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Preface

This report documents the work carried out in the project Hypoxia effects on stock assessment:
A case study of the South-Western Baltic, also known as HypCatch, which was funded by the
European Maritime and Fisheries Fund and the Danish Fisheries Agency (file no. 33113-B-20-
177). The project period was from June 2020 to August 2023.

This report includes original research, often in summarised forms, where more details are in
preparation for submission to be published in academic journals.

We thank all of the colleagues and diverse working group members who provided discussion
and advice that ultimately improved the quality of this work.

DTU Aqua Kgs. Lyngby, November 2023

Elliot J. Brown
Researcher and Project Leader
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Summary

In the 2020 assessments of Atlantic cod (Gadus morhua) and European plaice (Pleuronectes
platessa) stocks from the western Baltic Sea, a marked reduction in numbers of fish caught in
the standard survey was observed. Survey reports indicated that this was probably due to
widespread hypoxia. Thus, this project HypCatch, was initiated to investigate the effects of hy-
poxia on cod and plaice from these stocks and to further investigate the observed impacts on
fish distribution, the potential mechanisms of impact on the population and small scale fisher’s
perceptions of how hypoxia in the south-western Baltic Sea impacts upon their decisions, effort
and catches.

We describe how different levels of hypoxia severity in the bottom-waters elicit different re-
sponses from cod and plaice, in terms of their catchability in the scientific surveys. Cod catcha-
bility decreases at moderate levels of hypoxia (between two and four milligrams of oxygen per
litre) before rapidly declining at acute levels of hypoxia (below two milligrams of oxygen per li-
tre). Similarly, plaice catch levels decline rapidly under acute hypoxia, however, they appear un-
responsive to moderate hypoxia. This finding in the offshore survey was mirrored by increasing
(albeit, non-significant) catch rates in coastal monitoring with increasing extents of moderate
(cod only) and acute (cod and plaice) hypoxia across the study area. In spite of these re-
sponses, we found that accounting for oxygen in the modelled stock indices modified these indi-
ces very little, and the subsequent stock assessment outcomes even less. Hence, our recom-
mendation for these stocks is not to include oxygen as a mediating environmental variable in
the production of the survey abundance indices.

While oxygen conditions have a minimal effect on the calculation of stock indices and their sub-
sequent use in assessment, the wide spread nature of moderate hypoxia that we document, is
likely to have an effect on stock productivity via many potential mechanisms. This report’s sub-
sequent chapters describe how fish and fishers’ distributions change in response to hypoxia.

First, a more realistic species distribution modelling framework is applied to cod and plaice in
the inner Danish waters. This approach, called a soap-film smoother accounts for the complex
landmasses and coastline that pepper the inner Danish waters. We document how the models
we produce better predict species distributions in space and in response to hypoxic waters, than
more traditional approaches.

Similarly, we describe the results of a short survey of small-scale, commercial gill-netters and
their interactions with hypoxia. While only 30% of these fishers consider hypoxia in their fishing
decisions, nearly 80% of fishers who experienced hypoxic waters moved their gears shallower
and closer to land in response. Of those fishers in ICES sub-division 22 whose fishing was im-
pacted by hypoxia in 2019, all noted that there were fewer fish in catches.

While we are currently unable to quantify if such responses to hypoxia are general trends
across all small-scale fisheries in the area, this report documents a new, greatly improved
method for attributing small scale fisher effort in space, using AlS data via a random forest mod-
elling approach. These methods can be applied in the future to extract catch rates for various
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species in different areas and in relation to hypoxic waters, to strengthen further the circumstan-
tial evidence we have of cod and plaice using coastal waters as a refuge from basin-scale hy-
poxia.

From a collaboration between this project and another, SEAwise, we investigated hypothetical
scenarios of impact from hypoxia in the deep basin spawning grounds and in the coastal juve-
nile habitats and the relative effect these different mechanisms of action have on population
productivity. We found that juvenile habitats act as a filter determining future class strength, but
that adults aggregating in areas of hypoxia for spawning, are the greatest risk for loss of popula-
tion productivity. Furthermore, we found that there is a larger scope for the positive effects com-
ing from restoration (reducing hypoxia) than there is for continued negative effects of broad-
scale hypoxia.

Finally, we describe how all of these findings were distributed and disseminated amongst work-
ing groups with both advisory and scientific tasks.
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Dansk Resumeé

| bestandsvurderingen fra 2020 af torsk (Gadus morhua) og redspeette (Pleuronectes platessa)
bestandene fraVestlig Jstersg blev der observeret en markant reduktion i antallet af fisk fanget i
den standardiserede survey. Rapporterne fra surveyet indikerede, at dette sandsynligvis skyld-
tes udbredt iltsvind. Derfor blev dette projekt, HypCatch, iveerksat for at undersage pavirknin-
gerne af iltsvind pa torske- og redspaettebestanden og yderligere undersagge de observerede
indvirkninger pa fiskedistribution, de potentielle mekanismer for pavirkning af bestanden og
smaskalafiskeres opfattelser af, hvordan iltsvind i den sydvestlige del af Dstersgen pavirker de-
res beslutninger, indsats og fangster.

Vi beskriver, hvordan forskellige niveauer af iltsvindens alvor i bundvandene udlgser forskellige
reaktioner fra torsk og re@dspaette, nar det kommer til deres fangbarhed i de videnskabelige un-
dersggelser. Fangbarheden for torsk falder ved moderate niveauer af iltsvind (mellem to og fire
milligram ilt per liter) far den hurtigt falder ved akutte niveauer af iltsvind (under to milligram ilt
per liter). P4 samme made falder fangsterne for rgdspeette hurtigt under akut iltsvind, men de
synes ikke at reagere pa moderat iltsvind. Denne observation i den offshore undersggelse blev
afspejlet i stigende (dog ikke signifikante) fangstrater i kystovervagningen med stigende grad af
moderat (kun torsk) og akut (torsk og r@dspeette) iltsvind over omradet. Til trods for disse reakti-
oner fandt vi, at inkludering af ilt i de modellerede bestandsindekser kun eendrede disse indek-
ser meget lidt, og de efterfelgende bestandsvurderingsresultater endnu mindre. Derfor er vores
anbefaling for disse bestande ikke at inkludere ilt som en medierende miljgvariabel i produktio-
nen af survey udbredelsesindekserne.

