experiments. ICES Journal of Marine 887 

Science 63:1453–1464. 888 

Ries, E. H., L. R. Hiby, and P. J. H. Reijnders. 1998. Maximum likelihood population 889 

size estimation of harbour seals in the Dutch Wadden Sea based on a mark-recapture 890 

experiment. Journal of Applied Ecology 35:332–339. 891 

Rijnsdorp, A. D., and P. I. Van Leeuwen. 1996. Changes in growth of North Sea plaice 892 

since 1950 in relation to density, eutrophication, beam-trawl effort, and temperature. 893 

ICES Journal of Marine Science – ICES Journal of Marine Science 53:1199–1213. 894 

Robinson, L. A., S. P. R. Greenstreet, H. Reiss, R. Callaway, J. Craeymeersch, I. de 895 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

50 
 
 
 

Boois, S. Degraer, S. Ehrich, H. M. Fraser, A. Goffin, I. Kröncke, L. L. Jorgenson, 896 

M. R. Robertson, and J. Lancaster. 2010. Length–weight relationships of 216 North 897 

Sea benthic invertebrates and fish. Journal of the Marine Biological Association of 898 

the United Kingdom 90:95. 899 

Rogers, S. I., A. D. Rijnsdorp, U. Damm, and W. Vanhee. 1998. Demersal fish 900 

populations in the coastal waters of the UK and continental NW Europe from beam 901 

trawl survey data collected from 1990 to 1995. Journal of Sea Research 39:79–102. 902 

Roman, J., M. M. Dunphy-Daly, D. W. Johnston, and A. J. Read. 2015. Lifting baselines 903 

to address the consequences of conservation success. Trends in Ecology & 904 

Evolution 30:299–302. 905 

De Roos, A. M., T. Schellekens, T. van Kooten, K. van de Wolfshaar, D. Claessen, and 906 

L. Persson. 2007. Food-dependent growth leads to overcompensation in stage-907 

specific biomass when mortality increases: the influence of maturation versus 908 

reproduction regulation. The American naturalist 170:E59-76. 909 

Rosen, D. A., and D. Renouf. 1998. Correlates of seasonal changes in metabolism in 910 

Atlantic harbour seals (Phoca vitulina concolor ). Canadian Journal of Zoology 911 

76:1520–1528. 912 

Sousa, T., T. Domingos, J.-C. Poggiale, and S. A. L. M. Kooijman. 2010. Dynamic 913 

energy budget theory restores coherence in biology. Philosophical Transactions of 914 

the Royal Society of London B: Biological Sciences 365. 915 

Springer, A. M., J. A. Estes, G. B. van Vliet, T. M. Williams, D. F. Doak, E. M. Danner, 916 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

51 
 
 
 

K. A. Forney, and B. Pfister. 2003. Sequential megafaunal collapse in the North 917 

Pacific Ocean: an ongoing legacy of industrial whaling? Proceedings of the National 918 

Academy of Sciences of the United States of America 100:12223–12228. 919 

Støttrup, J. G., P. Munk, M. Kodama, and C. Stedmon. 2017. Changes in distributional 920 

patterns of plaice Pleuronectes platessa in the central and eastern North Sea; do 921 

declining nutrient loadings play a role? Journal of Sea Research 127:164–172. 922 

Teal, L. R., R. van Hal, T. van Kooten, P. Ruardij, and A. D. Rijnsdorp. 2012. Bio-923 

energetics underpins the spatial response of North Sea plaice (Pleuronectes platessa 924 

L.) and sole (Solea solea L.) to climate change. Global Change Biology 18:3291–925 

3305. 926 

Temming, A., and M. Hufnagl. 2015. Decreasing predation levels and increasing 927 

landings challenge the paradigm of non-management of North Sea brown shrimp 928 

(Crangon crangon). ICES Journal of Marine Science 72:804–823. 929 

Tien, N. S. H., J. A. M. Craeijmeersch, C. J. G. van Damme, A. S. Couperus, J. Adema, 930 

and I. Y. M. Tulp. 2017. Burrow distribution of three sandeel species relates to beam 931 

trawl fishing, sediment composition and water velocity, in Dutch coastal waters. 932 

