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Report of the SC Working Group on Ecosystem Science and Assessment (WGESA)
19-28 November 2019

I. INTRODUCTION

The NAFO SC Working Group on Ecosystem Science and Assessmentf®/4&), formerly known as S@/orking
Group on Ecosystem Approaches to Fisheries Management (VEBFM), had its 12 meeting on 1928
November 2019 at NAFO Headquarters, Dartmouth, Canada.

The work of WGESA can be described under two complementary contexts:

a) work intended to advancethe Ecosystem Approach to Fisheries Management (EAFM), which typically
involves medium to longterm research, and

b) work intended to address specific requests from Scientific Council (SC) and/or Commission (COM), which
typically involves short to mediumterms analysis, aligned tdEcosystem Approach forities.

ToRs to be addressed in 2019 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 EAFM develop research and summarize new findings on the spatial structure and
organization of marine ecosystems with an emphasis on connectivity, elkanges 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 othe status, functioning, productivity of
ecosystemg(including modelling multi-species interactions) in the NAFO Convention Area.

Theme 3: Practical application EAFM

ToR 3. Develop research and summarize new findings on loatgrm monitoring of status and
functioning of ecosystem units (including ecosystem wsmmary 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 geperic ToRs, trje§e arplgceholdersintended~to beAusAed whenNddressin~gAex~pected
AAAEOET T Al OANOAOGOO &OTi 3AEAT OEZEA #1 01 AEI 1 0 &EO
ToRs above.

Work under these themes served to address the following Commission Requests (COM Doe290

[3] The Commission requests that Scientific Council continue its evaluation of the impact of scientific trawl
surveys on VME in closed areas, and the effect of excluding surveys from these areas on stock assessfiieRs
3].

[5] The Commission requests theScientific Council to continue to refine its work under the Ecosystem
Approach and report on these results to both the WGEAFFM and WGRBMSR 3].

[6] In relation to the assessment of NAFO bottom fisheries in 2021, the Scientific Council shodltbR 2]:

1 Assess the overlap of NAFO fisheries with VME to evaluate fishery specific impacts in addition to the
cumulative impacts;

Northwest Atlantic Fisheries Organization www.nafo.int
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1 Consider clearer objective ranking processes and options for objective weighting criteria for the
overall assessment of significant dverse impacts and the risk of future adverse impacts;

1 Maintain efforts to assess all of the 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 functionati@éiia
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).

1 Continue to work on nonsponge and coral VMEs (for example bryozoamed sea squirts) to prepare
for the next assessment.

[7]1 The Commission requests Scientific Council to conduct a-essessment of VME closures by 2020, including
area #14[ToR 1].

[12] The Commission request that the Scientific Council present the Ecosyst@ummary Sheet for 3LNO for
presentation to the Commission at the 2020 Annual Meetin§iToR 3].

[16] The Commission requests Scientific Council to continue to monitor and provide updates resulting from
relevant research related to the potential impact ofctivities other than fishing in the Convention Area (for
example via EU ATLAS project), and where possible to consider these results in thegming modular approach
concerning the development of Ecosystem Summary She¢toR 3].

[18] The Commission reqeests the Scientific Council to provide information to the Commission at its next
annual meeting on sea turtles, sea birds, and marine mammals that are present in NAFO Regulatory Area based
on available data[ToR 1].

1. Impact of Trawling on Stock Assessments

COM Request B] and ToR 3.3. The impact of scientific trawl surveys on VME in closed areas and the effects
of excluding surveys from these areas on stock assessment metrics.

Analysis conducted by WE&ESA in 2016 (SCS Doc. 16/21) concluded the risk of impact on VME arising from
scientific trawls within VME closed areas was significant, especially with regard to the sponge VME. However,
the analysis to assess the impact of remawy survey sets from closed areas on stock assessment metrics has
yet to befinalized. In anticipation the analysis will be completed soon (next year), WBSA considers the need
to investigate and develop alternative appropriate coseffective noninvasive monitoring techniques essential

to ensure the continuity in the monitoring and assessment of VMES in the NRA.

Discussions held by W&3 ! ET ¢mnpe Al T-desdtr@ivd damplirig Audvey® aré preferred, for
example camerabased surveys, but there would be trad®ffs to consider in regard to obtaining adequate
biological sampling. Another consideration was whther calibration of non-destructive surveys with bottom

trawl surveys was possible to enable a combined series of the data for monitoring purposes. The WG suggested
an ad hocWG be created to explore the feasibility of nodestructive monitoring surveys with the aim of
developing objectives for future monitoring as well as, to the extent possible, enable meaningful comparisons
Ol A@EOOEI ¢ AT OO0Ti OOAxI OOOOAUO8 w@PAOOO ET AT OE OAI DI
WGESA thereforerecommends that Scientific Council investigates the use of nalestructive cost effective
sampling techniques to monitor VMESs and the options for integrating such techniques and the data they generate
into the existing scientific trawl surveys, possibly through the establishmenawfad hoc WG on neimvasive
survey methods.

2. Fishery Production Potential

COM Request [5] and ToR 3.2. Review of Ecosystem Production Potential (EPP) model structure,
sensitivity, and its use for fisheries advice .

The NAFO Commission (COM) artscientific Council (SC) joint Working Group on the Ecosystem Approach
Framework to Fisheries Management (WGEAFFM) have raised concerns about the underlying reliability of the
Ecosystem Production Potential (EPP) model, and the rationale and robustness bét25" percentile of the
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Fisheries Production Potential (FPP) distribution-after adjusting for ecosystem productivity state as the
metric to be used for defining the Total Catch Index (TCI).

Given these concerns, consolidating previous analyses, anddat to them by investigating specific questions

and comparing results with other models should improve the foundation on which FPP estimates, and related
TCls canrest. It is also important to clearly outline underlying assumptions of the EPP model dhdir potential
impact on predictions. Such analyses could affect the applicability of the advice in decisioraking, and allow

an assessment of how the estimated TCls may be altered by changes in ecosystem state (e.g. annual primary
production and nutrient inventories).

As part of this process, during its 2019 June meeting, SC committed to undertake the following tasks:

1. Assess whether the 25th percentile of the FPP distribution is the correct precautionary metric to define
TCI (i.e. fishery carrying capeity).

2. Explore development of a dynamic version of the EPP model to develop projections and further inform
the assessment of ecosystedevel risks.

3. Assess whether the historical biomass and proportional distribution of functional feeding groups is an
appropriate representation of a fully functional/high productivity ecosystem state.

4. Evaluate whether ecosystem productivity (i.e. from lower to upper trophic levels, as possible) has

changed following the major changes in ecosystem status.

Undertake sensitivity assessment of the sources of uncertainty in EPP model projections

6. Contrast sustainable exploitation rates from EPP and other approaches (e.g. maximum sustainable
yield) and investigate alternative scenarios in the distribution of exploitation rates amng functional
groups

o

In support of SC work on this topic, WGESA addressed these points at its 2019 meeting. While some specific
elements still remain to be fully explored due to workload issues and availability of resources (e.g. dynamic
version of EPP modl), the substance of the concerns raised was thoroughly investigated.

The Ecosystem Production Potential (EPP) model

Ecosystem Production Potential (EPP) models are simple network models that track the production generated
by primary producers up the foal web (Fogarty et al., 2016; KoerAlonso et al., 2013; Rosenberg et al., 2014)
This work was used to support the first guidelines for total catches in NAFO, and by FAO to derive estimates of
Fisheries Production Potential (FPP) for Large Marine Ecosystems (LMEs) around the wof(lebgarty et al.,
2016; NAFO, 2015; Rosenberg et al., 2014)he basic premise of the EPP model is that the primary production
generated by phytoplankton is the ultimate limit for fish production in the marine ecosystem. Therefore,
tracking how this production moves up the food chain would allow estimating the production of the trophic
levels that support fisheries, providing an upper bound for totafisheries catches.

The EPP model allows this tracking because production of a trophic level is estimated as a fraction of the
production of the trophic level that feeds into it. This fraction is the transfer efficiency. Thigslso meanghat the
EPP modelat least it its current form, is not dynamic. It represents productivity conditions integrated over a
medium-term horizon (e.g. 35 years).

The model assumes that all available production from one trophilevel becomes production in the next and
that the system is fully functional, that each trophic level is abundant enough to use all the production available
to it. The food web structure in the current EPP model (v2) represents three main energy channels in the
ecosystem, the pelagic, benthic, and micradliloop pathways (Figure 2.1).

Northwest Atlantic Fisheries Organization www.nafo.int
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Figure 2.1. Structure of the EPP model (v2). Ovals represent nodes [functional guilds], and arrows
indicate the trophic flows between nodes. The equations along the flows indicate the
parameters/factors in each flow (i.e transfer efficiency, transfer efficiency times fraction
available, or exploitation rate). The red, blue, and brown backgrounds indicate the pelagic,
benthic, and microbial loop energy pathways. While the current model allows fishing on
five (5) nodes [fundional guilds], mesozooplankton, planktivores, suspension feeding
benthos, benthivores, and piscivores, mesozooplankton is not considered a fishable node
in NAFO ecosystems.

The EPP model is implemented as a Monte Carlo simulation to account for the urta@ty in inputs and model
parameters. Transfer efficiencies outside the microbial loop are modeled using beta distributions whose
parameters are derived from a compilation of existing network models (35 models for Arct@8oreal
ecosystems, 58 models for Traperate ecosystems)Fogarty et al., 2016; Rosenberg et al., 2014Main model
input is size-partitioned primary production derived from remote sensing data and associated analyses
(Fogarty et al., 2016; KoerAlonso et al., 2013; Rosenberg et al., 2014)

Characterizing EPP model behavior

Behavior of the EPP model was examined using the Grand Bank (3LNO) Ecosystem Production Unit (EPU) as a
test case. The EPP model was characterized by examining the distribution of production among nodes
[functional guilds], the correlation among productivities within energy pathways, and the correlation between
primary production and fishable nodes (i.e. suspensioffieeding benthos, benthivores, planktivores, and
piscivores). Total heterotrophic ecosystem production is highly dominated by production associadl with the
microbial loop, while the nodes [functional guilds] associated to fisheries, even those targeting highly
productive species like small pelagics (i.e. planktivore node), have productions orders of magnitude lower. For
example, the estimated production from bacteria and nanoflagellates nodes are 37 and 7 times larger
respectively than production in the planktivore node. Therefore, even small relative changes in these lower
trophic levels could potentially have substantial cascading impacts on trdyc nodes relevant to fishing.

The examination of the correlations among nodes and pathways (Figure 2.2) shows that the EPP model predicts
a diffuse linear connection between total PP (i.e. aggregating napaco and micro-phytoplankton production)

and fishable nodes (r=0.330.36), but production within energy pathways shows much more structure.
Production within the microbial loop and pelagic pathways are highly coherent (average r=0.77 and r=0.67
respectively), while production along the benthic pathways$ more diffuse (average r=0.47). This is consistent

Northwest Atlantic Fisheries Organization www.nafo.int
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with ecological theory which indicates that real ecosystems are characterized by a majority of weak links, and

asymmetric energy channels which differ in productivity and turnover rate (e.g. a fast pelagpathway vs a
slow benthic pathway) (Koen-Alonso, 2009; McCann et al., 1998; McCann et al., 2005; Rooney et al., 2006)

From a isheries perspective, this indicates that it is necessary to consider food web structure and energy

pathways to adequately track how PP becomes fisheries productiqfriedland et al., 2012; Stock et al., 2017)
While the food web structure in the EPP model allows for a better characterization of the uncertainty and
energy pathways, the magnitude of the estimated production is still consistent with the simple and well
established food chain approximati 1

thousand tonnes yi.
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Figure 2.2. Pairwise correlations among estimated node [functional guild] productions, anthcluding

somerelevant aggregates (Total PP, Total heterotrophic production), from the EPP model
(v2) for the Grand Bank (3LNO) EPU. All correlations are calculated using thedfson

correlation coefficient and based on 1000 runs of the model. The background color
indicates the value of the correlations, with dark green indicating high negative

correlations, and strong orange high positive correlations.

Sensitivity analysis

A comprehensive examination of the model requires an evaluation of its structural uncertainty; how the model

x EEAE

responds to changes in the topology of the food web. Because total heterotrophic ecosystem production is

dominated by production associated with the nicrobial loop, which could potentially have substantial impacts
on trophic nodes relevant to fishing, the analysifocusedon topological changes affecting the microbial loop.

The results from each sensitivity run were represented as fractions of the mediaof the base run.

The microbial loop has a key role in driving deposit feeding benthic production through benthipelagic
coupling (detritus pathway). Weakening the microbial loop boosts suspensiefeeding benthos production,
but has negative impacts ordeposit-feeding benthos (Figure 2.3). A stronger microbial loop generally reduces

productivity in the pelagic pathway, and consequently on some fishable nodes like planktivores and piscivores,

Northwest Atlantic Fisheries Organization
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while the effect on benthivores is less consistent and depends how the different pathways are affected
(Figure 2.3).

2.50
W Microbial loop removed

2.00

W Weak microbial loop with no

input to pelagic pathway
1.00 W Weak microbial loop
0.50

Weak microbial loop and

bentho-pelagic coupling
0.00

No microbial loop input to
pelagic pathway

Relative Node Production
(Run/Base Run)

Bacteria
Nanoflagelates
Planktivores
Bentivores
Piscivores

Stronger microbial loop and
weak bentho-pelagic coupling

Total (heterotrophic)
Microzooplankton
Mesozooplankton

Deposit Feeding Benthos

W Strong microbial loop

Suspension Feeding Benthos

EPP Model Node

Figure 2.3. Results from the EPP model (v2) sensitivity runs for the Grand Bank (3LNO) EPU. Runs
are ordered by increasing strength of the microbial loop.

Overall, the EPP model properly capturebasic ecosystem features, and can serve as a simple and practical
platform to explore impacts/changes at different trophic levels. It allows linking primary production and lower
trophic levels with those of interest to fisheries, and hence, can provide ast order approximation to the
production potential of trophic guilds relevant to fisheries.

From EPP to fisheries advice

The EPP model estimates the potential production of the ecosystem under the assumption that the ecosystem
is fully functional (i.e. ts maximum potential for production). Using these estimates for the provision of
fisheries advice in NAFO requires 1) defining what is a sustainable catch level in the context of an EPP model,
2) evaluate the level of ecosystem functionality and, if requérd, scale down the model results to consider the
actual/current ecosystem state, and 3) present these results in a way that is in line with NAFO management
principles and frameworks.

Sustainable catch level

In traditional fisheries science the idea of gstainability is often related to the Maximum Sustainable Yield
(MSY) which corresponds to the maximum level of catch that can be annually extracted from the stock while
keeping the stock size at a stable level. Sustained catches above MSY will drive tbeksdown.

The EPP model simply tracks the faith of primary production in the food web. Iversof1990) proposed that

OEAO EZEOE bDPOI AOAOQEIT 1 APDPAAOAA OI AA OQ'IT(A)(‘)" 1 AA AVU
DEUONIDIAIEOIT AET 1 AOOb AAOA~A N'I'T OEA AI'TAADOO I £ 1T Axh
aO01T AEAOAA Oi OEA TEOOI GCAT AUAIT A ET OEA TAAAT 8 O0OEI AOU

T EOOT CAT j Ascs ObpxAlilEICh xET OAO iE@Equ AT A A OOAAUAI
from phytoplankton and other organisms (.e. waste products). Thé-ratio is the fraction of primary production

OEAO OAITEAO 11 A OAEOARAOGETI Axo OI OOAA T &£ 1 OOOEAT 00K AT A
replenish what is harvested from the sea by fisheries. THeratio can byapproximated using the ratio between
micro-phytoplankton production and total primary production, and Rosenberg et a2014) compiled estimates

of these ratios for 54 Large Marine Ecosystems around the world. The median ratio from those LMEs was 0.205,
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which translates to an upper limit for sustainable fishing in the context of the EPP model of ~20%. Applying
this exploitation rate to the fishable nodes in the EPP model would render, in principle, an estimation of the
maximum production that could be sustainably extracted by fisheries, the Fisheries Production Potential (FPP).

However, practical applications also require an ida of what fraction of the production of the node [fishing
guild] is actually of potential fisheries relevance. Only four nodes [functional guilds] in the EPP model are
considered to contain species targeted by fisheries or of potential fisheries relevangaiscivores, benthivores
(e.g. young stages of groundfish and smaller taxa, shellfish), plantktivores (e.g. capelin, herring), and
suspensionfeeding benthos (e.g. scallops, clams). The proportion of each node relevant to fishing was assumed
to be 100% ofpiscivore and benthivore production, 50% of planktivore production, and 10% of suspensicn
feeding benthos production. The production of piscivores and benthivores was also aggregated into the
Standard Demersal Component (SDC), which considers that prodigt of some commercial species can be
shared between these nodes because of their trophic plasticity.