Mens iltniveauer har en minimal effekt pa beregningen af bestandsindekserne og deres efterfal-
gende brug i vurderingen, er det sandsynligt at det udbredte niveau af moderat iltsvind, som vi
dokumenterer, kan have en effekt pa bestandsproduktiviteten via mange potentielle mekanis-
mer. De falgende kapitler i denne rapport beskriver, hvordan fisk og fiskeres fordeling aendrer
sig som reaktion pa iltsvind.

Farst anvendes en mere realistisk modelramme for artsfordeling pa torsk og redspaette i de in-
dre danske farvande. Denne tilgang, kaldet en ’soap-film smoother’ tager hgjde for de kom-
plekse landmasser og kystlinjer, der praeger de indre danske farvande. Vi dokumenterer, hvor-
dan de modeller vi producerer, bedre forudsiger artsfordelinger i rummet og som reaktion pa ilt-
svind, end mere traditionelle tilgange.

P& samme made beskriver vi resultaterne af en kort undersggelse af smaskala, kommercielle
garnfiskere og deres interaktioner med iltsvind. Mens kun 30% af disse fiskere overvejer iltsvind
i deres beslutninger, flyttede naesten 80% af fiskere, der oplevede iltsvind, deres redskaber til
en lavere dybde og teettere pa land. Af de fiskere i ICES-underafdeling 22, hvis fiskeri blev pa-
virket af iltsvind i 2019, bemaerkede alle, at der var feerre fisk i fangsterne.

Selvom vi i gjeblikket ikke er i stand til at kvantificere, om sadanne reaktioner pa iltsvind er ge-

nerelle tendenser pa tveers af alle smaskalafiskerier i omradet, dokumenterer denne rapport en
ny, markant forbedret metode til at tilskrive smaskalafiskerens indsats i rummet ved hjeelp af

Hypoxia effects on stock assessment: A case study of the South-Western Baltic 7



AlS-data via en tilgang med 'random forest’-modellering. Disse metoder kan anvendes i fremti-
den til at udtreekke fangstrater for forskellige arter i forskellige omrader og i forhold til iltsvind, for
yderligere at styrke det indiciebevis, vi har for, at torsk og redspaette bruger kystfarvande som
en tilflugt fra iltsvind pa bassinskala.

Fra et samarbejde mellem dette projekt og et andet, SEAwise, undersggte vi hypotetiske scena-
rier for virkning af iltsvind i dybe gydeomrader og i kystnaere juvenile levesteder og den relative
effekt, disse forskellige handlingsmekanismer har pa bestandsproduktiviteten. Vi fandt, at juve-
nile levesteder fungerer som et filter, der bestemmer fremtidig styrke for arsklassen, men at
voksne, der samles i omrader med iltsvind til gydning, udger den starste risiko for tab af be-
standsproduktivitet. Desuden fandt vi, at der er stgrre muligheder for de positive effekter fra
genopretning (reducering af iltsvind) end der er for fortsatte negative effekter af bredskala ilt-
svind.

Endelig beskriver vi, hvordan alle disse fund blev distribueret og udbredt blandt arbejdsgrupper
med bade radgivende og videnskabelige opgaver.

8 Hypoxia effects on stock assessment: A case study of the South-Western Baltic



1. Background and Motivation for HypCatch

In the assessment of exploited fish stocks, appropriate fisheries independent surveys can be
utilised to produce indices of overall stock size and population structure, independent of the
fishery data that drive the model. These “tuning fleets”, can be used as raw data or can be mod-
elled to estimate the population size and structure across the entire, non-sampled, stock area
(Berg, Nielsen, & Kristensen, 2014). If surveys sampling stations are non-representative of the
entire stock area, this can lead to a bias in the tuning index used in the stock assessment. As
the marine environment is variable, and fish are mobile, the sampling routine of a given survey
may be more or less representative in any given year or season; leading to varying bias in the
tuning index for the stock assessment, over time.

In 2020, the Baltic Fisheries Assessment Working Group (WGBFAS) noted that the survey indi-
ces for European cod (Gadus morhua) and European plaice (Pleuronectes platessa) in quarter
four of 2019 were extremely, and unexpectedly, low (ICES, 2020). These low values did not
match the two survey results immediately adjacent in time, namely the quarter 1 surveys of
2019 or 2020, nor did they match trends in the observed catch rates from the commercial fisher-
ies. After manual consideration of oxygen maps provided by German survey vessel reports
(Velasco, 2019), it was decided to leave the data for the 2019 quarter four, out of the stock as-
sessments and to consider them erroneous. However, the question remained, why were the
plaice and cod not observed in this one quarter’s survey, while they were present in all other
sampling methods? There are two suitable hypotheses based on horizontal or vertical distribu-
tion shifts. First, given the surveys operate in waters of a minimum of 20m depth, that during
deep water hypoxia, the fish move horizontally into shallower areas to avoid the hypoxia and
thus avoid being sampled in the survey. The second hypothesis is that the fish move upward in
the water column to above the hypoxic layer, which is also above the operational depth of the
survey trawl gears, thus avoiding both the hypoxia and being sampled in the survey.

The primary aim of HypCatch was to investigate how oxygen concentration (hypoxia) in the
south-western Baltic Sea effects plaice and cod capture rates in surveys and if this effect can be
mediated to reduce the impact this variable capture rate has on the outcomes of stock assess-
ments.

Secondary aims of HypCatch were to:

1) Model and map distribution shifts of cod and plaice using optimal data sources and im-
proved methodology, to investigate the horizontal distribution shift hypothesis.