Journal of Sea Research 127:194–202. 933 

Tollit, D. J., S. P. R. Greenstreet, and P. M. Thompson. 1997. Prey selection by harbour 934 

seals, Phoca vitulina, in relation to variations in prey abundance. Canadian Journal 935 

of Zoology-Revue Canadienne De Zoologie 75:1508–1518. 936 

Trzcinski, M. K., R. Mohn, and W. D. Bowen. 2006. Continued decline of an Atlantic 937 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

52 
 
 
 

cod population: How important is gray seal predation? Ecological Applications 938 

16:2276–2292. 939 

Tulp, I., L. J. Bolle, and A. D. Rijnsdorp. 2008. Signals from the shallows: In search of 940 

common patterns in long-term trends in Dutch estuarine and coastal fish. Journal of 941 

Sea Research 60:54–73. 942 

Tulp, I., C. Chen, H. Haslob, K. Schulte, V. Siegel, J. Steenbergen, A. Temming, and M. 943 

Hufnagl. 2016. Annual brown shrimp (Crangon crangon) biomass production in 944 

Northwestern Europe contrasted to annual landings. ICES Journal of Marine Science 945 

73:2539–2551. 946 

Tulp, I., H. W. van der Veer, P. Walker, L. van Walraven, and L. J. Bolle. 2017. Can 947 

guild- or site-specific contrasts in trends or phenology explain the changed role of 948 

the Dutch Wadden Sea for fish? Journal of Sea Research 127:150–163. 949 

Tyrrell, M. C., J. S. Link, and H. Moustahfid. 2011. The importance of including 950 

predation in fish population models: Implications for biological reference points. 951 

Fisheries Research 108:1–8. 952 

de Veen, J. 1978. On selective tidal transport in the migration of North Sea Plaice 953 

(pleuronectes platessa) and other flatfish species. Netherlands Journal of Sea 954 

Research 12:115–147. 955 

van der Veer, H., J. Koot, G. Aarts, R. Dekker, W. Diderich, V. Freitas, and J. Witte. 956 

2011. Long-term trends in juvenile flatfish indicate a dramatic reduction in nursery 957 

function of the Balgzand intertidal, Dutch Wadden Sea. Marine Ecology Progress 958 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

53 
 
 
 

Series 434:143–154. 959 

van der Veer, H. W., J. F. M. F. Cardoso, M. A. Peck, and S. A. L. M. Kooijman. 2009. 960 

Physiological performance of plaice Pleuronectes platessa (L.): A comparison of 961 

static and dynamic energy budgets. Journal of Sea Research 62:83–92. 962 

van der Veer, H. W., A. S. Jung, V. Freitas, C. J. M. Philippart, and J. I. Witte. 2016. 963 

Possible causes for growth variability and summer growth reduction in juvenile 964 

plaice Pleuronectes platessa L. in the western Dutch Wadden Sea. Journal of Sea 965 

Research 111:97–106. 966 

Watt, J., G. J. Pierce, and P. R. Boyle. 1997. Guide to the identification of North Sea fish 967 

using premaxillae and vertebrae. Page ICES Cooperative Research Report. ICES. 968 

Zijlstra, M., and M. R. Van Eerden. 1995. Pellet production and the use of otoliths in 969 

determining the diet of Cormorants Phalacrocorax carbo sinensis: Trials with captive 970 

birds. Ardea 83:123–131. 971 

 972 

  973 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


 
 
 

54 
 
 
 

APPENDIX S1. Estimating catchability of the fish surveys 974 

Estimating the catchability of the survey gears is essential for estimating absolute fish 975 

abundance, and hence for estimating the impact of seals on  fish stocks. Two approaches 976 

exist for estimating catchability. The first approach is to estimate the total stock size 977 

using stock assessments, and subsequently comparing the catch per unit of area with the 978 

expected numbers per unit of area based on these assessments (e.g. (Fraser et al. 2007, 979 

