
Northwest Atlantic Fisheries Organization  www.nafo.int 

Northwest Atlantic  Fisheries Organization 

 

Serial No N6900  NAFO SCS Doc. 18/ 23 

SC WORKING GROUP ON ECOSYSTEM SCIENCE AND ASSESSMENT ɀ NOVEMBER 2018 

Report of the 11th  Meeting of the NAFO Scientific Council   
Working Group on Ecosystem Science and Assessment (WG-ESA) 

 

NAFO Headquarters , Dartmouth , Canada 
13 - 22 November  2018 

Contents 

Introduction  ........................................................................................................................................................................................................3 

Theme 1: spatial considerations................................................................................................................................................................4 

1.1.  Update on VME indicator species data and distribution .............................................................................4 
1.2   Progress on implementation of workplan for reassessment of VME fishery closures. .................9 
1.3.  $ÉÓÃÕÓÓÉÏÎ ÏÎ ÕÐÄÁÔÉÎÇ +ÅÒÎÅÌ $ÅÎÓÉÔÙ !ÎÁÌÙÓÉÓ ÁÎÄ 3$-ȭÓ .....................................................................9 
1.4.  Update on the Research Activities related to EU-funded Horizon 2020 ATLAS Project ...............9 
1.5. Non-sponge and non-coral VMEs (e.g. bryozoan and sea squirts). ..................................................... 14 
1.6 Ecological diversity mapping and interactions with fishing on the Flemish Cap .......................... 14 
1.7 Sponge removal by bottom trawling in the Flemish Cap area: implications for ecosystem 

functioning .................................................................................................................................................................... 15 
1.8 Predicted distribution and biodiversity associated with the Vazella pourtalesi glass sponge 

grounds off Nova Scotia, Canada ......................................................................................................................... 16 
1.9 Assessment of connectivity among closed areas in the fishing footprint of the NRA ................. 17 

Theme 2: Status, functioning and dynamics of NAFO marine ecosystems. ......................................................................... 20 

2.1. Progress of analysis undertaken by EU NEREIDA research ................................................................... 20 
i)  Mapping fishing effort. ............................................................................................................................................. 20 
ii)  Modelling seapen resilience .................................................................................................................................. 29 

2.2. Update on VME modelling...................................................................................................................................... 36 
i)  Predicting sea pen settlement probability across space .......................................................................... 36 
ii)  Agent-based Sea Pen model implementation ................................................................................................ 42 

2.3. Up-date on VME biological traits analysis and the assessment of VME functions. ....................... 52 
i)  Revised workplan for Biological Traits Analysis ......................................................................................... 52 
ii)  Biological traits: deep sea corals ......................................................................................................................... 54 
iii)  Using joint species distribution modelling to measure and predict the influence of traits on 

the assembly processes of benthic communities of the Flemish Cap ................................................. 54 
iv)  Soft corals as nurseries for basket stars (Gorgonocephalus sp.). ......................................................... 55 

2.4. Assessment of NAFO bottom fisheries ............................................................................................................. 57 
2.5. Up-date on fishery modelling activities ........................................................................................................... 57 

i)  US Modelling and State of Ecosystem Reports.............................................................................................. 57 
ii)  %5 3#πυ ÐÒÏÊÅÃÔȡ Ȱ-ÕÌÔÉÓÐÅÃÉÅÓ &ÉÓÈÅÒÉÅÓ !ÓÓÅÓÓÍÅÎÔ ÆÏÒ .!&/ȱ ....................................................... 59 
iii)  An Economics Lens to Understanding NAFO Fishing towards Implementing Ecosystems-

based Fisheries Management (EBFM) .............................................................................................................. 61 
iv)  Modelling dynamics of key components of the Newfoundland and Labrador marine 

community in a ecosystem context: The case of Northern cod (NAFO Divs 2J3KL) .................... 67 
2.6. Review of oceanographic and ecosystem status conditions in the NRA ........................................... 72 

i)  Environmental Trends ............................................................................................................................................. 72 
ii)  Update on the status and trends of the fish community in the Newfoundland-Labrador and 

Flemish Cap Bioregions ........................................................................................................................................... 74 



2 

Northwest Atlantic Fisheries Organization  www.nafo.int 

iii)  Application of neural networks to model changes in fish community biomass in relation to 
pressure indicators and comparison with a linear approach ................................................................ 75 

iv)  Ecopath with Ecosim models of the Grand Banks, NL shelves bioregion ......................................... 76 
2.7. Effects of multiple environmental drivers on sponges in the deep-sea ............................................ 77 

Theme 3: Practical application of EAFM ............................................................................................................................................. 78 

3.1. Development and application of the EAF Roadmap ................................................................................... 78 
3.2  Development of draft summary sheets at ecosystem level ..................................................................... 80 

i)  SC Commission Dialogue on Ecosystem Objectives .................................................................................... 80 
ii)  Ecosystem Summary Sheets (ESSs): Context, terminology updates, and proposed revisions 82 

3.3  Impact of removal of survey stations from VME closed areas on stock assessment metrics. . 92 
3.4 Options for the non-destructive regular monitoring of VMEs ............................................................... 92 
3.5 Assessment of bottom fisheries SAI: establishing a clear ranking process...................................... 92 
3.6.  potential impact of activities other than fishing in the Convention Area ......................................... 93 
3.7. Assessment of bottom fisheries SAI : overlap of NAFO fisheries with VME. ................................... 97 
3.8. Update NAFO CEM Annex I.E, Part VI with appropriate three character (ASFIS) codes ........... 97 
3.9.      Review consistency between NAFO CEM Annex I.E, Part VI and the VME species guideȣȣȣȢ97 

Theme 4: Specific Requests ................................................................................................................................................................... 107 

AOB. .................................................................................................................................................................................................................. 107 

Annex 1:  WG-ESA 2018 Meeting Agenda Terms of Reference and Specific Topics to Address ............................. 108 

Annex 2: Summary of Recommendations ....................................................................................................................................... 110 

Annex 3: List of Participants ................................................................................................................................................................. 111 

  



3 

Northwest Atlantic Fisheries Organization  www.nafo.int 

Report of the Scientific Council  Working Group on Ecosystem Science and Assessment (WG-ESA) 

13-22 November  2018 

INTRODUCTION 

The NAFO SC Working Group on Ecosystem Science and Assessment (WG-ESA), formerly known as SC Working 
Group on Ecosystem Approaches to Fisheries Management (WG-EAFM), had its 11th meeting on 13-22 
November 2018 at NAFO Headquarters, Dartmouth, Canada. 

The work of WG-ESA can be described under two complementary contexts:  

a) work intended to advance the Ecosystem Approach to Fisheries Management roadmap, which typically 
involves medium to long-term research, and 

b) work intended to address specific requests from Scientific Council (SC) and/or Commission (COM), which 
typically involves short to medium-terms analysis, aligned to roadmap priorities.  

ToRs to be addressed in 2018 were: 

Theme 1: Spatial considerations  

ToR 1. Update on identification and mapping of sensitive species and habitats in the NAFO area. In 
support of the Roadmap develop research and summarize new findings on the spatial structure and 

organisation of marine ecosystems with an emphasis on connectivity, exchanges and flows among 
ecosystem units in the NAFO Convention Area.  

Theme 2: Status, functioning and dynamics of marine ecosystems  

ToR 2. Develop research and summarize new findings on the status, functioning, productivity of 

ecosystems (including modelling multi-species interactions) in the NAFO Convention Area. 

Theme 3: Practical application EAFM  

ToR 3. Develop research and summarize new findings on long-term monitoring of status and 
functioning of ecosystem units (including ecosystem summary sheets) and the application of 

ecosystem knowledge for the assessment of impacts and management of human activities in the NAFO 
Convention Area.  

Theme 4: Specific requests  

ToRs 4+. As generic ToRs, these are place-holders intended to be used when addressing expected 

ÁÄÄÉÔÉÏÎÁÌ ÒÅÑÕÅÓÔÓ ÆÒÏÍ 3ÃÉÅÎÔÉÆÉÃ #ÏÕÎÃÉÌ ÏÒ &ÉÓÈÅÒÉÅÓ #ÏÍÍÉÓÓÉÏÎ ÔÈÁÔ ÄÏÎȭÔ ÆÉÔ ÉÎ ÔÏ ÔÈÅ ÓÔÁÎÄÉÎÇ 
ToRs above. 

The following ToRs were addressed at the 11th meeting of WG-ESA: 
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THEME 1: SPATIAL CONSIDERATIONS 

In support of the roadmap, develop research and summarize new findings on the spatial structure and 
organisation of marine ecosystems with an emphasis on connectivity, exchanges and flows among ecosystem units 
in the NAFO Convention Area. 

ToR 1. Update on identification and mapping of sensitive species and habitats in the NAFO area. In support of the 
Roadmap develop research and summarize new findings on the spatial structure and organisation of marine 
ecosystems with an emphasis on connectivity, exchanges and flows among ecosystem units in the NAFO Convention 
Area. 

1.1.  Update on VME indicator species data and distribution  

ToR 1.1 Update on VME indicator species data and VME indicator species distribution from EU and EU-Spain 
Groundfish Surveys in 2018 

New preliminary data on VME encounters in NAFO Regulatory Area (Divs. 3LMNO) from EU and EU -
Spain Groundfish Surveys (2018).  

During the 11th NAFO Working Group on Ecosystem Science and Assessment (WGESA) meeting new 
preliminary data on deep-water corals and sponges were presented from the 2018 EU and EU-Spain bottom 
trawl groundfish surveys. The data was made available to the NAFO WG-ESA to improve mapping of 
Vulnerable Marine Ecosystem (VME) species in the NAFO Regulatory Area (Divs. 3LMNO).  

During the 6th meeting of the NAFO Scientific Council WG-ESA, new quantitative spatial analyses were applied 
for corals and sponges for all the available data within the NAFO Regulatory Area (SCS Doc. 13-24). Outcomes 
from the analyses produced the following thresholds for VME species groups: 75 kg per tow for sponges, 0.6 
kg per tow for large gorgonians, 0.15 kg per tow for small gorgonians, and 1.4 kg per tow for sea pens. Based 
on these thresholds deep-water coral and sponge data were identified and mapped, overlaid with the current 
closed areas, polygons for kernel density of sea pens and modified kernel density polygons for sponge grounds 
and large gorgonian VMEs.  

 
Data used in this study were collected from four surveys: 

 

1. The E U- Spain 3NO g r o u n d f i s h  survey, conducted by the Instituto  Español de Oceanografía 
(IEO), sampled the Grand Banks of Newfoundland (NAFO Divs. 3NO) between 4 7  - 1380 m depth 
with a total of 118 tows. 

 

2. The EU-Spain and Portugal Flemish Cap groundfish survey, conducted by the IEO together with  the 
Instituto  de Investigaciones Marinas (IIM) and Ins t i tu to  Por tuguês  do  Ma r  e  da  A tmos fe ra  
( IPMA), sampled the Flemish Cap (NAFO Div. 3M) between 129 -1440 m, with a total of 184 tows. 

 

3. The EU-Spain F le tán Negro-3L groundf ish  survey, conducted by the IEO, sampled northeast  
Grand Banks  o f  Newfoundland (NAFO Div .  3L )  between 116 - 1442 m depth, with a total of 
101 tows.  

 

 
There were 403 bottom trawl tows (397 valid) carried out during 2018 EU-Spain groundfish in the NRA for 
this report (Figure 1.1).  
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Figure  1.1. Distributi on of sets (start positions) from 2018 EU-Spain groundfish surveys (NAFO Divs. 

3LMNO).  

Following previous methodologies used by WGESA, deep water corals were grouped by  VME spec ies 
groups  and inc lude;  large gorgonians (Order: Alcyonacea), small gorgonians (Order: Alcyonacea), sea pens 
(Order: Pennatulacea), and sponges ( Phylum: Porifera). 

Distribution  maps of presence (non-significant and significant catches) for large gorgonians, small gorgonians, 
sea pens, and sponges are presented below (Figures 1.2-1.5). Locations of each coral and sponge records were 
assigned by start position of each tow for 2018 EU-Spain groundfish surveys. Coordinates and weights of the 
significant catches are provided in Table 1.1.  

Table 1.1. Significant catches of corals and sponges in the NRA (Divs. 3LMNO) with  their  
corresponding depth and weight. Note that tow positions are in decimal degrees.  

 

    
Start position  

 
VME  

Indicator Species  Year Survey 
Lat 
(N)  

Lon 
(W)  Depth (m)  

Weight 
(kg)  

SPONGES >= 75 kg 

2018 3NO 44.97 -48.76 1380 78.65 

2018 3NO 45.52 -48.12 1312 105.99 

2018 3NO 45.62 -47.87 1283 385.35 

SMALL GORGONIANS >= 0.15 kg 
2018 3L 47.23 -46.69 1152 0.24 

2018 3M 47.81 -44.03 648 0.17 

SEAPENS >=1.4 kg 
2018 3L 47.23 -46.69 1152 2.67 

2018 3M 48.42 -44.89 723 1.51 
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Sponges 

EU-Spain 2018 Data: Sponges were recorded in 129 of the 397 valid tows (31.7% of the total tows analyzed), 
with depths ranging between 77 - 1442 m (Figure 1.2).  
 
Significant catches of sponge (І χυ kg/tow)  were found in three tows (see Table 1.1 and Figure 1.2). These 
catches were located in Flemish Pass area inside the KDE sponge polygon. Sponge catches for these 
tows ranged between 78.65 - 385.35 kg. 
 

 
Figure  1.2. Distributi on of significant and non-significant catches of sponges in the study area from 

2018 EU-Spain surveys (NAFO Divs. 3LMNO). Black crosses represent tows with no 
sponge bycatch recorded. 

 
Large Gorgonians 

EU-Spain 2018 Data: Large gorgonians were recorded in 9 of the 397 valid tows (2.3% of total tows 
analyzed), with depths ranging between 110 - 1347 m (Figure 1.3). None of the tows have significant catches 
of large gorgonians (І πȢφ ËÇȾÔÏ×ɊȢ  
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Figure 1.3.  Distribution of significant and non-significant catches of large gorgonians in the study 

area from EU-Spain 2018 surveys (NAFO Divs. 3LMNO). Black crosses represent tows 
with no large gorgonians bycatch recorded. 

Small Gorgonians 

EU-Spain 2018 Data: Small gorgonians were recorded in 44 tows (10.5 % of total tows analyzed), with 
depths ranging between 331 - 1364 m (Figure 1.4).  

Significant catches (> 0.15 kg/tow)  were recorded in two tows (0.5% of the total tows) located at the top of 
closed area 2 in the Flemish Pass and closed area 14 in the eastern part of Flemish Cap, outside of the actual 
closed areas with depths of 648 and 1152 m (Table 1.1). 
 

 
Figure 1.4.  Distribution of significant and non-significant catches of small gorgonians in the study 

area from EU-Spain 2018 surveys (NAFO Divs. 3LMNO).  Black crosses represent tows 
with no small gorgonian bycatch recorded. 
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Sea Pens 

EU-Spain 2018 Data: Sea pens were recorded in 1 3 7  tows (34% of total tows analyzed), with depths 
ranging between 136 - 1442 m (Figure 1.5).  

Significant catches (> 1.4 kg/ tow) were recorded in two tows (1.5- 2.6 kg), one located at north of Flemish 
Cap (723 m - 1.5 kg) and the other located in the southwest part of Flemish Cap (1152 m - 2.6 kg), both of 
them inside the corresponding VME KDE polygon (Table 1.1).  

 

 
Figure 1.5. Distribution of significant and non-significant catches of sea pens in the study area from 

EU-Spain 2018 surveys (NAFO Divs. 3LMNO).  Black crosses represent tows with no sea 
pen bycatch recorded. 

Table 1.2. Summary of deep-water corals and sponges records for the NRA from EU-Spain 2018 survey 
data.  

EU-Spain data 

2018  

Presence 
Significant 
and Non- 

Significant  
(# of tows)  

Total Tows  
(% of 
tows)  

Significant 
Concentrations  

(# of tows)  

Significant 
Concentrations  

(% of tows)  

Significant 
Concentrations 

inside KDE 
corresponding 

polygon  

Sponges 129 31.7% 3 0.8% 3 

Large 
Gorgonians  

9 2.3% 0 0% 0 

Small 
Gorgonians  

44 10.5% 2 0.5% 2 

Sea Pens 137 34% 2 0.5% 2 
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1.2.  Progress on implementation  of workplan for reassessment of VME fishery closures.   

ToR 1.2. Progress on implementation of workplan and timetable for reassessment of VME fishery closures 
including seamount closures for 2020 assessment.  (COM Request # 11). 

The workplan of tasks required for the re-assessment of VME closures in 2020 was discussed and the following 
actions agreed and assigned to lead individuals: 

 

1. An update of the KDE analysis from 2014 ɀ to include all additional VME indicator species data from 
trawl surveys, up-to and including the 2019 survey data.  The up-dated survey data should be provided 

by 1
st
 October 2019 in order to allow sufficient time to progress the analysis (EU data ɀ Mar; Canada 

data - Vonda).  Up-dated KDE analysis and maps will be produced for; i.  sea pens (assemblage), ii. 
sponges (geodia), iii. large gorgonians (assemblage), iv. small gorgonians (assemblage), v. bryozoans 
(assemblage), and vi. stalked tunicates (boltenia sp).  Data on glass sponges will also be compiled and 
provisionally analysed (BIO-Ellen/Cam). In the event that the updated data is not available by the 
deadline above, it was agreed that the analyses would proceed with the data provided as of that date. 

2. An update on SDM (habitat) models incorporating the individual species of sea pen SDMs developed 
under the ATLAS R&D project (e.g. Pennatula sp., Halipteris finmarchica, and H. christii), in addition to 
the existing sea pen species already modelled will be included in the VME assessment (IEO - Mar).  An 
SDM for small gorgonians will also be considered, if the data is good enough. Otherwise previous SDMs 
will be used to underlay the KDE polygons and closed areas. 

3. For the bryozoan turf (assemblage), and stalked tunicates (Boltenia sp) additional seabed physical data 
(where available) derived from Roxanne (sea bed sediment discrimination) will be used to refine the 
KDE polygons for these two VME indicator groups.  In addition, 75 metre resolution data on substrate 
type may be included to refine the boundaries of the VME (BIO - Javier and others) 

4. Consideration of the connectivity of VMEs through links between propagule/larval transportation and 
VME distribution/location, as investigated by Kenchington et al. should be included.  This will highlight 
the importance of certain VME closed areas in supporting larval dispersal and recruitment between 
other VME closed areas of the same type (BIO - Ellen) 

5.  Consideration of the biodiversity of the closed areas as measured by species density (the number of 
species per survey trawl) will be included in the review (BIO-Ellen/Javier). 