2) Investigate the catch rates of coastal fishers in response to broad scale, bottom water
hypoxia.

3) Document how small scale, gill net fishers identify and respond to hypoxia.

4) Compare the mechanisms by which basin scale hypoxia at spawning time could impact
population dynamics of cod and plaice.

5) Disseminate these findings directly to WGBFAS and other relevant ICES working
groups to enhance their operational relevance.

Hypoxia effects on stock assessment: A case study of the South-Western Baltic 9



2. Operational Consideration of Hypoxia in Stock
Assessments

The inclusion of environmental drivers of fish stock productivity or observability in tactical fisher-
ies advice requires that data on environmental conditions be available to stock assessments. In
the context of HypCatch, data on oxygen conditions of bottom waters must be available at the
same time as survey data and fisheries catch data, ahead of the annual WGBFAS meeting in
spring. Furthermore, these data must be universally accepted as valid, by all stakeholders and
reliably produced on the same time scale that the stock assessments are made.

Methods to incorporate the data on environmental drivers that are available, into stock assess-
ments are sparse and not routinely incorporated into assessments that provide advice. Many
approaches use the output of stock assessment models and correlate the unexplained variation
from the fisheries models with observed environmental phenomena (Derhy, Macias, Elkalay,
Khalil, & Rincon, 2022). This approach can provide further understanding of the ecological con-
text the fishery is operating in but does not produce a unified model accounting for environmen-
tal drivers and fisheries mortality in population dynamics, which would be suitable for providing
tactical fisheries advice. A promising avenue of research are spatially explicit state-space popu-
lation models that can model abundances in space and how these interact with fisheries to
make more spatially explicit advice (Olmos et al., 2023). However, while these models could po-
tentially utilise environmental drivers in the estimation of spatial abundance, this has not yet
been published, let alone adopted to provide operational advice. Alternatively, using known rela-
tionships between environmental drivers and key population dynamic rates (e.g. growth, mortal-
ity, fecundity) to dynamically redefine biological reference points can make the assessment of
fishing mortality relative to stock size more appropriate for the current environmental conditions
(Bessell-Browne et al., 2022). However, this approach relies on strong evidence for the relation-
ships between the environment and population dynamics, in the absence of harvesting. This re-
liance may be just as much of an assumption as that of current practices, where the unfished
biomass is either modelled or taken as the largest value in recorded history. A method that has
not been investigated is the incorporation of environmental drivers into the spatial models that
produce age-based stock indices to be utilised as tuning fleets in stock assessments.

In this chapter, we investigate how oxygen concentration (hypoxia) in the south-western Baltic
Sea affects plaice and cod capture rates in surveys and if this effect can be mediated to reduce
the impact this variable capture rate has on the outcomes of stock assessments. First, we re-
view and evaluate available bottom-water, oxygen concentration data sources, before selecting
the most appropriate source for operational use. We then incorporate these oxygen data into
the models producing the stock indices, and investigate their effects on the indices. Subse-
quently, we utilise the oxygen-mediated indices in standard stock assessment models and com-
pare the overall effects on the estimated stock size and status.

10 Hypoxia effects on stock assessment: A case study of the South-Western Baltic



2.1 Environmental Oxygen Data and Indices

In our review of available oxygen data for the areas covering the stocks of interest, namely Eu-
ropean plaice in the Kattegat, Belt Seas and SW Baltic Sea, as well as Atlantic cod from the SW
Baltic Sea, we found two different types of data. The first were databases of observations and
the second were products of coupled hydro-biogeochemical model runs. For each of these data
types we found examples being held at sub-national, national, regional and European scales
with various levels of availability (Table 1). While model output data from the Swedish Meteoro-
logical Institute appeared promising, the stated rates of update were unreliable, access to the
full time series was limited through their own data portal, and attempts to contact the team re-
sponsible for the data were unsuccessful. Via the European data portal, Copernicus, data from
the same underlying models were available for a longer period back in time, but without any
planned updates stated. Furthermore, sources of assimilated data for any of the process-based
models could not be determined and thus, no independent observations of bottom water oxygen
could be selected for validation of these model outputs. Based on the inability to validate them
and the limited availability of both existing data and future updates, the decision was made to
utilise a database of raw observations to build our own statistical model of bottom-water oxygen

concentrations. The most complete data source was hosted by ICES. This source included all
observations in the HELCOM database (mostly data from continuous logging), together with
various other observations of oxygen from regular surveys and sporadic projects.

Table 1. Sources and descriptions of considered bottom water oxygen concentration data.

Source Datatype Resolution Availability Updates

Christian-Al- Coupled hydro- 0.5 degree grid Upon Request / Irregular and pro-

brecht University biogeochemical squares Collaboration ject funded
model output

Danish Meteoro- Coupled hydro- Unknown Delays to be- Unknown for

logical Institute

biogeochemical
model output

coming public

publicly available
data

DHI

Coupled hydro-
biogeochemical
model output

Various scales

Commercial Li-
cense or funded
project partners

Project funded

Swedish Meteo-
rological Institute

Coupled hydro-
biogeochemical

Various scales
down to 0.5 de-

Publicly available
hind- & forecasts

Regular updates
biannual or annu-

radic samples
collected ad-hoc

model output gree grid ally

National Institute Observations Semi-regular Available After Surveys
of Aquatic Re- samples
sources, DTU
HELCOM Observations Database of spo- Available Unknown

radic samples

collected ad-hoc
ICES Observations Database of spo- Publicly available Upload schedule

according to data
calls matching
stock assess-
ments

The ICES database (data.ices.dk) was used to download high-resolution bottom oxygen data
mainly from buoys that measure continuously through the year. This data source was chosen

because it is updated regularly, thus ensuring that the newest oxygen data would be available in
time for the Baltic stock assessments in spring.