Estimates of FPP were produced for three EPUs within the NAFO Convention Area, the Newfoundland Shelf
(2J3K), the Grand Bank (3LNO), and the Flemish C&M). Results indicate that, if these ecosystems were fully
functional, the Newfoundland Shelf, the Grand Bank, and the Flemish Cap would be able of sustaining total
fisheries catches up to 577, 889, and 15thousand tonnesper year, respectively. Traditional groundfish and
shellfish fisheries (the SDC) would represerglightly less than half of these yields, and piscivore yields around
10% (Figure 2.4), with differences across ecosystems mostly driven by differences in ecosystem area.
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Figure 2.4. Fisheries Production Potential (FPP) for the Newfoundland Shelf (2J3K), Grand Bank
(3LNO), and Flemish Cap (3M) EPUs. Left: FPP by fishable node [functional guild], Right:
FPP with piscivore and benthivore nodes aggregated into Standard Demersal
Components(SDC). Red dots indicate the medians, whiskers the -B0% range, and the
numbers above are the numerical value of the medians. The differences magnitude
across EPUs is mostly a reflection of the differences in areal extent of these ecosystems.
All these estimates assume these ecosystems are fully functional.

These FPP estimates are consistent with MSY estimates from aggregate biomass surplus production models. A
comparative analysis of 12 Northern hemisphere marine ecosystems, which also included thewdeundland-
Labrador Shelves, found that MSY ranged between5ltonnes km? yr-1 and that the associated exploitation
rates were 0.£0.4 yri, with most ecosystems showing values around 0.2¥1(Bundy et al., 2012) These results

for exploitation rate are consistent with the F=20% derived from thd-ratio rationale, while the MSY range fully
encompass the FPP estimates for the EPUssa@lered here (Figure 2.5). Furthermore, the specific results from
Bundy et al. (2012)for the Newfoundland-Labrador system show MSY values around 1 tonne kfryr-1, which

if we consider that their analysis relied on bottom trawl survey data, makes the similarity between their results
and the SDC FPP estimate (Figure 2.5) particularly remarkable.
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Figure 2.5. Fisheries Production Potential (FPP) per unit area for the Newfoundland Shelf (2J3K),
Grand Bank (3LNO), and Flemish Cap (3M) EPUs, with the FPP for piscivores and
benthivores aggregated into Standard Demersal Components (SDC). Red dots indicate the
medians, whiskes the 10-90% range, and the numbers above are the numerical value of
the medians. All these estimates assume these ecosystems are fully functional.

Adjustment for ecosystem functionality

While FPP estimates assume that the ecosystem is fuflynctional and relatively stable, real ecosystems are
often far from equilibrium, and relatively stable conditions do not necessarily imply full functionality or
productivity. The Newfoundland Shelf (2J3K), Grand Bank (3LNO) and Flemish Cap (3M) EPUs have
experienced important changes in total biomass over time (Figure 2.6). The Flemish Cap appears to have
maintained a relatively stable total biomass but the Newfoundland Shelf (2J3K), and Grand Bank (3LNO)
currently have total biomass levels that are far lver than the ones observed before the early 1990s.
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2
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Figure 2.6. Total RV Biomass Density indices for the Newfoundland Shelf (2J3K) (Fall), the Grand
Bank (3LNO) (Spring and Fall), and Flemish Cap (3M) (Summer). The 2J3K and 3LNO

series have been scaledrp-1995/1996 to correct for the change in the survey gear in the
DFO surveys.
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As a result, FPP estimates need to be adjusted to reflect their reduced productivity state before they can be
used to evaluate the sustainability of total catches in these ecosgms for a given period of time. This
adjustment was based on the production/biomass ratio (P/B ratio) concep(Banse and Mosher, 1980; Randall
and Minns, 2000) The P/B ratio is often assumed constant for any given species taixa which implies that
production and biomass are directly proportional.Adopting a similar assumption at the ecosystem level allows
using the fraction between a current total biomass and the maximum total biomass as a proxy for the current
productivity state relative to maximum productivity (i.e. fully functional ecosystem). In the case of the
Newfoundland Shelf (2J3K) and Grand Bank (3LNO) EPUs, the trajectories of total RV Biomass as a fraction of
the median of total RV Biomass between 1981985 for 2J3K, and between 1988987 for 3LNO were usd to
define a penalty scheme to adjust FPP estimates. This scheme assumes that these ecosystems were fully
functional prior to the collapse. Applying this adjustment to FPP generates estimates of current Fisheries
Production Potential (FPPc), which reflecthe actual productivity state of the ecosystem at given period of time
(Figure 2.7).

Total RV Biomass (fraction of maximum)

and Penalty Scheme for adjusting FPP to actual/current conditions

1.8 1.2
3
16
1
1.4 L]
]
1.2 0.8
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0.2

0 0
1970 1980 1990 2000 2010 2020 2030 1970 1980 1990 2000 2010 2020 2030

® 2J3K Fall e 3LNO Spring «eeeees 23K Penalty  -+----- 3LNO Penalty

Figure 2.7. Total RV biomass for theNewfoundland Shelf (2J3K) (Fall survey) and Grand Bank
(BLNO) (Spring Survey), and corresponding penalty scheme used for adjusting the FPP
estimates to pastto-current productivity state. Left: Total RV Biomass expressed as a
fraction of the 1981-1985 median for 2J3K and the 19851987 median for 3LNO; lines
correspond to the 5yr running median. Right: Filled lines correspond to the running
medians from the left panel, and dotted lines represent the abstracted penalty scheme to
represent the productivity state over time, where 1 corresponds to a fully functional
ecosystem. Blue dots and lines: 2J3K; Red dots and lines: 3LNO.

Considering that the EPP model results represent an integrated view of ecosystem productivity ovemadium-
term horizon (e.g. 35 yr), adjustment of FPP values to actual/current conditions also needs to be based on
some reasonable integration over anedium-term period. That is the reason behind defining a penalty scheme
instead of directly using the running median of the ratio between auent and maximum biomass (Figure2.7).

If the penalty factor is 1, it implies that the ecosystem is fully functional, and no real adjustment is required; if
the penalty factor is less than 1, then full ecosystem functionaliig compromised to some degree, and fisheries
productivity has to be adjusted down accordingly.

Total Catch Indices (TCls) and Guidelines for Total Catches

The analyses described so far generate a framework to estimate fisheries production potential forgaven
ecosystem, and to adjust these estimates to represent current ecosystem productivity conditions, but their use
in advice needs to be consistent with NAFO management principles and practices, chiefly among them being
the Precautionary Approach and tle Ecosystem ApproacliKoen-Alonso et al., 2019)

The current Fisheries Production Potential (FPPc) (i.e. FPP adjusted for ecosystem functionality), is derived
from the concept of a maximum exploitation rate which is consistent with sustainable catch levels from an
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ecosystem perspective. The NAFO Precautionary Approach indicates that the probability of exceeding a
maximum sustainable exploitation rate should be lowand nominally characterizes low probability as around
20% (although the actual value is to be set by managers). Following a similar rationale, a simple way to ensure
that the probability of exceeding FPPc is low, is to use the 2%ercentile of the FPPdistribution as the
operational threshold for evaluating if total catches are within the ecosysterevel sustainability envelope. This
operational threshold (25" percentile of the FPPc distribution), consistent with the NAFO PA, is the Total Catch
Index (TCI).

Furthermore, guidance on total catch level also requires mapping the species being caught to the functional
guilds represented in the EPP model nodes, keeping in mind that attribution of catches for some commercial
species may need to be split betweedifferent EPP model nodes as a result of ontogenetic changes in diet (e.qg.
cod start off as planktivores but ultimately becomes a key piscivores).

Based on the principles outlined above, the estimated TCls, and median FPPc for comparison, were calculated
for the Newfoundland Shelf (2J3K), Grand Bank (3LNO) and Flemish Cap (3M) EPUs (T2l which take
into account the penalty schemes developed for 2J3K and 3LNO.

Table 2.1. Total Catch Indices (28 percentile) and medians of the current Fisheries Production Potential
(FPPc) distributions for each fishable model node [functional guild] and Standard Demersal
Components (SDC) aggregate (SDC=benthivore+piscivore) for tHdéewfoundland Shelf
(2J33K), GrandBank (3LNO), and Flemish Cap (3M) EPUs. Penalty factors were applied for 2J3K
(0.4) and 3LNO (0.3).

Total Catch Index (TCI)

Total Density
(thousand tonnes y1) (tonnes km2 y-1)
TCI
TCI (25th) Median (25th) Median
2J3K SDC 74 111 0.29 0.44
Piscivore 18 25 0.07 0.10
Area: Benthivore 51 85 0.20 0.33
254.32 SF Benthos 13 20 0.05 0.08
thousand ke Planktivore 70 100 0.28 0.39
Total FPPc 416 543 1.63 2.14
3LNO SDC 86 129 0.27 0.41
Piscivore 21 29 0.07 0.09
Area: Benthivore 59 99 0.19 0.31
315.18 SF Benthos 14 21 0.04 0.07
thousand kn? Planktivore 83 117 0.26 0.37
Total FPPc 468 612 1.49 1.94
3M SDC 50 76 0.86 1.31
Piscivore 12 17 0.21 0.30
Area: Benthivore 35 58 0.60 1.00
57.83 SF Benthos 8 12 0.14 0.22
thousand kn? Planktivore 49 69 0.84 1.19
Total FPPc 274 359 4.74 6.21
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Based on the temporal changes in penalty factors (Figure 2.7) total catches by functional guild summarized as
a fraction of the corresponding TCI demonstrate that in the 1960995 period, catches from the piscivore guild
were consistently above TCI levelm all ecosystems, while the other functional guilds were mostly within their
sustainability envelope (Fig. 2.8). After 1995, catches from the benthivore guild, mostly driven by shellfish
species, have also been above the TCls in all three ecosystems, evhikcivore guild catches above the TCls
keep occurring in 3LNO and 3M.
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Figure 2.8. Time series of Catch/Total Catch Index (TCI) by functional guild for the Newfoundland
Shelf (2J3K), Grand Bank (3LNO), and Flemish Cap (3M) EPUs. Left panels shown the full
time series, while right panels zoom in on the most recent decades.

Evaluating theeffectiveness of TCI as guidance level for total catches

To evaluate the effectiveness of this approach, it is important to recognize that FPPc and TCI are intended as
strategic metrics capturing signals integrated over a period of time (e.g.-8 years), and that changes in
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ecosystem trends and productivity are not solely related to fishing. If TCls are effective guidance reference
levels for total catches, fishing above these levels would be expected to erode ecosystem functionality, leading
to declines n biomass at the functional guild level.

This expectation was evaluated by comparing the growth rates from smoothed functional guild biomass
trajectories with the corresponding 5yr running average of the yearly catch/TCI ratios. Growth rates by
functional guild from the Newfoundland Shelf (2J3K)Grand Bank (3LNO), and Flemish Cap (3M) EPUs were
integrated into a single analysis by standardizing each series with respect to its standard deviation.

The analysis was restricted to the piscivore and benthivore functional guilds because most catches mapped

onto these groups. Catch data was obtained from the NAFO STATLAN 21A database, while functional guild
biomass was calculated from DFO RV surveys for 2J3K (Fall) and 3LNO (Spring), and the European Union (EU)
survey for 3M.

Results of this evaluaibn indicate that catches above TCI levels are clearly associated to negative biomass
trends in functional guild biomass, while catch levels below TCI show a fairly even distribution of positive and
negative biomass trends (Fig. 2.9). Average relative gkth rate for catch levels above TCl wad).450, while
average growth rate for catch levels below TCl was 0.073; this is a significant difference\@lue < 0.001).
Fishing above TCl is clearly associated with negative growth rates, while fishing below Ti@proves the odds

of positive growth rates. The even distribution of positive and negative growth rates when fishing below TCl is
also consistent with the premise that, if fishing is sustainable, other factors would control functional guild
growth rates. There are positive growth rates with catches above TCI but most observations are either close to
zero growth or represent catch levels only slightly above TCI=1.

Overall, TCI performs reasonably well at mapping a space of catch levels associated with niggatrends in
functional guilds. Taking into consideration the generality of the approach used to derive TCls, the consistency
in the response between functional guilds, and the coherence among ecosystem units, it can be concluded that
TCl is a sensible migic for providing strategic guidelines on total catches.
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Figure 2.9 Relationship between functional guild biomass trends (growth rate) and catch level
expressed as a fraction of the corresponding Total Catch Index (TCI) for the piscivore and
benthivore guilds in the Newfoundland Shelf (2J3K), Grand Bank (3LNO), and Flemish Cap
(3M) EPUs. Catch levels below 1 indicate sustainable exploitation levels from the
perspective of TCI.
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Exploring trade-offs among functional guilds

In the context of fisheries, casidering the trophic interactions among exploited species is a prime example of
trade-off that would need direct and explicit management attention. The EPP modeased approach also
allows to perform some initial evaluations of tradeoffs. FPP calculatioa can be done assuming that not all the
fishable nodes will be fished. For example, the planktivore and suspensié@eding nodes feed into the piscivore
and benthivore nodes, fishing on these lower trophic level nodes has an impact on the production of tiigher
trophic levels.

To explore the potential consequences of these tradeffs, FPP estimates for benthivores and piscivores (i.e.
assuming full ecosystem functionality), were evaluated using scenarios in which one or both of the planktivore
and suspersion-feeding nodes were not harvested. The results indicate that piscivore and benthivore FPP
increased around 1020% depending on the fishing scenario, but these gains are achieved at a substantial loss
in total FPP.

Concluding Remarks

The analyses, and rationale presented here summarizes the work done by WGESA towards developing a
framework for making operational the Tier-1 of the NAFO Roadmap to EAF. This tier is aimed at assessing the

sustainability of fisheries catches at the ecosysm level, and the use of Total Catch Indices emerges as a

scientifically robust and effective way for informing this level of assessment.

The EPP model provides a good approximation to ecosystem production based on primary production, while
the FPPc distributions and TCI values are reasonable metrics to characterize the upper boundary to sustainable
fisheries exploitation. TCI performs wellin defining a space where fishing is mostly associated to negative
ecosystem trends, but should not be taken as a hard limit; it is recurrent and/or persistent fishing above TCI
what would be expected to lead to ecosystem level declines. More significantthese analyses indicate that,
even in situations where management decisions at the single stock level are deemed sustainable (e.g. fishing
levels in recent years), their aggregate impact at the ecosystem level may not be. This ecosystem level
assessmenprovides a solid way to start identifying and addressing these situations.
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3. Update of Empirical Analysis

COM request [6] and ToR 2.1. Empirical trawl track assessment to better estimate assessment of SAl
(NEREIDA project)

Empirical determination of seabed impact and validation of resilience model

An important requirement when assessing SAl is knowledge of the actual areampact associated with a given

level of fishing pressure or effort. The impact of bottom fishingon VME indicator species biomasis particularly

sensitive to the assumptions concerning trawl track line density and orientation. To address this uncertayn

OEA OAAOOAI 6 OOAx1 OOAAE TETA AAT OEOU AT A 1T OEAT OAOQET 1
Further, we investigated how the line data can be used to link the biomass of sea pens to fishing effort more
accurately than in the previous anlyses, and how the biomass curves can be improved and then applied for
subsequent analysis of SAI.

i) Method

Line features representing the tracks of fishing vessels, derived from VMS pings collected between 2@0018
were obtained from the NAFO secretariafThe tracks each relate to the movement of individual fishing vessels
interpolated from VMS pings that have been filtered to speeds between 856knots, based on known fishing
speeds derived from logbook data. Each line was also attributed with the type dishing gear used by the vessel.

The scientific trawl data combines Spanish (201:119) and DFO (200518) data. For the purpose of this analysis,

all scientific trawls were plotted as lines in GIS using their start and end coordinates. Only lines less than 10 km
long were included in the aralysis dataset to exclude tows with incorrect coordinates. Scientific trawls acquired
before 2011 were excluded from analysis to allow for at least one year of VMS data to precede the tows. The
sample of scientific trawls was further limited to those locagd inside the outermost KDE contour from 2016
that includes at least trawls with >0.5kg of sea pens, acting as a proxy for suitable sea pen habitat. There are
1,122 lines included in the analysis., sampled 2011 or later, that intersect the extended KDEyguin.