6. It was noted that the Corner Rise and New England Seamounts were originally discussed together; 
however, only revisions to the New England Seamounts have been progressed to date.  To ensure 
consistency in approach other seamount closures, in particular the Corner Rise seamount should be 
progressed in preparation for the VME fishery closure review in 2020.  To be done at the WG-ESA 
meeting 2019.  To include any up-dates on known VME presence.  (including new data on Orpan Knoll 
transects in 2010, and Kelvin seamount data in 2016). 

7. Observed differences in VME species diversity and VME functions (being progressed under ToR 2.3) 
should be highlighted. 

 

1.3.  $ÉÓÃÕÓÓÉÏÎ ÏÎ ÕÐÄÁÔÉÎÇ +ÅÒÎÅÌ $ÅÎÓÉÔÙ !ÎÁÌÙÓÉÓ ÁÎÄ 3$-ȭÓ  

ToR 1.3 Discussion on up-dating Kernel $ÅÎÓÉÔÙ !ÎÁÌÙÓÉÓ ÁÎÄ 3$-ȭÓ ÆÏÒ 6-% ÉÎÄÉÃÁÔÏÒ ÓÐÅÃÉÅÓ ÉÎ ÐÒÅÐÁÒÁÔÉÏÎ ÆÏÒ 
VME fishery closure review in 2020. COM Request # 11. 

The outcomes of discussion relating to this ToR are captured under ToR 1.2 above.  

 

1.4.  Update on the Research Activities relate d to EU-funded Horizon 2020 ATLAS Project   

ToR 1.4 Update on the Research Activities related to EU-funded Horizon 2020 ATLAS Project, Flemish Cap Case 
Study: Species Distribution models for two deep-water pennatulacean coral.  (COM Request # 11). 
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Flemish Cap Case Study: Species Distribution Models (SDMs) for two deep -water corals in the Flemish 
Cap and Flemish Pass area (Northwest Atlantic Ocean)    

During the 11th NAFO WGESA meeting, the EU ATLAS project (in collaboration with iSEAS project) was 
presented giving updated information regarding Species Distribution Models (SDMs) for the Anthoptilum 
grandiflorum and Funiculina quadrangularis deep-water pennatulacean coral for Flemish Cap Case Study 
(Flemish Cap and Flemish Pass areas).  

ATLAS is a four-year EU-funded Horizon 2020 project (www.eu-atlas.org) that started in May 2016 and aims 

to gather diverse new information on sensitive Atlantic ecosystems (including Vulnerable Marine Ecosystems 

and Ecologically or Biologically Sensitive Areas) to produce a step-change in our understanding of their 

connectivity, functioning and responses to future changes in human use and ocean climate. This is possible 

because ATLAS takes innovative approaches to its work and interweaves its objectives by placing business, 

policy and socio-economic development at the forefront with science. 

The main partners involved in this Case Study (Figure 1.6) are the Instituto Español de Oceanografía (IEO), 
Centro Oceanográfico de Vigo, and Fisheries and Oceans Canada (DFO), Bedford Institute of Oceanography. 
Both have extensive experience (e.g. NEREIDA project) and have plans to develop future research in the area.  
 

 
Figure 1.6. Flemish Cap Case Study spatial extent (red dashed line) 

In terms of SDMs, different modeling algorithms were presented to classify the probability of habitat suitability 
for Anthoptilum grandiflorum and Funiculina quadrangularis as a function of a set of environmental variables.  

Species data were collected during two bottom-trawl groundfish surveys carried out by the Instituto Español 
de Oceanografía (IEO) jointly with the European Union (EU):  i) the EU Flemish Cap survey sampled all the 
Flemish Cap (NAFO Division 3M) and ii) the Spanish 3L sÕÒÖÅÙ ÓÁÍÐÌÅÄ ÔÈÅ Ȱ.ÏÓÅȱ ÏÆ ÔÈÅ 'ÒÁÎÄ "ÁÎËÓ ÏÆ 
Newfoundland and the Flemish Pass (NAFO Division 3L) 
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For modeling, both oceanographic variables and bathymetric features were used as predictors of species 
habitat suitability:  
 

1. Oceanographic variables: Sea Bottom Temperature (CTD); Sea Bottom Salinity (CTD); Mixed layer 
depth and Bottom Current Speed (VIKING20 model). 

2. Bathymetric features: bathymetry, slope and orientation of the seabed (retrieved from NEREIDA 
project and MARSPEC database), sediment texture and gravel (Murillo, 2016). 

3. In addition, and following the suggestions made during the 2018 Scientific Council June meeting (p. 
121, SCS Doc. 18-19), fishing effort layer was included as a new predictor variable. The updated results 
were presented during the 11th WGESA meeting.     

Three different modelling techniques were implemented: Generalised Additive Models (GAM), Random Forest 
(RF), and MAXENT (Maximum Entropy model) 3.4.1 (MAXENT, 2017). Models were built in the open source 
spatial statistical computing software R (R development Core Team, 2016) using the necessary packages for 
each case. We also estimated species probability of occurrence based on an ensemble of all models, as such 
predictions are often more robust than predictions derived from a single model. Ensemble predictions were 
calculated as averages of single-model predictions. 

The objective was to identify potentially complex linear and non-linear relationships in multi -dimensional 
environmental space and to predict the distribution of Anthoptilum grandiflorum and Funiculina 
quadrangularis deep-water pennatulacean in unsampled locations of the Case Study area.  

Maps showing the probability of habitat suitability for A. grandiflorum (Figure 1.7) and F. quadrangularis 
(Figure 1.8) in the Flemish Cap and Flemish Pass were presented together with model prediction performance 
statistics (AUC; Specificity; Sensitivity, TSS and correlation of the different models) in order to assess the 
accuracy of the different SDMs implemented. Statistics were presented for models with and without effort 
layer. 

 

 
 

Figure 1.7.  Probability of habitat suitability for A. grandiflorum for GAM, MAXENT and Random 
Forest models. Presence records (black dots) and KDE sea pens polygons are also 
illustrated.   
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Figure 1.8.  Probability of habitat suitability for F. quadrangularis for GAM, MAXENT and Random 

Forest models. Presence records (black dots) and KDE sea pens polygons are also 
illustrated.   

Tables 1.3 and 1.4 below shows the model prediction performance statistics of the different models in order to 
assess the accuracy of the different SDM implemented (values with * correspond to statistics without fishing 
effort predictor).  
 

Table 1.3. Model prediction performance statistics for Anthoptilum grandiflorum.  

  

AUC 
Sensitivity  
(%True+)  

Specificity 
(%True -)  

TSS cor  

MAXENT 0.77/0.78* 0.94/0.91* 0.60/0.58* 0.54/0.49* - 

GAM 0.86/0.86* 0.67/0.67* 0.69/0.69* 0.36/0.36* 0.61/0.62* 

Random 
Forest  

0.85/0.86* 0.67/0.67* 0.68/0.68* 0.35/0.35* 0.62/0.63* 

 

Table 1.4. Model prediction performance statistics for Funiculina quadrangularis.  

 

 AUC 
Sensitivity 
(%True+)  

Specificity 
(%True -)  

TSS cor  

MAXENT 0.79/0.79* 0.97/0.97* 0.60/0.58* 0.58/0.54* - 

GAM 0.85/0.85* 0.67/0.67* 0.66/0.66* 0.34/0.34* 0.59/0.59* 

Random 
Forest  

0.82/0.83* 0.66/0.66* 0.65/0.66* 0.32/0.32* 0.58/0.61* 

 
where: 
 

- AUC measures the ability of a model to discriminate between those sites where a species is present 
and those where it is absent, and has been widely used in the species distribution modeling literature 
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(Elith et al., 2006). AUC ranges from 0 to 1, with values below 0.6 indicating a performance no better 
than random, values between 0.7 and 0.9 considered as useful, and values >0.9 as excellent. 
 

- Specificity is the proportion of True Negatives correctly predicted and reflects a model's ability to 
predict an absence given that a species in fact does not occur at a location. 
 

- Sensitivity is the proportion of True Positives correctly predicted and reflects a model's ability to 
predict a presence given that a species in fact occurs at a location. 
 

- TSS measures the accuracy of the model (Allouche et al., 2006) and is calculated as sensitivity + 
specificity ɀ 1 and ranges from -1 to +1, where +1 indicates perfect agreement and values of zero or 
less indicate a performance no better than random. 

 
Main conclusions achieved with this work are: 
 

1. Numerous SDMs methods exist, each one with different data requirements and mathematical 
algorithms. They can produce clearly different geographic predictions and therefore resultant 
conservation strategies, even when using the same data. For these reasons we have applied three SDMs 
algorithms and compared their results. 

 
2. In general, all models have achieved AUC values greater than 0.80 -> good degree of discrimination 

between locations where sea pens are present and locations where sea pens are absent. 

 
3. A. grandiflorum and F. quadrangularis exhibit specific habitat preferences and spatial patterns in 

response to environmental variables (mainly bathymetry, sediment texture and current speed).   

 
4. Understanding of sea pen distribution is crucial to delineate VME protection areas, contributing to the 

mitigation of by-catch of vulnerable benthic invertebrates. 

 
5. According to the prediction performance statistics, inclusion of Fishing Effort as a new predictor 

variable did not imply a substantial improvement in the prediction for the three different models.   

 
This work is the updated version of the work presented during the 2018 June Scientific Council meeting ( 1-14 
June 2018) and should be considered as an approach for the creation of sea pen VME species distribution maps 
and habitat distribution models (SDMs and HSMs), used to improve our understanding of their biodiversity in 
the Flemish Cap and Flemish Pass areas. 
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1.5. Non-sponge and non-coral VMEs (e.g. bryozoan and sea squirts).   

ToR 1.5 Continue work on non-sponge and coral VMEs (for example bryozoan and sea squirts) to prepare for the 
next reassessment of bottom fisheries.. (COM Request # 9) 

Last year, the WG-ESA (SCS Doc. 17-021) overlaid the available RoxAnn data (period: 1994-2005) on the 
records of bryozoans and sea squirts (Boltenia ovifera). Patches of hard substrate (small rocks and rocks) were 
observed in areas with significance catches of Boltenia ovifera. Additionally, the presence of shells inside the 
Bryozoa KDE polygon was indicated by such data. (Shells are commonly found attached to Eucratea loricata, 
which is the main species constituting the significant bryozoan catches). Based on these observations, the WG-
ESA deliberated that additional information on other habitat data, such as surficial geology layers, should be 
examined to support adoption of the KDE-derived significant concentrations as VME in 2020. 

Following this recommendation, the WG-ESA cÏÎÔÁÃÔÅÄ %ÍÉÌÉÅ .ÏÖÁÃÚÅË ɉ$&/ȟ 3ÔȢ *ÏÈÎȭÓɊ ×ÈÏ ÉÓ ÍÁÐÐÉÎÇ 
marine substrate for Newfoundland and Labrador waters as one of her PhD chapters. She is modelling 
substrate based on depth, shape of the seafloor (slope, position index, curvature, etc.), current speed, and 
distance from shore (as a proxy for terrestrial sediment inputs). She has been using RoxAnn data as well as 
sediment samples, imagery, and sidescan interpretation from the Geological Survey of Canada to train the 
substrate models. It is expected that during 2019 she will publish a spatially continuous 75m grid layer with a 
substrate prediction for each cell that includes the Tail of the Grand Bank area where the significant 
concentrations of non-sponge and coral VMEs are found. This substrate layer if available will be included in the 
compilation of additional information to support these non-coral and sponge VME prior to the reassessment of 
the VME fishery closures in 2020. 

 

1.6. Ecological diversity mapping and interactions with fishing on the Flemish Cap  

The ÃÏÎÓÅÒÖÁÔÉÏÎ ÏÆ ÂÉÏÌÏÇÉÃÁÌ ÄÉÖÅÒÓÉÔÙ ÂÅÙÏÎÄ ÁÒÅÁÓ ÏÆ ÎÁÔÉÏÎÁÌ ÊÕÒÉÓÄÉÃÔÉÏÎ ɉȰ"".*ȱɊ ÈÁÓ ÂÅÃÏÍÅ Á ÈÉÇÈ-
profile international issue, and the NAFO Convention on Cooperation in the Northwest Atlantic Fisheries 
includes commitments to the need to preserve marine biodiversity within its jurisdiction (NAFO, 2017). Species 
density (SpD), the exponential Shannon diversity index (e(Ɋ ÁÎÄ (ÅÉÐȭÓ ÉÎÄÅØ ÏÆ ÅÖÅÎÎÅÓÓ ɉъ)́ were mapped on 
the Flemish Cap based on the trawl-caught benthic invertebrates from the 2007 EU survey (Murillo et al., 
Submitted). Continuous surfaces of each metric were created to 2000 m depth using predictive distribution 
models based on random forest (RF) algorithms. Not enough samples were collected to determine asymptotic 
values of species richness at the community level (as identified by Murillo et al. 2016). When fishing effort was 
included as a predictor in the RF models, it was the most important predictor of sample SpD but the prediction 
surfaces and model performance differed little. However, it was unimportant in predicting e(  and only a minor 
predictor of ъ.́  

In the absence of a historical baseline, the spatial impacts of fishing activities on diversity were evaluated using 
a novel approach by simulating and comparing spatial SpD prediction surfaces from response data with 
different levels of fishing effort. Although it is not possible to fully evaluate the precise nature of the impact of 
fishing on the ecological diversity, the prediction surfaces identified Sackville Spur, Flemish Pass and south of 
Flemish Cap as the areas of greatest impact. Combining biomass of sponges and small gorgonian corals, depth, 
and fishing effort resulted in the best performing generalized additive model, explaining 71% of the total 
variance in SpD. 

Although current closures to protect VMEs from the adverse impacts of bottom fishing activities protect around 
60% of the ecological diversity associated with the deeper communities, unique and representative habitats on 
top of the Flemish Cap remain unprotected. Future monitoring  of benthic diversity should focus on SpD (the 
number of species in a standard research trawl) and the working group recommended monitoring this value 
in future and to include an assessment of diversity in the review of closed areas to be undertaken at the 
November 2019 meeting. 
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1.7 Sponge removal by bottom trawling in the Flemish Cap area: implications for ecosystem functioning  

Sponge aggregations in the deep sea play a key role in the functioning of marine ecosystems (Maldonado et al., 

2016). On Flemish Cap and in Flemish Pass, sponge grounds locally enhance biodiversity (Beazley et al., 2013; 

Beazley et al., 2015) and are considered structure-forming habitats. In addition, the huge filter-feeding capacity 

of sponges and their large consumption of particulate organic carbon (POC) and dissolved organic matter 

(DOM) has an impact on benthic pelagic-coupling. Sponges may also have a significant role in the cycling of 

inorganic nutrients, such as silicate, nitrate, nitrite, ammonium and phosphate (reviewed in Maldonado et al. 

2012). Pham et al. (2018) quantified the biomass of sponges removed by the bottom trawling fleet operating 

on the Flemish Cap Area (northwest Atlantic) in order to assess the consequences for ecosystem function in 

terms of significant adverse impacts on sponges.  

Data from bottom trawl research surveys (between 2006 and 2010) were used to estimate total sponge 

biomass present on the Flemish Cap, Flemish Pass and Tail of the Grand Bank. These biomass layers were 

created using different approaches (focal statistics and random forest modelling). Total sponge biomass within 

the NAFO fishing footprint was estimated to range between 80 to 100 thousand tonnes. Preliminary estimates 

suggest that a large portion of sponge biomass is located inside the NAFO closures. These biomass estimates 

were overlaid with data on the spatial distribution of fishing effort (based on Vessel Monitoring System, VMS) 

to estimate total removal of sponge biomass between 2010 and 2013. The total non-overlapping footprint of 

the trawling fleet (all sponges were assumed to be removed by a single trawl pass) was 9600 km2, which was 

estimated to have removed 220-1500 tonnes of sponges.  

Information on the ecological functions of sponges were compiled from the literature for filtration rate (litres 

x 106 day-1), respiration (mol O2 day-1), carbon consumption (tC day-1), ammonium consumption (mol NH4+ day-

1), nitrite consumption (NO2- day-1) and nitrate release (NO3- day-1). Preliminary results suggest that sponge 

communities in the Flemish Cap area are filtering water at a rate of 70 million m3 day-1 with significant 

consequences for nutrient cycling. Currently, the protections offered by the NAFO closures are safeguarding a 

significant portion of carbon and nutrient cycling function of sponges. These values will be used to complement 

the biological traits work undertaken by the working group and provide a contextual basis for the relative 

removals vs. protection of sponge ecosystem functioning in this area. The working group suggested the more 

years of VMS be evaluated than the current 4 years and that an update on the work be presented at the 

November 2019 meeting. It was noted that this work was undertaken by the EU Horizon2020 project SponGES. 
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1.8 Predicted distribution and biodiversity associated with the Vazella pourtalesi  glass sponge grounds 
off Nova Scotia, Canada 

The glass sponge V. pourtalesi forms a large monospecific aggregation on the Scotian Shelf off Nova Scotia, 
Canada. The shear density of V. pourtalesi and its large size compared to other areas of its distribution (i.e. 
Florida and the Azores) renders the population off Nova Scotia globally unique (Beazley et al. 2018). While this 
species was cited as being indicative of a vulnerable marine ecosystem (see Fuller et al. 2008), it has not yet 
been reported in the NAFO Regulatory Area (NRA). However, information on its distribution, life history, and 
ecosystem function is still relevant to WG-ESA and may provide further support to the protection of the NRA 
sponge grounds. 