These data could not be used directly, because we need bottom oxygen data matching the time

and position for the trawl positions. A spatio-temporal model for bottom oxygen was therefore
constructed to be able to interpolate the oxygen concentration at any point in time and space.
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The oxygen model was a generalized additive model that included time, geographical coordi-
nates, time of year, depth and distance to the North Sea, as explanatory variables including in-
teractions. The model was fit to data from the years 1991 to 2021 in ICES areas 21-25 (Figure

1).

Some reservations should be taken regarding the very low oxygen values in the years 2014 and
2015. After the analysis had been completed, a strange downwards jump in the data for several
stations was noticed over the transition from 2013 to 2014 and a similar upwards jump up over
2015-2016 transition. The Danish Environmental Protection Agency (Miljastyrelsen), who is re-
sponsible for collection of these data, was contacted to inquire about this data anomaly, but
their response was that they were not aware of any data problems and further analysis was
needed to confirm if there was a problem. This further analysis was outside the scope of this
project and our group’s expertise. This data source remains the most complete and readily
available source for operational consideration of oxygen conditions within fisheries assess-
ments.

Figure 1. Estimated bottom oxygen concentration. Red colour indicates acute hypoxia (< 2 mL/L),
orange is moderate hypoxia (2-4 mL/L) while yellows and greens are considered normoxic, such
that they are above the levels commonly reported to impact upon fish physiology.
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2.2 Oxygen Mediated Stock Indices

Our next step was to utilise these estimated bottom-water oxygen data in generating standard-
ized abundance indices. In standardised, benchmarked procedures for both cod and plaice, raw
catches from the BITS survey are converted to stock abundance indices using spatially explicit
generalized additive models (Berg et al., 2014). Our approach was to include the estimated bot-
tom-water oxygen concentrations as an explanatory variable in these index models, to account
for the fact that fish may move out of these hypoxic waters. In general, no effect of bottom oxy-
gen was found in quarter 1 due to very limited hypoxia at this time of year, so in the following we
focus only on trawl survey data from quarter 4.

Cod catches appear to decrease gradually with oxygen. Where oxygen concentrations are
above 6 mL.L"", oxygen has little effect on cod catch rates. Below 6 mL.L"', however we see a
negative impact of oxygen on catches until a small plateau within the moderate hypoxia range
(around 3 mL.L™"), after which there is a substantial decline in catches as conditions enter se-
vere hypoxia (Figure 2). The complex effect of oxygen on cod catches through moderate hy-
poxia may be due to cod’s behaviour, where individuals primarily reside above the hypoxic layer
but undertake frequent feeding forays down into the hypoxic waters (Casini et al., 2016;
Teschner et al., 2010). This would reduce their interaction with bottom trawling gears by reduc-
ing the time any given individual spends in the depth range being fished but does not remove all
risk of capture.

Initial results indicated that for plaice there is a sharp decline in CPUE when oxygen concentra-
tion drops below 2 mL.L"", with very little response to the ranges of moderate hypoxia (2-4 mL.L-
;Figure 2). This sharp decline was, however, only apparent when area 25, which includes the
persistently hypoxic Bornholm basin, was included in the analysis. The difference in detecting
an oxygen effect between the inclusion or exclusion of subdivision 25 exemplifies the effect of
spurious correlations in some statistical models. The abundances of plaice in subdivision 25 are
low due, primarily, to the salinity conditions. This happens to coincide with the Bornholm basin
with the largest magnitude, breadth and persistence of hypoxia across the study area. This co-
occurrence of low oxygen and low plaice abundance drives this correlation detected in our initial
model, in spite of the spatio-temporally explicit nature of the model specification. Contrastingly
to this correlation, the highest catch rates of plaice in the south-west Baltic were actually found
in the years 2014 and 2015 where oxygen concentrations were at the lowest point in the time-
series, in what is considered moderate hypoxia (mostly in the 2-4 mL/L range). However, note
the reservations made in section 1.1 about these two years’ oxygen data. This indicates that un-
like cod, plaice do not avoid areas with moderate hypoxic conditions but may respond strongly
to severe hypoxia.

The contrast in observed catches of plaice and cod responses to bottom water hypoxia sug-
gests alternative coping strategies. These observed trends across the stocks correspond to
documented individual responses and behaviours. In plaice, such individual responses to mod-
erate hypoxia include downregulating activities, such as a reduction in movement, feeding and
even ventilation (Petersen & Pihl, 1995; Steffensen, Lomholt, & Johansen, 1982). In cod, field
studies have documented the aforementioned avoidance of bottom water hypoxia with periodic
forays into the hypoxic zones (Neuenfeldt, Andersen, & Hinrichsen, 2009; Neuenfeldt et al.,
2020).

Hypoxia effects on stock assessment: A case study of the South-Western Baltic 13



With the combination of our observations and the literature on individual responses, we accept
the null hypothesis, that plaice were not excluded from the survey area in the south western
Baltic sea by hypoxia in 2019. Thus, the reasons for such low catches in the surveys remain un-
known. However, with the clear response of cod, we reject the null hypothesis and accept that
hypoxia in bottom waters reduces cod catchability in the surveys. From these observations we
cannot detect if this reduced catchability is due to a reduction in actual abundance, if the stock
has moved out of the survey area (horizontally), or if individual probability of interaction with bot-
tom gears has changed due to holding different positions in the water column (vertically).

Because plaice only responded to severe hypoxia, and these conditions were rare or absent
across the stock area (ICES subdivisions 21 — 23), the real effect of oxygen on plaice catchabil-
ity in the survey was negligible. Hence, further analyses are only reported for cod.
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Figure 2. Estimated oxygen effects (top row), depth effects (middle row), and average spatial distri-
bution in Q4 (bottom) for cod (left) and plaice (right).