When allocated to a km2 grid, 34,090 grid cells had fishing effort associated with them. To reduce processing
time, it was necessary to select a subset of areas for comparison. In comparison, the simulations in 2016 and
2018 were run using 100 cels per run. To make the sample areas most relatable to the scientific trawl data to
be used for the biomass curves, the estimates needed to reflect the areas sampled by the scientific trawls. In
the original analysis the fishing effort associated with eackrawl was extracted from a 5km2 grid of fishing
effort (as hours fished.yeatt.km2) by intersecting the start point of the trawl with the grid. As illustrated in
figure 3.1, the effort value assigned to each scientific trawl from the Em2 grid may not accurately represent
the actual effort. Consequently, effort was estimated in a given area around each scientific trawl, established by
buffering the scientific trawl line to 500 m in all directions (Figure 3.1). These buffer areas constitutehe
sample boxes and are referred to as such in the following text.
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Figure 3.1. Example showing the 5 krafishing effort layer used in 2016, VMS lines crossing the area,
start points and lines plotted from start to end of tow of scientific trawls, thé&s00 m buffers
used as sample plots for VMS lines and the VMS lines selected to represent effort for each
scientific tow.

The VMS track dataset was clipped to the sample area polygons and each set of lines was allocated the unique
sample ID of the scientifR OOAx1 EO OAI AGAO 61 8 4EA O AAOGSE ATl OI1
from vessels using long lines and fishing patrol vessels. On inspection of the tracks in sample areas, it was clear
that across such a limited area, vessels engagimgfishing activities largely follow the same tow orientation
(Figure 3.2a). Consequently, lines that do not to follow the direction of other lines are likely to be erroneous,
resulting from vessels travelling at fishing speeds but not fishing. The VMS tilalines were disaggregated at
vertices, to ensure correct calculation of orientation from start and end coordinates. The main bearing (circular
median) and standard deviation (sd) for lines in each square was calculated Bearing was calculated using the

m
—_

beAOET ¢ &£O01 AOCEIT ET OEA ORI BAadrigAweik calcilaiell AsGdhectiBris atB60j & ECOO.

degrees, but for presentation and filtering all west facing direction were inverted 180 degrees to east facing for
ease of interpretation. Tracks wih bearings falling outside + 1sd were excluded from the data.
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Figure 3.2. Map (a) and circular histogram (b) showing VMS tracks inside (blue) and outside (orange)
1 standard deviation (light blue highlight) of the maindirection (circular median, line on
histogram) for one sample area

To account for the difference in the length of scientific trawls, and to make the output comparable to thdrh?
simulation runs, the length of line calculated in each sample area was divided by its area, to standardise all data
to the unit of km.km2 of VMS track.

Biomass of all sea pens were combined by scientific trawl. Biomass from total catches was convertelgd<m

2 using the length of trawl (straight line from start to end coordinates) and an estimated swept width of 14m
for Lofoten trawls and 24m for Campelen trawls. The simple calculation does not account for the effect on the
catch of the different heighs of the net opening or the size of cednd, but these are less important for sea pens
than they are for fish.

ii) Results and Discussion
Accumulation of effort

Lines in each sample area were buffered one by one in order of their tinsgamps, to create polygos of 150 m
swath. Accumulating line length and percent of area covered by each added polygon were recorded until 100%
of the sample area was covered. The line lengths were converted to kmRrby dividing by the size of the
sample area. Figure3.3 shows acomparison of the relationship of track length to percent of sample area
covered by accumulating lines buffered to 150 m from the simulation using a wide normal distribution to
allocate line positions and VMS tracks. The comparison shows that the simulatétke accumulation using the
wide-normal line density distribution is a good match to reaiworld condition in the sample areas.
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distribution and VMS derivedlines buffered to 150 m.

Biomass accumulation curves

The accuracy of the biomass accumulation curve is important for accurately estimating resilience and
subsequently assessing SAIl. The resilience calculations rely on the assumption that the rate of aadation of
biomass over the fishing effort gradient reflects, all other factors being equal, the percentage of the sea pen
biomass associated with a given level of fishing effort. For the curve to accurately reflect the relationship
between fishing effortand sea pen biomass, it is essential that both effort and biomass are spatially estimated
as accurately as possible and are spatially docated. The new methodology for effort estimation utilising VMS
tracks covering the period 2010z 2018 has the potental to represent fishing effort at the location of the
scientific trawl much more accurately than gridded effort from VMS pings. Pingased grids are, by definition,
spatially coarse to account for location of the vessels-netween pings. The new methodolgy associates the
scientific trawl biomass (from survey trawls) directly to the fishing effort in the immediate vicinity of the survey
trawl.

Figure 3.4 (a) shows a comparison of biomass accumulation curves plotted using the gridded fishing effort data
following methods employed in 2016 and 2018 and the new effort data derived from the VMS lines covering
the same period. The comparisonitilized the same scientific trawl data for both datasets (i.e. scientific trawls
between 2011- 2016). The fishing effort data assigned to each survey trawl location is an average of the yearly
effort in years preceding the scientific trawl. To maintain comparality with the original biomass curves
produced in 2016 and 2018, the hrs.yea¥.km~2included effort determined in 2008 and 2009, whilst the 2019
biomass curves only include VMS data starting from 2010. Furthermore, the vessel speed selected to convert
time to distance has an effect on the biomass accumulation curve, therefore the calculations using the extended
VMS fishing effort data in the 2016 and 2018 assessments are shown using two vessel speedsofs and

4 knots, respectively.

The apparent diffaence between the curves in Figur8.4(a) may be explained, in part, by the inclusion of VMS
data from 2008 z 2009 in the analysis conducted in 2016 and 2018 that was not included (due to lack of
reliability) in the present analysis which uses VMS data frm 2010 onwards. However, the primary difference
in the shape of the curves is most likely explained by the result shown in FiguBet(b) which indicates that the
coarse grid of timebased effort (used in 2016 and 2018) tends to overestimate fishing effoih comparison to
the line-based effort. The coarse grid is not able to accurately account for the concentration of effort to linear
features following bathymetric contours at a spatial scale directly relatable to the scientific trawls (Figur@l).
WGESA tterefore considers that usingyMS linebased effort estimated at the location of the scientific traw|
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be used to update the biomass accumulation curves for all VMESs for use in the 2021 SAl assessment and for
estimating subsequent VME indicator species sdlience.

A key conclusion olutilizing this more spatially accurate method is that the overall cumulative biomass fishing
effort plots will tend to have a steeper gradient in the lower fishing effort categories (as shown B19(a)). Such

a response isndicative of greater species biomass sensitivity to fishing impact than was previously observed
using the gridded VMS fishing effort method alone. Therefore, VME indicator species recovery times (including
those estimated for sea pen) are likely to be lager than previously estimated.
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Figure 3.4. (a) Comparison of sea pen biomass accumulation curves plotted using biomass data from
scientific trawls collected between 20112016 and(b) fishing effort in fishing vessel track
length as km.km? derived from VMS tracks (N2019) and hours fished.year.kficonverted
to distance using vessel speeds of 2 knots (N2018 2kn) and 4 knots (N2018 4kn).

A further consideration for the biomass accumulation curves is how well the total biomass of VME in scientific
trawls corresponds to the associated fishing effort. Wit the scientific trawls covering on average a distance
between 2- 3 km, some of the sample boxes cover areas with varying track density (Figuséa)). To account
for representativenessof the sample, the amount of sample box that contains 95% of the total line density was
recorded, to differentiate between areas with same line length but different swept area. Most sample areas
have an even distribution of VMS track across their whole aa (Figure3.5(b). Ascientific trawl which crosses
an area with no effort to high effort may have a similar effort estimate to a scientific trawl collected in a less
intensively but consistently fished area. There is no way to account for the sampled biass being collected in
only part of the trawl, therefore it is recommended that the biomass from scientific trawls with high effort over
only part of the area surrounding the trawl be excluded.
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Figure 3.5. Sample areas in relation to VM8ack density (a) and the distribution of spatial coverage
of tracks across sample areas (b).

The results of these empiricalbased line density analyses will be used in conjunction with the udated VME
polygons, the improved mapping of fishing effort andvME indicator species biomass, to generate new
cumulative VME indicator species biomass/fishing effort response curves to be in the assessment of SAI for the
reassessment of bottom fisheries to be conducted in 2021.

4. Update of NEREIDA Analysis overlap of NAFO Fisheries with VME

COM Request[6] and ToR 2.1 Assess overlap of NAFO fisheries with VME to evaluate fishery specific
impacts in addition to the cumulative impacts.

Highlights:

1. 2018 Haukby-haul logbook data was merged with the 2018 vessel monitoring system (VMS) data to
map fishing effort from VMS positions that occurred within the reported fishing time interval.

2. The use of haulby-haul logbook data permitted VMS pings to be éracted 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 hautby-haul effort maps were considered to be mimprovement over past effort maps derived
from a 1z 5 nautical mile per hour speed filter because it reduced spurious effort points.

4. New thresholds and KDE VME polygons were presented during the 12VGESA meeting using
additional scientific survey trawl data since 2013. As these new polygons have not yet been accepted
by SC, all the overlapping calculations and figures in this analysis were done with KDE VME polygons
accepted at present time.

During the 10 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 2018 fishing footprint maps derived from vessel monitoring system (VMS) and haul
by-haul catch data.

Logbook data and VMS areomplementary,and the coupling of both datasets has already proven powerful for
describing the spatial distribution of fishing activity at a much finer resolution. Figure4.1 illustrates the
flowchart with the main steps involved on the procedure of linking VMS with logbook data.
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Coupling VMS and Logbook data

VMS Q \ — Logbook
Data b % """"""" 2 Data
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| Raw data cleaning |
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(2018) = (2018

| Data matching ‘

‘ Results ‘

Figure. 4.1. Flowchart with the main steps involved on the procedure of cagpling VMS and logbook
data.

4EA EEOOO Ei PI OOAT O OOAD EO OEA O02Ax $AOA #1 AATEI Co8
erroneous entries namely: points with incomplete timestamps; wrong vessel positions; duplicated records;

Headings outsidea compass rangegtc.

I'TAA OEA Al AATEIT ¢ EAO AAAT DPAOE Oi AA AT OE AAOAOGAOO AOA
and the Date as common fields between both databases. This step is particularly important as all subsequent
analysesdepend T OEA OOAAAOO T £# OEA T ETEEIC8 &01I i OEA O-AOCAA
CAO OEA EET Al O02A001 60638

Haul-by-haul catch data is logbook data collected during vessel fishing activities. Specifically, timestamps and
geographic coordinatesor 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 ahdid not include fishing timestamps.

Use of the hauby-EAOI AAOA DPAOI EOO 6-3 PET CO-AEHOEAEA CHAOGRRAQAMA TAO »
or not they fall within fishing time intervals reported in the haul-by-haul data (match in time window, see

Figure 4.2). 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.
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Figure. 4.2. Match in time window procedure.

In previous years, a simple speed filter of £ 5 knots (rounded to the nearest integer) was used to filter VMS
points and assign them as fislmg 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 nisclassified at a rate that is difficult to quantify.

Through this updated analysis, fishing footprint layers were created for fisheriespecific and cumulative
fishing effort using VMS data and new hathby-haul catch data (logbook) from the year 2018.

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 logbhook during the corresponding logbook fishing time interval. This

definition of fishery is based solely on thanain species in the catch and in some castigs may differ from the

main species sought.

&El OAOAA 6-3 DI ET OGOEdIAABDA EACREIAMA N R GAOAT O OEA ADO/
calculated as the forward difference in time between MS 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.

4EA 1A0OO 6-3 PIETO ET A OAOOAingiderva foataifvéssek ThOVMSQaEsCT AA  OF
were aggregated over a 0.05 x 0.05 degree grid and the pitighe 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 inA@A2015). 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 1z 5 knots. Effort was represented by VMS ping time, i.e. the time
intervals between conseutive fishing pings, which were summed and applied to a 0.05 x 0.05 degree grid.

AEA EEOEET ¢ AEAEI 00 1 AUA-OEN AOKEER OADABE AIOADEBRA EAIM 1 EO EIARD
/E 1 OA O 6z5 kelotGpeéiidta, were compared side bside and visually examined for congruence.

Overall, the areas represented by the logbook hatiime filter method and the simple speed filter method

showed fishing activities in the same general areas with similar patterns of intensity. However, the foofpt

from the logbook hauttime method was considered an improvement because it tended to have fewer spurious

points outside of the main footprint area (Figure4.3). 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 fisgieffort in some

cells, particularly where effort appears to be low. In the logbook hattime filtered maps there were still some
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points outside of the NAFO fishing footprint, in deep waters, likely due to VMS points associated with steaming.

This probablyl AAOOOAA AAAAOOA
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Figure 4.3. Cumulative fishing effort maps (hours fished per cell) from 2018 VMS and logbook data
produced by two different methods. Left: VMS data was filtered for speeds within-3
knots, right: VMS was filtered if it was within the reported fishing time interval inthe

logbook.

Fishing effort layers and comparison figures are shown below.

Greenland halibut appeared to have fewer spurious cells (individual cells) as part of the fishing footprint when
using the logbook hautime filter (Figure 4.4), such as on thedp 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 hautime filter (righ t panel).
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Greenland halibut fishing effort maps (hours fished per cell) from 2018 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 efficy of the original assumption that speeds between 5
knots represented fishing effort. Histograms of speeds for the various fisheries generally occurred withirgb
knots but also had slower speeds, and in some cases such as Atlantic halibut, thereensmme speeds > 5 knots
(Figure 4.14). This is not unexpected given the method of deployment for these fixed gears.
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Figure 4.14. Fishery-specific speed histograms from VMS points within hattime intervals. BYS =
Splendid alfonsino, CAB= Northern wolfis, COBLL= cod long line, COEDTB = cod
bottom otter trawl, GHL = Greenland halibut, GSK = Greenland shark, HAL = Atlantic
halibut, HKS = silver hake, RED = redfish, SKA = skates, SQI = Northern squid, WIT =
witch, YEL = yellowtail flounder.

We conducteda simple overlay analysis to estimate the area of VME polygons that is overlapped by the 2018
cumulative fishing footprint and fisheries-specific footprints (Figure 415). The fishing effort layers used were
based on logbook hautime filtering. Overall, we found that 22.1% of the total VME area had some degree of
fishing in 2018, with fishing activities occurring in each of the three KDE VME taxa polygons. Large gorgonian,
Sea pens, and sponge VMEs respectively had 20.9%, 33.4% and 16.7% of their arehinvihe 2018 fishing
footprint.

The Greenland halibut fishery had the greatest areal overlap with the KDE VME polygons, for each of the VME
taxa (sea pen: 27.9%; sponge: 14.9% and large gorgonian: 8.8%). 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 hattime filtering on 2018 data arein agreement with
results of the previous WGESA meeting (NAFO 2016) where the overlay anaig 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 offishing 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.
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Figure 4.15. The percent of KDE VME polygon overlapped by cumulative fisheries (faft bars) and
fisheries-specific footprints using the hautby-haul time filtering of 2018 VMS records
The top panel represents the area of all VMEs combined, and the bottom three pkne
represent the specific VME polygons by taxa. The number on top of each bar represents
the absolute area of VME (k@) that is overlapped by the fishing footprint. Note that the
VME polygons are not the same as the VME closure areas. The fisheries abhat@ris are

given in the caption forFigure 414.

Overall, the hauttime 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 starand end times
are correct, this reduces the likelihood that norfishing 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 spuriouseffort, i.e. individual cells with low levels of fishing, often in deep waters. Finally, the ability to
assign fisheries on a hauby-haul basis provides more detail and certainty to the fishing activity associated
with each VMS ping. However, it is impaant 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 fiseale impacts that occur on the sea floor.

References:

NAFO. 2015.Report of the 8th Meeting of the NAFGscientific Council (SC) Working Group on Ecosystem
Science and Assessment (WBSA) [Formerly SC WGEAFMYAFO SCS Doc. 15/1%erial No. N6549

176 pp.
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5. VMS Data and Availability
COM Request [6]and ToR 2.1: VMS Data Products andAvailability: Fishing Effort GIS layers
Background

Spatial coverage and accumulation of fishing activities is represented by data acquired via the Vessel
Monitoring System (VMS). The hourly VMS pings indicating the location of an individual vessel are nhpst
collated into full spatial coverage by aggregating the number of pings in a regular grid of a set cell size. The cell
size is decided based on the time interval between pings. A small cell size will represent the pings more
accurately but will underrepresent the fishing effort occurring in between pings and create a speckled
appearance of fishing effort. A large cell size will extend coverage to the whole area of interest, but it will not
represent edges of activity particularly well and will overestimag activity in areas where activity is restricted

to a part of the grid square. The latter issue is especially pertinent in areas, such as the deep waters of the study
area, where the tracks of individual fishing sets concentrate around specifiocalized @1 OOEAT 008
bathymetric contours (Error! Reference source not found. ). The most commonly used cell size is 0.05 d
egrees, which corresponds to appmimately 5 kilometres.