Walker et al. 2017)).  Because the survival rates for the younger age classes (e.g. 0 and 1-980 

year olds) are not well known the stocks size estimates of these age-classes are likely 981 

inaccurate. As a result the derived catchability estimates for these age-classes will be 982 

poor. 983 

The second approach to estimate catchability involves experimentally estimating the 984 

proportion of fish escaping the net. (Kuipers 1975) defines four main processes that cause 985 

fish to escape the net: 1) Lateral escape, 2) Disturbance caused by the ship, 3) Escape 986 

through the net and 4) Escape underneath and above the net. (Kuipers 1975) attempted to 987 

experimentally estimate the effect of these 4 processes using a 1.9m wide small meshed 988 

beam trawl. This resulted in a catchability equation which was specified as function of 989 

the beam width. Here we re-estimated that function, and use it to estimate the catchability 990 

of the 3m and 6m DFS gear. 991 

 992 

The efficiency of a 1.9 m beam trawl 993 

The experimental study area was located on the tidal flats of the Balgzand, in the 994 
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Dutch Wadden Sea. Fishing was carried out by a rubber dingy, fishing at a speed of 0.5-995 

0.58 m/s, and a stretched mesh size of 1cm, using 1.9 m (or 3m) beam and 0-3 tickler 996 

chains.  Given the relative small (stretched) mesh size of 1cm, only fish <2.5 cm were 997 

considered to partly disappear through the net (item 3 above). Catch rates depended on 998 

whether tickler chains were used, but fishing with more than one tickler chain did not 999 

lead to higher observed catch rates. Hence, the proportion of fish escaping underneath the 1000 

net was assumed to be negligible  when fishing with more than 1 tickler chain (item 4 1001 

above).  1002 

To estimate the effect of boat disturbance, catch rates were compared when fishing 1003 

with a 8m and 400m long fishing line. The observed discrepancy between catch rates 1004 

increased with length. The efficiency Ed as function of length was provided, but this did 1005 

not match the function provided in the corresponding figure of (Kuipers 1975). Hence, 1006 

the data were reconstructed (Figure S1) and a new efficiency function was estimated.  1007 
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 1008 

Figure S1. (Figure 5 in (Kuipers 1975)). Catches of plaice by length class of the 2m 1009 

beam trawl with 8m (solid line) and with 400m (dashed line) fishing line (moving 1010 

averages of 3). Right, efficiency in respect of disturbance (Ed) against plaice length.  1011 

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

A Generalized Linear Model (GLM) assuming a quasi-Poisson distribution was fitted 1013 

to the data. The response variable was defined as the catch rate of the 8m fishing line, and 1014 

modelled as a function of the log of fish length (L), with the log of the catch rate of the 1015 

400m fishing line included as an offset. Similar to (Kuipers 1975), only data from fish > 1016 

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

𝐸𝐸𝑑𝑑 = exp �1.2263863 − 0.6000988 𝐿𝐿𝐿𝐿(𝐿𝐿)�                         eq. S1 1019 

 1020 

The effect of the lateral escape was estimated by comparing the catch rates of a 1.9m 1021 

beam and two 1.9m beam fitted together side-by-side.  Similar to the analysis based on the 1022 

8 and 400m fishing line, a GLM was fitted to the data, with the catch rate of the single 1023 

beam as the response variable, and the log of the catch rate of the double beam (i.e. 2 x 1024 

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

Figure S2. (Figure 6 in (Kuipers 1975)). Catches of plaice by length class of the 1.9m 1027 

beam trawl (solid line) and 2x1.9m beam trawl (dashed line) (moving averages of 3). 1028 

Right, catch-ratio in respect of lateral escape (El) against length of the plaice. Note that 1029 

the catch rates (right figure) were corrected for beam-width. Curve represents the log of 1030 

catch-ratio as function of log of length. 1031 

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

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

𝑅𝑅𝑐𝑐(𝐿𝐿) = 𝑐𝑐
𝐶𝐶

= exp (0.7334693  − 0.4834846 𝐿𝐿𝐿𝐿(𝐿𝐿))                           eq. S2 1035 

The philosophy underlying the lateral escape, is that within a fixed section (width = b cm) 1036 

on either side of the net, fish escape. Hence, the ratio between the catch rate can be defined 1037 

as  1038 

𝑅𝑅𝑐𝑐 = 𝑐𝑐
𝐶𝐶

= 𝑎𝑎−2𝑏𝑏
2𝑎𝑎−2𝑏𝑏

                                                   eq. S3 1039 

Where a is the size of the single net (i.e. 1.9m) and 2a the size of the double net. The size 1040 

of b is length dependent, with b being larger for larger fish, due to their higher swim speed. 1041 