Independent of the mechanism by which cod catchability in the survey is affected by hypoxia,
the impact on survey indices can be mediated by utilising the same model that describes these
effects. Model based indices are calculated by summing expected CPUE (predicted from the
distribution model) over a fixed grid of virtual trawl positions using a set of fixed reference condi-
tions (e.g. gear, vessel etc.). If oxygen concentration is known in the entire grid in every year
and the relationship between CPUE and oxygen has been established, predictions can be made
with higher accuracy in locations where observations (trawl samples) were not actually made. In
practice this means that, if the chosen survey sampling positions were, by chance, all located in
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areas with low in oxygen conditions compared to the overall oxygen conditions across the stock
area, then the resulting indices would be biased downwards, unless oxygen is included in the
model. By including oxygen, we can compensate for the varying oxygen conditions across the
stock area, independent of where the observations (trawl samples) were made in any given
year. The resultant indices are more representative of the total abundance across the study
area, rather than changing the total abundance estimated, by accounting for catchability under
different oxygen conditions.

For cod, the inclusion of oxygen in the model producing the stock indices, increased estimates
of the stock index for individual ages in different years (Figure 3). These increases were rela-
tively minor and for the majority of years and ages, the indices remained well aligned, whether
oxygen was included or not. The role of the oxygen mediated index is illustrated when we plot
the oxygen conditions at our virtual grid locations, used for generating the index, alongside the
difference between the standard index and the oxygen mediated one (Figure 4). Here we can
see that when oxygen conditions are lower across the “sampled” area, the oxygen mediated in-
dices estimate a larger biomass than the standard one (hence, the difference in standard minus
oxygen indices is negative).
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Figure 3. Stock indices for Atlantic cod in the south western Baltic Sea, estimated from models of
stock distribution that either did (green) or did not (black) incorporate oxygen concentrations into
the model. The baseline model is based on Berg et al. (2014) while the oxygen model is a simple
extension of that method.
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Figure 4. Modelled oxygen conditions (top) and difference in predicted biomass from the standard
and oxygen based indices (standard-oxygen) over the period 1999 to 2020.

In the following section we investigate how modified stock indices that account for the reduced
catchability due to hypoxia, impact upon estimates of population size in stock assessment mod-
els.

2.3 Assessments with Oxygen mediated Stock Indices

The modified stock indices that accounted for oxygen concentrations, described above, were
employed in the standard stock assessment models from 2021. Unsurprisingly, given their lack
of response to moderate hypoxia, the modified stock index had little to no impact on the assess-
ment of population size (spawning stock biomass) or the subsequently derived fishing pressure
for plaice in the southwestern Baltic Sea. Thus, we continue by reporting only results for cod.

We compare the stock assessment model run with the original stock index, from the spatio-tem-
poral only model, to the run where we replace the standard index with the oxygen-mediated
one. Here we find only minor differences in the estimated spawning stock biomass, fishing mor-
tality and catch (Figure 5). These differences are all well within the confidence limits across the
whole time series. Thus, the impact of including oxygen mediated stock indices is negligible on
the assessment of western Baltic Cod.
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Figure 5. Assessment model estimations of spawning stock biomass (top), fishing mortality (mid-
dle), and catches for Cod (Gadus morhua) in subdivisions 22-24. Lines represent the accepted
standard assessment methodology in 2021 (black line & grey ribbon), and the same methodology
but utilising oxygen mediated stock indices (light blue line).

2.4 Conclusions

We found that the anticipated effects of basin scale hypoxia on survey catchability and assess-
ment accuracy were negligible and that accounting for the moderate hypoxia in survey indices is
unnecessary for cod and plaice in the western Baltic Sea. In this attempt to generate an opera-
tionally feasible approach to improve stock assessments of cod and plaice, we found that plaice
remain well represented in the surveys for the western Baltic, Kattegat and the Belt Seas, where
severe hypoxia is rare and they appear to tolerate and remain in areas of moderate hypoxia.
We also found that cod appear to have a two-stage reduction in catchability as oxygen de-
creases from normoxia to moderate hypoxia and then on to acute hypoxia.

While these environmental conditions have a minimal effect on the calculation of stock indices
and their subsequent use in assessment, the wide spread nature of the moderate hypoxia is
likely to have an effect on stock productivity via many potential mechanisms, some of which are
explored further in this report.
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3. Underlying Distribution Shifts Associated with Hy-
poxia

In the previous chapter, we restricted our data sources and methodologies to only those that
could be reliably updated and repeated, year-in and year-out, in accordance with standard stock
assessment and advisory procedures. In this chapter, we utilise three different sources to inves-
tigate changes in cod and plaice distribution in relation to hypoxia, namely unconstrained spe-
cies distributions models, comparing coastal indices from recreational catches relative to the
magnitude of basin scale hypoxia, and fishers’ experiences. Furthermore, we also document the
improvements made to methods of identifying fishing activities in small scale gill-net fleets that
aren’t captured in data derived from vessel management systems.

3.1 Improved Species Distribution Models

3.1.1 Background

Species distribution models (SDMs) are commonly used to statistically assess the relationships
between the occurrence or abundance of species with the environment. An important applica-
tion of SDMs is predicting species’ occurrence or abundance in space and time, which is espe-
cially useful in large areas where monitoring programs have limited coverage.

The distribution of species is often constrained by environmental conditions. In some cases,
such conditions are linked to the topographic features of the land- or seascape (e.g. islands,
mountains, valleys, rivers, channels). This complexity is often not addressed in SDMs, con-
versely it is assumed that predictions in space can be made following the shortest distance be-
tween two points. For marine and coastal species, this means that predictions are sometimes
made across land, following the shortest distance, instead of around islands or peninsulas,
leading to potentially unrealistic predictions of occurrence or abundances close to land.

Several methods have been developed to deal with complex topographies and boundaries in
SDMs. One of them is the soap-film smoother (Wood, Bravington, & Hedley, 2008) implemented
for Generalized Additive Models (GAMs). As the name suggests, like the formation of a bubble
from a soap film, this smoother only smooths within a pre-defined boundary area, ensuring that
no smoothing across boundaries occurs. Other recent methods are geodesic low rank Thin
Plate Splines (Wang & Ranalli, 2007), Complex Region Spatial Smoother (Scott-Hayward,
Mackenzie, Ashe, & Williams, 2015; Scott-Hayward, Mackenzie, Donovan, Walker, & Ashe,
2014) and barrier models (Bakka, Vanhatalo, lllian, Simpson, & Rue, 2019).