Grid ping density

] ®  Pings
: 0 5 10 20 Kilometers
High Low — Vessel tracks T T T A A

Figure 5.1 Example of spatial aggregation of fishing effort in raster format representelly the density
of VMS location pings using a cell size of (a) 0.05 degrees (~5km) and (b) 1km

With access to line features representing the Kely tracks travelled by fishing vessels, derived from speed
filtered VMS ping data, it was possible to produce raster surfaces representing the spatial accumulation of
fishing effort in a finer resolution, better representing the localised effort, whilstaccounting for the likely
location of vessels in between pings.

a) Layers created in 2019
Vessel tracks

Line features representing the tracks of fishing vessels corresponding todividual fishing events (trawl tows
or longline sets) were created by the secretariat using VMS data received betwe2610 and 2018. Points were
considered to belong to the same fishing everitased on the following criteria
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1 vesselswere considered to be fishing if theirspeed was between 0.5 and 5 knots (aere vesselspeed
was not registered average speed was calculatedased on the midpoints between the current ping
and the previous and following pings)

1 afishing event was asequence of two or more consecutive pointashere:

0 speedwas continuously within the 0.5 to 5 knot range

0 time between consecutive pointsvas not greater than2 hours

o the average speed betweerconsecutive points (distance travelled/elapsed time) was not
greater than5 knots

Points were plotted in ArcGis and converted to lines correspuling to fishing events.
Raster grids

Line features representing the tracks of fishing vesselisere derived from VMS pings collected over 2012018.

The tracks each relate to the movement of individual fishing vessels interpolated from VMS pings thntve

been filtered to speeds between 0.5 knots, based on known fishing speeds derived from lelgook data. Each
line was also attributed with the type of fishing gear used by the vessel.

Fishing effort was defined akilometers of trawl track travelled per Km2 per year. This is a departure from the

previously used effort unit of hours fished per Kra per year, which was calculated from the accumulation of

the hourly VMS pings. The benefit of using the VMS tracks instead ofrad gt © EO ET AAAT O1 OE1 C ¢/
trajectory between pings, allowing more resolved accumulation of effort.

VMS tracks resulting from trawlers and longliners were considered separately. Whereas the distance travelled

by the fishing vessel is clearly relged to bottom impact for trawlers as the trawl travels on the sea floor, the

Ei PAAO T £ OEA 111 ¢c TETA 117 OEA OAA mEITTO EO 1AOGO Al AAOI
line. Consequently, the fishing effort layer used in furtheanalyses included traw! fisheries only. A separate

raster grid was produced for fishing effort from long lining fisheries for comparison.

The effort layer was produced using a moving window approach. The total length of VMS track within a

specified neighd OOET T A xAO AAlI AOI AOGAA OOET ¢ OEA ! OA' )3 3DPAOEAI
cell sizeof the output raster layer was 250 m. Radius of the circular neighbourhood was set at 500m to achieve

a moving average output. The tool calculatefi¢ line length within the specified neighbourhood for each raster

cell in meters. The output was converted to the unit of Km/Kr&/Year by first converting metersinto kilometers

and dividing the line length by the area of the neighbourhood (0.8 K#hand then by the number of years of

data (9) included in the VMS tracks line featureRigure 5.2).
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Figure 5.2. Moving window calculation of fishing effort in Km/Km2. Length of VMS track for each 250
m raster cell is calculated using a circular neighbourhood wht a 500 m radius and
dividing by the neighbourhood area.

The final output raster layers of fishing effort calculated from VMS tracks for the long line and trawl fisheries
are shown in Figure 5.3Whilst trawl fisheries show high effort along the banks oftie Flemish Cap and Sackville
Spur as well as on the Grand Banks, effort for long line fisheriessconcentrated on top of the Flemish Cap and
along the shelf edge on the tail of the Grari8ianks (Figure 5.2) Most of the fishing footprint falls into areashat
are predominantly (one gear type accounts for > 66% of the effort) fished by trawl or long lines reflecting their
preferential use on different groundtypes (Figure 5.4.
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Figure 5.3. Fishing effort (Km/Km2/Year) in the long line (left hand panel) and trawl (right hand

panel) fisheries 20162018.
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Figure 5.4. NAFO fishing footprint2010-2018, partitioned into areas dominated by trawl and long
line fisheries. The predominant fishing gear is determined as contributing >66% of the
total effort in a location.

Future improvements
i) Standard VMS data products for WG-ESA

It was agreed at the meeting that the working group should specify standard VMS data products that will be
produced and updated annually to be shared with the whole group. The standhdata products will ensure all
analyses are using the same information and the methods for the data products are well documented.

Data products will include vector data of individual vessel tracks and raster layers of combined fishing effort.
Vessel traclks will be produced using VMS pings, filtered according to agreed rules. Some testing of rules to be
applied is required to assure the most accurate representation of ship tracks during fishing activity only. A
more detailed description of methods for filteing pings and tracks that will be tested and applied is given in
the following section. The vessel track products will be used to create the fishing effort layers. We will continue
to separate fishing activity for long lines and trawls into their own prodicts. Whilst the tracks recorded for
trawls correspond relatively well to the general location of bottom impact, we need to address the spatial
estimation of impact from long lines differently and research is needed into translating the ship track to the
footprint on the seafloor. A literature review of previous published work can be used as a starting point.

Rules for creating tracks from VMS pings

1. Years when there are ndogbook data available:

a. 2010 onwards.

b. VMS points are filtered to speed. Speed rule8:5-5kn z will investigate if this rule could be
improved upon based on the histograms from logbook associated data. Validation of speed
filters.

c. Only consecutive points from same vessel are joined into one line, if vessel increases speed or
drops to below 0.5 fishing operation ends.

d. Ifthere is a gap longer than 2h the track breaks.

e. If the calculated average speed between two point is greater than 5 knatgarts a new fishing
operation.
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f.  If the resulting line crosses a set depth range it is not likely to be a trawl, it can be a long line
though. This threshold yet to be decided bgnalyzingthe data.

g. Filter out points outside realistic fishing depths.

2. Years where loghook data exists:

a. Get the start and end times from logbooks to decide start and end points for lines.

b. Estimate human error in logbook entries.

c. Trackswill also be created using the method used in 1. above to allow comparison atal
identify consistent differences that could be sed to apply post processing to the notogbook
years.

3. Will look into the occasions of short hauls with only one ping and very long hauls to get an idea how
prevalent they are and whether it will be necessary to formulate rules calculate likellpcations for
tracks from single pings or split the long tracks.

Attribute information included for vessel tracks

Lines will include information on the average speed vessel was travelling based on speed reported in pings and
the gear used in the fishing peration.

1. Years where no logbook data exists:
a. Pervessel registration: gear listed on license
b. Where no information available looked on online resources with IMO/call sigasleuthing
2. Years where logbook data exists (going forward):
a. Gear based on catch foyears until now, going forward requested gear to be included in the
logbook data. Hopes for gear dimension estimates in the future.

Gear dimensions will be added in the future, estimated on a target fishery basis.
i) Methods development for producing effort g rids

The fishing effort grids produced in 2019 were primarily aimed for inclusion in distribution modelling of fish.
Thus, the cell size used was dependent on the cell size of other layers in that specific analysis. It was agreed at
the meeting that in thefuture effort grids will be calculated using a similar line statistics method, but with 1krh

cell size. The level of spatial smoothing in the output increases with window size. Some investigation will be
needed to how much the neighbourhood size of the ming window affects the output to check the assumptions
that the moving window approach does not skew the results. The window size selected will be somewhat
arbitrary. Suggested approaches include using a window that (1) reaches the edge of the raster ¢&ll0 m),

(2) reaches the corners of the raster cell (70T), and (3) covers an exactly 1kfhneighbourhood (560 m, Figure

5.5). Whichever window size is selected, in the resulting raster each raster cell will represent the length of track
accumulated within 1km2 and the grids values will be in km/kn/year.

The average speed vessels travelled along each track can be calculated from the information contained in the
VMS data. The same neighbourhood line statistics method can be used to produce a raster reprisg the
median speed of vessels travelling through each raster cell, which in turn can be used to convert the distance
based effort raster to a timebased effort raster for backwards compatibility and comparison. Consequently,
the suggested standard rasdr outputs are 1km grids of effort both in km/km2/year and h/km 2/year for each
individual year starting from 2010 and an average over all years available. Additional grids can be calculated
from these e.g. to look at standard deviation between years, thmimber of times a cell is fished over a time
period.
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Figure 5.5. lllustration of the different approaches to defining the size of the moving window
neighbourhood for line statistics.

6. Fish Habitat Modelling
COM Request [6]and ToR 2.1 Determining and mapping essential fish habitat in relation to VME

The associations between fishes and habitats become of paramount importance in the development of
ecosystembased approaches to fisheries managemenEssential Fish Habitats EFH) include spawning and
nursery grounds, provide specific feeding resources, shelter from predators or form part of a migration route
of fish (Benaka, 1999Rosenberget al., 2000). Identification of offshore EFH is wrought with difficultypbecause
knowledge of the distribution of fish throughout their life history is often unavailable. As a first step to
establishing important habitats for fish in the NRA, speciespecific biomass data from the scientific trawls
were correlated to GIS layers of environmentatonditions to predict biomass distribution of selected fish
species across the NAFO footprint. The models and their predictions provide a very broad description of the
relative spatial concentration of fish biomass over the footprint, during the summer mahs (May-August)
although there are limitations resulting from differences in thetiming of the surveys in different parts of the
NRA

Many VME features such as continental slopes and despa canyons, appear to function as feeding grounds
and natural refugia, as well as apotential source new recruits to adjacent fished areasindicating their
contribution to EFH (Yoklavich et al., 2000;Buhl-Mortensen, et al. 2010. Whilst the main driving force behind

fish assemblages in the NAFO management area appetrbe depth, studies by Kenchington et al. (2013) and
Devine et al., (2020) have shown associations between certain fish species and varying densities of sponge
grounds and dense corals. Both Buk\lortensen, et al. (2010) and Devine et al., (2020) concled that habitat
association were mainly related tostructural complexity, whether provided by physical or biogenic habitat
features.In most cases, however, the challenge is determining causality between the occurrence of fish and
invertebrates, beyond ther similar environmental preferences.

To investigate fish habitat distribution in relation to VME, a comparison was made of the predicted biomass
distribution of fish and updated VME polygons to identify spatial overlap between the main physical habitat
preferred by the commercially important fish and the updated VME areas (Kenchington et al., 2020)ore
subtle connections between VME indicator taxa and fish biomass spatial distribution we investigated by
including the presence of various epifaunal taxa &as as predictors in models, where appropriate. A positive or
negative effect of a habitat building species on fish biomass in a model, given the same environmental
conditions, can indicate a beneficial relationship.
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i) Method
Environmental data

A bathymetry layer covering the study area was produced by mosaicking the Multibeam echosounder
bathymetry (gridded to 75m cell size) produced by the NEREIDA project with a bathymetry layer sourced from

The Global MulttResolution Topography synthesis v3.6 (GMRT, 100 grid downloaded 14/10/2019 from
https://www.gmrt.org/ ). GThe3 ! ' | O&EI 1 OETEO j7AIC O ,EO0QS OiiTl xEOE
smooth out artefacts in the bathymetry before calculating a set of derivative layers describing topographic

attributes.

SAGA GIS tools for QGIS (v. 3.2; Coneadl., 2015) were used to calculate a set of terrain variablesvhich are
described in detail in Kenchington, et al. (202Q)

Marine Geospatial Ecology Tools (MGET v.0.8a72; Robegtsal., 2010) were used in ArcGIS to extract Caoylla

Cornillon frontst in seasurface temperatures (SST) from MODIS satellite images. Monthly composite images of

SST from 20112018 were used, extracting fronts present in each image. A front was identified where a

minimum of 21 # AEZAAZAOAT AA xAO DOAOAT & AAOx AdkdvingGuintlow. AEROOET A O
frequency of fronts was calculated as the percentage of times each pixel of the corresponding SST image that

was a candidate for a front (not in cloudmasked area) was found to contain a front. Distance to fronts was

calculated as theEuclidean distance from each cell to the nearest front. A front, in this case, was defined as a

group of connected cells with a minimum area of 15 ki where a front was identified on average at least four

months of a year.

Oceanographic layers were produed using data downloaded from the E.U. Copernicus Marine Service
Information (CMEMS http://marine.copernicus.eu). Monthly means of bottom current velocity for 2018 and
bottom temperature for 2011-2018 were extracted from Global Ocean 1/12° Physics Analysis and Forecast
product. Dissolved oxygen (DO) and silica (Si) were extracted from the Global Ocean 1/4° Biogeochemistry
Hindcast product. Raster surfaces matching the extent and resolution of the bathymetry foremn and
maximum current speeds, mean DO and Si, minimum DO were interpolated using the Empirical Bayesian
Kriging function in ArcGIS10.5 Geostatistical Analyst (with default settings). Bottom temperature layers were
produced for mean, minimum, maximum andstandard deviation of temperatures across the wholdime
period, as well at the mean and maximum of the annual range for each individual year.

Composite seasonal 4 km resolution Chlorophyth surfaces were downloaded from the NASA Ocean Colour

portal2z. TEA 1 AUAOO xAOA ET OAODPi |1 AOGAA OI i1 AOAE OEA AAOEUI AOO!
in QGIS 3.2 using a cubic spline. A fishing effort layer derived from VMS data covering 2Q0Q8 was included

as a predictor. The layer is described imore detail in Section XX of this report.

Biological data

Data on the biomass of fish and invertebrates were obtained from survey trawls acquired during annual fishery
surveys conducted by the European Union (Spain) between 2011 and 2019. The study aineated by the
extent of the NAFO fishing footprint in 3LMN, contained 3379 survey trawls.

The scientific trawls, on average, span between2 km in tow length. As the predictor data layers are gridded
at 250 m, the predictor values corresponding to edtscientific trawl were averaged over points placed at 500
m intervals along the full scientific trawl track.

1 Fronts identified using the Cayula and Cornillon (1992) single image edge detection (SIED) algorithm.
2 (MODIS Aqua LeveB Standard Mapped Imagd)0OI:10.5067/AQUA/MODIS/L3M/CHL/2018).
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i) Modelling approach

Random forest regression models on square root transformed response biomass were built individually for the

main target species in the NAFO managed fisheriesi@rthern shrimp, Greenland halibut, American plaice,

yellowtail flounder, witch flounder, thorny skate,redfish, Atlantic codcapelin, white hake).

2AT AT T &1 OAOGO EO AT AT OAT Al A Olrgehinibé 6f Bekididn trded (Wpkchlly ET ¢6 1 /
AT 1 OEOOET ¢ T &£ AT 1 OET O 66 AAOA AT A Al AOGOEEZEAAOmNI OOAAO
are based on averages from all trees (Breiman, 2001; Cutlet al., 2007). The models were built in the free
OOAOEOOEAATI AT i POOEI C OI £#OxAOA 2 j 068c8u8ph 2 $AOAITT PI A
(Liaw and Wiener, 2002). The models were run using the default settings of the randomForest function, using

1000 trees.

Preliminary predictor variable selection was achieved by applying an iterative permutation procedure testing

the effect the removal of each ariable in turn has on the decrease in mean internal model accuracy in

comparison to randomized variables. Th&orutaAi Ci OEOEiI ET OEA O"1 OOOAS DAAEACA
2010) compares the importance of a variable as calculated by random forest tioe importance of a random

permutation of the same variables over several iterations. The variables included as predictors were further

reduced by inspecting correlations among predictors and removing any variables that had a higher than 0.65

correlation score with another predictor. Out of a pair of highly correlated variables the one with a higher

random forest importance score was retained in the model.

Two models were built for each species. The first model included only environmental variables as prettirs

and was the one used to produce spatial predictions. The second model also included the presence /absence of
selected epifaunal taxa Acanella sp., Actiniaria, Alcyonacea, Anthoptilum sp., Antipatharia, Asconema sp.,
Asteroidea, Astrophorina, Flabellim sp., Geodiidae, Halipteris finmarchica, Heteropolypus sp., Hydrozoa,
Isididae, Pennatula sp., Polymastiidae, Tetillidges potential predictor variables in the Boruta step and, where
selected by the Boruta algorithm as better than random, predictors ithe model. No spatial prediction was
made from the second model because full coverage spatial layers of presence for all the taxa were not available.