In collaboration with the EU-funded SponGES project, a study was recently conducted to predict the 
distribution of this species across the Scotian Shelf using random forest modelling and identify the 
environmental variables important for its distribution (Beazley et al. 2018). The results of random forest were 
interpreted in light of both the current and historical hydrographic conditions in order to deduce the variability 
in conditions experienced by this long-lived population, which was first documented off Nova Scotia in 1889. 
With a high degree of accuracy random forest predicted the highest probability of occurrence of V. pourtalesi 
in the inner basins on the Scotian Shelf (Emerald and LaHave Basins). Minimum bottom temperature was the 
most important determinant of its distribution, and examination of the hydrographic conditions in the area 
revealed that V. pourtalesi is associated with a warm, saline water mass that infiltrates the inner basins on the 
Scotian Shelf. This water mass was identified as Warm Slope Water, originating from the Gulf Stream. 
Infiltration of Warm Slope Water into the region creates bottom temperatures ranging on average between 8 
ÁÎÄ ρπȍ# ÏÖÅÒ ÔÈÅ ÌÏÃÁÔÉÏÎ ÏÆ ÔÈÅ ÓÐÏÎÇÅ ÇÒÏÕÎds. Examination of reconstructed temperature and salinity to 
1870 from the Simple Ocean Data Assimilation (SODA) revealed that the V. pourtalesi sponge grounds have 
been subjected to strong multi-decadal variability in water mass characteristics, with bottom temperatures 
ÖÁÒÙÉÎÇ ÂÙ ψȍ# ÏÖÅÒ ÔÈÅ ÔÉÍÅ ÐÅÒÉÏÄȢ #ÏÌÄ ÐÅÒÉÏÄÓ ×ÅÒÅ ÉÎÄÉÃÁÔÅÄ ÉÎ ÂÏÔÈ ÔÈÅ ρωφπÓ ÁÎÄ ρωςπÓȟ ×ÈÅÒÅ ÂÏÔÔÏÍ 
ÔÅÍÐÅÒÁÔÕÒÅÓ ÏÖÅÒ ÔÈÅ ÓÐÏÎÇÅ ÇÒÏÕÎÄÓ ÄÉÐÐÅÄ ÄÏ×Î ÔÏ ͯσȍ#Ȣ 4ÈÉÓ ÍÕÌÔÉ-decadal variability is consistent with 
the influence of the Atlantic Multi -Decadal Oscillation, or AMO. These results suggest that the population of V. 
pourtalesi on the Scotian Shelf has persisted in the face of this climatic variability. Furthermore, it suggests that 
caution should be taken when using species distribution models based on current climatic conditions to define 
environmental envelopes and niches. Future work will be conducted to model the distribution of this species 
under various climate scenarios and determine whether its range expands or contracts with increasing 
temperature. 

Additionally, work conducted under the SponGES project to examine the biodiversity of epibenthic megafauna 
associated with the V. pourtalesi sponge grounds was recently undertaken (Hawkes et al. under review in 
MEPS) to further inform the role that sponge grounds play in the provision of habitat. Despite biodiversity 
conservation being one of the rationale for the call to protect sponge grounds (UNGA, 2006), very few studies 
have examined the impact these ecosystems have on the surrounding megafaunal community. In the NRA 
however, similar studies were undertaken in the mixed-species sponge grounds of the Flemish Pass (Beazley 
et al. 2013) and Sackville Spur (Beazley et al. 2015), allowing for the first time a direct comparison of the 
diversity associated with mixed-species versus monospecific sponge grounds. 

Five photographic transects were collected in Emerald Basin on the Scotian Shelf by Fisheries and Oceans 
Canada (DFO) in 2011 using the drop camera CAMPOD. These transects were analyzed for the abundance of 
epibenthic megafauna, defined as those motile and sessile fauna greater than 1 cm (see Beazley and 
Kenchington, 2015). Unlike the tetractinellid sponge grounds of the NRA, V. pourtalesi settles on hard substrate. 
Thus further analyses were conducted to tease apart the effects of the sponge versus the presence of hard 
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substrate on the diversity of associated fauna. Generalized linear models were used to examine the impact of 
Vazella presence/absence per photo, location (transect) in Emerald Basin, and the percentage cover of hard 
substrate on species density (i.e. the number of taxa per photo) and abundance.  The presence of Vazella 
accounted for the greatest amount of deviance in the species density and abundance data, with higher metrics 
found in photos with V. pourtalesi present compared to absent, across all transects examined. However there 
was a strong association between the presence of V. pourtalesi and hard substrate, which also contributed to 
the diversity within the sponge grounds. When compared to the tetractinellid mixed-species sponge grounds, 
the monospecific sponge grounds formed by V. pourtalesi had a lower diversity and abundance of epibenthos. 
This phenomenon could possibly be due to differences in the provision of habitat by the different taxa. For 
example, the tetractinellid sponges of the NRA often acted as settlement substrate themselves, with attached 
soft corals, tunicates, and other sponges observed (Beazley et al. 2015). However, very few epifauna were 
observed on the surface of V. pourtalesi. In contrast, the barrel shape of V. pourtalesi allowed larger, motile 
ÆÁÕÎÁ ÔÏ ȬÈÉÄÅȭ ÉÎÓÉÄÅ ÔÈÅ ÓÐÏÎÇÅȟ Á ÆÅÁÔÕÒÅ ÎÏÔ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ ÓÐÏÎÇÅ ÇÒÏÕÎÄÓ ÏÆ ÔÈÅ .2!ȟ ×ÈÉÃÈ ×ÅÒÅ 
comprised mostly of massive or globular morphologies. 

Similar to the findings of Beazley et al. (2013, 2015), the V. pourtalesi sponge grounds are areas of enhanced 
diversity and abundance of epibenthic megafauna compared to the surrounding habitat, providing further 
evidence of the functional significance of sponge grounds in the deep ocean ecosystems of the northwest 
Atlantic. 
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1.9 Assessment of connectivity among closed areas in the fishing footprint of the NRA  

Knowledge of population- and landscape-connectivity in marine systems is an important foundation for 
evaluating the effectiveness of closed areas (White et al., 2014; Andrello et al., 2017). Kenchington et al. (2018) 
have evaluated the potential for connectivity among the 14 areas closed by NAFO to protect VME (excluding 
the 3O coral closure with Canada), with emphasis on connections between areas closed to protect the same 
taxa. Given the poor knowledge of the reproductive and larval biology of the VME species in the fishing footprint 
of the NRA, they used a scenario-testing approach to run particle-tracking models using a range of realistic 
parameters to evaluate potential dispersal kernels. There are a number of passive-particle tracking models 
available, many of which use flow fields from a particular ocean model, coupled with a tracking algorithm. 
Kenchington et al. ɉςπρψɊ ÕÓÅÄ ÔÈÅ 7ÅÂÄÒÏÇÕÅ $ÒÉÆÔ 0ÒÅÄÉÃÔÉÏÎ -ÏÄÅÌ ÖȢπȢχȟ ÔÏÇÅÔÈÅÒ ×ÉÔÈ ÔÈÅ Ȱ3ÏÕÔÈÅÒÎ 
Labradorȟ .Å×ÆÏÕÎÄÌÁÎÄ 3ÈÅÌÆȱ ÄÁÔÁ ÓÅÔ ɉhttp://www.bio.gc.ca/science/research -

https://doi.org/10.1371/journal.%20pone.0205505
https://doi.org/10.1371/journal.%20pone.0205505
http://www.bio.gc.ca/science/research-recherche/ocean/webdrogue/slns-tnls-en.php%20accessed%2023%20May%202018
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recherche/ocean/webdrogue/slns-tnls-en.php accessed 23 May 2018). This model draws on regional 
historical observations and primitive-equation numerical models with forcing by tides, wind stress, and 
baroclinic and barotropic pressure gradients and was developed as an offline tool by Fisheries and Oceans, 
Canada. The resolution of the model is high on the Flemish Cap and on the shelf break with a typical nodal 
spacing of ~5 km. Passive-particle dispersal was assessed using seasonal-modelled drift trajectories at two 
depths (surface and 100 m). To independently validate the passive-particle drift trajectories and importantly, 
to extend those results to the sea floor, currents at depth from an eddy-resolving model (NEMO) were 
ÉÎÖÅÓÔÉÇÁÔÅÄ ɉÔÈÅ ÓÕÒÆÁÃÅȟ ρππ Íȟ ρπππ Í ÁÎÄ ȰÏÎ-ÂÏÔÔÏÍȱ ÄÅÐÔÈÓɊȢ 4ÈÅ ÒÅÁÌÉÓÍ ÏÆ ÔÈÅ ÍÏÄÅÌÌÅÄ Óurface 
currents was evaluated through comparison with the observed surface currents from drifter data and found to 
be highly comparable.   

Three biological traits of the VME indicators were considered in the models: spawning season(s), position of 
gametes and larvae in the water column, and duration of larvae in the water column (planktonic larval duration, 
PLD), although Young et al. (2012) have modelled deep-sea larval dispersal using only PLD. These traits were 
used to evaluate the trajectories as bio-physical models for matching scenarios, while species distribution 
models identified potential source populations from hindcast projections. Five of the 14 areas, including the 
three largest closures (Areas 2, 4, 5), showed particle retention, with three others showing retention within 10 
km of their boundaries (Table 1.5.) ɀ a distance considered so as to recognize the resolution of the models. 
Tendency for retention is expected to increase with depths below 100 m (Table 1.5.) where modeled bottom 
currents show decreased velocities. The number of overlying water masses also increase with depth and 
present potential barriers to vertical larval migration (Crooks and Sanjayan, 2006). The regional pattern of 
currents and their extreme topographic forcing emerged as a strong structuring agent in this region. A system 
of weakly-connected closed areas to protect sea pen VMEs on Flemish Cap was identified (Table 1.5.), 
ÃÏÎÆÉÒÍÉÎÇ ÓÕÓÐÉÃÉÏÎÓ ÎÏÔÅÄ ÂÙ ÔÈÅ ×ÏÒËÉÎÇ ÇÒÏÕÐ ÐÒÅÖÉÏÕÓÌÙ ×ÈÅÒÅ ÒÅÃÏÇÎÉÔÉÏÎ ÏÆ Á ȰÓÙÓÔÅÍȱ ÏÆ ÃÌÏÓÅd areas 
to protect sea pens in the shallower waters of Flemish Cap was inferred from their distributions (NAFO, 2013). 
The conducted approach illustrates the added value of assessing/modelling networking properties when 
designing MPAs and the working group recommended including forecast trajectories in the evaluation of the 
closed areas to take place at the 2019 WGESA meeting. It was noted that this work was undertaken by the EU 
Horizon2020 project SponGES. 
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Table 1.5. Summary of structural connectivity and retention for each of the closed areas linking areas 
with the same conservation targets (from Kenchington et al., 2018). Bracketed connections 
end within 10 km of the named closed areas. Conservation targets: S=Sponge grounds, SGC= 
Small gorgonian corals, LGC=Large gorgonian corals, SP=Sea pens. 

Closed 
Area 

Max. 
Depth  

(m)  
Closed Area 
Description  

Conservation 
Target(s)  

Connectivity with Drift 
Depth of 100 m  

Retention 
with Drift 
Depth of 
100 m 

Area 1 1917 Tail of the Bank S, SGC ɂ ɂ 

Area 2 2211 
Flemish Pass / Eastern 
Canyons S, LGC, SP Area 1 Yes 

Area 3 2598 Beothuk Knoll S ɂ Yes 

Area 4 2754 Eastern FC S, LGC ɂ Yes 

Area 5 2688 Northeast FC S, LGC ɂ Yes 

Area 6 1952 Sackville Spur S ɂ ɂ 

Area 7 718 Northern FC SP (Area 8) ɂ 

Area 8 1088 Northern FC SP (Area 14) ɂ 

Area 9 1120 Northern FC SP Area 8 (Area 10, Area 14) (Yes) 

Area 10 1177 Northwest FC SP (Area 14) ɂ 

Area 11 1132 Northwest FC SP ɂ (Yes) 

Area 12 1003 Northwest FC SP Area 7, (Area 10) ɂ 

Area 13 924 Beothuk Knoll LGC ɂ Yes 

Area 14 688 Eastern FC SP (Area 9) (Yes) 
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THEME 2: STATUS, FUNCTIONING AND DYNAMICS OF NAFO MARINE ECOSYSTEMS. 

ToR 2. Update on recent and relevant research related to status, functioning and dynamics of ecosystems in the 
NAFO area. 

2.1. Progress of analysis undertaken by EU NEREIDA research  

ToR 2.1. Progress of analysis undertaken by EU NEREIDA research ɀ VME sea pen resilience and mapping fishing 
effort (COM Request #9) 

i)  Mapping fishing effort.  

Highlights:  

1. 2017 Haul-by-haul logbook data was merged with the 2017 vessel monitoring system (VMS) data to 
map fishing effort from VMS positions that occurred within the reported fishing time interval.  

2. The use of haul-by-haul logbook data permitted VMS pings to be extracted and mapped if they occurred 
within reported start and end times for fishing. This provided a more accurate measure of when vessels 
were trawling and allowed each haul to be assigned to a fishery. 

3. The haul-by-haul effort maps were considered to be an improvement over past effort maps derived 
from a 1 ɀ 5 nautical mile per hour speed filter because it reduced spurious effort points. 

4. WG-ESA recommends  to SC that additional information be recorded in the haul-by-haul data as follows 
(1) an appropriate measure of gear dimensions to facilitate future work on developing estimates of the 
area being swept by the trawl and (2) target species. 

During the 10th WGESA it was agreed that they would like to see ongoing yearly mapping of the cumulative and 
fisheries-specific fishing effort. This will help understand if and how fishing effort is changing over the years. 

This analysis details the 2017 fishing footprint maps derived from vessel monitoring system (VMS) and haul-
by-haul catch data.  

Logbook data and VMS are complementary and the coupling of both datasets has already proven powerful for 
describing the spatial distribution of fishing activity at a much finer resolution. Figure 2.1 illustrates the 
flowchart with the main steps involved on the procedure of linking VMS with logbook data. 

 
Figure  2.1.  Flowchart with the main steps involved on the procedure of coupling VMS and logbook 

data. 

4ÈÅ ÆÉÒÓÔ ÉÍÐÏÒÔÁÎÔ ÓÔÅÐ ÉÓ ÔÈÅ Ȱ2Á× $ÁÔÁ #ÌÅÁÎÉÎÇȱȢ  )Î ÍÁÎÙ ÉÎÓÔÁÎÃÅÓȟ ÂÏÔÈ 6-3 ÁÎÄ ÌÏÇÂÏÏË ÄÁÔÁ ÃÏÎÔÁÉÎ 
erroneous entries namely: points with incomplete timestamps; wrong vessel positions; duplicated records; 
Headings outside a compass range, etc 

Once tÈÅ ÃÌÅÁÎÉÎÇ ÈÁÓ ÂÅÅÎ ÐÅÒÆÏÒÍÅÄ ÂÏÔÈ ÄÁÔÁÓÅÔÓ ÁÒÅ ÒÅÁÄÙ ÆÏÒ ÔÈÅ Ȱ$ÁÔÁ -ÁÔÃÈÉÎÇȱ ÂÙ ÕÓÉÎÇ ÔÈÅ 6ÅÓÓÅÌ )$ 
and the Date as common fields between both databases.  This step is particularly important as all subsequent 
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analyses depend on the success of the linkingȢ &ÒÏÍ ÔÈÅ Ȱ-ÅÒÇÅÄ ÄÁÔÁÓÅÔȱ ×Å ÃÁÎ ÓÔÁÒÔ ÔÏ ÄÏ ÔÈÅ Ȱ!ÎÁÌÙÓÅÓȱ ÁÎÄ 
ÇÅÔ ÔÈÅ ÆÉÎÁÌ Ȱ2ÅÓÕÌÔÓȱȢ 

Haul-by-haul catch data is logbook data collected during vessel fishing activities. Specifically, timestamps and 
geographic coordinates for gear deployment and retrieval are recorded, as well as the catch and discard weight 
for each species caught. This new data format, implemented in 2016, is an improvement over 2015 where data 
was recorded only for only the top three species by weight and did not include fishing timestamps.  

Use of the haul-by-ÈÁÕÌ ÄÁÔÁ ÐÅÒÍÉÔÓ 6-3 ÐÉÎÇÓ ÔÏ ÂÅ ÁÓÓÉÇÎÅÄ ÁÓ ȰÆÉÓÈÉÎÇȱ ÏÒ ȰÎÏÎ-ÆÉÓÈÉÎÇȱ ÂÁÓÅÄ ÏÎ ×ÈÅÔÈÅÒ 
or not they fall within fishing time intervals reported in the haul-by-haul data (match in time window, see 
Figure 2.2). That is, start and end of fishing timestamps from the logbooks are used to extract relevant VMS 
points which are then mapped in space to represent fishing effort. Because these VMS points are directly within 
the reported fishing times interval, they are considered to be associated with fishing activity.  

 
Figure  2.2. Match in time window procedure. 

In previous years, a simple speed filter of 1 ɀ 5 knots (rounded to the nearest integer) was used to filter VMS 
points and assign them as fishing activities, but it was challenging to decide which thresholds were appropriate 
across entire fleets. While applying a speed filter is a very common method for extracting VMS points associated 
with fishing, there will inevitably be some points that are misclassified at a rate that is difficult to quantify. 

Through this updated analysis, fishing footprint layers were created for fisheries-specific and cumulative 
fishing effort using VMS data and new haul-by-haul catch data (logbook) from the year 2017.  

To create fishery-specific effort maps, VMS points were assigned to a fishery based on the species with the 
highest retained catch weight in the logbook during the corresponding logbook fishing time interval. This 
definition of fishery is based solely on the main species in the catch and in some cases the main species may 
differ from the main species sought.  

&ÉÌÔÅÒÅÄ 6-3 ÐÏÉÎÔÓ ×ÅÒÅ ÁÓÓÉÇÎÅÄ Á ȰÐÉÎÇ-ÔÉÍÅȱ ÉÎÔÅÒÖÁÌ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÄÕÒÁÔÉÏÎ ÏÆ ÆÉÓÈÉÎÇȢ 4ÈÉÓ ÖÁÌÕÅ ×ÁÓ 
calculated as the forward difference in time between VMS points. Typically, ping intervals were approximately 
one hour, so if the interval exceeded 2 hours, it was assigned to be 2 hours to avoid inflating effort within a cell. 
4ÈÅ ÌÁÓÔ 6-3 ÐÏÉÎÔ ÉÎ Á ÖÅÓÓÅÌȭÓ ÓÅÒÉÅÓ ×ÁÓ ÁÓÓÉÇÎÅÄ ÔÈÅ ÍÅÁÎ ÐÉÎÇ-time interval for that vessel. The VMS points 
were aggregated over a 0.05 x 0.05 degree grid and the ping-time intervals were summed to represent the 
hours fished in each cell. 

A second set of fishing effort layers were produced from the same data using the methods in SCS Doc. 15-019. 
VMS points were assigned to a fishery based on the main catch from the daily catch records, and VMS points 
were filtered if they reported a speed between 1 ɀ 5 knots. Effort was represented by VMS ping time, i.e. the 
time intervals between consecutive fishing pings, which were summed and applied to a 0.05 x 0.05 degree grid.  
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4ÈÅ ÆÉÓÈÉÎÇ ÅÆÆÏÒÔ ÌÁÙÅÒÓȟ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȰÌÏÇÂÏÏË ÈÁÕÌ-ÔÉÍÅ ÆÉÌÔÅÒȱ ÆÏÒ ÔÈÅ ÈÁÕÌ-by-ÈÁÕÌ ÄÁÔÁ ÁÎÄ ȰÓÉÍÐÌÅ ÓÐÅÅÄ 
ÆÉÌÔÅÒȱ ÆÏÒ ÔÈÅ ρ ɀ 5 knot speed data, were compared side by side and visually examined for congruence. 