This study focusses on modelling the distribution of two commercially important species — plaice
and cod — in the Kattegat, Belt Seas and western Baltic Sea. The area is characterized by sev-
eral larger and smaller islands and some complex coastlines. Our aim was to compare the pre-
dictive ability of SDMs of plaice and cod with and without accounting for this topographic com-
plexity in SDMs.
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3.1.2 Data Sources

To model fish distributions in space and in relation to their environment we needed data on fish
abundances and environmental conditions, or hydrographic data, across both space and time.
Thus we utilised two sources of data, one for fish abundances and another for environmental
conditions. Furthermore, the main focus of our interest was in the western Baltic, including ICES
subdivisions 22, 23 and 24, for both species, as well as SD 21 for European plaice (Figure 6
and Figure 7). We therefore expanded the model domain to include ICES subdivisions North
and East of this domain, to reduce the edge effects in the model predictions over the areas of
interest.

Abundance data of cod and plaice were extracted from DATRAS (https://datras.ices.dk/) from
the North Sea International Bottom Trawl Survey (IBTS) and the Baltic International Trawl Sur-
vey (BITS). The IBTS covers the first (Q1) and third quarter (Q3), whereas the BITS covers Q1
and the fourth quarter (Q4). The IBTS commenced in the 1960s and BITS in the 1990s. The
study area for model fitting were limited to subdivisions 20 to 25 for plaice, and subdivisions 20
to 24 for cod. Survey data were processed using the R package ‘DATRAS’
(https://github.com/DTUAqua/DATRAS).

Adult and juvenile fish often occur in different habitats (e.g. adults inhabiting deeper, offshore
waters compared to juveniles) and the catchability of juvenile cod and plaice is lower in the sur-
veys than for adult fish. Hence, we focused on modelling the distribution of adult fish. Maturity
proportions at age were estimated through maturity ogives from the respective stock assess-
ments in the study area. Counted fish were split into spawning and non-spawning fish based on
these maturity proportions by age that were averaged across the entire period with data availa-
ble.

Final survey datasets of plaice and cod used for modelling consisted of 11,372 and 7,326
unique hauls, respectively. The years covered were from 1993-2020, to match the availability of
environmental data.

Unlike our work on the Operational Consideration of Hypoxia in Assessments, we were not lim-
ited to environmental data that would be updated in an operationally relevant manner, and thus
we selected to use a different source of data for the physical conditions at the seafloor. Here we
used model output from a coupled hydro-biogeochemical model retrieved via the Copernicus
data portal (E.U. Copernicus Marine Service Information (CMEMS), 2023). Daily means of the
hydrological conditions at the lowest modelled layer were extracted from the full model dataset,
to represent the average daily conditions at the sea floor. These grids of two square kilometres
were utilised directly for predicting species distribution, however, to estimate models of distribu-
tion, the conditions at the sea floor were predicted at the mid-point of every haul selected from
the DATRAS dataset, by means of a linear interpolation from the nearest four points.

During model fitting, depth measured during the survey was used as predictor variable. Missing
values (for 0.21% of the data) were interpolated via a GAM that modelled survey depth (log-

transformed) against longitude and latitude.

To have bathymetry information at a finer resolution for predictions, depth was extracted for
each cell of the prediction grid from the GEBCO 2023 grid (https://download.gebco.net/). For all
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other environmental variables, daily values for 2019 were extracted for each cell on the predic-
tion grid. Next, daily values from the survey period were selected for each quarter separately,
and subsequently averaged to obtain one single value per variable per cell to represent the en-
vironmental conditions by quarter for the prediction grid in 2019.

3.1.3 Approaches and Methods

Details regarding the technical approaches, are in preparation for submission to a peer-reviewed journal..

To compare between methods that account for coastal barriers and standard approaches, we fit
GAMs of species distribution in relation to environmental variables and space with two different

spatial smoothers, namely a soap-film smoother and a standard tensor product of northings and
eastings. Models were fitin R (R Core Team, 2021) using the package mgcv (Wood, 2011).

The standard model can be described as:

Number of plaice ~ s(x,y) + s(Depth) + s(Salinity) + s(Temperature) + s(Oxygen) + Survey +
Quarter + re(Year) + offset(log(Haul duration))

Where ‘s’ represents a smoothing function, which in the case of the spatial term (denoted x,y),
is either a soap film or tensor product smoother. For the environmental predictors the “s”
smoother is a thin plate regression spline. The prefix ‘re’ represents a random effect, which ap-
plies only to “Year”.

Each of the spatial smoothers require user defined limits to the degrees of freedom the
smoother is allowed. In the case of the standard tensor product, we employed the default limit,
which is defined as 5¢, where d is the marginal basis dimension, i.e. two; one dimension each
for northings and eastings. This results in 25 knots being the limit for the tensor product
smoother. The soap-film smoother is a bit more demanding, requiring the limits to freedom to be
specified for each “island” and the bounding coastline, independently, as well as some form of
dispersed grid or allocation of knots across the space that is relevant for the model. Through a
series of sensitivity tests, we selected dimension constraints based on the complexity of the
coastline for each “island” independently. This was based on a rounded square-root of the num-
ber of vertices. The resultant knots assigned to the various coastal features were: 14, 4, 7, 3,
5,2, 2,4, 3, 4, 3,2, 3, 2. Furthermore, we selected a “combined density” grid of knots,
which has lower densities of knots in the more open water areas of the study area, and higher
densities of knots through the geographically complex Danish straits (Figure 6 and Figure 7).
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Figure 6. Grid of combined density knots provided to the soap-film smoother across the study do-
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To ensure appropriate model fits within each of these methods, we investigated two response
distributions (negative binomial and tweedie) and determined the most appropriate “freedom”
(basis dimension) for the smoother of each environmental covariate. Model fits and the suitabil-
ity of basis dimension for each smoother were evaluated by interrogating standardised model
residuals using the package DHARMa (Hartig, 2018), and evaluating the effective degrees of
freedom, k-index and p-values, together with an assessment of the Akaike Information Criterion
(AIC) from the mgcv function gam.check.