Models were validated using a bootstrap crossalidation procedure. For each response variable, the dateas
randomly subsampled 10 times into train and test data (80/20 splif. Accuracy measures used to validate the
models include the goodnessf-fit statistic Rz and root mean squared error (RMSE) value, calculated using the
OAAOAOS DAAEACA , 20830 Edr theApurposes bf EdmPdridon between responses RMSE was
normalised to a percentage of the range of observed biomass values for each specific response (NRMSE). Final
predictions were achieved using a full model, including all available data.

The predicted relative spatial distribution of biomass for fish species with reasonably performing models
(mean R in excess of 0.3) were plotted together with polygons of VME extefar biomass of large and small
gorgonians, sponges and sea pens, as describedenchingtonet al. (2020).

iii) Results and Discussion

All models predicted biomasses with a mean error within 6% of the range of the observed biomass for the taxa.
Only the models for Pandalus spp. (R2=0.62), Reinhardtius hippoglossoidegR2=0.55), Hippoglossoides
platessoidegR2=0.53) and Limanda ferruginea(R2=0.59) achieved mean Rvalues in excess of 0.5, indicating
good correlation between predicted and observed values and hence good model performance. The meafoR
Sebastes fasciatu$R2=0.36) and Sebastes mentelldR2=0.40) is in excess of 0.3, indicating fair model
performance.

The distribution of the northern shrimp (Pandalusspp.) biomass in the model is mainly driven by increasing
distance from temperature fronts, low maximum bottom current velocity and high minimum oxygen
conditions. The fish species with acceptable modgl namely Reinhardtius hippoglossoideddippoglossoides
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platessoidesLimanda ferruginea Sebastes fasciatusnd Sebastes mentellavere all predominantly responsive
to variables related to depth and temperature.

Greenland halibut is the only fish speciesvhere the predicted high biomass areas (i.e. area with the most
suitable physical environment to support high biomass) overlaps with the VME polygons to a notable extent
(Figure 6.4). High biomass for Greenland halibut extends to much deeper waters thametother fish species
presented. This species overlaps to a large extent with the sea pen VME and, to lesser degree, with sponges.
Pandalusspp. biomass also shows some overlap with gorgonians (Figure 6.4). The models show that other fish
species appear tooccupy habitats higher up the slope where the observed biomass of VME indicator taxa is
lower. The lack of overlap is not wholly unexpected since fishing fleets have good knowledge of where the fish
occur in relatively high densities and target those area On the other hand, the VME polygons represent areas
with the highest biomass of VME indicator taxa, which occurs mainly in areas that are not currently heavily
fished. Areas of high fish biomass do occur in the immediate vicinity of the VME polygons afulther
investigations on the proximity of a VME polygon could yield more information on links between VME and fish
biomass.

Despite the limited overlap between the VME polygons and high predicted fish biomass for most species, the
presence of particularVME indicator taxa and other epifauna does, however, appear to have a positive effect
on the observed biomass of four out of the six modelled fish species. The second set of models, incorporating
the presence / absence information of epifaunal taxa as préxor variables, indicate that a number of fish taxa
have positive associations with one or more epifaunal species (Table 6.7). A positive effect is inferred where
the presence / absence of an epifaunal taxon was selected by Beruta algorithm as asignificant variable and

the response biomass was higher in the presence than in the absence of the taxon in given environmental
conditions. The magnitude of positive association was estimated based on the importance of the taxon variable
in relation to the environmental variables in the model and the effect size.

Pandalus spp. Reinhardtius hippoglossoides

Figure 6.4. Predicted biomass of thenorthern shrimp (Panalusspp.; left) and Greenland halibut
(Reinhardtius hippoglossoidesight) and its distribution in relation to VME polygons.

Although the main distribution of high biomass of thenorthern shrimp (Pandalusspp.) was predicted at

shallower depths than those occupied by large Geodid sponge aggregations, the presence of Geodiidae appear
to have a large positive effect ofPandalusbiomass. When included in the model, Geodiidae sponges become
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the most important predictor variable. The biomass predicted in the presence of Geodid sponges is almost
double that in their absence when other environmatal variables are held at a constant value. The presence of
sea anemones (Actiniaria) had a moderate positive effect, while cup coralBlgbellumsp.) showed a minor
positive effect.

Redfish species $ebastes fasciatuend Sebastes menteljaappear to hare a moderate positive association with
Astrophorid sponges and a minor positive association wittAnthoptilum sea pens. The effect of Anthoptilum
presence ornredfish biomass when other environmental variables are held at a constant value is moderate, but
variable importance was lower than the environmental variables in the model, suggesting that most of the
variability explained by Anthoptilum presence was already explained by the environmenSebastes fasciatus
also showed a moderate positive association ith the small gorgonianAcanellasp., whilst Sebastes mentella
has a better than random association with cup coraldabellumsp.).

Greenland halibut showed better than random positive association with cup corals, the soft cokéteropolypus
sp., Hydroma and soft bodied sponges (Polymastiidae), but in each case the variable importance was low and
effect size small.

Table 6.7. Positive associations betweerepifaunal taxa and fish biomass derived from relative variable
importance and partial response plots from Random Forest models. Effect is illustrated as: +
= Above Random, ++ Moderate effect, +++ Large effect.
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Acanella ++
Actiniaria ++
Anthoptilum + +
Astrophorina ++ ++
Flabellum + + +
Geodiidae +++
Heteropolypus +
Hydrozoa +
Pennatula
Polymastiidae +

iv) Future improvements to methodology

There is further potential to investigate the links between fish biomass VME utilizing all observations of the
presence / absence and biomass of VME indicator taxa in the survey trawls, rather than attributing habitat
association between the agas with highest biomass (VME polygons). A more detailed picture of association
between fish and VME can be achieved through additional analysis. Multivariate analysis of full trawl
communities can be used to further identify potential habitat overlap torivestigate whether benthic habitat

types derived from epifaunal and environmental data have specific associations with fish. Similarly, joint
species distribution modelling (JSDM) methods can help investigate the-oacurrence and cevariance of fish
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and WE indicator species distribution and biomass over environmental gradients in more detail. By
partitioning variability to environmental effect, biological traits (e.g. body size) and residual correlations
between species, JSDM can address questions suctwagther associations between taxa are separate from
environmental co-variance and whether they are more evident in certain environmental conditions or e.g. for
fish of certain length.
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7. Agent-based Modelling

COM Request [6]and ToR 2.2. Evaluation of fishing impacts on sea pens and the effectiveness of fisheries
closures in the Newfoundland -Labrador and Flemish Cap bioregions

As part of the implementation of the Ecosystem Approach to Fisheries (EAF), NAFO reviews the effectiveness
of closures for the protection of Vulnerable Marine Ecosystems (VMES), andassesses the risk of Significant
Adverse Impacts (SAls) on VMEs by bmim fishing activities, on a 5year cycle. The next review on the
effectiveness of closures is scheduled for 2020, and the nextassessment of SAls on VMEs is scheduled for
2021.

The evaluation of the impacts of fishing on VMEs, and the role of fishesiclosures to prevent and/or mitigate
these impacts is an integral piece of the assessment of SAls on these habitats. As part of this work, WGESA has
been developing an Agenbased Model (ABM) for sea pens in the Newfoundlaridabrador (NL) and Flemish
Cap(FC) bioregions. The sea pen ABM simulates the spatemporal dynamics of a generalized sea pen species
within the domain defined by the NL and FC bioregions, and allows exploring time scales for colonization,
responses to perturbations, and the effectieness of closures as a mechanism to promote recovery NAFO SCS
Doc. 18023).

The ABM architecture generates sea pen dynamics by tracking the actions and interactions of autonomous
agents within a system, while providing a view of the system as a wholm this model, agents represent
collectives of sea pens which follow specific rules associated with |Haistory processes at each time step
(Figure 7.1). These agents operate within a spatialtgxplicit 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 theystem NAFGSCS Doc. 1823).
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mortality

i
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post-settlement
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Egg —I—b Settler
production Adult

Sea Pen | Juvenile |
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mortality &
reproduction Ageing & .
‘ mortality Fishing

Figure 7.1. Schematic description of the life history stag&/processes incorporated in the sea pen
ABM. The red background indicates the life history stages impacted by fishing.
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Pity '

of fishing

Figure 7.2. Average fishing effort (hours km2yr-1) (left) and probability of fishing (right) for all
bottom-contacting fisheries derived from VMS data from the 2008014 period.

The actual procedure to simulated fishing in the sea pen ABM uses a random draw from a Bernoulli distribution
to define if a given cell is going to be fished or not in a given year, where the probability of sess is the
estimated average probability of fishing. For those cells that are being fished, the intensity of fishing (i.e. yearly
fishing effort) is randomly draw from distributions centered in the actual average fishing effort of the cell. These
steps taken together allow for random variability in the simulation of fishing activity, while keeping a realistic
fishing footprint and fishing effort intensity.

This approach to representing fishing assumes that historical fishing patterns were similar to the enm
observed in 20082014. While this assumption is unlikely to hold, especially for the period prior to the collapse
of the groundfish communities in the NL bioregion, it still represents a good approximation to the fishing
patterns of the last 30 years.Considering that fishing intensity prior to the collapse was higher than today,
using more recent fishing patterns would render a best case scenario for historical impacts.

Simulating fishing impacts within the sea pen ABM

The impact of fishing wasimplemented as a function of fishing effort. The analyses of sea pen biomass as a
function of fishing effort done by NAFO within the NAFO Regulatory Area (NRA) and by DFO in Canadian water
show a very consistent picture, with the cumulative sea pen biomas®gaching the 95th percentile of the
cumulative distribution around a fishing effort of 0.5 hours knm2 yr-1 (DFO, 2017; NAFO SCS Doc-034.). This
95th percentile threshold has been used to distinguish between VME areas at risk of SAl, when fishing éffor
less than 0.5 hours kn? yr-1, from those considered already impacted, where fishing effort is larger than 0.5
hours km2 yr-1 (DFO, 2017; NAFO SCS Doc-024). This information, together with the logistic shape of the
cumulative curve (NAFO SCS Dot3-024), were used to sketch the relationship between fishing effort and sea
pen mortality implemented in the sea pen ABM (Figre 7.3). This approach assumes that the cumulative
biomass curve is a direct mapping of the mortality curve. The estimated figstg mortality in each cell at a given
time step is applied to all settled sea pens in that cell as an additional source of mortality
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Relationship between sea pen mortality and fishing effort used in the sea pen ABM. This
curve was sketchedbased on the observed cumulative sea pen biomass vs fishing effort
curves from NAFO and DFO analyses.

Implementation of fisheries closures

In the same way that the sea pen ABM allows for an integrated depiction of the spatemporal dynamics in

the entire NL and

FC bioregions domain, evaluating the performance of fisheries closures also requires

considering the fisheries closures implemented by NAFO on the NRA, and by Canada in its jurisdictional waters.
In 2019, Canada implemented a series of Marine Refegy(MRs) and a new Marine Protected Area (MPA) in the
NL bioregion. The evaluation of the impacts of fishing on VMESs, and the effectiveness of closures to mitigate
these impacts, was done considering all fisheries closures (kig 7.4). Most Canadian closws prohibit all
bottom-contacting gears, but some only prohibit mobile gears (e.g. closures numbered 4 and 5 inurgy7.4).
Despite this difference, all analyses were done assuming that all fishing is removed when closures are

implemented. This

is not epected to have major impacts in the results given the low density of sea pens

predicted by the model on middleshelf areas
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Canadian Closure

Lab Shelf Monitoring
: NAFO Closure
I NAFO Monitoring

NL Shelf Break Monitoring
[ NL Shelf Monitoring

Southern NL Monitoring

Figure 7.4. NAFO and Canada fisheries closures considered in the sea pen ABM. The numbers in this
map correspond to coding convetions within the model implementation and should not
be confused with the official numbering of these areas. The monitoring areas identified
in this map correspond to locations where local sea pen abundance was tracked within
the model to assess sea peresponse to perturbations; these areas were never closed to
fishing in any of the simulations performed.

Evaluation of the impacts of fishing and the effectiveness of closures

The evaluation of the impacts of fishing and the effectiveness of closures wasedy tracking the abundance

of sea pens in different local areas within the model domain, as well as aggregates across the entire model
domain. The local areas being tracked were the closures themselves, and a series of monitoring boxes outside
closures (Figure 7.4). These monitoring boxes represent areas that are never closed to fishing in the model
runs, and allow assessing the potential effects of closures in promoting sea pen recovery outside closures
(Figure 7.5).
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Figure 7.5. NAFO VME closures (pink) and monitoring boxes (grey) in the NRA as implemented in the
sea pen ABM. Monitoring boxes are always pased to fishing; tracking sea pen
abundance in these areas allows evaluating the potential role of closures in promoting
recovery of sea pens outside the closures. The numbering of these closures and
monitoring boxes indicates the id reference of these aas within the model code; they do
not necessarily match the official number of the NAFO closures.

The assessment of fishing impacts on sea pens, and the performance of closures was done on the basis of a
series of scenariebased model runs. All scenariogsnvolved starting the model without fishing and with the

entire domain near carrying capacity, letting it run for 50 years under these conditions, and then implementing
fishing without any fishery closure for 100 years. This allows assessing the likely imapt of a realistic level of
fishing on a pristine sea pen population, and determining the abundance at which the sea pen population
stabilizes under this level of fishing effort. While the current pattern of fishing has not been in place for a
century, previous analyses indicated that most of the impact takes place in the first few years of fishifiAFO,
2018); the reason for running the fishing without closures phase this long is simply to verify that the sea pens

do not continue declining after the initial impad, and actually reach a stable impacted level.

After 100 years of fishing, fishing closures are implemented. Three scenarios of closures were explored, one
implementing all NAFO and Canadian closures, and two others where only NAFO or Canadian closuregwer
implemented. Finally, a control run where fishing was halted after the 100 years of fishing was also

implemented. This control run provides a contrast for sea pen recovery between fisheries closure scenarios
and no fishing.

Key results

A realistic representation of current fishing effort patterns in the sea perABM indicatesthat fishing has had a
significant effect on the sea pen distribution and abundance that we observe today (bigs 7.6-7.7). While
reductions in total sea pen abundance from the priste state could be in the order of 50% (Figre 7.6), the
actual figure would depend on the historical patterns of fishing effort. Since historical effort was higher, the
current estimate islikely a best case scenario
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Figure 7.6. Total sea pen abundance trajectory under each one of the four scenarios considered.
Implementation of current closures only provides a minor, but still detectable
improvement at the scale of the entire model domain (NL and FC bioregions). Even
removing fishing altogether does notallow for a full recovery in 100 years.

The current system of closures (NAFO + Canada) only provides a very limited recovery capacity at the
population scale (Figires 7.6-7.7). This is not surprising given that closures are typic#y established around
current high concentrations, but do not displace fishing from areas where high concentrations may have existed
in the past. Rebuilding of these historically important areas would be required to drive a more substantial
recovery at thepopulation scale.

However, closures do promote recovery within their boundaries. Using the NAFO Closures #9 and #10 in the
northern and northwest Flemish Cap as an example, it is clear the closing these areas allow sea pen recovery
within the closures (Figure 7.8). It is also clear that recovery time is variable between closures, and the smaller
closure (NAFO Closure #9, model region r08) appears more sensitive to stochastic processes, and
neighborhood conditions (Figure 7.8). As a general observation fronthe model results, closures can be locally
effective, but size and location are important determinants of how effective each closure actually is.

On average, the NAFO closures are located in areas estimated to have experienced reductions in abundance of
around 60% (Figure 7.9). In the absence of fishing (control run scenario) these areas would be expected to
rebuild in 50 years. However, under current fishing conditions, recovery times are much longer (kice 7.9).

The difference in recovery times betweerthe nofishing andthe closures with fishing scenarios highlights the
capacity of fishing to impact sea pen connectivity.

Northwest Atlantic Fisheries Organization www.nafo.int



47 Report of WGESA 19 -28 Nov.2019

Figure 7.7. Comparison of sea pen distribution at key stages of the scenarios explored. Pristine state
(top left), stable perturbed state (fishing without closures) (top right), final state with all
NAFO and Canada closures implemented (bottom left), and final state after all fishing was
removed (control run) (bottom right).
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Figure 7.8. Sea pen abundancé&ajectories under the difference scenarios considered for two NAFO
closures in the Flemish Cap, NAFO Closure #9 and NAFO Closure #10 (regions r08 and
r13 within the model code respectively, see Figre 7.5).
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Figure 7.9. Average sea pen abundance trajeaties within NAFO closures under the difference
scenarios considered.