Overall, the areas represented by the logbook haul-time filter method and the simple speed filter method 
showed fishing activities in the same general areas with similar patterns of intensity. However, the footprint 
from the logbook haul-time method was considered an improvement because it tended to have fewer spurious 
points outside of the main footprint area (Figure 2.3). With the new method, there were also fewer cells 
displaying fishing effort within the vulnerable marine ecosystem (VME) closures, and if we assume the closures 
are being respected, this would indicate that the simple speed method over represents fishing effort in some 
cells, particularly where effort appears to be low. In the logbook haul-time filtered maps there were still some 
points outside of the NAFO fishing footprint, in deep waters, likely due to VMS points associated with steaming. 
4ÈÉÓ ÐÒÏÂÁÂÌÙ ÏÃÃÕÒÒÅÄ ÂÅÃÁÕÓÅ ÏÆ ÁÎ ÉÎÃÏÒÒÅÃÔ ÓÔÁÒÔȾÅÎÄ ÔÉÍÅȟ ÏÒ ÄÅÌÁÙÅÄ ÒÅÐÏÒÔÉÎÇ ÏÆ ÆÉÓÈÉÎÇ ȰÅÎÄ ÔÉÍÅȱȢ 

 
Figure  2.3. Cumulative fishing effort maps (hours fished per cell) from 2017 VMS and logbook data 

produced by two different methods. Left: VMS data was filtered for speeds within 1-5 
knots, right: VMS was filtered if it was within the reported fishing time interval in the 
logbook.  

Key fishing effort layers and comparison Figures are shown below.  

Fishing activities for Greenland halibut appeared to have fewer spurious cells (individual cells) as part of the 
fishing footprint when using the logbook haul-time filter (Figure 2.4), such as on the top of the Flemish Cap. 
Also, cells on the tail of the Grand Banks (Division 3N) that were represented as part of the fishing footprint 
with the simple speed filter (left panel) were no longer represented in the layer with the logbook haul-time 
filter (right panel). This example also highlights how the use of haul-by-haul data to assign to a particular 
fishery can change in comparison with the daily catch records. In the right panel of Figure 2.4 there is a string 
of cells on the east side of the Flemish Cap, slightly over top of the sea pen vulnerable marine ecosystem (VME) 
polygon. That string of points is not represented in the corresponding left panel, but it appears in the cod 
bottom otter trawl effort in the right panel (Figure 2.5). Figures are shown for redfish bottom otter trawl in 3M 
(Figure 2.6); redfish bottom otter trawl in 3LNO (Figure 2.7); Atlantic halibut longline (Figure 2.8); Silver Hake 
(Figure 2.9); Skates (Figure 2.10); Witch flounder (Figure 2.11) and Yellowtail flounder (Figure 2.12). 
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Figure  2.4. Greenland halibut fishing effort maps (hours fished per cell) from 2017 VMS and logbook 

data produced by two different methods. Left: VMS data was filtered for speeds within 1-
5 knots, right: VMS was filtered if it was within the reported fishing time interval in the 
logbook. 

 
Figure 2.5. Cod bottom otter trawl fishing effort maps (hours fished per cell) from 2017 VMS and 

logbook data produced by two different methods. Left: VMS data was filtered for speeds 
within 1 -5 knots, right: VMS was filtered if it was within the reported fishing time interval 
in the logbook. 
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Figure 2.6. Redfish 3M bottom trawl fishing effort maps (hours fished per cell) from 2017 VMS and 

logbook data produced by two different methods. Left: VMS data was filtered for speeds 
within 1 -5 knots, right: VMS was filtered if it was within the reported fishing time interval 
in the logbook. 

 
Figure 2.7. Redfish 3LNO bottom trawl fishing effort maps (hours fished per cell) from 2017 VMS and 

logbook data produced by two different methods. Left: VMS data was filtered for speeds 
within 1 -5 knots, right: VMS was filtered if it was within the reported fishing time interval 
in the logbook. 
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Figure 2.8. Atlantic halibut longline fishing effort maps (hours fished per cell) from 2017 VMS and 

logbook data produced by two different methods. Left: VMS data was filtered for speeds 
within 1 -5 knots, right: VMS was filtered if it was within the reported fishing time interval 
in the logbook. 

 

Figure 2.9. Silver Hake bottom trawl fishing effort maps (hours fished per cell) from 2017 VMS and 
logbook data produced by two different methods. Left: VMS data was filtered for speeds 
within 1 -5 knots, right: VMS was filtered if it was within the reported fishing time interval 
in the logbook. 
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Figure 2.10 Skate bottom trawl fishing effort maps (hours fished per cell) from 2017 VMS and logbook 

data produced by two different methods. Left: VMS data was filtered for speeds within 1-
5 knots, right: VMS was filtered if it was within the reported fishing time interval in the 
logbook. 

 
Figure 2.11 Witch flounder bottom trawl fishing effort maps (hours fished per cell) from 2017 VMS 

and logbook data produced by two different methods. Left: VMS data was filtered for 
speeds within 1-5 knots, right: VMS was filtered if it was within the reported fishing time 
interval in the logbook. 
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Figure  2.12. Yellowtail flounder bottom trawl fishing effort maps (hours fished per cell) from 2017 

VMS and logbook data produced by two different methods. Left: VMS data was filtered 
for speeds within 1-5 knots, right: VMS was filtered if it was within the reported fishing 
time interval in the logbook. 

The ability to filter VMS points that are within reported fishing times allowed us to examine the speed 
frequency histograms as a means to evaluate the efficacy of  the original assumption that speeds between 1-5 
nautical miles represented fishing effort. Histograms of speeds for the various fisheries generally occurred 
within 1 ɀ 5 knots but also had slower speeds, and in some cases such as Atlantic halibut, there were some 
speeds > 5 knots (Figure 13). This is not unexpected given the method of deployment for these fixed gears  

 
Figure 2.13.  Fishery-specific speed histograms from VMS points within haul-time intervals. COD-OTB 

= cod bottom otter trawl, GHL = Greenland halibut, HAL = Atlantic halibut, HKS = silver 
hake, RED = redfish, SKA = skates, WIT = witch, YEL = yellowtail flounder.  

We conducted a simple overlay analysis to estimate the area of VME polygons that is overlapped by the 2017 
cumulative fishing footprint and fisheries-specific footprints (Figure. 2.14). The fishing effort layers used were 
based on logbook haul-time filtering. Overall, we found that 19.3% of the total VME area had some degree of 
fishing in 2017, with fishing activities occurring in each of the three VME taxa polygons. Large gorgonian, Sea 
pens, and sponge VMEs respectively had 24.6%, 22.7% and 17.2% of their area within the 2017 fishing 
footprint.  
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The Greenland halibut fishery had the greatest areal overlap with the VME polygons, for each of the VME taxa 
(sea pen: 17.4%; sponge: 15.8% and large gorgonian: 12.5%). Redfish in 3M and 3LNO together with Cod 
bottom otter trawl fisheries had the next largest overlaps in the three VME types. 

The fishing effort overlay analysis using the logbook haul-time filtering on 2017 data  are in agreement with 
results of the previous WG-ESA meeting (NAFO 2016) where the overlay analysis was conducted on fishing for 
the 2012-2015 time period. Those results also showed that Greenland halibut bottom otter trawl fishery 
appeared to have the largest footprint in the various VME polygons, followed by redfish fisheries. When several 
years of fishing data are combined into one fishing footprint layer, the extent is larger than that of a single year; 
therefore the absolute percentage of VME overlapped was higher.  

 
Figure  2.14. The percent of VME polygon overlapped by cumulative fisheries (far-left bars) and 

fisheries-specific footprints using the haul-by-haul time filtering of 2017 VMS  records. 
The top panel represents the area of all VMEs combined, and the bottom three panels 
represent the specific VME polygons by taxa. The number on top of each bar represents 
the absolute area of VME (km2) that is overlapped by the fishing footprint. Note that 
the VME polygons are not the same as the VME closure areas. The fisheries 
abbreviations are given in the caption for Figure. 2.13.  

Overall, the haul-time method appears to improve the fishing effort spatial layers in several ways. First, only 
points that are within reported fishing times are mapped, and provided that the reported start and end times 
are correct, this reduces the likelihood that non-fishing points are included in the effort. Second, using this new 
method reduces effort that is represented inside of VME closures.  Third, there are fewer points that appeared 
to be spurious effort, i.e. individual cells with low levels of fishing, often in deep waters. Finally, the ability to 
assign fisheries on a haul-by-haul basis provides more detail and certainty to the fishing activity associated 
with each VMS ping. However, it is important to keep in mind that the resolution used is coarse with a 0.05 x 
0.05 degree grid cell size and does not allow us to evaluate the fine-scale impacts that occur on the sea floor. 

 



29 

Northwest Atlantic Fisheries Organization  www.nafo.int 

ii)  Modelling seapen resilience  

Background  
This analysis builds upon and develops the work previously undertaken to assess SAI on VME as part of the 
NAFO review of bottom fisheries in 2016 (NAFO, 2016a) and the following work on estimating the resilience 
of sea pens to fishing impacts, specifically the time it takes for sea pen VME biomass to recover to a certain level 
post fishing impact (NAFO,2016b). The 2016 study on resilience simulated the rate of accumulation of swept 
area from repeated passes of a bottom trawl though an area of seabed using a slightly aggregating random 
placement of lines across a set area. Lines representing trawl passes across a 1 x 1 km polygon (Step 1) were 
created by randomly drawing start and end points for lines placed in a north-sour orientation from a normal 
distribut ion around the previous line. The lines were buffered to the width of the expected ground impact of 
fishing gear used in the study area (150 metres), and the increase in area covered was calculated for each added 
line (Step 2). The buffered lines were also overlaid to estimate the percentage of the square with various 
number of accumulating passes (Step 3).  The time, in years, taken to cover 99% of the square was calculated 
for the different levels of fishing effort (hrs*km-2*yr -1), based on the total length of tow required and an 
estimated fishing speed of four knots (Step 4). The time (t) it takes to impact 99% of the seabed area (or sea 
pen biomass) for a given level of fishing effort, and the proportion of seabed area impacted once (f1), twice(f2) 
etc, was then used to estimate the recovery time to sustain a given level of sea pen biomass (Step 5) by applying 
the following equation:  

Eq.1 (ὸὪ1+ ὸὪ2+ὸὪ3ȣȢȢὸὪὲὲ)/( Ὢ1+ Ὢ2+Ὢ3ȣȢὪὲ)=ὃὺὩ.ὸὶὩὧέὺὩὶώ 
 

A detailed description of methodology is given in NAFO (2016b). 

Testing the assumptions  
The first four steps in the 2016 analysis relied on assumptions surrounding the following terms:  

¶ the pattern of accumulation of consecutive passes of fishing gear across the 1 x 1 km area;  
¶ the width of impact of the fishing gear on the ground;  
¶ the even distribution of sea pen biomass; and  
¶ the speed vessels are travelling at whilst fishing.  

This study addresses the uncertainty around the resilience estimates arising from the above assumptions, by 
calculating recovery times based on a range of values around those used in 2016 (Table 2.1). Each analysis step 
was evaluated separately by varying one term at a time, keeping others at the default value used in the 2016 
study. The simulation was repeated 100 times for each variant of each term.  

The levels of fishing effort (hrs*km-2*yr -1) corresponding to 5 ɀ 95% biomass remaining used in Step 4, are 
derived from those calculated from biomass accumulation curves in the 2016 study and remain the same 
through all iterations. 
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Table 2.1. Variants of the terms used to test the assumptions in the model. 

Analysis term  Variant  

Spatial distribution 
of fishing effort 
(Step 1) 

Random 

Drawn from a wide normal distribution   

Drawn from a narrow normal distribution  

Width of impact 
from fishing gear 
(Step 2) 

75 m 

100 m 

125 m 

150 m  

175 m 

Spatial distribution 
of biomass (Step 2) 

Even spatial distribution , 

Moderately spatially aggregated  

Highly spatially aggregated  

Speed of vessel 

(Step 3) 

2 knots 

3 knots 

4 knots  

5 knots 

6 knots 

Step 1: Spatial aggregation of fishing effort  

In a fishery that follows bathymetric contours, the placement of fishing tows is unlikely to be random. Three 
levels of increasing spatial aggregation of the fishing effort within the 1 x 1 km square were tested (2.15). The 
2016 study used moderate spatial aggregation, simulated by generating start-of-line x-coordinates for new 
lines by sampling a normal distribution with a standard deviation (s.d.) of 500 m centred around the start-of 
line x-coordinate of the current line.  The end of line coordinate was sampled from a normal distribution with 
a s.d. of 250 m centred around the start-of-line x-coordinate. The alternative scenarios were: 1) fully 
randomised selection of the start-of-line and end-of-line x-coordinates and 2) start-of-line and end-of-line x-
coordinates sampled from narrower normal distributions (100 m and 50 m, respectively).  Lines with start or 
end x-coordinates falling outside of the 1 km square were excluded, and where the start coordinate fell more 
than 1000 m outside of the square coordinates, a new random start was initiated inside the box (Figure 2.1). 
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Figure 2.15. Sampling of simulated fishing tows across the wide (a) and narrow (b) normal 

distributions, with the respective spatial distribution of lines (c and d). 

Step 2: Width of impact from fishing gear  
The actual impact on the sea floor may not directly correspond to the full width of the fishing gear. Whilst the 
doors and net certainly impact the benthos, the full width between the doors includes lines and warps not 
directly in contact with the seabed. The unnetted parts of the fishing gear can still potentially impact benthic 
fauna that stands erect off the seabed (Eigaard et al., 2016, Buhl-Mortenson et al., 2013), such as the sea pens 
commonly encountered off the Flemish Cap Halipteris sp. (sea whip). In the 2016 study, gear width (150 m) 
was set midway between the full width of the two most commonly used types of fishing gear used in the area 
(Table 2). For the purpose of testing the effect of the gear width assumption, four additional impact widths (75 
m, 100 m, 125 m and 175 m) were used in simulation runs. 
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Table 2.2.  Dimensions of the two types of fishing gear most commonly used in the study area. 

Redfish and Cod 
fisheries  

Gear Dimensions  

Net horizontal opening  59 metres  
Net vertical opening  5 metres  
Door opening 
(between otter boards)  

140 metres  

Greenland halibut 
fishery  

Gear Dimensions  

Net horizontal opening  63 metres  
Net vertical opening  6 metres  
Door opening 
(between otter boards)  

165 metres  

 

 
Figure 2.16. Range of impact width values included in the simulations. 

Step 2: Spatial distribution of biomass  
The 2016 analysis assumes that the cumulative percent of area covered by consecutive passes of the fishing 
gear is equivalent to the percent of sea pen biomass impacted. For this assumption to be true, biomass would 
need to be evenly distributed, or at least sampled with equal likelihood, across the square.  In nature an even 
distribution is unlikely. Consequently, the alternative scenarios for biomass spatial distribution estimated two 
increasing levels of spatial aggregation.  The spatial pattern of aggregation was simulated using a spatially 
correlated neutral landscape model (Kéry and Royle, 2016). Each landscape model iteration was a 1 x 1 km 
raster with a 1 m cell size produced using the nlm_gaussianfield ÆÕÎÃÔÉÏÎ ÉÎ ÔÈÅ Ȭ.-,2ȭ ÐÁÃËÁÇÅ ɉ3ÃÉÁÉÎÉ et al., 
2018) in R-3.4.3 (R Core Team, 2017). Both spatial aggregation variants used a magnitude of variation of 100 
and a mean of 50. The variant with moderate spatial aggregation was created using a 500m autocorrelation 
distance and high spatial aggregation with a 100m autocorrelation distance.  

The gaussian field landscape model creates a normal distribution of values. In reality, the biomass is more likely 
to follow a gamma distribution.  To approximate a more skewed distribution of biomass, with a wider range, 
the raster cell values were replaced by values drawn from a Gamma probability distribution. Replacement 
values for the moderate spatial aggregation followed a gamma distribution with a shape and rate of 5, 
producing values between 0 ɀ 4.7.  For the moderate spatial aggregation shape and rate were set at 1, producing 
values between 0 ɀ 16.9 (Figure 2.17.).  For all three distributions the mean was 1.  The combination of spatial 
autocorrelation and gamma distribution resulted in most of the square covered by very low values with a small 
area of very large values for the higher spatial aggregation.  
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The biomass rasters were standardised by converting all values to percent of the total biomass in the 1 x 1 km 
square. Instead of percent of the area of the square covered with each added line and buffer, the percent 
biomass covered by the buffer was added to the cumulative coverage. In all spatial biomass distribution 
variants, 100% of the square area must be covered before 100% of the biomass has been accumulated, but the 
rate of accumulation between 0 ɀ 100% varies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17.  Spread of biomass values assigned to raster cells under the moderate spatial aggregation 
(a) and high spatial aggregation (b) scenarios. The mean is shown as a solid vertical line, 
and minimum and maximum values are indicated by dashed lines.   

 
Figure 2.18. Spatial distribution of sea pen biomass under the three scenarios used in simulation runs. 

Values shown are the percentage of total biomass over the 1 x 1 km square. 

Step 3: Speed of vessel 
The speed of the vessel whilst trawling influences the time it takes to travel the distance needed to cover the 
whole square. With fishing effort estimated as hrs*km-2*yr -1, the distance travelled in a set time affects the 
number of years taken to fully cover the area. The 2016 analysis assumed an average speed of 4 knots, which 
is the mean of the range of empirically observed speeds of vessels whilst fishing. Four other speeds (2, 3, 5 and 
6 knots) were used in the alternative simulations to estimate the effect of speed on the results. 

Simulation results  
The largest source of variability across the simulation runs was the stochasticity in the placement of lines 
during each run, irrespective of the term being tested. Variability between runs increased with restrictions on 
ÔÈÅ ÌÉÎÅ ÐÌÁÃÅÍÅÎÔ ÁÎÄ ÔÈÅ ȬÎÁÒÒÏ× ÎÏÒÍÁÌȭ ÌÉne generation pattern showed the greatest variability (Figure 2.19 
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a). Forcing the new lines to occur close to existing ones creates a pattern where some areas of the square are 
likely to encounter a high number of passes, before lines cover the whole area (Figure 2.19 b).  