Once the best models were selected from within each combination of smoothing method (soap-
film and tensor) and response distribution (negative binomial and tweedie), repeated random
subsampling cross-validation was used to investigate these final models’ predictive capability.
For cross-validation, 20 iterations were run during which 80% of the data were randomly se-
lected to fit the model. The re-fitted model was then used to predict the remaining 20% of the
data. The following statistics of the full model and the 20 fitted sub-models were calculated:

e R2 represents the correlation between observed and predicted values (the higher the
better)

e Root mean squared error (RMSE): represents the scaled difference between observed
and predicted values (the lower the better).

e Mean absolute error (MAE): mean of the actual difference observed and predicted val-
ues.

e Bias: measure of how large consistent inaccuracies in predictions are, relative to ob-
served values (the lower the better).

For each species the best model with a soap film smoother and the best model with a standard
tensor smoother were selected (four models total) to predict abundance across each of the
quarters for the year 2019.

3.1.4 Results

Plaice

For plaice, the best values for the basis dimension (maximum smoother freedom) for all environ-
mental covariates was the same between models with standard tensor spatial smoothers and
those with the soap-film smoothers.

The tweedie distributions provided the best predictions (over the negative binomial) in cross val-
idation for both the standard tensor spatial smoother and the soap-film smoother, across all
metrics (Figure 8).

Comparing the two methods of spatial smoothing (both Tweedie distribution), a higher percent-
age of deviance was explained (58.6% vs. 48.1%) and correlation between observed and pre-
dicted values (R?=0.29 vs. 0.19) are observed for the soap film model. In addition, the predictive
error is lower for the soap film model than for the tensor product model (RMSE=132 vs. 139).
For both the tensor smoother and the soap film smoother, predictive bias is low and not dissimi-
lar to one another (Figure 8).
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The partial response plots of the final GAMs with tensor product (Figure 9) and soap film
smoother (Figure 10) suggest that models captured similar effects of the environment on plaice
abundance. While keeping all other environmental variables constant, depths greater than
~50m generally have a negative effect. Conversely, temperature has a generally positive effect,
up to 14-15 °C. Due to few data points at very low oxygen concentrations (negatives represent-
ing oxygen debts from the hydro-biogeochemical model output), the model displays large uncer-
tainty around the effect of oxygen on plaice abundance. Yet, both models indicate increasing
negative effects on abundance as oxygen decreases from positive values towards zero (hy-
poxia). Salinity seems to have a minor effect on plaice abundance, yet the soap film GAM iden-
tified a slight negative relationship.
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Figure 9. Partial response plots of final GAM with tensor product smoother for plaice. Each panel
shows the effect of a given smoother, in the situation where all other variables are held constant at
the mean, and are top: Spatial tensor product smooth, depth, and salinity. Bottom: Temperature,
oxygen concentration, and the distribution of the random effects of year.
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Figure 10. Partial response plots of final GAM with soap film smoother for plaice. Each panel
shows the effect of a given smoother, in the situation where all other variables are held constant at
the mean, and are top: Spatial soap film smoother, depth, and salinity. Bottom: Temperature, oxy-
gen concentration, and the distribution of the random effects of year.

The predicted number of spawning plaice by the tensor product and soap film smoother model
show generally similar spatial patterns, with high abundances in the Belt Seas around the island
Funen and in the western Kattegat (Figure 11). Predicted values are on average slightly higher
for the tensor product model than for the soap film, yet the soap film model predicts the highest,
absolute peaks of abundance (Figure 12). It also predicts hotspots located west of Bornholm
and Albaek Bay (northwestern Kattegat) that are less pronounced hotspots in the tensor product
model. Overall, areas of high abundance in the soap film model are relatively condensed,
whereas these are more smoothened out in space in the tensor product model.

Standard errors around the predicted values follow the spatial distributions of the predicted val-
ues, with the highest errors in areas where highest abundances are predicted (Figure 11).
Standard errors of the tensor product model are generally lower than those of the soap film
model (Figure 12).
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Cod

In contrast to plaice, a series of models from the tweedie distribution (with varying freedom
given to the smoothers) all performed similarly in terms of model fits and AIC values. However,
the negative binomial model had a clear winner in terms of model fit. All of the tweedie distribu-
tion based models out performed the negative binomial model in cross-validation, with now sub-
stantial difference between the tweedie models themselves (Figure 13). Because of this, the
tweedie with the lowest AIC was selected as the final GAM, for further predictions.

While keeping other variables constant, cod abundance peaks in areas with a depth of approxi-
mately 100m, decreases with increasing salinity, and peaks at temperatures of 7-8 °C. Relation-
ships between abundance and oxygen concentration and mixed layer depth are more spurious,
due to few data points at very low oxygen concentrations and high mixed later depth values. As
was the case with plaice, the nature of the modelled oxygen data includes a few cases of oxy-
gen debt, which in turn make the uncertainties around some of the estimations of oxygen’s ef-
fect look poor. However, both models indicate increasing negative effects on abundance as oxy-
gen decreases from positive values towards zero (range of hypoxia).
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Figure 15. Partial response plots of final GAM with soap film smoother for cod. Each panel shows
the effect of a given smoother, in the situation where all other variables are held constant at the
mean, and are as follows. Top: Spatial soap film smoother, depth, salinity and temperature. Bot-
tom: oxygen concentration, mixed layer depth, and the distribution of the random effects of year.