Conclusions and next steps

While the sea pen ABM reasonably captures the spatiemporal dynamics of a generalized sea pen, its
representation of the distribution in some shallow areameeds improvement. This issue will be revisited for
the final version of the sea pen ABM to be used for the-esssessment of SAls on VMESs. Despite this limitation,
the model provides a useful platform for evaluating fishing impacts and the performance ofirrent closures in

a strategic sense.
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The current system of closures (NAFO + Canada) only provides a very limited recovery capacity at the
population scale, but closures can be locally effective. Closure size and location are key determinants of closure
effectiveness; many NAFO sea pen closures are likely too small to be effective.

Fishing has the capacity of impacting connectivity, and limiting recovery within closure¥hese effectsare local
in nature.

Recovery times within closures depends on localonditions, and the level to which the area has been depleted.
For the NAFO closures, the average recovery time under current fishing condition exceeds 100 years, but
individual closures can recover in up to 1825 years. In the absence of fishing, recovetyme within NAFO
closures is, on average, 50 years.
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8. Biological Traits Analysis

COM Request [6] and ToR 2.3. Up-date on VME biological traits analysis and the assessment of VME
functions..

Biodiversity

The NAFO Convention on Cooperation in the Northwest Atlantic Fisheries includes commitments to the
conservation of marine biodiversity in general, and to minimizing the risk of long term or irreversible adverse

effects of fishing activities (NAFO, 2017). tAhe same time, the conservation of marine Biological Diversity of

I OAAG "AUTTA . AOGEI T Al * OOE O Agiolldifdrriatiojaldssue.. I Jang 2065A1e AAAT | A
United Nations General Assembly adopted Resolution 69/292, calling for the ddepment of an international,

legally binding instrument under the United Nations Convention on the Law of the Sea, to address the
conservation and sustainable use of BBNJ. While the governance framework has not yet been agreed, it is sure

that there will be an increased need for scientific advice to support management of BBNJ, including the
documentation of deepsea biodiversity and how it may be impacted by human activities and by climate change.

Benthic Assemblages

Murillo and colleagues (Murillo et al.,2016) identified the invertebrate epibenthos from the catches of two
bottom trawl research surveys carried out in 2007: the Spanish 3NO survey, conducted by the Spanish Institute
of Oceanography (IEO), which sampled the Tail of the Grand Bank between 461d374 m depth; and the EU
Flemish Cap bottomtrawl survey, conducted by the IEO together with the Spanish Institute for Marine
ResearchSuperior Council of Scientific Investigations (IIMCSIC) and the Portuguese Institute for Sea and
Atmosphere (IPMA), vhich sampled all of the trawlable area of Division 3M between 138 and 1488 m depth,
including Flemish Cap and the eastern side of Flemish Pass, following a depttatified random sampling
design. The total number of benthic invertebrates identified fronthe 276 bottom trawl sets studied was 439,
representing 12 phyla, 56 of which were taxonomically only identified to genus, family or a higher level, while
the others were considered individual species or putative species. Statistical analyses of those dftand
twelve significantly different epibenthic assemblages (Figure8.1) with four of those shared between the
Flemish Cap and the Tail of Grand Bank in the deeper slopeas (Murillo et al., 2016).

The Closed Areas put in place to protect VMEs also peot 3 of the 12 benthic assemblages identified (Tables
8.1, 8.2) with some assemblages left unprotected (Tabl&.3), particularly on the top of Flemish Cap (lla, llIb,

Ilc) and the shallower portions of the Tail of Grand Bank (la.1, la.2, Ib, Ic). Two bése (la.2, Ib) contains VME

indicator taxa (Table8.3).
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Table 8.1. List of benthic assemblages (following Murillo et al., 2016) protected through the NAFO closed

areas.
Closed Area Benthic Assemblage(s) Protected
Area 1 Not assessed
Area 2 Deepsea sponge assemblage (llic)
Area 3 Not assessed
Area 4 Deepsea coral assemblage (llla); Deepea sponge assemblage (llic)
Area 5 Deepsea sponge assemblage (llic)
Area 6 Deepsea sponge assemblage (llic)
Area 7 Deepsea coralassemblage (ll1a)
Areas 812 Lower slope assemblage (l11b.1)
Area 13 Deepsea coral assemblage (llla); Deepea sponge assemblage (llic)
Area 14 Deepsea coral assemblage (llla)
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Figure 8.1. A) Map showing the epibenthic invertebrate assemblages identified by Murillo et al.
(2016) for Flemish Cap and the Tail of Grand Bank in the NAFO Regulatory Area in relation
to the closed areas to protect VMEs. From Murillo et al. (2016).
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Table 8.2. List of benthic assemblages (following Murillo et al., 2016) protected through the NAFO closed

areas.F represents the Phi coefficient with is a measure of the strength of association of each
species with the assemblages and ranges from 0 (no association) to 1rfgaete association).

Benthic Assemblage Representative taxa (from Murillo et al., 2016)

Deepsea coral assemblage (Il1a)  gjack coralStauropathes arctica F = 0.62), the cup coraFlabellum alabastrum
(F =0.59), the sea pefruniculinaquadrangularis (F = 0.52), the soft coral
Heteropolypus so{FF = 0.46) and the small gorgonian corahcanella arbuscula

(F =0.42).
Deepsea sponge assemblage (llic) Typified by high biomass of large sponges mainly from the suborder
Astrophorina.
Lower slope assemblage (l11b.1) This assemblage is characterized by the sea urchithormosoma placentd3 =

0.55), the sea starBathybiaster vexillifer(F = 0.49) andZoroager fulgens
(F =0.42), and the sea penBuniculina quadrangularis(F = 0.49),
Anthoptilum grandiflorum (F = 0.45),Halipteris finmarchica(F = 0.41) and
Pennatula aculeatg{ F = 0.40).

Table 8.3. List of benthic assemblages (following Murillo et al., 2016) unprotected through the NAFO
closed areasF represents the Phi coefficient with is a measure of the strength of association
of each species with the assemblages and ranges from 0 (no associatitm 1 (complete
association).

Benthic Assemblage Representative taxa (from Murillo et al., 2016)
Shallow Flemish Cap assemblage (lla  This sandy bottom assemblage is typified by the spondephon piceum(@l =
0.45) and the crustacearBabinea sarsi(2 = 0.40).
200z340 m Flemish Cap assemblage  Typified by the sea anemonéiormathia digitata (# = 0.41), and the sea star

(11b) Ceramaster granularig® = 0.39), found on siltysand bottoms with gravel
presence.
3002500 m Flemish Cap assemblage Typified by the sea stardPontaster tenuispinug? = 0.49) andCtenodiscus
(lic) crispatus(@ = 0.45) and the sea urchimBrisaster fragilis(®@ = 0.38).
Coarse batoms of the Tail of Grand Coarse sands with large accumulations of shell debris, with the holothurian
Bank assemblage (la.1) Stereoderma unisemité? = 0.80), and the mollusk8Buccinumsp.1 @ = 0.77)

and Mesodesma arctatung® = 0.61).
Fine to medium sam bottoms of the Characterized by high biomasses of the bryozodtucratea loricata(? = 0.85)
Tail of Grand Bank assemblage (la.2) present at all localities, and hydroids (mainlyObeliacf.longissima(® = 0.87)
and several members of the family Sertulariidae).
Edge of the continental shelf of the ~ Characterized by the urchinsStrongylocentrotus droebachiensi{® = 0.68) and
Tail of Grand Bank assemblage (Ib) the sand dollarEchinarachnius parmg @ = 0.52) present in 94% of the
localities, together with some other sertulariid species such athuiaria thuja
(B = 0.65) andSertularia fabricii (2 = 0.60). The stalked tunicatéBoltenia
ovifera (B = 0.46) is also significantly associated to this assemblage

Sauthwest of the Tail of the Grand Characterized by the decapodrgis dentata(l = 0.55) and the brittle star
Bank assemblage (Ic) Ophiura sarsii(@ = 0.53).
Upper slope of the Tail of the Grand This assemblage is composed of species with a widathymetric and
Bank (lld) geographic range, such as the spongé&gntorium semisuberite¢f = 0.57) and
Polymastia uberrima(@ = 0.32).
Lower slope assemblage (l11b.2) It does not present any typical species. It is the assemblage where most of th

fishing activities were observed.
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Benthic Invertebrate Functional Trait Diversity on Flemish Cap

A key element of ensuring ecological sustainability is the protection of functional processes, which are affected
by the combined functional characteristics of the organisms involved. Through the use of functional trait
diversity it is possible to link ecesystem processes and functioning. Murillo et al.2020) characterized the
functional diversity of trawl -caught benthic invertebrate communities for the Flemish Cap, highlighting the
relationship between functional and species diversity. A suite of sevendogical traits based on biology and
life-history attributes (Table 8.4) were chosen for their presumed importance to the structure and functioning
of benthic ecosystems or for their sensitivity to perturbations or changes in the environment (response ttaij.
Trait information was based on adults of all taxa and compiled from the literature, online databases, and from
expert consultations. In cases where trait information was not available for the faunal taxon, the trait
information was inferred from the most closely related taxon for which data were available. Multiple
categorical classifications were allowed for taxa with more than one trait category known.

To quantify functional diversity (FD), Murillo et al. 020) calculated the functional richness (Ric) for each

OAi PIETC 1TAAGEIT OOCEiI C OEA 0&%6 DAAEACA EOI I OEA OOAC
trait dissimilarity matrix based on the Gower distance and then calculated FRic, which reflects the volume of

the functional trait space filled by the present species at a location or in a community. The computed values of

FRic were compared with the number of species recorded for each of the two major regiorsdale faunal

groups (top and deep Flemish Cap; Figu@1l), for the whole ofFlemish Cap (all trawling sets), and for the sets

included in the current closed areas. These latter were also separated by the conservation target (sea pens or
sponges) protected in each closure (NAFO, 2019) such that trawling sets located inside ClosesbA 7 to 12,

and 14 were grouped together to assess the FRic of sea pen fields and sets inside closed Areas 4 to 6 to assess

the FRic of sponge grounds. Additionally, to study differences in trait composition between the 7 assemblages

(Figure 8.1) identified by Murillo et al. (2016) for Flemish Cap they computed community weighted means
j#7-qQ OAxEI AAOET ¢ OEA OOOOAOOOA 1T &£ OOAEO OAI OAO AO OEA
measure the functional redundancy between communities.

Murill o et al. 020) used Hierarchical Modelling of Species Communities from the HM3RC3.0 package in R to

fit a joint species distribution model to the benthic data combining simultaneously information on traits,
environmental covariates, and phylogenetic caostraints in a single model. Selected ecological functions linked

to individual or a combination of biological traits, were mapped.

Table 8.4. The species traits used in the analyses and their hypothesized relationship with factors
responsible for spatial mtterns in epifaunal assemblages including those traits which help to
distinguish between natural and maninduced changes. The categories or units are indicated
in the last column. From Murillo et al. 2020). References numbers in Murillo et al.2020).

Trait Hypothesized relationship Categories or units
Maximum Body size is correlated with many lifehistory traits and influences a wide Small (< 2 cm)
adult size range of biological and ecological functions [B]. Metabolic rate scales with Medium (2z 10 cm)

the 3/4 -power of body massand increases with temperature [7]. We expect Medium large (10z 50 cm)
small-sized species to be more prevalent in bottortrawled areas than in Large (50 cm)

similar environments not exposed to fishing impacts [89] and to have

higher P/B ratios [10] with higher metabolic rates [7]. We expecteme
species to be ecosystem engineers, locally enhancing biodiversity F12] by

increasing habitat heterogeneity and modifying the environment [13].

Longevity Long-living species have lower relative production due to slow growth and <5yrs
turn-over rates [14-15]. We expect that longeilived species will be found in 5z10yrs
deeper waters where light, food availability, temperature and disturbance 10750 yrs

intensity drive highly predictable distributions [16]. As longliving species > 50 yrs

are more common in undisturbed habitats, we further expect such species
particularly those of a larger body size, to be rarer in fished areas.
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Reproductive We expect broadcast spawners to decrease with depth and an increase in Asexuatbudding

method species with other reproductive methods [17]. Asexual reproduction may be Sexualbroadcast spawner

an adaptation to unfavorable environmental conditions and for species Sexual brooderindirect

where sexual reproduction is uncertain and/a infrequent [18-19]. We development pelagic

expect that asexual reproduction will dominate in areas that have been Sexual brooderdirect
disturbed by fishing over a long period of time. development demersal or

viviparous
Propagule Planktotrophic larvae are associated with long pelagic duration and high Pelagic planktotrophic
dispersal dispersal capacity while lecithotrophic larvae developing from large eggs, Pelagic lecithotrophic
containing a high quantity of yolk, correlate with a sha pelagic duration Benthic

and settlement close to parents [18]. Therefore, we expect that
planktotrophic species can recolonize more easily areas that have been
disturbed by fishing over a long period of time. Additionally, we expect
increase of species with leithotrophic larvae or direct development with

depth [20].
Motility Sessile organisms are more subject to changes in the abiotic environment Burrow
than motile species [21]. Motile and burrowing species arexpected to have Crawl
a better ability to avoid the trawl nets and can recolonize areas by migratior Swim
[9, 22-23]. Sessile
Degree of We expect largesized species that form aggregations to create habitat for Solitary
contagion other species and large satial scales and thereby increase biodiversity [11 Patchy
12]. Highly aggregated
Feeding mode The feeding mode is considered to be a proxy for energy fixation/transfer Scavenger
(trophic and ecosystem production [24]. Predatagprey relationships and trophic Predator
position) levels are indicators of community structure, and are important for Depositfeeder
monitoring ecosystem changes enabling quantification of bottorup Passive filter-feeder
linkages with flow webs, topdown linkages with ingestion/production Active filter-feeder

webs and trophic position. Scavengers arattracted to areas where trawling
occurs and are expected to be more common in areas of high fishing
intensity [9, 22, 23, 25].

The joint species distribution model was used to predict the spatial probability of occurrence of each trait
category (Table8.4) in the study area. Specific traits were then linked to three important ecological functions
provided by benthic communities: A Bioturbation; B) Nutrient cycling; and C) Habitat provision. Bioturbation

xAO AOOAOOAA OOEI ¢ OEA i1 OEI EOU AAOACI OU OAOOOI x8 xEE!
AFAAAET ¢c6 11T AA xAO OOAA AO A bOIutwof aEr thabatti@eHilleis frocdss, A1 E 1 A
taking nutrients from the water column and making them available to the benthos. To assess the habitat

DOl OEOCEI T x0T AGET T h OAGA xEOEET OOAEO AAOACI OEAGSh AAEODI
AT A PAOAEU AT A EECEI U ACCOACAOAA & O OAACOAA i &£ Ail OA

Brisingida, and Euryalida) and their logarithmicallytransformed biomass combined.

Continuous surfaces of the spatial distribution othese three defined ecosystem functions and the functional

richness (Fric) per trawl set werecreatedOOET ¢ OAT AT 1 & OAOO j2&q 1T AATTEIC x
They used 5000 regression trees and default values for the rest of the RF parameters. Predicdod standard

error surfaces were created for each surface. The response variable was the logarithmicelgnsformed

biomass of each function or the functional richness values computed. Seven fixed environmental variables and

45 summary statistics of 15 ¢her environmental variables and fishing effort were used as predictors (Murillo

et al.,2020).

Assemblages from the top of the Bank (<500 m depth) were characterized by higher biomass of smafid
medium-sized species with short lifespans, whereas largspecies with longer lifespans, and broadcast
spawners where dominant in the deeper assemblages (5301500 m depth). Higher biomasses of crawlers,
scavengers and predator species were found in the regularly fished grounds.

Functional richness (FRic) of ampling stations ranged between 1.5 and 39.7, following a similar trend in both
the top and deep Flemish Cap major faunal groups. After a positive linear relationship between FRic and the
number of species, asymptotic values were reached for trawl sets witroughly more than 30 species. At a
smaller scale, the three epibenthic assemblages from the top of Flemish Cap reached similar maximum values
of FRic between 2030 species. However, one of the assemblages (lll.b.2) from the deep Flemish Cap,
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characterized by a lower number of species, did not reach the maximum values of FRic found elsewhere.
Assemblages with a lower number of species showed greater variation in functional dispersion which was
mostly uniform for trawl sets with more than 20 species. When lathe trawl sets were grouped together the
FRic was 45.53, whereas this value was 44.78 for the sets outside of the closures and 45.43 inside the closures,
indicating that the current closures protect most of the functional diversity in the Flemish Cap aswhole. The
FRic of sponge closures was higher than the FRic of sea pen closures, with values of 43.51 and 34.46,
respectively. Predicted FRic from random forest modelling was highest on the southeastern side of the Flemish
Cap (Figure8.2). Relatively Hgh values were also observed elsewhere, including on the shallower part of the
Cap (< 200 m depth) and in parts of the Flemish Pass. Functional diversity was spatially aligned with ecological
diversity based on the number of species (Figuré2.25).
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Figure 8.2. Predicted surfaces from random forest modelling of sample Functional Richness (FRic =
FD), in relation to the NAFO Closed Areas on Flemish Cap. From Murillo et2020).