 
Figure 2.19. (a) Biomass (area) covered against the log of tow length from all 100 simulation runs, 

and (b) an example of the percent of area impacted different times for the random, wide 
normal distribution and narrow normal distribu tion variants of spatial aggregation in 
line generation. 

4ÈÅ ȬÎÁÒÒÏ× ÎÏÒÍÁÌȭ ÌÉÎÅ ÇÅÎÅÒÁÔÉÏÎ ÐÁÔÔÅÒÎ ÁÌÓÏ ÄÉÆÆÅÒÓ ÔÈÅ ÍÏÓÔ ÆÒÏÍ ÔÈÅ ÏÔÈÅÒ ÖÁÒÉÁÎÔÓ ÁÃÒÏÓÓ ÁÌÌ ÔÅÒÍÓȟ 
showing on average a much longer time of recovery when comparing the central trend for all runs (Figure 
2.20). Speed of vessel and to a lesser extent the gear width also show a notable range in the central trend, 
indicating that the decision of what speed and gear width are used to calculate the time taken to cover the 
square have a substantial effect on the recovery time estimates. The most accurate estimates would be derived 
using an average speed derived from an analysis of empirical data of fishing speeds and a realistic 
approximation of the catch efficiency of different parts of the gears used. Biomass distribution had very little 
impact on the recovery estimates. Although individual trawl passes encounter different percentages of the total 
biomass, overall the removal rate is averaged to be relatively similar for each spatial aggregation variant.  
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Table 2.3. Years for biomass to recover to a specified percentage of pre-impact biomass for each variant 
of each term in the simulations. Variants in bold  are the values used in the 2016 analysis.   

  Years to 
recover  

Term  Variant  3.7 ± 1.7 50%  90%  

Line 
distribution  

Random 9.8 ± 3.1 5.9 ± 3.2 30.9 ± 17.9 

Wide normal  2.8 ± 1.2 16.5 ± 6 83.3 ± 33.5 

Narrow normal 4.6 ± 1.9 5 ± 2.4 27.9 ± 13.6 

Gear width 75 m 3.8 ± 1.8 7.7 ± 3.5 41.2 ± 19.2 

100 m 4.9 ± 1.5 6.4 ± 3.2 34.5 ± 17.8 

125 m 3.3 ± 1.5 9.2 ± 2.9 55 ± 17.6 

150 m 2.9 ± 1.2 5.8 ± 2.8 31.9 ± 15.8 

175 m 3.3 ± 1.5 5.1 ± 2.4 28.5 ± 13.9 

Biomass 
distribution  

Even spatial distribution  2.6 ± 1.2 5.8 ± 2.8 31.9 ± 15.8 

Moderately spatially aggregated  2.9 ± 1.3 4.6 ± 2.4 25.5 ± 13.4 

Highly spatially aggregated 6.7 ± 2.9 5.1 ± 2.6 28.4 ± 14.7 

Vessel 
speed 

2 knots 4.5 ± 1.9 11.6 ± 5.5 63.8 ± 31.6 

3 knots 3.3 ± 1.5 7.7 ± 3.7 42.5 ± 21.1 

4 knots  2.7 ± 1.2 5.8 ± 2.8 31.9 ± 15.8 

5 knots 2.2 ± 1 4.6 ± 2.2 25.5 ± 12.6 

6 knots 3.7 ± 1.7 3.9 ± 1.8 21.3 ± 10.5 
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Figure 2.20. Years for biomass to recover to a percentage of total biomass for each variant of each 

term. The point clouds represent values from each simulation run and trend lines are 
provided for each variant. The values and trend line corresponding to the default variant 
for each term is shown in orange. 

Future improvements to methodology  
An accurate representation of the spatial accumulation of fishing effort (lines) is critical to obtaining reliable 
estimates of resilience. The most realistic approximation of the spatial placement of lines can be derived from 
VMS data that has been filtered to represent fishing activity and vectorised to lines representing tows. Buffering 
and aggregating the individual tow lines across a grid of 1 x 1 km squares in real geographical space will allow 
calculation of the average number of lines and time in years it takes to fully cover a square.   

A review of information on removal rates of different parts of the fishing gear would further narrow the error 
introduced by using the full gear width with an expectation of 100% removal of biomass on first pass. 

Empirical data combining VMS and fisheries log book data would also yield the most accurate estimate of the 
average speed of vessels whilst fishing. 
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2.2.   Update on VME modelling   

ToR 2.2. Up-date on VME modelling (COM Request # 9). 

i)  Predicting sea pen settlement probability across space  

Agent Based Model overview  

An Agent-based Model (ABM) was developed to simulate the population dynamics of a generalized sea pen in 
the Newfoundland and Labrador and Flemish Cap bioregions. The simulated sea pen distribution can be 
subjected to various perturbation scenarios to provide insight into outcomes for management options. While 

https://doi.org/10.1111/2041-210X.13076
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the ABM simulates many life history traits and physical processes, the work presented here focuses on a single 
component ɀ the sea pen settlement probability spatial layer. 

The settlement layer is a critical component of the ABM because it determines where recruitment and 
colonization will occur. Sea pen distributions are partly driven by the suitability of locations where free-floating 
larvae settle into sediments and metamorphose into juveniles. The settlement layer provides a cell-wise 
probability of sea pen larval settlement across the study area.  

Methods overview  

A preliminary layer was constructed using a generalized linear model for the purpose of ABM development. 
This initial version was constrained to Canadian research vessel data (517 presences and 4708 absences, years 
2005-2015) and Canadian fishing effort (mean annual effort 2005-2016). Both Canadian research vessel 
surveys and Canadian fishing effort is limited in the NAFO regulatory area, but the model was still used to 
predict in the NAFO Regulatory Area (Figure 2.21).  

The work presented here focuses on a revised version of the settlement layer developed to improve predictions 
outside of Canadian waters beyond the 200-mile limit. The basic structure of the analysis is similar for the two 
versions of the settlement layer, however, the revised version has the following differences: it incorporates 
data from European Union/Spanish research vessel surveys, it considers both Canadian and international 
fishing effort, it incorporates the stratum data grouping as a random effect in a generalized linear mixed effects 
model (GLMM) framework, and it includes an environmental predictor of depth2.  

Adult sea pen catches were ÕÓÅÄ ÁÓ Á ÐÒÏØÙ ÆÏÒ ÌÏÃÁÔÉÏÎÓ ÏÆ ÌÁÒÖÁÌ ÓÅÔÔÌÅÍÅÎÔ ÄÕÅ ÔÏ ÓÅÔÔÌÅÒÓȭ ÌÁÃË ÏÆ ÍÏÖÅÍÅÎÔȢ 
A binary presence-absence of adults in research vessel tows was assumed to reflect the presence-absence of 
settlement in a given location. We combined data from 2005-2015 Canadian research vessel surveys (all sea 
pen species caught) and 2007-2017 EU/Spanish data for Penatula aculeata and Funiculina quadrangularis 
species only.  

Response data were assigned to cells on 3 x 3 nm grid, keeping only one observation per cell (presence was 
kept if both presence and absence occurred in a cell). In order to develop a presence probability layer that was 
independent of fishing effort points that were located in cells with greater than 10 min of fishing km-2 year-1 on 
a combined Canada-NAFO fishing effort layer were excluded (Figure 2.22). This fishing effort layer summed 
2005-2016 annual mean fishing effort from Canadian vessels (produced according to methods in Koen-Alonso 
et al. 2018) and 2012-2015 annual mean fishing effort in the NAFO Regulatory area (produced according to 
methods in NAFO 2015). The final dataset contained 8379 Canadian data points and 2200 EU/Spanish data 
points which were divided into 1158 presences and 9421 absences. 

Environmental covariate layers were resampled to the 3 x 3nm grid and values were extracted for each cell. 
The environmental predictors used in the GLMM are known to influence settlement: grain size (log10; Chia and 
Crawford 1973), bottom current velocity (Baillon et al. 2014, Baillon et al. 2015), bottom current direction (8 
bins representing the cardinal and intercardinal compass directions; Baillon et al. 2014, Baillon et al. 2015), 
slope (Malecha and Stone 2009), depth (Murillo et al. 2011), depth2 (Veazey et al. 2016), relative topographic 
index (supplement to grain size), eastness and northness (Lauria et al. 2017, De Clippele et al. 2018), and the 
interactions latitude:longitude, latitude:depth and longitude:depth. Oceanographic data (current velocity and 
bearing were obtained by taking the average and mode (respectively) over April ɀ August 2000-2015) from 
GLORYS 2V4 (Mercator Ocean 2018) and bathymetric data was derived from GEBCO 2014 (GEBCO 2014). A 
random set of 25% of data per strata was reserved for testing the predictive ability of the model.  

Prediction and model assessment  

All analyses and data manipulation were performed with R version 3.5 (R Core Team 2018). The model was 
used to predict over the whole study area (Canadian waters and NAFO Regulatory Area), including strata where 
there was no RV data recorded (Figure 2.23). Therefore, only the fixed effects portion of the model was used in 
prediction.  
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Model predictive ability was assessed by calculating the area-under-curve statistic from the receiver operator 
curve; this rendered a value of 0.95 indicating good fit. Also, 1000 simulated datasets were created using the 
binomial probability of success fitted by the model. Then the mean true positive rate over simulated data (0.56) 
and the mean true negative rate (0.95) were calculated. Examinations of semivariograms and plots of residuals 
over space showed a very small but still significant amount of positive spatial autocorrelation remaining in the 
ÄÁÔÁ ɉ-ÏÒÁÎȭÓ ) ÓÔÁÔÉÓÔÉÃ Ѐ πȢππωȟ Ð Ѐ ρ Ø ρπ-5). 

Further work  

WGESA members provided the following feedback on the settlement layer model: 

1. Filtering cells to keep those with low or non-existent fishing effort may not necessarily be helpful, 
especially since the collection of our sea pen response variable is conducted through fishing itself. 
Further work will formally compare models with fishing-filters to models with all data included (no 
filter for low -intensity fishing points). 

2. GLORYS2V4 oceanographic data may be too coarse for modelling in this specific region:, 
recommendations were to explore the use of Zeilang Wang and David "ÒÉÃËÍÁÎȭÓ ÏÃÅÁÎÏÇÒÁÐÈÉÃ 
model and compare results. 

3. Rather than solely relying on presence/absence of sea pen catches, the use of sea pen biomass could 
be explored as a response variable to add further information on the quality of the potential habitat 
for settlement. 

4. As NAFO releases data, instead of the 2012-2015 period, a more encompassing set of years could be 
used for creating an annual fishing footprint.  
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Figure 2.21.  Preliminary settlement layer used in ABM, with Canada RV catches overlaid. 
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Figure 2.22. Combined fishing effort (all fisheries) from Canadian and NAFO vessel monitoring 

system-based layers. 



41 

Northwest Atlantic Fisheries Organization  www.nafo.int 

 
Figure 2.23.  Sea pen settlement probability, with Canadian and EU/Spanish sea pen catches overlaid. 
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ii)   Agent-based Sea Pen model implementation 

Context 

VME species are typically long-lived and slow growing and thus their population dynamics are expected to 
playout at larger temporal scales than typical commercial species (e.g. fishes). Given the longer time scales at 
play, fishing impacts and recovery of these species at the population scale are difficult to assess; the current 
status of their populations would be expected to still show the effects of the impact of past fishing activities. 

Given the sessile and/or sedentary nature of adult VME organisms, their dynamics is highly linked to habitat 
characteristics. On the other hand, colonization of new areas relies on larval dispersal, which is dependent on 
oceanographic features (transport by currents). 

Protection of VME species, and the habitats they generate, requires not just understanding their dynamics and 
responses to perturbations over time; it also requires understanding the level of connectivity and dependence 
among the distinct aggregations that exist on the seascape.  

http://www.gebco.net/
https://www.mercator-ocean.fr/
https://www.mercator-ocean.fr/
https://www.r-project.org/
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In this context, the goals of this work were to a) develop a spatio-temporal model that describes the population 
dynamics of a generalized sea pen species in the Newfoundland-Labrador and Flemish Cap Bioregion, and b) 
explore the time scales for colonization, responses to perturbations, and preliminary explore the effectiveness 
of closures as a mechanism to promote recovery. 

Modelling Approach  

This model was implemented using an agent-based model (ABM) architecture that simulates the actions and 
interactions of autonomous agents within a system with a view to evaluating the system as a whole. The agents 
in this model represent collectives of sea pens where at each time-step the agents follow specific rules that 
simulate life-history processes. The agents operate within a matrix where each cell has properties that affect 
the behavioral responses of the agents. The processes/behaviors affecting and effected by the agents have 
probabilistic components which randomize the dynamics of the system. 

This model was developed and implemented using Agent Analyst (Collier et al, 2013) within ArcGIS. Agent 
Analyst provides a software framework and tools to describe the agents, implement the processes that allow 
the agents to interact, and the scheduling of these processes. The implementation of this model expresses the 
sea pen dynamics in terms of number of individuals. It is important to note that it does not consider vertical 
movement of larvae in the water column. 

Life history processes represente d in the sea pen ABM 

The model simulates the life history stages/processes of a generalized sea pen in both the egg/larvae as well 
as the settled state. Details on the how each step/process was modeled and parameterized are given in Table 
2.4 

 

 

Figure 2.24  Schematic description of the life history stages/processes incorporated in the sea pen 
ABM. 
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Table 2.3.   Summary description on how life history stages/process in the sea pen ABM were modeled 
and parameterized. 

Model Parameter/Process Details 

Number of eggs produced ¶ Uniform distribution between 600 and 6300 per adult female 
(Ballion et al 2015).  

¶ Sex ratio assumed 1:1. 
Number of eggs fertilized ¶ Fertilization rate: Beta distribution, mean=0.15, sd=0.17 (Coma and 

Lasker, 1997). 
¶ Fertilized eggs: Binomial distribution using the number of eggs in 

the cell and the probability of fertilization drawn from the above 
Beta distribution. 

Larval movement and 
mortality  

¶ Larval life span: 15 days where the larvae either settle or move/die.  
¶ Larvae can only move one cell per day.  
¶ Spawning is assumed to be a Spring-Summer process.  
¶ The season/period for these layers is April-August, 2000-2015 

derived from Glorys τ ÅØÔÒÁÃÔÅÄ ÆÒÏÍ $&/ȭÓ /ÃÅÁÎ .ÁÖÉÇÁÔÏÒȢ 

Larval movement: Direction ¶ Heading is defined as 8 bearing quadrants (N, NE, E, SE, S, SW, W, 
NW) 

¶ Direction of movement is randomly drawn from a normal 
distribution centered on the dominant bearing. This allows for 
counter-current movement. 

Larval movement: 

Amount 

¶ Number of larvae to move. 
¶ Binomial distribution using the number of larvae in cell and the 

probability of moving. 
¶ Probability of moving represents the fraction of the larvae to be 

moved is based on the bottom speed in the cell.  
¶ Logistic form with 50% probability of moving when speed in cell is 

equal to velocity required to travel to a neighboring cell. 
Larval mortality  ¶ The number of larvae in the water column that dies each day follows 

a Binomial distribution assuming a mortality rate of (0.90).  
¶ Sensitivity runs made with daily mortalities of 0.75-0.95. 

Larval settlement ¶ Beta distribution with mean extracted from the settlement 
probability layer (see Settlement Probability Section in this Report) 
at the cell center and the sd of the entire layer (sd=0.065) 

¶ The number settled follows a binomial distribution using the 
amount of larvae in the cell and the probability of settlement 
derived from the above Beta distribution. 

Post settlement larval 
mortality  

 

¶ The amount of larvae that survives settlement to become Age 0s.  
¶ Binomial distribution using the number of settled larvae in cell and 

the probability of surviving settlement (1-post-settlement 
mortality).  

¶ Base post-settlement mortality is 90%, but asymptotically 
approaches 100% when density in the cell increases at 
approximately 20-30k settled individuals 

¶ This represents a sea pen patch (or patches) within the cell. 
Juvenile and adult sea pens 

 

¶ The amount of individuals that survive to become one year older 
follows a binomial distribution using the number of individuals at 
age and a survival probability of 0.90 

¶ Maximum lifespan is 20 years. 
¶ Age at maturity is 4 years old.  
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Model implementation and results  

Model implementation and parameterization is reasonably complete, but some details remain to be fine-tuned 
and explored. Therefore, while current results are not expected to change drastically from this stage to the final 
model configuration, they still need to be considered preliminary for the time being. Nonetheless, results are 
considered good enough to provide a reasonable proxy for where the final results will land, and hence, a 
sensible starting point for discussing management implications and potential options.  

Larval mortality: sensitivity analysis  

The base daily larval mortality during the larval dispersal stage was set at 90%. In order to assess the impact 
of this selection, runs were implemented assuming larval mortalities of 75% and 95%. The results of these 
alternative formulations in comparison with the base model are presented in Figure 2.25.  

The overall sea pen distributions were generally similar across all larval mortality scenarios, highlighting the 
shelf break area in general, and the Flemish Pass, the horseshoe region joining the east, north, and west sides 
of the Flemish Cap, and the Laurentian Channel as core sea pen habitat. Lower levels of mortality made regions 
on the Newfoundland-Labrador shelf more suitable as sea pen habitats, specially southern Newfoundland 
(3Ps), nearshore areas off the northern coast of Newfoundland, and the shelf area off central Labrador (Fig. 
2.24).  The higher mortality rate resulted in an absence of sea pens along the shelf break in the northern 
sections of the bioregion as well as on the bank, and off the northeast coast of Newfoundland that were 
observed with the lower mortality rate scenarios. Given the general similarities across scenarios, the base case 
with 90% larval mortality was considered adequate for subsequent explorations. 

 
Figure 2.25.  Comparison of stable sea pen distribution under the base larval mortality of 90%, and 

two alternative scenarios assuming 75% and 95% larval mortality. 

Dynamics: Time scales and colonization  

While the maximum lifespan of a single sea pen is assumed to be 20 years, the ability of the sea pen population 
to grow and colonize the entire NL and Flemish Cap bioregions can take a significantly longer period of time. 

We implemented multiple colonization experiments within the model domain, seeding different regions with 
uniform distributions of sea pens, and running the model forward in time until the full region was colonized 
and presented a stable sea pen distribution. An example of a starting seeding scenario and a final stable sea pen 
distribution are illustrate d in Figure 2.26. 