Hence, b can be estimated as  1042 

𝑏𝑏(𝐿𝐿) =
𝑎𝑎�1−12𝑅𝑅𝑐𝑐(𝐿𝐿)�

�1−𝑅𝑅𝑐𝑐(𝐿𝐿)�
                                                 eq. S4 1043 

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

can now be defined as  1045 

𝐸𝐸𝑙𝑙 = 𝑎𝑎−2𝑏𝑏(𝐿𝐿)
𝑎𝑎

                                                   eq. S5 1046 

 1047 

, where here a=1.9m.  1048 

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

defined as  1050 
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𝐸𝐸 = 𝐸𝐸𝑑𝑑 ∙ 𝐸𝐸𝑙𝑙                                                   eq. S6 1051 

 1052 

The efficiency of the DFS beam trawl 1053 

Similar to the gear used by (Kuipers 1975), the DFS uses a net with a similar mesh size 1054 

(i.e. 2cm) and 1 tickler chain. However, the DFS differs in a number of other aspects. 1. 1055 

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 1056 

a larger beam width (3 m in the Wadden Sea, and 6 m in the Wadden coastal zone), 3. 1057 

Most fishing takes place in the Wadden Sea gullies, and not on the relative flat tidal mud 1058 

flats as in, which may lead to a different proportion of escape underneath .  1059 

 1060 

Using eq. 5 it is now possible to correct the efficiency to take the larger beam width into 1061 

account (Figure S3). (Kuipers 1975) did not find evidence for fish escaping underneath 1062 

the net when using at least one tickler chain, but fishing took place on the relative flat 1063 

mud flats. In contrast, (Reiss et al. 2006) towed three nets behind each other, and found 1064 

that on average only 37% of the flatfish dab (Limanda limanda) remained in the first net, 1065 

while the others escape underneath. This might be due to a difference in behaviour 1066 

between dab and plaice, but could also be due to a difference in topography and bottom 1067 

structure. Since the DFS surveys the gullies and coastal waters of the North Sea, we 1068 

assume that the proportion of escape underneath is better represented by the study of 1069 

(Reiss et al. 2006).  When combining the reconstructed length-specific efficiency and 1070 

accounting for possible escape underneath the net based on (Reiss et al. 2006), the 1071 
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efficiency becomes substantially lower (solid red and purple line, Figure S3). These 1072 

efficiency estimates will be used in the subsequent calculations. 1073 

We expect this to be an under-estimate of efficiency, particularly because the DFS fishes 1074 

at twice the speed of the (Kuipers 1975) study. However, there appears to be a close 1075 

correspondence with the efficiency estimates from (Bergman et al. 1989) (green line and 1076 

solid purple line in Figure S3), who also used a 3m beam trawl. However, unfortunately 1077 

no details or data are presented in (Bergman et al. 1989), and hence their estimated 1078 

efficiency cannot be validated.  1079 
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 1080 

Figure S3. Efficiency estimates for flatfish for different gear types taking the size-1081 

selective catchability into account. The orange line is the total estimated efficiency for 1082 

plaice based on (Kuipers 1975). The dashed purple and red line are based on  (Kuipers 1083 

1975), but correcting for the larger beam-width (i.e. 3 and 6m, respectively). The solid 1084 

purple and red line, also take escape underneath into account (Reiss et al. 2006). These 1085 

lines will be used as the catchability estimates of the DFS in the Wadden Sea (3m beam) 1086 

and Wadden coastal zone (6m beam). The green line represents the estimated efficiency 1087 
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of a 3m beam based on simultaneously fishing with a 1.9 and 3m beam trawl (Bergman et 1088 

al. 1989). Catchability estimates exceeding 1, where truncated to 1.  1089 

 1090 

The efficiency of the IBTS, SNS and BTS 1091 

For the regions bordering the Wadden Sea, data from the international bottom trawl 1092 

survey (IBTS), sole net survey (SNS) and beam trawl survey (BTS) are available. 1093 