The probability of occurrence of each trait category in the study arednewed spatial separation between some
trait modalities in each trait category. The shallower areas of the Flemish Cap were predicted to contain a
higher proportion of small- and medium-size species with shorter lifespan compared to the deeper areas that
were dominated by larger and longliving species. Most of the areas were predicted to have a dominance of
sessile and highly aggregated species, excluding small areas north and southwest of the Cap. Active-filter
feeding was the dominant feeding mode on thop and southeast of the Cap, whereas passive filtéeeding
dominated on a ring along the north of the Cap between 500 and 1000m depth, with predator species in the
rest of the area.
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Figure 8.3. Predicted ecosystem functions from random foresmodelling of (a) Bioturbation, (b)
Nutrient cycling and (c) Habitat provision. ¢f) Standard error (SE) associated with each
predicted surface. Areas closed to bottom fishing activities to protect sponge and coral
concentrations and existing bottom fishing areas (NRA Footprint) are also indicated.
From Murillo et al. (2020).

The predicted biomass of the bioturbation function was higher on a ring around the Flemish Cap between 400
and 1100 m depth (Figure8.3a), mostly associated with low standard error (Figre 8.3d). It was driven mainly

by the sea pemAnthoptilum grandiflorum which was the heaviest and most common species. The biomass of
nutrient cycling and habitat provision functions presented a similar pattern (Figure3.3b,c), being higher in the
deeperwaters, in some areas between 600 and 900 m depth and in the shallower part of the Cap. The nutrient
cycling function was a bit higher in the shallower part of the Cap compared to the habitat provision function,
whereas the latter was higher to the northeat of the Flemish Cap. The higher values of these functions overlap
with the highest occurrence probability of the large spong&eodia barretti(Murillo et al., 2020). The standard
error surface was also similar for both predicted surfaces (Figur8.3e,f),except in the east of the Flemish Cap,
where high standard error was observed for the habitat provision function, whereas it was medium for nutrient
cycling.

Although current closures to protect VMEs from the adverse impacts of bottom fishing activitiesqiect most
of the functional diversity, the spatial scale of influence for each of the functions is unknown and therefore we
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cannot conclude that the high level of functional diversity found in the current closed areas is sufficient to
maintain ecosystemprocesses over the whole of Flemish Cap.

Sponge Functional Traits in the NRA

Pham et al. (2019) produced sponge biomass surfaces for the NRA, created from research survey data using both
random forest modeling and a gridded surface approach developed previously in NAFO. Their analysis revealed
231,136 tons of sponges in the area.bdut 42% of that biomass was protected by current fisheries closures.
Using values from the literature they converted the sponge biomass into estimates of ecosystem function:
filtration, respiration, carbon consumption and nitrogen flux. They showed thathese sponges filter 56,143 +
15,047 million litres of seawater daily, consume 63.11 + 11.83 t of organic carbon through respiration, and affect
the turnover of several nitrogen nutrients (Table8.5). Their removal would likely affect the delicate ecologida
equilibrium of the deep-sea benthic ecosystem in this region.

Within the NAFO fishing footprint area, both the modelling and the griatell approaches suggested that most of
the sponge biomass (66% and 60%, respectively) was found within NAFO Division 3(#lemish Cap). The
remaining portion of the sponge biomass occurred mostly in Division 3L (Flemish Pass) and Division 3N (Tail of
the Bank), while only a small portion (<2%) of the total biomass was found within Division 30.

Throughout the modelled area, bttom zones closed to protect VME (n=14) cover an area of 12,830.09 km
However, when looking at the area that falls inside the NAFO fishing footprint, and so vulnerable to fishing
threats if protections were not in place, the closed areas cover 7,884.2nk of seafloor, protecting sponge
biomass of 56,800 to 77,466 t as estimated from the modelling and gricell methods, respectively (Table 6,
Figure 8.4). For both approaches, the majority of sponge biomass was located within four closed areas (Areas 2,
4,5 and 6).

Table 8.5. Sponge wet weight biomass estimated by the modelling approach and estimates of ecosystem
functions in four NAFO Divisions. From Pham et al. (2019).

Area Bio(r;;ass (illfoitllﬁpe F({tegg) SZS?; COY?S?::Tt‘I)[())QOﬂ NH4+1()t day-  NO 1(; day- relggs-e (t
day1) (tC day?) day1)
3L-Flemish Pass 28060 6816+1827 6.90+129 7.66+ 1.44 O(')‘,’é’gf O(')‘,’sti 0.79 +0.19
3M-Flemish Cap 147837 35910+ 9 624 3%‘%? 40.37 + 7.57 05?353* oc'fgg; 4.16 + 1.00
3N- glﬂff the 51543 125203355 122'.277 * 1407+ 264 Oé?é)g’li Oé??é)oi 1.45+0.35
30- 3696 898+241  091+0.17 1.01+0.19 odt?ggoi od?gg; 0.10 £ 0.03
T w S wwmi @i sem oser o
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Table 8.6. Sponge biomass estimated within each of the areas closed by NAFO to protect VMESs using
both the modelling and grid-cell approaches for both the entirestudy area and the area limited

to the NAFO fishing footprint. From Pham et al. (2019).

Sponge biomass (t)

Closed Area Code o ]
Total NAFO fishing footprint
Model Grid Model Grid
1 816 685 488 541
2 29 619 58 527 15 727 31 395
3 1038 729 - -
4 20334 21011 10174 14 649
5 18 524 18 461 9 750 11 909
6 22 330 18714 18 716 18 538
7 22 20 22 20
8 8 1 8 1
9 21 25 21 25
10 75 73 75 73
11 9 5 5
12 3 1 1
13 96 310 96 310
14 3405 - 1711 -
Total 96 300 118 562 56 799 77 467
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Figure 8.4. Sponge biomass distribution in relation to NAFO Closed Areas and the NAFO fishing
footprint (dashed line) showing areas with associatedfiltration, respiration, carbon
consumption and nitrogen fluxes (Table8.5). From Pham et al. (2019).
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9. Work Plan SAI

COM Request [6]and ToR 2.4. Work Activities for SAI analysis in 2020" Work Activities for SAl analysis in
2020:

1 Define KDE polygons and thresholds for functions (bioturbation, nutrient cycling,teicture forming,
functional diversity) z DFO

1 Up-date cumulative biomassysfishing effort plots for ALL VMESs using new fishing effort and biomass
dataz Cefas

1 Create new cumulative functional (biomass)s fishing effort plots for each function (bioturbation,
nutrient cycling, structure forming, functional diversity) from trawl data z Cefas/DFO

1 Calculate SAI using VME and Functional polygon areas and biomass to quantify the 3 risk/impact

categories (low risk, high risk, impactedy Cefas/DFO

Assess the spaal/temporal relationship between fish, invertebrates, VME indicator species and VMEs

using multivariate approachesz Cefas

Up-date description of NRA fisherieg maps and tableg IEO

Develop new VME fragmentation index Mariano/Andy

Connectivity of VME Index

VME buffer zonesg DFO

1 Up-date literature review of VME recovery rateg DFO

]

=A =4 =4 -4

10. FAO Ciriteria

COM Request [6]and ToR 2.5. Assess all six FAO criteria (Article 18 of the FAO international guidelines
for the management of deep-sea fisheries in the high seas)

4EA &'/ COEAATEITAO j&!'/h ¢nnwq AAZET A 31) AOg OOEI OA «
structure or function) in a manner that: (i) impairs the ability of affected populations to replace themselves, (ii)
degrades the longterm natural productivity of habitats, and (iii) causes, on more than a temporary basis,

OECI EEZEAAT O 1100 1T £ OPAAEAO OEAET AOOh EAAEOAO 1T 0 Aiii Of

4EA COEAAT ETAO POI OEAA ZEOOOEAO ET OECEO ET O Ayhk EOOOA
scale and significance of an impact, the following six criteria should be considered:

i. The intensity or severity of the impact at the specific site being affected.
ii. The spatial extent of the impact relative to the availability of the habitat type afteed.
iii. The sensitivity/vulnerability of the ecosystem to the impact.
iv. The ability of an ecosystem to recover from harm, and the rate of such recovery.
v.  The extent to which ecosystem functions may be altered by the impact.

Vi. The timing and duration of the impactrelative to the period in which a species needs the habitat
during one or more of its ifeEEOOT OU OOACAO806

During the 1st assessmentfocus was directed on assessing the first three criteria (i, ii and iii). Criterion i, the
sensitivity or severity of the impact has been shown, through literature review, to be very high on the first pass
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through all VMEs identified by NAFO and is therefore directly related to bottom fishing effort and the type of
gears used (e.g. area of bottom contact). Criterion i accomplished through mapping the location of the VME
and determining the proportion of the area that is currently impacted by fishing against the area protected by
the closed areas (including areas of VME outside the fishing footprint), and the proporticthat is at risk of
being impacted (VME inside the fishing footprint not protected by VME fishery closures). Criterion iii, is
essentially the mapped distribution of the VMEs.

Criteria iv z vi, address mainly the functional aspects of VMEs. Criterion igan be estimated (in part) by
deriving the VME relative sensitivity (or resilience) from the cumulative biomassvs fishing effort plots.
Criterion v, relates to impacts of bottom fishing on the functional properties of VME habitat and therefore
requires an understanding of the biological traits of the VME indicator species and how they relate to significant
functions. A full account of the biological traits and their corresponding functional attributes is given in ToR
2.3, but in summary the VME functioa associated with, i. bioturbation, ii. nutrient cycling, iii. habitat structure
forming and iv. functional diversity will be assessed in the same way as the VME biomass. That is, the
cumulative functional biomassvsfishing effort response plots (for eab functional type) will be determined
and applied to the fishing effort data associated with the VME related functional polygons to estimate the
proportion of functional biomass at low risk, impacted and at high risk. These additional functional criteri

be applied in the SAIl analysis are highlighted in ToR 2.6.

Criterion vi. relates to the use of habitat by mobile species, emphasizing that some habitats may only become
VMEs if it is the use of that location by the mobile species the one that definee tarea as a VME (i.e. it is the
mobile species the VME indicator species), or that the significance of the VME habitat is further enhance at
certain times of the year if some mobile VME indicator species uses the VME habitat on a seasonal basis (e.g.
spawning, nursery grounds). Inthis last case the placebased VME is define by a sedentary species (e.g. corals,
sponges), and hence the habitat is a VME all year round.

NAFO has yet to designate any mobile species (e.qg. fishes) as a VME indicator species.iEthere are mobile

VME indicator species in the NRA (e.g. rare deep sea fish species), and these species do indeed seasonally utilize
the habitats already identified as VMESs, Criterion vi. for those mobile VME indicator species would be covered
by the consideration of Criteria v when applied to the sessile VME indicator species and the habitats they
generate. For example, if the mobile VME species utilizes sea pen VME as nursery grounds, addressing criteria
i-iv for sea pen VME, and minimizing SAlsnathis VME, would have the consequence of providing protection

for the nursery grounds of the mobile VME indicator species.

11. Weighting objectives SAl

COM Request [6] and ToR 2.6. Clearer objective ranking and weighting of criteria for the overall
assessment of SAI and risk of SAI.

During the 1st assessment of bottom fisheries conducted by SC in 2016 (88, 16" June 2016) a table of SAI
assessment metrics were developed and applied in accordance with the FAO guidelines for the assessment of

SAIl (FAO, 2009). One of the limitations of this approach, noted by SC, is that all metrics applied to each VME

have equal weight, when it is likely that some of the metrics are likely to have greater significance for the
assessment of SAI than others. In aditin, therationale £ O AOOECT ET ¢ OEA AAOACT OEAO
1Tx8 O 6-% OPAAEZEA |1 AOOEA OAI OAO xAO 110 Al AAOS

To address these concerns a sutproup of WGESA participants was convened during the 2019 meeting.

Consideration of the ranking of SAl assessment metrics

The subgroup first considered the full list of SAI criteria (FAO, 2009) with respect to an expanded list of
assessment metrics to be applied to the reassessment of bottom fisheries in 2021 (the! 3Al assessment)
(Table 11.1). It wasnoted that the first two SAI criteria are essentially directly related to the management of
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the fishing activity and therefore their status and trend will largely drive the responses in the remaining 4
criteria (see footnote).

Table 11.1. Full list of SA criteria (FAO, 2009) with respect to an expanded list of assessment metrics to
be applied to the reassessment of bottom fisheries in 2021

SAl criteria FAG

Assessment Metrics i ii iii iv % Vi
Area/Biomass at low risk X X X
Area/Biomass impacted X X X
Area/Biomass at high risk X X
Number of overlapping VMEs X X
Index of VME sensitivity X X
Index of fishing stability X X
Index of Risk of VME fragmentation X X
Index of functional sensitivity X X X
Functional Area at low risk X X X
Functional Area impacted X X X X
Functional Area at high risk X X X
VME connectivity X X X X

Accordingly, the metrics which correspond to the assessment of the first two SAI criteria were considered to
be of greater importance (and hence influence) in determining the overall assessment of SAl. Nevertheless, the
full list of metrics for the 2nd SA assessment will be developed and applied to meet the requirements of all 6
SAl criteria, including those pertaining to VME functions (see Tablil.1 footnote).

During the 1st SAl assessment a set of assessment metrics were defined, these have beesvakiated and
additional metrics included to assess the functional characteristics of VME and the impacts of bottom fishing
activities. The full set of assessment metrics to be applied in thedassessment is shown in Tabl&él1.2.

3i. the intensity or severity of the impact at the specific site being affected; the spatial extent of the impact relative to the
availability of the habitat type affectedjii. the sensitivity/vulnerability of the ecosystem to the impact;iv. the ability of an
ecosystem to recover from harm, and the rate of such recovery; the extent to which ecosystem functions may be altered
by the impact; andvi. the timing and duration of the impact relative to the period in which a species needs the habitat
during one or more of its life history stages.
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Table 11.2. The full se of assessment metrics to be applied in then2assessment

SAIl Assessment Metrics

Definition

Area/Biomass at low risk

Area/Biomass impacted

Area/Biomass at high risk

Number of overlapping VMEs

Index of VME sensitivity

Index of fishing stability

Index of risk of VME fragmentation

Index of functional sensitivity

Functional Area at low risk

Functional Area impacted

Functional Area athigh risk

This refers to the proportion of the area or biomass of VME which is
currently at low risk either because it falls within afishery closure area
and/or is in an area outside of the fishing footprint.

Proportion of the area or biomass of VME which has been exposed to a
level of fishing effort above the defined cubff point within any one year.

Proportion of the area or biomass of VME which falls below the defined
cut-off point of fishing effort within any one year.

Proportion of area overlapping with other VMEs.

Theinverse of VME impact cubff value is used as a proxy of sensitivity as
it indicates the point at which trawl duration/length exceeds VME
indicator patch size within the habitat.

Number of cells consistently fished above thenpact cut-off value over
time as a proportion of the total cells impacted.

Proportion of discrete VME without protection and the ratio of average
low to high risk area associated with the VME.

The inverse of functional impact cuwtoff value (for bioturbation, nutrient
cycling, structure forming and functional diversity functions) is used as a
proxy of sensitivity as it indicates the point at which trawl duration/length
exceeds function indicator patch size within a habitat.

This refers to the proportion of the area of the VME related functions
which are currently at low risk either because they fall within a fishery
closure area and/or is in an &sa outside of the fishing footprint.
Proportion of the area of the VME functions which have been exposed to
level of fishing effort above the defined cubff point (for each function)
within any one year.

Proportion of the area of the VME functions which fall below the defined
cut-off point of fishing effort (for each function) within anyone year.

#1171 OEAAOAOQEIT 1

i £ OEA AOOECiT i AT O

I £ OEE G métric laludsA OAOA AT A

In the 1st assessment of SAI, three categories of assessment were applied to each metric valamely, OE E CE h

iTAAOAOA AT A 11

x 0 8

4EA TEIEOO OOCAA OF AAZEET A OEA AAOA

between the VME spcific metrics. Although in most cases the differences were sufficiently clear to assign

either a high or low assessment category to each metric, the actual significance of the values in relation to
ecosystem function and impact is not known. Therefore hbse values assessed as being in the low impact

category cannot be assumed to be representative of good functional status.