Given the random nature of many of the processes in the sea pen ABM, and the comparatively low number of 
scenarios and runs explored, no average values for colonization have been computed. However, some of the 
emergent patterns observed were clearly consistent and the associated conclusions can be considered fairly 
robust.  
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It is very clear that from starting scenarios like the one depicted in Figure 2.26, it takes thousands of years to 
achieve full colonization of the two bioregions considered (NL and Flemish Cap). While the amount of time 
required will vary with the location and extent of the seeding area, the timelines for colonization had to be 
measured in hundreds and thousands of years as opposed to decades.  

The colonization speed is variable, with relatively fast expansions observed in areas with  fast currents and 
suitable habitat. Some regions, given their combinations of habitat suitability and current patterns, seem to act 
as natural barriers to expansion/colonization. When the sea pen distribution hits one of these areas, the overall 
distribution may remain stable for hundreds of years before the right conditions for overcoming these 
boundaries are met. These patterns of behavior create a perception of false distributional stability, with periods 
ÏÆ ȰÆÁÓÔȱ ÅØÐÁÎÓÉÏÎȟ ÂÅÁÒÉÎÇ ÉÎ ÍÉÎÄ ÔÈÁÔ ȰÆÁÓÔȱ ÉÓ ÉÎ ÔÈÅ ÃÏÎÔÅØÔ ÏÆ ÔÈÅ ÔÈÏÕÓÁÎÄÓ ÙÅÁÒ ÔÉÍÅ ÈÏÒÉÚÏÎÓ ÏÆ ÔÈÅ 
simulations. The 2H-2J boundary line is a good example of one of these natural barrier areas. 

 
Figure 2.26. Comparison between one initial seeding scenario and the final stable sea pen distribution 

under the base larval mortality of 90%. 

Sea pen recovery capacity: perturbation experiments  

The recovery capacity of sea pens was preliminary explored using a series perturbation experiments.  

3ÉÍÕÌÁÔÉÏÎÓ ×ÅÒÅ ÒÁÎÄÏÍÌÙ ȬÓÅÅÄÅÄȭ ÏÖÅÒ ÔÈÅ ÅÎÔÉÒÅ ÓÔÕÄÙ ÁÒÅÁ ÁÎÄ ÁÌÌÏ×ÅÄ ÔÏ ÒÕÎ ÕÎÔÉÌ ÔÈÅÙ ÁÒÒÉÖÅÄ ÁÔ Á 
dynamic stable state where the total abundance of the system remained relatively constant. The stable state of 
the system was then used as the starting point to conduct the perturbation experiments to examine simulated 
recovery rates under different impact scenarios.  

Two different types of perturbation experiments were implemented, single perturbations and recurrent 
perturbat ions under varying levels of impact. These experiments also involved broad scale as well as local 
perturbations. These experiments were implemented by defining a series of regions within the model domain 
that were used to quantify localized responses to the different perturbation scenarios (Figure 2.27). Local scale 
perturbations involved removals of sea pens within the defined boxes, while broad scale perturbations 
involved removals outside the boxes, and with the boxes acting as sea pen refuges.  
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Boxes were numbered from 1 to 9, with the area outside them was labelled as 0 (zero). Most areas were defined 
within the core distribution area of sea pens, with only one box (box # 6) placed in a low density, relatively 
isolated area. Regions 7 and 9 were created to evaluate upstream and downstream colonization rates and 
refuge connectivity under the different perturbation experiments. The spatial distribution of these boxes was 
intended to provide a fairly comprehensive coverage of the overall distribution (i.e. mimicking a potential 
network of refuges). 

The recovery times were evaluated by tracking the rebuilding of the abundance within the perturbed area, 
expressing this abundance as the fraction of the pre-perturbation abundance. Expressing recovery in relative 
terms allows easy comparisons between areas that contain a range of abundance levels. 

 

 
Figure 2.27.  Boxes within the sea pen ABM used for perturbation experiments. Boxes were numbered   

from 1 to 9, with the area outside them was labelled as 0 (zero). 

Broad scale single perturbation 

This perturbation experiment involved the removal of 99% of the sea pen abundance outside the refuges 
(boxes), as well as within boxes 7 and 9, and allowing the system to recover after the single perturbation. The 
refuges contained approximately 14-15% of the total pre-perturbation abundance.  

The abundance outside the refuges (r0) reached 95% of its pre-perturbation level in approximately 92 years 
(Figure2.28). Partial recoveries of 50% and 80% of pre-perturbation levels were reached at 24 and 40 years 
respectively (Figure 2.28). 
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Figure 2.28.  Recovery trajectory of the sea pen abundance outside the refuges (r0) after a single 

perturbation removing 99% of sea pens in the impacted areas (r0, r7, r9). 

When the recoveries of the area outside refuges is compared with the recovery trajectories of boxes 7 and 9, 
box 7 shows a similar pattern as the broader area, while area 9 seems to recover faster, indicating that the local 
and neighboring conditions have detectable effects on recovery rates (Figure 2.29). Interestingly, the box 6, an 
area that was not perturbed but which is characterized by a low sea pen density showed a declining trend after 
the perturbation (Figure 2.29). 

 
Figure 2.29.  Comparison of sea pen abundance trajectories after a single perturbation removing 99% 

of sea pens in the impacted areas (r0, r7, r9). 

Refuge effect and connectivity 

To evaluate the contribution of refuges to recovery, three different single perturbation experiments were 
compared for two boxes adjacent to a refuge area (Figure 2.30). In these explorations, the box #8 was the 
refuge, while the adjacent areas #7 and #9 were perturbed. These areas were selected because area #9 is 
downstream of the refuge (#8) while area #7 is upstream (Figure 2.30). 

The three scenarios considered were a) 100% removal of sea pens outside the refuge (area #8), b) 99% sea 
pen removal outside the refuge (area #8), and c) 99% removal everywhere (i.e. no refuge). The scenario with 
100% removal allows for assessing recolonization from a neighboring area, while scenarios with 99% removal 
allow recovery from both, recolonization from a neighboring area and local self-recruitment. 
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Figure 2.30.  Refuge effect and connectivity perturbation experiments. Top: Map showing the spatial 
configuration of the boxes in the general region used for experiment. Box #8 was the 
refuge, while the adjacent boxes #7 and #9 were perturbed and their recovery 
monitor ed. Bottom right: Recovery trajectories of box # 7 (r7) after 100% removal and 
with r8 as refuge, 99% removal with r8 as refuge, and 99% removal without refuge. 
Bottom left: Recovery trajectories of box # 9 (r9) after 100% removal and with r8 as 
refuge, 99% removal with r8 as refuge, and 99% removal without refuge. 

The results indicate that a refuge in box # 8 significantly accelerates recovery downstream (box # 9), 
approximately reducing recovery time by half. A refuge in box # 8 does not affect recovery rate upstream, but 
still allow long-term recolonization (Figure 2.30). These results highlights that the effectiveness of a refuge is 
dependent on its location and the topology of the connectivity network.  

Recurrent perturbations 

All above explorations were focused on recovery trajectories after a single perturbation. However, effects of 
fishing are recurrent; perturbations on a given location are repeated with some frequency. Here the effect of 
recurrent impacts was studied by applying broad scale removal outside boxes # 1-6 and # 8 (i.e. these boxes 
mimicked a network of refuges), using the region outside refuges (r0) and boxes #7 (r7) and #9 (r9) to monitor 
recovery after impact. The effectiveness of this network of refuges was evaluated by comparing results between 
experiments with and without refuges. 
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All experiments were conducted assuming a recurrence of impact of 4 years (i.e. a given location is only 
impacted every 4 years, allowing for colonization and growth in the intervening time), and at two different 
levels of impact, a 50% and a 90% sea pen removal at each impact event.  

The results indicated that with and without refuges, recurrent perturbations drastically reduce the abundance 
levels of sea  pens in the entire model domain (Figure 2.31-32). However, when the local scales are examined, 
it is clear that the presence of refuges has positive effects in downstream areas (Figure 2.31-32). The absence 
of refuges in the high impact scenario (90% removal) leads to the extirpation of sea pens in the study 
domain(Figure 2.32). 

These results highlight that, even with refuges, the sea pen abundance in the study domain can be rapidly 
depleted by recurrent perturbations, reaching a dynamic stable state at a level much lower than the pre-
perturbation one (Figure 2.31-32). This severe reduction in sea pen density would be expected to have 
important consequences in the functionality of the sea pen habitats. Still, the simulated refuge network only 
protects 14-15% of the total pre-perturbation abundance; higher coverage levels by the refuge network would 
be expected to provide better protection against recurrent perturbations. 

 

  

 
Figure 2.31. Recurrent perturbation experiments with 50% sea pen removal every 4 years. Top left: 

Recovery trajectories with refuges. Top right: Recovery trajectories without refuges. 
Bottom: Comparative fractions of remaining sea pen abundance with and without 
refuges for the different areas considered, indicating in red the areas that were 
perturbed in both scenarios. 
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Figure 2.32. Recurrent perturbation experiments with 90% sea pen removal every 4 years. Top left: 

Recovery trajectories with refuges. Top right: Recovery trajectories without refuges. 
Bottom: Comparative fractions of remaining sea pen abundance with and without 
refuges for the different areas considered, indicating in red the areas that were 
perturbed in both scenarios. 

Conclusions 

The model representation of the spatio-temporal dynamics of a generalized sea pen appears reasonable. These 
results indicate that there is important connectivity within the model domain, but the magnitude of the 
connectivity varies. Some locations emerged as natural barriers.  

Self-recruitment within an area is an important source of local growth, but overall growth also depends on 
connectivity between areas. Recovery times after a significant single perturbation is in the order of decades 
(20+ years). In the context of the FAO Guidelines (FAO 2009), these impacts on sea pens go beyond temporary 
impacts.  

Refuges provide a buffer to perturbation and effectively accelerate recovery. Size and placement of refuges is 
key to their effectiveness. Refuge placement has to consider connectivity to be effective. 

Broad scale recurrent perturbations of somewhat moderate level (50% removal every 4 years) can drive the 
sea pen status to very low level (e.g. 20% of pre-impact), likely impacting the ecological functions provided by 
sea pen habitats. Sea pens cannot tolerate high intensity broad scale recurrent perturbations. Refuges can 
buffer high impacts, but local extinctions would be expected in medium-low suitability areas. 
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2.3. Up-date on VME biological traits analysis and the assessment of VME functions.   

ToR 2.3 Up-date on VME biological traits analysis and the assessment of VME functions.  (COM Request #9) 

i)  Revised workplan for Biological Traits Analysis  

Following from the plan agreed at WG-ESA in 2017, WG-ESA has refined its plan of activities to be progressed 
over the next 2 years in support of the re-assessment of bottom fisheries to be conducted in 2021.  A first step 
in these preparations is defining a list of biological traits which best describe the VMEs in the NRA.  Such a list 
was discussed and agreed during the present meeting (see Table 2.5).  Table 2.5 will be used to create a sample 
traits matrix from species sample data (trawl survey data) using a pre-prepared species traits matrix. The 
objective of this analysis is to allow a more robust assessment of SAI through the inclusion of additional 
functional assessment criteria in the overall assessment of SAI.  

It was agreed the analysis of biological traits data should be progressed over the next two years (2019 and 
2020), by undertaking the following tasks: 

1. Creation of trawl sample traits matrix (based the VME indicator species from the list in the 
NCEM) for trawl survey 2008 ɀ 2016 biomass data, and if time allows presence/absence data, 
should be performed.  BIO to lead on this task that will be progressed by seeking support for 
DFO funding by December 2018, to include the possibility of additional high-resolution fish 
stomach sampling in the vicinity of VMEs (to be conducted on the 2019 surveys). 

2. Creation of specific trait-based VME maps (using multivariate analysis e.g. cluster analysis) 
3. Reassessment of trait-based VMEs at risk of impact and/or impacted, by assessing the trait 

data in relation to maps of fishing effort. 
4. Bi-variate trait response curves to fishing effort. 
5. Determine Trait Diversity Indices for each of the VME types. 
6. Determine the relationship between Species density and VME traits.  
7. Determine the overlap of fish distributions with habitats and VMEs/Traits using SDMs (to 

include any relevant stomach data which may be available, e.g. Flemish Cap data, and 
additional possible new data from 2019) 

8. Evaluate available risk assessment frameworks which may be appropriate for assessing the 
specific VME types in the NRA. 

  

http://resources.arcgis.com/en/help/agent-analyst/
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Table 2.5. Sponge and coral VME biological traits 

Trait  Modalities  Functional Links  Impact of Fishing 
Hypotheses 

Reference 

Maximum adult 
size 

Very small <100mm 
small 100 - 300 mm 

medium 301ɀ500 mm 
 large >500 mm 

Productivity, 
Biodiversity 

Provision, Filtration 
capacity, Carbon 

sequestration 

Larger sponges are expected 
to be more vulnerable to 

bottom contact fishing gears 

Sainsbury et 
al. (1992) 

Morphology Massive-globose 
Massive-irregular  

Tubular/Vase/cylindrical  
Flabellate 

Arborescent/Branching 
Cushion/Papillate 

Thin sheet 
Stalked 

Filiform (whip)  
 

Productivity, 
Biodiversity 

Provision, Filtration 
capacity, Carbon 

sequestration 

We expect morphology and 
size to interact with 

catchability. For example 
100% of branched sponges 

less than 300 mm, and 80% of 
branched sponges between 
301 and 500 mm in height, 

passed under the net. 

Wassenberg et 
al. (2002) 

Degree of 
Contagion 

Highly Aggregated (Habitat 
forming)  

Small patches  
Solitary 

Biodiversity 
Provision 

Bio-engineering 
habitat (e.g. 

sediment stability), 
local bottom current 

changes 

We expect species forming 
aggregations will be more 
vulnerable to fishing than 
solitary species based on 
probability of encounter 

 

Feeding Mode Filter feeder 
Carnivore 

Suspension feeder 

Energy transfer 
(Trophic Position) 

We expect filter feeding 
sponges to be more 

susceptible to impacts of 
sedimentation caused by 
fishing than carnivorous 

sponges.  

 

Preferred 
substrate 
inhabiting 

Hard (rock) 
Gravel/Pebbles 
Soft (mud/sand) 

Epizoic (on other fauna) 
 

Bio-engineering 
habitat (e.g. 

sediment stability), 
local bottom current 

changes  

We expect sponges living on 
soft sediment to be more 
susceptible to impacts of 
sedimentation caused by 

fishing than sponges living on 
hard bottoms. 

  

Rig\  
idity  

Rigid 
Flexible 

Provides stable 
structure and 

substrate for other 
organisms to attach 

to. 

More rigid is more sensitive to 
bottom contact fishing 

disturbance 

 

Adult mobility  Sessile 
Sedentary 

Bioturbation  Sessile if more susceptible to 
the effects of bottom contact 

fishing disturbance.  
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ii)  Biological traits: deep sea corals  

A study on trait-based approach on deep-sea corals of the Flemish Cap and Flemish Pass (NAFO Regulatory 
Area) is  being developed by IEO in close collaboration with BIO, under ATLAS project. First results of this work 
were presented during the 4th World Conference on Marine Biodiversity (Montreal, 13-16 May, 2018) (García-
Alegre et al., 2018).  This study analyzes which biological traits are useful to classify corals in study area, 
prioritizing traits where information is available and that capture variation for a range of biological or 
ecological processes. Data used for this work was collected from EU/Spain bottom trawl surveys (2007-2017) 
and NEREIDA rock dredge samples (2009-2010). 

This ongoing work represents a baseline revision on biological traits for further studies on deep-sea corals in 
this area. 24 taxa were selected as suitable for Fuzzy Correspondence Analysis  (FCA) and 19 traits were found 
appropriate to classify deep-sea corals. Categories for each trait were defined and scored by each taxa. FCA is 
in progress and it is expected to be completed in a next future. 
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iii)  Using joint species distribution modelling to measure and predict the influence of traits on the 
assembly processes of benthic communities of the Flemish Cap 

An essential purpose in community ecology is to understand how biotic and abiotic factors shape local species 
pools at different spatiotemporal scales (Ovaskainen et al., 2017, represented in Figure 2.33). The responses of 
the species to changes in environmental factors such as resources and disturbances vary depending on species-
specific characteristics known as response traits (Lavorel and Garnier, 2002). During the last decade, ecologists 
ÈÁÖÅ ÉÎÃÒÅÁÓÉÎÇÌÙ ÓÔÕÄÉÅÄ ÓÐÅÃÉÅÓȭ ÔÒÁÉÔÓ ÁÓ Á ×ÁÙ ÔÏ ÃÏÎÎÅÃÔ ÎÉÃÈÅ-based mechanisms to community patterns, 
although their use has been largely descriptive (Cadotte et al., 2015). Recent advances in community-level 
models (Warton et al., 2015; Ovaskainen et al., 2017) has allowed the incorporation of species traits in a 
modelling framework useful to identify response-traits that can provide functional, mechanistic and predictive 
perspectives  on processes shaping the assembly and dynamics of ecological communities (Cadotte et al., 2015). 
Hierarchical Modeling of Species Communities (Ovaskainen et al., 2017), a class of joint species distribution 
models (JSDM; Warton et al., 2015), presents a useful framework for management and conservation. A JSDM 
approach was applied to presence-absence data from a subset of 105 benthic species from the 2007 EU Survey 
on Flemish Cap using a suite of 6 predictors (including fishing effort) and 4 biological traits (maximum body 
size, reproductive method, mobility, and feeding type). Preliminary results allowed characterizing the 
biological traits of the benthic communities previously identified on Flemish Cap (Murillo et al. 2016). 
Additional results will be presented next year at the 2019 WG-ESA. 
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Figure 2.33.  Conceptual diagram of the assembly processes influencing ecological communities at 

different spatiotemporal scales and influence of the species traits (Ovaskainen et al. 
2017).  
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iv)  Soft corals as nurseries for basket stars (Gorgonocephalus sp.). 

Soft corals in the family Nephtheidae have been the subject of a study on the association with basket stars in 
the genus Gorgonocephalus Leach, 1815. Bycatch samples, in situ imagery, and the literature indicate an 
association between soft corals and basket stars (Echinodermata: Ophiuroidea; Fedotov 1923, Patent 1970, 
Haedrich and Maunder 1984, Buhl-Mortensen and Mortensen 2005, Buhl-Mortensen et al. 2017). 
Gorgonocephalus has a wide geographic distribution, being found from the Arctic to the Antarctic, from the 
shallow subtidal to the deep sea (Rosenberg et al. 2005). These basket stars have branching arms coming from 
a central disk, which can be up to 10 cm in adult specimens (Mortensen 1927). They are conspicuous 
components of benthic communities in the North Atlantic and Arctic. DFO-NL RV trawl data (2011-2017) 
indicate bycatch biomasses of up to 240 kg of basket stars in one set (NAFO 3L), and additional sets of >100 kg 
basket stars/set.  