Although, surveys also  take place in a larger area, further offshore, some fish hauls occur 1094 

in the same region as the coastal DFS. For those sampling stations in the overlapping 1095 

years (here data from 1987 onwards were used) it was possible to directly compare the 1096 

length-specific catch per unit area estimates of the IBTS, SNS and BTS survey, with 1097 

those from the DFS. This will provide a measure of relative efficiency. Since, we now 1098 

have a (rough) estimate of the efficiency of the DFS, we can reconstruct the absolute 1099 

catchability. 1100 

95% of the DFS sampling locations occur at depths shallower than 20m, hence we only 1101 

select the IBTS, SNS and BTS survey data from similar depths and within at least 50km 1102 

of the nearest seal haul-out site in the Wadden Sea. The catch-ratios are shown in the top-1103 

figures of Figure S4a-c. Up to approximately 10 cm, the catch per unit of area are higher 1104 

in the DFS, compared to the BTS and SNS, which is possible due to the larger mesh size 1105 

of the latter two gears (i.e. 4 cm). However, catch-rates are substantially larger at larger 1106 

length classes. For example, for a length-class of >20cm, the BTS and SNS catch at least 1107 

3 times more individuals per unit of area. This is most likely due to the larger fishing 1108 

speed (BTS/SNS = 4nm, DFS= 2-3 nm). Overall, the catch rate of the IBTS is much 1109 
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lower, which is most likely due to the fact it does not use a heavy beam.  1110 

 1111 

Figure S4a. Catch ratios for plaice of SNS and DFS (top figure). Values <1 imply that the 1112 

absolute numbers per ha caught in the DFS are higher than in the SNS. Red line is a 1113 

GAM fitted to the data (shaded area is 95% CI). Lower figure is absolute catchability of 1114 

the SNS survey, taking the catch-ratio between SNS/DFS and the absolute catchability 1115 

estimate of the DFS (Figure S3, red solid line) into account.  1116 
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  1117 

 1118 

Figure S4b. BTS catchability estimates. See Figure S4a. Blue plusses are the absolute 1119 

catchability estimates for plaice based on (Walker et al. 2017). The higher catchability 1120 

estimates for the larger length classes, might be explained by a higher turbidity in the 1121 

coastal waters, possible causing lower lateral escape.  1122 
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 1123 

 1124 

Figure S4c. IBTS catchability estimates. See description Figure S4a.  1125 

 1126 
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APPENDIX S2. Supplementary figures and tables 

Table S1. Characteristics of the different survey gear types - 

 Kuipers 

1975 

Reiss et al. 2006 DFS-WZ DFS-WC GOV SNS BTS Bergmann et al. 1989 

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

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

Fishing 

speed 

0.51m/s 0.51 m/s 1.0-1.5m/s 

(2-3nm) 

1.0-1.5m/s 

(2-3nm) 

2.1 m/s (4nm) 1.8-2.1m/s 

(3.5 – 4 nm) 

2.1 m/s (4nm) 1.5 m/s (2nm) 

Beam 

width 

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

*Bergmann et al. 1989 specify a mesh size of 10 x 10mm, which equals a stretched mesh size of 20mm 
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Table S2. Caloric density of the 10 main prey items found in the harbour seal diet. 

Species/Family Latin name Caloric 

density  

(kcal/g) 

Range Source 

European flounder Platichthys flesus 1.09 0.99-1.20 (Summers 1979)ϯ 

Sandeel Ammodytes 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)§ 

Atlantic cod Gadus morhua 0.94 0.88-1.05 (Härkönen and Heide- Jørgensen 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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ϯ 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.  

§In 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). 

‡ Range based on minimum and maximum value of the range for plaice and flounder. 
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Figure S1. Proportion of time spent (top figure) and proportion of dive time (< -1.5m, bottom 

figure) in the different regions 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 8, 2018. ; https://doi.org/10.1101/267567doi: bioRxiv preprint 

https://doi.org/10.1101/267567


  

a. b. 

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 

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 

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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