This issue was further discussed in relation to the review of VMESs and the definition of categories used to assess
the status of VMEgsee ToR. 1.2) which defined 6 assessment categories ranging from good to poor (Table
11.3). Therefore, to ensure consistency between the review of VME and the assessment of SAl the same
categories were applied to the assessment of SAL.
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Table 11.3. Definition of categories used to assess the protection status of VMEStatus definitions
(recommendations) are based on definitions from the online Oxford English Dictionary: Good
Z To be desired or approved of; Adequate Satisfactory or acceptable in gantity or quality;
Incomplete z Not having the necessary or appropriate parts; Limitedz Restricted in size,
amount or extent; Poorz Of low or inferior standard or quality; Inadequatez Lacking in
quality or quantity required.

Recommendation Proportion of biomass protected Projected Connectivity Management
Among Closures Action
Good > 60% VME Biomass Good connectivity among Beneficial
closures
Adequate > 60% VME Biomass Limited connectivity or Beneficial
redundancy
Incomplete 60% - 30% VMEBiomass Good connectivity among Desirable
closures
Limited 60% - 30% VME Biomass Limited connectivity or Desirable
redundancy
Poor 30% - 15% VME Biomass Limited connectivity or Essential
redundancy
Inadequate < 15% of Biomass Limited connectivity or Essential
redundancy

12. Kernel Density (KDE) Analysis/Review of Closures

COM Request [7]land ToR 1.2. Re-assessment of VME closures by 2020, including area #14 irrespective of
a decision to continue or not continue this closure after 2018

In response to the Commission request WGESA repeated the suite of analyses used to identify vulnerable
marine ecosystems (VMES) in the 2013 review of the closed areas in the NAFO Regulatory Area (NRA) (NAFO
2013). For most VME indicator taxa, kernel densityKDE) analyses of the research vessel trawl catches and
subsequent aerial expansion methods (Kenchington et al. 2014) were applied. Previously, due to data
properties, KDEs of small gorgonian corals were performed separately for Divisions 3NO and for Dieis 3M,

but in 2019 with the increasein availabledata, the areas were combined in a single analysW.e also conducted

the first KDE analysis on black corals after observing spatial aggregation in the updated catch d&llowing
previously establishedpractice (NAFO 2013) species distribution models were used to modify the boundaries
of the KDE polygons where they extended into unsuitable habitat (low probability of occurrence). Details of
that work are reported in Kenchington et al. (2019). In generahere was good spatial congruence between the
2013 and 2019 analyses which is most evident in the comparison of the VME polygons (Figdi21). Catch
thresholds were the same or similar to those identified previously (Tabld2.1). Most VMEs increased in @&a
with the new data (Tablel12.1), the exception being erect bryozoans where a change in the KDE search radius
enabled by the new data reduced the VME area (Tall@.1). The increase in area for the small gorgonian corals

is supported by new data from the30 surveys (reviewed in Figuresl2.29 and 12.30 in detail), and was
influenced by an increase in KDE search radius a result ofthe change to the spatial extent of the analysis as
noted above.
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Table 12.1. Change in significantoncentration threshold (kg) from research vessel catches and total area
(km2) of VME polygons derived from kernel density estimation and species distribution
modelling techniques between 2019 and 2013. Also shown is the percent change in polygon
area between 2019 and 2013 and the proportion of VME area and biomass protected inside
the closed areas in 2019 (Area 14 is included in this calculation)otal biomass (kg/km2) VME
indicator taxa inside the 2019 VME polygons derived from KDE density surfaces thist
protected (inside closures) versus unprotected (outside closures) in NAFO Divisions 3LMNO.

Common Research Area of VME in Change in  Proportio Total Biomass  Proportio
Name Vessel Catch (km?2) Area nof VME Biomass Protected n of VME
Threshold (kg) between Area of 2019 by Closed Biomass

2019 & Protected VME in Areasin  Protected
2013 (%) by Closed 3LMNO 2019 by Closed
Areas in (kg/km2)  (kg/km 2) Areas in

2019 (%) 2019 (%)
2019 2013 2019 2013

Large-sized 100 75 24,218 19,824 22 39 20,804 11,753 57
sponges
Sea pens 1.3 1.4 8,498 6,983 22 17 20 4 18
Large 0.6 0.6 5,007 3,506 43 55 55 31 57
gorgonian
corals
Small 0.2 0.15* 4,540 307 1,377 4 2 0.03 1
gorgonian
corals
Sea squirts  0.35 0.3 4,077 2,193 86 0 41 0 0
Erect 0.2 0.2 3,491 6,587 -47 0.14 55 0.01 0.01
bryozoans
Black 0.4 - 2,631 - - 17 2 0.38 16
corals**

*In 2013 KDE analyses for small gorgonian corals were performed for Divisions 3NO and for Division 3M and in 2019 the
areas were combined. ** KDE analyses on black cocaltches were performed for the first time in 2019.

In order to evaluate the effectiveness of the area closures we calculated the proportion of the VME area and
biomass, by VME type, that is protected by the closed areas currently in place and including aé\det (Table
12.1). In making this calculation the VME area is defined by the KDE polygons for each group (NAFO 2013), and
the closed areas are the full extent as defined in the Conservation and Enforcement Measures (NAFO 2018).
Biomass for each taxon was etermined from the KDE surfaces (see Kenchington et al. 2019 SCR). This
comparison is strictly to facilitate the evaluation of the effectiveness of the current closures in terms of position
and coverage (Tablel2.2) and differs from evaluations of fishingmpacts outside of the closed areas elsewhere

in this report, which are restricted to within the Existing Bottom Fishing Area (i.e., the fishing footprint). This

is consistent with Areas 1, 2, 3, 4, 5 and 6, and some VMEs (primarily laigiged sponges), etending outside

of the fishing footprint (Area 3 is completely outside) and with that area potentially subject to exploratory
bottom fishing (albeit with an extra layer of protection. NAFO 2019). Further, as different closures and
indicator taxa were inplace in2013, we have not calculated the proportion of VME protection afforded at that
time. Removing Area 14 from the evaluation would reduce the protection (area and biomass) afforded to the
sea pens (Tablel2.1).

New to this assessment, the connedtity between closed areas was modeled using a3 particle tracking
package (Parcels v.2.1) in conjunction with the eddyesolving Bedford Institute of Oceanography North
Atlantic ocean model (BNAM), which uses the NEMO 2.3 (Nucleus for European Modelbhthe Ocean) model
engine. Simulations run between areas closed to protect the same VME indicator groups (i.e., lssized
sponges, sea pens and large gorgonian corals) showed low overall potential for connectivity which is
considered in the assessmentfdhe closed areas for each VME indicator taxon (Part A below). Details are found
in Wang et al. (2019).
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In undertaking our assessment of the areas closed to protect VMEs we producegriori a rating guide based

on expert judgement to produce a more constent framework for evaluation here and in future (Tablel2.2).

It considers the proportion of biomass/area protected for each VME type and incorporates the new information

on connectivity. The assessment in 2013 did not benefit from such a framework. Tlyside was used to provide

an assessment on the protection afforded to each VME indicator group over the NRA (Part A), and to assess the
adequacy of the existing closures relative to all VMEs (Part B). The recommendation is linked to the need for
managemert action (Table 12.2). For Part B we introduce new layers on species diversity and the predicted
distribution of the glass spongeAsconema foliataon Flemish Cap, a VME indicator that is not adequately
protected in the largesize sponge VME due to its ligthiomass.

Table 12.2. Rating guide based on expert judgement used to evaluate the effectiveness of area closures
put in place to protect vulnerable marine ecosystems in the NAFO Regulatory Area and the
need for management actions. Connectivity is definddere as physical links between two or
more areas; an area is considered to have redundancy when two or more other areas connect
to it. These properties relate to the ability of populations to persist. Status definitions
(recommendations) are based on ddfitions from the online Oxford English Dictionary: Good
Z To be desired or approved of; Adequate Satisfactory or acceptable in quantity or quality;
Incomplete z Not having the necessary or appropriate parts; Limited; Restricted in size,
amount or extent; Poorz Of low or inferior standard or quality; Inadequatez Lacking in
quality or quantity required.

Recommendation Proportion of VME Projected Connectivity Among Closures Management
Protected Action

Good > 60% VME Good connectivity among:losures Beneficial
Adequate > 60% VME Limited connectivity or redundancy

Incomplete 60% - 30% VME Good connectivity among closures Desirable
Limited 60% - 30% VME Limited connectivity or redundancy

Poor 30% - 15% VME Limited connectivity or redundancy Essential
Inadequate < 15% VME Limited connectivity or redundancy

Overview of Analyses

The VME polygons generated in 2013 were compared with those generated in 2019 and areas of overlap
identified (Figure 12.1). The large increase in area of the small gorgonian coral VME (Tali2.1) can be seen
on the Tail of Grand Bank near the 30 closurghere the new data expanded the significant concentrations
identified in 2013. Similarly the reduction in erect bryozoan VME (Tabl&2.1) can be seen in this same general
areaas a result of improved delineation of the areas of high concentration
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Figure 12.1. Overview map of the location of VME taxa (largeized sponges, sea pens, small
gorgonian corals, large gorgonian corals, erect bryozoans, sea squirBo(tenia oviferg,
and black corals) in the NRA, colour coded by taxon. For all taxa the polygaletermined
from the 2013 analysis are shown in dashed line and compared with those from the 2019
analyses in solid lines. Areas of overlap are shaded. The closed areas are indicated in
black outline and their numbers shown near the closure. Dashed bluené is the fishing
footprint.

a) New data collected in bottom trawl surveys in 2019

Bottom trawl surveys by the EUSpain and Canada revealed that VME indicator species were widespread
(Sacau et al. 2020). Three significant catches of spongés76 kg tow?) occurred in the EUSpain survey while
two significant catches of large gorgonian corals?(0.6 kg tow?!) and one significant catch of small gorgonian
corals ¢ 0.15 kg tow?) occurred in the Canadian surveys. In EU surveys, sponges occurred in 25.3% of tows
large gorgonian corals in 1.5% of tows; small gorgonian corals in 10.4% of tows and sea pens occurred in 30.9%
of tows. During Canadian surveys (2018 and 2019) sponges occurred in 4%3.5% of tows; large gorgonian
corals occurred in 2.85.8% of tows; snall gorgonians occurred in 01.4% of tows; sea pens occurred in 8:5
10.1% of tows and black corals occurred in-1.4% of tows. Preliminary datafrom EU and EUSpainsurveys in
2019 are presented in SCR Dot9/060.
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Assessment of Protection for VMESs in the NAFO Regulatory Area
Summary of New Data Sources

Data available were obtained from research vessel trawl surveys (Tabl®.5) and used to perform the kernel
density analyses (Kenchington et al. 2019 SCR). Benthic imagery, and data from rockl acallop dredges
previously collected through the NEREIDA program were used as supporting information (NAFO 2013).

Table 12.3. Data sources from contracting party research vessel surveys; EU, European Union; DFO,
Department of Fisheries and Oceans; NLeMfoundland and Labrador; IEO, Instituto Espafiol
de Oceanografia; IIM, Instituto de Investigaciones Marinas; IPMA, Instituto Portugués do Mar
e da Atmosfera.

Programme Period NAFO Gear Mesh size in ~ Trawl Average

Division codend liner  duration wingspread
(mm) (min) (m)
Spanish 3NO Survey (IEO) 2002 - 2019 3NO Calrgggle” 20 30 24.2731.9
EU Flemish Cap Survey (IEC )

IIM, IPIMAR) 2003 - 2019 3M Lofoten 35 30 13.89

Spanish 3L Survey (IEO) 2003 - 2019 3L CalmSES'e“ 20 30 2427319
DFONL Multi-species Campelen
Surveys (DFO) 1995 - 2019 3LNO 1800 12.7 15 15-20

Large-Sized Sponges

I OOAOOI AT O0d O) NAJd®i-ADABCAI4MIAD A AAOET T O$SAOEOAAI A6 8
There is a good correlation between the closures and the areas of high concentration of sponges (FidiZ#)

and in some areas (Flemish Pass) much of the predicted habitat for the Gead@minated sponge grounds is
protected (Figure12.2). The reassessmehincreased the catch threshold for defining the sponge VME from 75
kg to 100 kg, resulting in some changes to the VME polygons. Notably, the 2019 VME polygon protected by Area
2 is smaller at its northern end in Flemish Pass. Two catches of 75 kg, botlside the closed area, now lie
outside the VME, but inside the VME polygons for sea pens. Adjustments of some of the current closures at their
lightly fished or unfished deeper boundaries would enhance protection for th&seodiadominated sponge
grounds (Figure 12.2). The glass spongeAsconema foliata a VME indicator (seeRelationship of Structure
forming Invertebrates with Biodiversitybelow) has small individual biomass and therefore the kernel density
analysis performed on all sponges is biased towardfi¢ massive ball sponges forming th&eoda-dominated
sponge groundsAsconema foliatds not well protected by the existing closures but is reviewed in Part B.

Some of the closed areas are large (Area 2, Area 5) with Area 2 showing some retention indieatf potential
for self-perpetuation (Figure 12.3). The spatial configuration of the closures is good with respect to
connectivity. There is a general clockwise flow pattern of downstream interdependence (Figut2.4) with Area

6 (Sackville Spur) a potenial source of recruitment to Area 5 and Area 4 (Figure$2.3,12.4).
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Figure 12.2. Left Panel: Kernel density biomass surface of large size sponges in the NAFO Regulatory
Area based on research vessel catch data. Right Panel: Sponge KDE polygons (pink
underlay red outline) indicative of sponge VMEs (sensu NAFO 2013), in relatioo the
2010-2018 VMS fishing data (grey tracks; NAFO Secretariat 2019) and area closures.
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Figure 12.3. Left Panel: Species distribution model surface of probability of occurrence @eodia
dominated sponge grounds in the NRA. Right Panel: Sponge KDE polygons indicative
of sponge VMEs (NAFO 2013) and catches within each polygbnl00 kg/RV tow,
catches| 75 kg/RV tow (previous polygon threshold, NAFO 2013), and sponge
presence, in relation to the area closures. Catches’5 kg/RV tow outside of the 2019
KDE polygons are indicated.
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Proportion of Particles Crossing or Terminating
in Another Closed Area

Figure 12.4. The proportion of modeled particles released from each of thé areas closed to protect
large-size sponges (source areas; Areas 1, 2, 3, 4, 5, 6) and passing over or terminating
in another area closed to protect largesize sponges (receiving areas). For each
receiving area the percentage of the total number of paxles released (from all source
areas) are provided. Those values include particles that crossed, terminated or were
retained in the receiving area. Drift durations were 2 weeks.
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Figure 12.5. Connectivity pathways for particles released at 3 depths in each of the 6 areas closed to
protect large-size sponges (Areas-16) showing chainlinking with minimal redundancy
in Area 4. Drift durations were 2 weeks.

Sea Pens
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Although there is some level of protection of sea pen on the western side of Flemish Cap (FigL2e5), as a
system of VME which emerges from the overall distribution there is limitegbrotection for sea pen VME as a
whole (Figure 12.7). Without Area 14 there is notable absence of protection on the eastern Flemish Cap.
Connectivity between the closures on Flemish Cap is poor with very low percentage of particles drifting from

one closedarea to another with one month duration (Figurel2.8). Areas 7, 8, and 9 are weakly connected at
their shallower depths (Figure12.8) through the cyclonic circulation of the Labrador Current (Figure2.9). In
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general, drift at theseabedis counter clockwise with closed areas on the north of the Cap potentially seeding
the sea pen VME in Area 2 in Flemish Pass (Figure®.8, 12.9). The lack of protection for the entire eastern
part of their distribution is of concern for the long term sustainability of these VME. There is no protection for
the sea pen VME on the Tail of Grand Bank where there is significant activity of bottarantact fishing gear
(Figure 12.6). All of the sea pen closures are small, Areas 7, 8, 9 and 12 in particular, and combining thesasr
could facilitate retention (Figures12.8,12.9).
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Figure 12.6. Left Panel: Kernel density biomass surface of sea pens in the NAFO Regulatory Area
based on research vessel catch data. Right Panel: Sea pen KDE polygons (blue outline)
indicative of sea pen VMEssgnsuNAFO 2013), in relation to the 20162018 VMS fishing
data (grey tracks; NAFO Secretariat 2019) and area closures.

Sea Pens \ > X
6\9
Probability Value = > =

e —— Y

48°N

46°N

4N

Figure 12.7. Left Panel: Species distribution model of probability of occurrence of sea pens in the
NRA. Right Panel: Sea pen KDE polygons indicative of sea pen VMEs (NAFO 2013) and
catches within each polygon 1.3 kg/RV tow, catches > 1.%51.4 kg/RV tow (previous
polygon threshold), and sea pen presence, in relation to the area closures. Catchés4
kg/RV tow outside of the 2019 KDE polygons are indicated.
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