We have examined over 2000 soft coral colonies from two species (Duva florida and Drifa glomerata) to 
investigate this association (Neves et al. 2018). Samples include DFO RV trawl soft coral colonies collected in 
the past 10 years, from the Newfoundland and Labrador, and Baffin Bay regions, from depths ranging between 
53-1317 m. 

Basket star occurrence was higher in Duva than in Drifa, with 11% and 33% of the examined colonies having 
associated basket stars. Maximum number of basket stars per colony was 27 for Duva and 111 for Drifa. Most 
basket stars were between 1-5 mm in disk diameter, but size range in a single colony was variable. Basket stars 
were mainly found on the upper half of the colony, which might favour protection against predation and food 
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capture (Buhl--ÏÒÔÅÎÓÅÎ ÅÔ ÁÌȢ ςπρχɊȢ $ÁÔÁ ÏÎ ɿ13# ÁÎÄ ɿ15N stable isotopes of basket stars and host Duva 
colonies indicate that they are feeding on the same sources (Neves et al. in prep).  

Preliminary analyses of DFO-NL RV trawl data (2011-2017) indicate that basket stars are present in >50% of 
the sets in NAFO div 2H, 2J, 3L and 3P, and >20% of the sets for NAFO div 3K, 3N, and 3O. Among sets with 
basket stars, >50% of the sets also had corals in NAFO div 2H, 2J, 3K, and 3N, most of which are Nephtheidae 
soft corals.  

The results of this study (Neves et al. 2018, Neves et al. in prep) show that Nephtheidae soft corals host juveniles 
of Gorgonocephalus sp., indicating that they are important in the life cycle of this basket star in this region. 
Further studies are needed in order to address the question of how exclusive this relationship might be and on 
how dependable basket stars are on soft corals. Gorgonocephalus sp. is considered vulnerable to trawling in the 
Barents Sea (Jørgensen et al. 2015), and it has been found as a prey item in stomach contents of Northern 
Wolffish (Simpson et al. 2013) and Greenland sharks (McMeans et al. 2012). 

Ongoing analyses by DFO-NL include assessing effects of latitude, bathymetry, and season on this association.  

Additional ongoing studies by the DFO-NL coral group on soft corals include assessing their role in sediment 
bioturbation and sediment cycling, their trophic ecology (Neves et al. 2017, in prep), and their potential to hold 
CaCO3 (Neves et al. in prep) including potential variations in latitude, depth, and season. 
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2.4. Assessment of NAFO bottom fisheries  

ToR 2.4. Maintain efforts to assess all six FAO criteria (Article 18 of the FAO International Guidelines for the 
Management of Deep Sea Fisheries in the High Seas) including the three FAO functional SAI criteria which could 
not be evaluated in the current assessment (recovery potential, ecosystem function alteration, and impact relative 
to habitat use duration of VME indicator species). COM Request # 9. 

This request is largely being being addressed by the work reported against ToR 2.1, 2.2, and 2.3 (see above).  

 

2.5. Up-date on fishery modelling activities  

ToR 2.5. Up-date on fishery modelling activities and develop 5-year plan for development and expansion of single 
species, multispecies and ecosystem production potential modelling. (COM Request #14). 

 

i)  US Modelling and Statex of Ecosystem Reports 

CIE Review for EBFM Management Procedure 

The Northeast Fisheries Science Center conducted a Center for Independent Experts (CIE) review from April 
30th to May 3rd, 2018.  A management procedure framework was presented, including the following items: 
ecological production units, ecosystem level ceilings, fishery functional groups, strawman objectives, 
ecosystem level reference points, aggregate catch advice, tradeoff analysis, and species floors (Figure 2.34). 

 
Figure 2.34.  Framework for Ecosystem Based Fishery Management, proposed to address the request 

of the New England Fishery Management Council. 
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The general conclusions reached by the reviewers for the management procedure proposed, more detail of 
which can be found in their reports (https://www.nefsc.noaa.gov/program_review/reports2018.html ), was 
that the overall procedure was theoretically sound, but that most elements required changes or expansion to 
be useful.  Some of the recommendations were: 

¶ More realistic fleets in the modeling work to take into account the nature of the mixed fleet fisheries 
in the region 

¶ Using the same analyses for all models intended to be used 
¶ Ramped fishery control rules rather than step functions 
¶ Continued use of multiple models to examine tradeoffs and likely outcomes 
¶ Further iteration with management to determine more specific objectives 

The Fishery Production Potential analysis is worth going into in more detail.  This analysis (Figure 2.35) was 
proposed as a way to develop the ecosystem level ceiling was considered to have been implemented in a 
scientifically rigorous fashion by the reviewers.   

 
Figure 2.35.  The Fishery Production Potential model used. 

The results were similar to previous estimates although higher, which was considered by the review panel to 
be reasonable because primary production appears to have increased on Georges Bank over time.  They were, 
however, concerned regarding the levels of uncertainty in the estimates, and how those might be interpreted 
by managers in determining the ecosystem level cap.  Accordingly they suggested avenues of research to 
explore before an ecosystem level cap is implemented using this technique.  One avenue of research suggested 
is to explore alternative methods (e.g. food web models, etc) to calculate the ecosystem level ceiling and 
compare them to the FPP results.  The reviewers also recommended that uncertainty should be included with 
any estimate provided as management advice.  

State of the Ecosystem Reports 

Georges Bank and Gulf of Maine SoE Report 

Mid-Atlantic SoE Report 

https://www.nefsc.noaa.gov/program_review/reports2018.html
http://s3.amazonaws.com/nefmc.org/2_2016-State-of-the-Ecosystem-Report.pdf
https://static1.squarespace.com/static/511cdc7fe4b00307a2628ac6/t/58de8227bf629a46b8ab35ad/1490977355678/Tab02_2017-04_State-of-the-Ecosystem-and-EAFM.pdf
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The NEFSC produced two reports, one for each management council (NEFMC and MAFMC) last year and is in 
the process of producing those reports for 2019.  The procedure has been greatly streamlined through the use 
of RMarkdown and github, such that more energy can be focused on determining which new indicators are 
useful, which indicators should be removed, and creating holistic information for managers.  Each report is 
tailored to the correÓÐÏÎÄÉÎÇ ÍÁÎÁÇÅÍÅÎÔ ÃÏÕÎÃÉÌȭÓ ÒÅÑÕÅÓÔÓȢ  /ÎÅ ÃÈÁÎÇÅ ÔÈÁÔ ×ÁÓ ÍÁÄÅ ÉÎ ÔÈÅ ςπρψ ÒÅÐÏÒÔ 
which was well received was to start the reports with an overall executive summary and conceptual model of 
the system and then continue with the human elements before going to the biological and climate related 
portions of the ecosystem.  It was found that managers appreciated getting the big picture before seeing the 
details. 

A technical description of the methods and code used to generate the reports has also been completed. 

(https://noaa -edab.github.io/tech-memo/)  

MAFMC EAFM Risk Assessment Report 

The MAFMC asked for a prototype Risk Assessment report derived from the State of the Ecosystem report.  The 
report incorporated many elements of the State of the Ecosystem report and so was efficiently produced and 
well received.  The MAFMC mainly used this as guidance to determine next steps and research suggestions, and 
recommended that this EAFM Risk Assessment document be added as a council deliverable to the annual 
Implementation Plan to reflect the most recent information available.  They requested an Ecosystem 
Considerations for Stock Assessment of summer flounder report be created since Summer Flounder showed 
the highest levels of risk in the most categories of any species in their management region. 

Ecosystem Considerations for Stock Assessment (ECSA) of Summer Flounder  

https://noaa -edab.github.io/ECSA/ 

As a preliminary product, effort was placed in creating a flexible and easily changeable framework in 
Rmarkdown for the ECSA reports.  The report itself utilized the most rapidly changing indices in the region (e.g. 
temperature, salinity, zooplankton composition, etc) and noted how they may affect different life history 
elements of summer flounder.  Additionally, habitat occupancy models using the random forest technique were 
created, which indicate that habitat for summer flounder has had an increasing trend in recent years. 

ii)  %5 3#τω ÐÒÏÊÅÃÔȡ Ȱ-ÕÌÔÉÓÐÅÃÉÅÓ &ÉÓÈÅÒÉÅÓ !ÓÓÅÓÓÍÅÎÔ ÆÏÒ .!&/ȱ 

Due to the limitations imposed in the use of the data needed for the development of the project SC05 
Ȱ-ÕÌÔÉÓÐÅÃÉÅÓ !ÓÓÅÓÓÍÅÎÔ ÆÏÒ .!&/ȱ ÎÏ Òesults were presented to the WGESA, with the exception of the 
contribution of the SC05 project to the task 2 of the EU SC03 project Ȱ3ÕÐÐÏÒÔ ÔÏ Á ÒÏÂÕÓÔ ÍÏÄÅÌ ÁÓÓÅÓÓÍÅÎÔȟ 
benchmark and development of a management strategy evaluation for cod in NAFO divisioÎ χ-ȱ. Instead, a very 
shallow presentation of the work done along this year within the project SC05 was done. 

The tasks of the SC05 project are: 

Å Task 1: Setting the context 

ï A general overview of the multispecies approach worldwide  

ï Description of the biological, ecological, fishery and scientific features of the Flemish Cap. 

Å Task 2: Updating GadCap 

ï An updated version of the multispecies model GadCap: a gadget cod, redfish an shrimp 

multispecies model in the Flemish Cap. 

Å Task 3: First approach to implement multispecies assessment 

ï Explore the provision of scientific advice for a multispecies approach in the Flemish Cap  

Å Use of multispecies natural mortality estimates in stock assessment 

Å Multispecies MSE framework and potential new multispecies HCRs.  

Å Task 4: Economy trade-offs 

ï First analysis of the socio/economic implications 

ï Available techniques and models needed to assess the trade-offs 

https://noaa-edab.github.io/tech-memo/
https://noaa-edab.github.io/ECSA/
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Å  Task 5:  Dissemination to scientists and stakeholders 

ï Discussion and interaction between scientists and other stakeholders: workshop. 

ï Presentation and integration of results in the NAFO-WGESA and NAFO Scientific Council 

meetings 

Å  Task 6:  Further research 

ï Identify future necessary steps and research activities 

Currently, tasks 1 to 4 have already been covered and finished. In task 2, the multispecies model GadCap (Pérez-
Rodríguez et al. 2017) was extended to cover and assess the dynamic of cod, redfish and shrimp over the period 
1988-2016. For this, all the survey and commercial databases were updated and revised, in order to ensure 
that the data used in GadCap was, as much as possible, the same data used in the single species stock assessment 
of these stocks. Length and age distribution of survey and commercial catches, total biomass index by species, 
total annual commercial catches, distribution by season, biomass of the different prey species, diet composition 
databases, etc. All the data sources supporting the different likelihood components were reviewed and updated. 
In addition to the databases, some very important sub-models defining the productivity and interactions 
between the three stocks were reviewed and improved. On this regard, the growth model parameters were re-
estimated and re-grouped by years; the sub-models of maturation and sex-change as a function of size were 
reviewed, the sub-models defining the prey-predator length relation as well as the suitability parameters 
defining the trophic interactions were refined. In relation to the natural mortality, different approaches were 
used to estimate the residual natural mortality (M1), that together with the predation mortality (M2) estimated 
within GadCap would produce values of total natural mortality (M=M1+M2) at age every year (Pérez-Rodríguez 
and González-Costas 2018). This matrix of natural mortalities were used (as part of the task 3) as an alternative 
ÅÓÔÉÍÁÔÅ ÏÆ ÎÁÔÕÒÁÌ ÍÏÒÔÁÌÉÔÙ ÄÕÒÉÎÇ ÔÈÅ σ- ÃÏÄ ÂÅÎÃÈÍÁÒË ÅØÅÒÃÉÓÅ ÉÎ ÔÈÅ %5 3#πσ ÐÒÏÊÅÃÔ ȰSupport to a robust 
model assessment, benchmark and development of a management strategy evaluation for cod in NAFO division 
3Mȱ (González Troncoso et al. 2018). In addition, different model configurations were tried: model with annual 
instead of seasonal time steps, model with beaked and golden redfish species separated, model with different 
configurations in the functional response relating prey-predator consumption. This new model structures did 
not produced results that may be considered appropriate for long term simulations, however entailed a step 
forward in these lines of work. In long ÔÅÒÍ ÓÉÍÕÌÁÔÉÏÎÓ Á ȰÃÁÒÒÙÉÎÇ ÃÁÐÁÃÉÔÙ ÃÏÍÐÏÎÅÎÔ ×ÁÓ ÉÎÔÒÏÄÕÃÅÄȱȢ 

In the development of the task 3, a multispecies MSE framework was developed taking the a4a-FLR MSE 
framework developed by the EU Joint Research Centre of Ispra (Italy). This multispecies MSE framework 
(Figure 2.36) included the updated multispecies model GadCap as an operating model, that provided 
information about the commercial fishery, survey and the stock to three different management procedures 
(one for each of the three stocks), where two possible options for the stock assessment were available (shortcut 
and an a4a SCAA stock assessment model). The data provided for the stock assessment passed through an 
observation model, with the possibility of introducing error in the data simulating the assessment error, or the 
commercial and survey data noise, depending if the shortcut or the a4a SCAA option was used as assessment 
method respectively. Once the assessment is performed, a short term projection takes places within the 
management procedure for each stock, which, in conjunction with the HCR is used to define the catch advice 
and the TAC. This TAC goes through an implementation model, which will determine the final catch that is 
finally sent to the operating model (GadCap), that will run forward one year, implementing the catch, 
introducing new recruited indiv iduals (determined with a SSB-Recruitment considering uncertainty or not) 
and simulating all the biological and ecological processes occurring within the modelled system in GadCap (and 
very importantly the trophic interactions).  
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Figure 2.36. Multispecies MSE framework developed within the Task 3 of the project SC05 in 

conjunction with Iago Mosqueira and Ernesto Jardim from the EU Joint Research Centre 
in Ispra (Italy), and taking the work developed within the project REDUS by Daniel 
Howell and Ibrahim Umar from the Institute of Marine Research of Bergen (Norway).  

As part of the task 3 of the SC05 project different management strategies were tested. Different HCRs were 
designed by defining the precautionary reference points (Blim and Btrigger) and F reference points defined with 
single and multispecies considerations. In addition, two stages hockey stick HCRs were tested to assess if this 
HCRs would allow a reduction of an excessive predation mortality from cod. Finally, this multispecies MSE 
framework was used to assess the effect that an assessment considering constant M for all ages over time, a 
vector of M variable by age but constant over time, and a matrix of M variable at age and year (output from the 
OM GadCap) would have had on each of the three stocks assessed. As part of the task 4, the ecological and 
economic trade-offs result of the implementation of a number of different HCRs with single and multispecies 
foundations were assessed. 

iii)  An Economics Lens to Understanding NAFO Fishing towards Implementing Ecosystems-based 
Fisheries Management (EBFM) 

Integrated Ecosystem Based Fisheries Management (EBFM) is a goal of the Northwest Atlantic Fisheries 
Organization (NAFO), and thoughtful implementation of EBFM could result in changes to status quo fishing 
behaviors within the NAFO regulatory area.  Therefore, modelling such impacts is an important consideration 
in determining possible trade-off within the bio-economic system.  Towards this end, exploratory research 
linking  key economic and ecological considerations in a stylized conceptual model of the fishing industry 
operating on the Grand Bank off the coast of Newfoundland ɀ specifically NAFO areas 3LNO- was conducted.  
The ecosystem model is reverse engineered in that starts with economic considerations of the management 
system (the fishery) and then proceeds to add the accompanying ecological components that are integral to the 
ecology and also support the economic system.  The model development approach builds on the work of the 
International Council for the Exploration of the Sea (ICES) Working Group on the Northwest Atlantic Regional 
Sea (WGNARS) which since 2009 has been focused on building capacity to support Integrated Ecosystem 
Assessment for the Northeastern US and Atlantic Canada.  A key objective of ICES WGNARS has been to draw 
on a broad base of expertise including physical and social scientists.  The 3LNO conceptual model combines a 
dual economic and ecological lens to contemplate answers to such questions as; how do changes in key 
ecosystem parameter values (e.g. harvest levels, ecosystem pressures) concurrently impact human use and 
ecosystem components, while allowing examining  questions regarding the perceived value in extending the 
model to include specifics of fishing activities in the NAFO regulatory area; how that analysis might proceed 
including unit of analysis, possible data limitations and potential solutions; initial metrics (analytical 
approaches) for quantifying trade-offs ɀ specifically the treatment of landed value information in the model.  
The concept of commodity (fish) value chains were explored as well as methods and sources of data for landed 
price (value) for NAFO fleets catches which included the specification of an ordinal ranking approach for value 
information using a Species Value Factor concept.  Next steps include investigating suitable data sources to 
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capture fishing related variable for NAFO fleets including landed values by species/country and employment 
indicators (individuals and fishing hours).  Given data limitations, proxy values may have to be considered 
(short term) to specify the model while more reliable values are explored.  Ultimately, the Conceptual Model 
should be presented to NAFO managers to seek input and gauge support.  

Conceptual model development an d implementation  

Most ecosystem-level bio-economic models evolve from purely ecological models where economic elements 
are built as add-ons. While this classical approach can render useful results from an ecological research 
perspective, they not always represent the reality of managers in a way that the managers themselves can relate 
to. Furthermore, ecological models can be seen by managers as overwhelming given their ecological 
complexity, preventing them from fully understanding how the model is working. These models often become 
a black box for most managers.  

If EBFM is to become a practical approach, working level managers need to see their everyday work reflected 
in the tools used for EBFM, and have the capacity of understanding how those tools are working in a way that 
promotes trust in the outcomes. While EBFM represent a different way of approaching resource management, 
ÔÈÅ ÔÒÁÎÓÉÔÉÏÎ ÔÏ %"&- ÎÅÅÄÓ ÔÏÏÌÓ ÔÈÁÔ ÃÁÎ ÒÅÆÌÅÃÔ ÔÏÄÁÙȭÓ ÍÁÎÁÇÅÍÅÎÔ ÒÅÁÌÉÔÙ ×ÈÉÌÅ ÁÌÌÏ×ÉÎÇ ÆÏÒȟ ÉÄÅÁÌÌÙȟ Á 
seamless integration of the EBFM principles into that reality. 

While the ecosystem bio-economic model being developed for the Grand Bank (3LNO) is conceptual in nature, 
ÉÔ ×ÁÓ ÎÏÎÅÔÈÅÌÅÓÓ ÃÏÎÓÔÒÕÃÔÅÄ ÕÎÄÅÒ ÔÈÅ ÐÒÅÍÉÓÅ ÏÆ ÃÁÐÔÕÒÉÎÇ ÔÈÅ ÍÁÎÁÇÅÒȭÓ ÐÏÉÎÔ ÏÆ ÖÉÅ×ȟ ÁÉÍÉÎÇ ÁÔ ÄÅÌÉÖÅÒÉÎÇ 
a conceptual tool that managers can engage with. This implied two fundamental elements: a) the focal 
component had to be those that managers deal with in their everyday work, and b) the implementation tool 
had to be one that the managers can use without a steep learniÎÇ ÃÕÒÖÅȟ ÁÎÄ ×ÈÉÃÈ ×ÏÕÌÄ ÁÌÌÏ× ÔÈÅÍ ÔÏ ȰÌÏÏË 
ÕÎÄÅÒ ÔÈÅ ÈÏÏÄȱ ÁÎÄ ÆÕÌÌÙ ÕÎÄÅÒÓÔÁÎÄ ÈÏ× ÔÈÅ ÔÏÏÌ ÉÓ ×ÏÒËÉÎÇȢ  

Based on these ideas, the model was constructed using a reverse-ÅÎÇÉÎÅÅÒÉÎÇ ÁÐÐÒÏÁÃÈ ÆÒÏÍ ÔÈÅ ÍÁÎÁÇÅÒȭÓ 
view of the ecosystem (Figure 2.37). Paradoxically, while standard single-species approaches evaluate the 
status of the stock and set quotas at the individual stock level and in isolation from other target stocks, 
managers often consider the viability of the enterprises involved (e.g. fleet sectors) when designing and 
assessing alternative management actions. In these viability analyses, economic factors like enterprise revenue 
and employment level play a key role in defining management options. 



63 

Northwest Atlantic Fisheries Organization  www.nafo.int 

 
Figure 2.37.  Schematic representation of the Grand Bank (3LNO) bioeconomic ecosystem, including 

economic units (fleets), commercial species, and socio-economic factors (e.g. 
employment, revenue). The current implementation of the conceptual model only 
includes employment and revenue as economic factors; inclusion of other factors is in 
development. 

4ÈÅ ÍÁÎÁÇÅÒȭÓ ÅÃÏÓÙÓÔÅÍ ÐÏÉÎÔ ÏÆ ÖÉÅ× ×ÁÓ ÕÓÅÄ ÔÏ ÉÄÅÎÔÉÆÙ ÔÈÅ ËÅÙ ÓÐÅÃÉÅÓ ÔÈÁÔ ÎÅÅÄÅÄ ÔÏ ÂÅ ÉÎÃÌÕÄÅÄ ÉÎ Á 
minimum conceptual model of the Grand Bank. However, a model only composed by these species cannot 
capture the basic ecosystem interactions that would make it a minimally operational representation of the 
Grand Bank food web. A key forage fish species in this ecosystem would be missing (sandlance), as well as key 
bottom-up drivers and regulators of ecosystem productivity (e.g. temperature, sea ice, coastal nursery habitats 
like eelgrass beds, phytoplankton, zooplankton). Adding these elements, and the basic links among them, 
allowed constructing a minimal ecosystem interaction web for the conceptual model (Figure 2.38). It is 
important to emphasize that despite their similarities, an interaction web is not equivalent to a food web. A 
food web represents predator-prey connections, while an interaction web represents the effect that one node 
has on another, allowing to represent within the web, for example, the impacts of environmental components 
on biological ones. Equally important, a given predator-prey link may be absent from an interaction web if the 
magnitude of the effect is negligible in comparison with dominant interactions. 
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Figure 2 .38.  Interaction web of the ecological components included in the conceptual model of the 

Grand Bank (3LNO). The colored arrows represent positive and negative interactions; 
while most of these interactions are driven by predator-prey relationships, they 
represent a more general/dominant interaction effect (e.g. the negative effect of 
temperature on sea ice). 

4ÈÅ ÉÎÔÅÇÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÅÃÏÓÙÓÔÅÍ ÉÎÔÅÒÁÃÔÉÏÎ ×ÅÂ ÁÎÄ ÔÈÅ ÍÁÎÁÇÅÒȭÓ ÖÉÅ× ÏÆ ÔÈÅ ÅÃÏÓÙÓÔÅÍ ×ÁÓ 
implemented by adding catches to the ecosystem interaction web, where those catches were resolved to the 
fleet-target species level. The ecosystem interaction web was composed by 17 nodes;  adding the fleet-target 
nodes implied adding 19 additional nodes to create an integrated interaction web. While these numbers in 
themselves are not particularly relevant, the ratio between them is a potentially interesting indicator. A 
minimal conceptual representation of this bio-ÅÃÏÎÏÍÉÃ ÓÙÓÔÅÍ ÔÈÁÔ ÃÁÎ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÍÁÎÁÇÅÒȭÓ ÐÅÒÓÐective 
of the ecosystem required as many economic nodes (represented here by fleet-target nodes) as it needed 
environmental/ecosystem ones in the basic integrated interaction web.  

This interaction web can be mathematically represented with a square transition matrix T, where each element 
in that matrix corresponds to the effect of one node on another (aij denotes the effect of node j on node i). If we 
consider a vector Xt representing the state of all nodes at time t (xi indicates the state of node i), then the matrix 
multiplication of TxXt allows to estimate the state of all nodes at t+1 (Xt+1=TxXt). This basic algebraic 
representation allows projecting the state of the system over time. While these projections represent the 
trajectories of the state variables, the full representation of socio-economic impacts/outputs needs scaling the 
catches per target species and fleet to dollars and labor hours. This scaling was implemented outside the 
transition matrix by considering the average price and work hours per tonne of catch for each specific fleet-
target node, and required 38 additional parameters. 

This model structure represents the bio-economic system as a set of linear equations. This type of architecture 
is common in conceptual models, but here instead of considering the model as purely topological (i.e. a signed 
graph), the transition matrix and biological state variables were parameterized using available information on 
biomass level from research surveys, diet compositions, available estimates of primary and secondary 
production from Ecosystem Production Potential models, and existing knowledge on the influence of 
environmental drivers and habitat on fish production, while the environmental state variables were 
represented with nominal index values (e.g. arbitrary value of 100 at equilibrium). Socio-economic state 
variables and parameters were compiled from a diversity of sources, including catch statistics, government 
databases and available economic analyses and summaries. This approach to parameterization brings the 
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conceptual model closer to steady state ecosystem modelling (i.e. mass balance under equilibrium assumption) 
and allows representing most state variables with numerical values which are consistent with real world values 
for these variables. To allow for exploration of uncertainty in model outcomes, the option of drawing 
parameters for the transition matrix from triangular distributions centered on the deterministic values of these 
parameters was implemented. 

Even though the conceptual model is not intended to be an accurate representation of the real world, by 
rendering results that approximate actual magnitudes, the potential consequences of alternative management 
option can be more directly interpreted and assessed by managers. The hope is that by providing sufficient 
resemblance to reality, managers would consider the conceptual model good enough to meaningfully engage 
in the EAF conversation and way of thinking.  

The other important element in the development of this conceptual model is the ability for managers to use it 
without a steep learning curve or specialized training. This was accomplished by developing the model in the 
broadly used spreadsheet software Microsoft Excel (Figures. 2.39-2.41). Most managers are not familiar with 
the tools typically used by scientists (e.g. R software), but do most of their quantitative analyses using Excel, 
and they are fully familiar and proficient with this software tool. Implementing this conceptual model in a tool 
ÆÁÍÉÌÉÁÒ ÔÏ ÍÁÎÁÇÅÒÓ ÆÁÃÉÌÉÔÁÔÅÓ ÉÔÓ ÁÄÏÐÔÉÏÎȟ ÁÎÄ ÐÒÏÍÏÔÅÓ ÔÒÕÓÔ ÂÙ ÒÅÍÏÖÉÎÇ ÃÏÎÃÅÒÎÓ ÁÂÏÕÔ ȰÂÌÁÃË ÂÏØȱ 
approaches.  

The developing of this conceptual model is still work in progress. Next steps include refinements in the 
parameterization, and the inclusion of some of the additional socio-economic dimensions displayed in Figure 
2.37.  In terms of functionality, some pending work include improvements in the user interface (i.e. make it 
easier to modify parameters to explore management options), and adding the capacity to generate statistical 
summaries of multiple random runs. Beyond the modelling aspects, and the exploration of alternative 
management options in a conceptual way, a workshop to engage with managers, present the tool, and get their 
feedback is also intended.  

 
Figure 2.39. Screen shot of the conceptual model for the Grand Bank (3LNO) implemented in 

Microsoft Excel. Details of the transition matrix. 
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Figure 2.40. Screen shot of the conceptual model for the Grand Bank (3LNO) implemented in 

Microsoft Excel. Details of the table of parameters used to populate the transition 
matrix; notice cell 2L which allows setting on/off the use of random triangular 
distributions  for the parameters in the  transition matrix. 

 
Figure 2.41. Screen shot of the conceptual model for the Grand Bank (3LNO) implemented in 

Microsoft Excel. Details of the vectors of state variables over time, and plots 
summarizing the biological and environmental trends, as well as the trends in fisheries 
revenues and employments by fleet. This specific screen-shot corresponds to a run with 
increasing temperature over time (i.e. mimicking climate change) and random 
triangular noise in the parameters of the transition matrix. These results correspond to 
a single random draw. 
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iv)  Modelling dynamics of key components of the Newfoundland and Labrador marine community in a 
ecosystem context: The case of Northern cod (NAFO Divs 2J3KL) 

Introduction  

Considering ecosystem drivers in modelling stock dynamics is one of the cornerstone elements in 
implementing ecosystem-informed stock-assessments and advice. In 2017 WGESA explored the dynamics of 
Northern cod (NAFO Divs 2J3KL) using an Empirical Dynamic Modelling (EDM) approach (NAFO 2017). EDM 
is an equation-free approach that allows reconstructing a multidimensional attractor using lagged coordinates 
embedding of empirical time series data (Sugihara and May 1990, Deyle and Sugihara 2011). Current 
developments of this technique allow using multiple time series to better map the underlying attractor for short 
term forecasting (Ye et al. 2015), as well as to explore causality between pair of variables using convergent 
cross-mapping (CCM) (Sugihara et al. 2012). 

The WGESA 2017 EDM analysis considered  RV cod biomass and catches, the cumulative Composite 
Environmental Index (CEI), and the capelin acoustic and RV capelin biomass indices into the EDM,  predicted a 
stable or reduced Northern cod level for 2017, in contrast with the accepted assessment model which predicted 
an increase (NAFO 2017). The 2017 RV Fall survey showed a decline in Northern cod.  

The agreement between EDM predictions and RV observations prompted a further exploration of how to 
incorporate ecosystem drivers in modelling Northern cod dynamics. These explorations included an updated 
EDM analysis and the implementation of a bioenergetic-allometric model for Northern cod based on the work 
of Buren et al (2014). 

Northern cod EDM update  

The EDM approach to Northern cod involves running an assemble of models, each of them with different 
subsets of drivers, and comparing outputs to generate an envelope of possible trajectories. In the current 
update, a series of eight models were implemented (Table 2.6). These model configurations ranged from single 
species (model s, only cod biomass in the model), cod and fisheries catches (m4, cod biomass and cod catches), 
cod and environmental variables only (m1, cod biomass and cumulative CEI), cod and prey only (m2, m3, and 
m5, with cod biomass and the capelin acoustic biomass index, the RV shrimp biomass index, and the RV capelin 
biomass index respectively), and two multifactor models (m6 and m7) which combined cod biomass and 
fisheries catches with environmental and prey drivers (Table 2.6). 

All EDM configurations where fitted to a common time series for comparison across configurations. All models 
showed good fits to the cod time series (Table 2.6, Figure 2.42), and were used to explore 1-3 year forecasts for 
the stock (Figure 2.43). 

The forecast results indicate that while some of the models in the one year forecast predict increases from the 
2017 levels, all three year forecasts indicate a more consistent picture of stable or decline trends from the 2017 
level.  These results suggests that continued significant rebuilding of the Northern cod stock within the next 1-
3 years seems unlikely. 
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Table 2.6.   Northern cod EDM configurations and associated fits. Rho: correlation coefficient, MAE: 
Mean Absolute Error, RMSE: Root Mean Square Error. The modifiers t1 and t2 indicated 
the temporal lag of the variable. The first variable indicated corresponds to the 
dependent variable being predicted  (cod) 

Abbr Model Variables Number of 
predictions 

Rho MAE RMSE p-value 

s Cod (cod, cod_t1, cod_t2) 21 0.905 0.069 0.094 1.08E-10 

m1 Cod+Env (cod, cod_t1, cumCEI) 21 0.940 0.047 0.073 7.22E-14 

m2 Cod+CapeAc (cod, cod_t1, CapeAc) 21 0.919 0.060 0.084 1.01E-11 

m3 Cod+Shrimp (cod, cod_t1,  Shrimp) 21 0.863 0.081 0.108 1.54E-08 

m4 Cod+Catch (cod, cod_t1, CodCatch) 21 0.927 0.059 0.083 1.81E-12 

m5 Cod+Capelin (cod, cod_t1, Capelin_t1) 21 0.875 0.077 0.116 4.59E-09 

m6 Multi -factor 
1 

(cod, cod_t1, CodCatch, 
cumCEI, Capelin_t1) 

21 0.917 0.051 0.086 1.32E-11 

m7 Multi -factor 
2 

(cod, cod_t1, CodCatch, 
cumCEI,CapeAc) 

21 0.933 0.048 0.076 4.85E-13 

 

 
Figure  2.42. Northern cod EDM fits for the eight model configurations explored. Each model   

description is given in Table 2.6. 
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1 year forecast 

 

2 year forecast 

 

3 year forecast 

 

Figure  2.43.  Assemble of Northern cod EDM 1-3 year forecasts. Each model description is given in 
Table 2.7. 
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Capcod: A simple bioenergetics -allometric model for Northern cod  

Bioenergetic-allometric modelling (Yodzis and Innes, 1992) has been used to investigate the relative roles of 
fishing, food availability (i.e. capelin) and harp seal predation in the trajectory of Northern cod (Buren et al., 
2014).  This study concluded that both fishing and capelin availability were significant drivers of Northern cod 
dynamics, while predation by harp seals was not (Buren et al., 2014). 

Based on these earlier results, a new bioenergetics-allometric model was developed. This new model, capcod, 
differed from the earlier implementation on several ways. These included: a) capcod uses discrete equations 
(as opposed to differential equations), b) the effect of harp seal predation was not included, c) the functional 
response was configured differently, assuming a fixed Type 3 form and including an other prey component, d) 
the model assumes process error only.  

The basic capcod engine is described by the following equation: 

ὄ ὄ ὄ Ὕ ▄ὐ
╪ὅ ╬▬►

ὐ ╪ὅ ╬▬►
□ ὄ Ὄ  

where Blue  indicates data, Black  indicates fixed parameters, Red indicates estimated parameter, and with the 
predicted biomasses constrained to be positive. Beyond the parameters in the above equation, there is an 

additional estimated parameter ║  for the initial cod biomass. ὄ  in the equation indicates the predicted cod 
biomass.  

The parameters in the capcod model are: 

T:  mass-specific respiration rate for the population; derived from allometric equations (Yodzis and Innes 
1992) and assumed average individual cod body mass of 1 kg. 

J
max

 : maximum mass-specific ingestion rate for the population; derived from allometric equations (Yodzis and 

Innes 1992) and assumed average individual cod body mass of 1 kg. 
e:  fraction of the ingested energy/biomass available at the metabolizable level. 
a:  ÆÕÎÃÔÉÏÎÁÌ ÒÅÓÐÏÎÓÅ ÃÏÅÆÆÉÃÉÅÎÔ ɉȰÁÔÔÁÃË ÒÁÔÅȱɊ 
cprȡ Ȱcapelin prey replacementȱȠ ÉÔ ÒÅÐÒÅÓÅÎÔ a constant baseline of food available to cod in the absence of 

capelin.  
m:  density-dependent mortality rate. 
B

0
:  initial cod biomass. 

The data used to fit this model were the RV 2J3KL Fall cod biomass index, the RV 3L Spring Acoustic biomass 
index for capelin, and estimated fisheries catches for 2J3KL from commercial and recreational fisheries. The 
model was fitted using a maximum likelihood approach, assuming a lognormal process error.  

The capcod model provided a good fit to the data (Figure 2.44). The examination of residuals and exploration 
of retrospective patterns indicated that the estimated parameters were notably stable and robust, but with 
some indications that environmental signals (e.g. weak but still significant rank correlations  between capcod 
residuals and CEI and cumulative CEI) may need to be included into this modelling framework in the future.  
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Figure 2.44.   Capcod model fit. 

The capcod model was used to generate decision tables conditional to capelin levels (Table 2.7). Given the 
process error structure of the model, projections were implemented by adding process error components 
randomly generated from the estimated process error distribution assuming fix levels of capelin and harvest 
(derived as multipliers of the observed catch in 2017).  

 

Table 2.7.  Capcod-based probabilities of RV Northern cod biomass in 2018, 2020, and 2022 to be larger 
than the one observed in 2017, conditional to specific catch and capelin levels. 

Pr(B
t
>B

2017
)  

Catch Level 

status quo (2017)  No Catch 50%  
 status quo  

200%  
status quo  

2018  2020  2022  2018  2020  2022  2018  2020  2022  2018  2020  2022  

C
a
p

e
lin

 le
ve

l 

SQ 
(2017)  

0.48 0.42 0.37 0.49 0.47 0.47 0.49 0.45 0.41 0.46 0.32 0.25 

100  0.31 0.21 0.13 0.35 0.26 0.21 0.37 0.24 0.19 0.33 0.15 0.08 

300  0.64 0.71 0.75 0.67 0.73 0.77 0.64 0.73 0.77 0.62 0.65 0.67 

500  0.72 0.86 0.86 0.77 0.88 0.90 0.77 0.86 0.88 0.71 0.84 0.85 

1000  0.80 0.92 0.93 0.84 0.94 0.92 0.81 0.93 0.92 0.82 0.92 0.92 

 

The results from this modelling exploration indicates that taking into account capelin levels in setting catch 
quotas can improve the odds for stock rebuilding. Short-term prospects for the stock are not good; under 
current capelin levels the stock is more likely to decline, or at best remain stable. Rebuilding to pre-collapse 
levels within the next 5 years appear highly unlikely. 


















































