The predicted number of cod is highest west of Bornholm for both the tensor product and soap
film models, with another common area of intermediately high abundances in the area south of
Bornholm (Figure 16). Predictions from the soap film model are also high in the @resund, be-
tween Denmark and Sweden, with an area of very low values of where the island Saltholm is
located. However, these high predictions are coupled with high uncertainty, illustrated in the
standard errors, especially in comparison to the high predictions and lower standard errors in
the area northwest of Bornholm. Predicted abundances by the tensor product model in the Qre-
sund are not as high as the soap film smoother model, but remain high relative to neighbouring
areas. Variation in predicted values is overall similar between the two models, with some very
high and low outliers for the soap film model (Figure 17).
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Figure 16. Predicted number of cod (left panels) and corresponding standard errors (right panels)
in Q1 2019, based on the GAM with tensor product (top panels) and soap film smoother (bottom
panels).
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Figure 17. Predicted number of cod (left) and standard error (right) by the GAMs with soap film and
tensor product smoother, Q1 2019. Values have been log-transformed.
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3.1.5 Conclusions

We have shown that by accounting for the complexities that coastal geography imposes on fish
distributions in the southwestern Baltic Sea, we produce better model fits, with better predictive
capabilities for distribution models of mature European plaice and Atlantic Cod. Our models that
account for the coastal complexity, provide finer scale changes in predicted abundance than
both standard approaches and previous studies of these species across the southwestern Baltic
Sea and Kattegat (Staettrup et al., 2019). Additionally, the positions of the predicted hotspots
from the soap film models fall within the areas of predicted higher abundance from earlier stud-
ies (Brown, Kokkalis, & Stettrup, 2019; Stettrup et al., 2019; Ulrich et al., 2017), corroborating
the location of these predicted areas of higher density.

With this improved resolution of predictions, we gain visibility of particular situations of predicted
higher abundance, like cod in the @resund, plaice in the southern Little Belt, northern Great Belt
and Albaek Bay. This improved resolution may be of use for spatial planning, considering any
regulations aimed at protecting vulnerable stocks, or the impacts other regulations may have on
fishers’ ability to target these species.

Furthermore, without the constraint of using only operationally relevant data sources, as was
the case in the section of this report “Operational Consideration of Hypoxia in Assessments”,
both our conventional spatial approach and our more complex coastal considerations models
corroborate the type of relationship that cod and plaice abundances have with oxygen.

We recommend that future projects on fish distribution through the Inner Danish Waters, or
other geographically complex water bodies, utilise methods that explicitly account for coastal
barriers to distribution, such as the soap film smoother presented here. Furthermore, to make
these specific applications of soap film smoothers more readily available to future projects,
more work should be done to address the trade-off between the specified knots (coastline and
grid) and data availability, as more knots require more positive observations of a species to
properly fit.

Finally, future work on the models presented here should consider the temporal stability of the

abundance hotspots, in terms of both seasonal (intra-annual) and long term (inter-annual) loca-
tions.
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3.2 Coastal Catches and Hypoxia

3.2.1 Background

Hypoxia in the Baltic Sea is common in deeper waters where sharp changes in temperature and
salinity gradients inhibit oxygen-rich surface water from mixing with bottom waters and where
the shallow sills of the Danish straights hamper the inflow of oxygen rich oceanic water to venti-
late the deeper basins. While a naturally occurring phenomenon, the severity and extent of hy-
poxia in the Baltic Sea has been greatly exacerbated by nutrient rich run-off from terrestrial
agrigulture, which promotes the over-production of phytoplankton that subsequently die, sink
and decompose, removing more oxygen from the deep waters.

Fish responses to hypoxic waters vary, depending on their ability to sense the low oxygen, their
general activity levels and their current energy state / capacity. Where fish such as cod and
plaice may be present in the deep water basins under normal conditions, they may choose to
swim vertically, out of the bottom waters, horizontally to try and get out of the hypoxic area, or
alternatively, they may down-regulate their behaviour to reduce their oxygen demands and to
tolerate the hypoxia.

In this section, we take the hypothesis that plaice and cod will move horizontally to redistribute
themselves to avoid hypoxic areas. As a natural consequence of this, more fish will be present
in shallower coastal areas, away from the hypoxic basins, and this will increase the catch rates
of coastal recreational fishers.

3.2.2 Data Sources

The majority of species distribution models for fish in the Baltic Sea are derived from either trawl
surveys (as described in section 3.1) or commercial fisheries data, the latter of which is often
reduced to just the active trawl gears to standardise for effort (Stettrup et al., 2019). These data
sources are limited in that the physical sampling is restricted to deeper waters, i.e. deeper than
10m or 20m depth in various areas across the Baltic Sea (ICES, 2017), which prevents vessels
operating in near-shore coastal areas. Other sources of coastal fish surveys occur both in Den-
mark (Pedersen et al., 2023; Stettrup et al., 2018) and around the Baltic Sea (HELCOM et al.,
2018; Kraufvelin et al., 2018), however they utilise different sampling methods to the offshore
surveys and they differ among themselves. In Denmark, a long running programme of select
recreational fishers utilising common gears and methods fishing at select times and reporting
catches provides insight into which species are present in coastal catches (Stettrup et al.,
2018). These fishers use some combination of standardised fyke nets targeting eel, or gill nets
targeting cod, flounder and plaice.

Here in this section, we utilise the mean catch per unit effort of cod and plaice from gill net fish-

ers operating at static locations throughout the Danish part of the south-western Baltic Sea (Fig-
ure 18).
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Figure 18. Locations of "KeyFisher" gill net sampling from across the years 2005-2020, utilised in
the production of a coastal catch index.

We pair these catch data with indices of the horizontal extent of bottom-water hypoxia across
the ICES subdivisions 21-25, which spans the study area. These indices were derived from the
statistical model of bottom water oxygen, described in section 2.1, but were limited to those
years for which coastal catch data were available (2005 — 2020).

3.2.3 Approaches and Methods

To derive a coastal catch index for cod and plaice, a standardised catch per unity effort for each
species was calculated per fishing activity / sampling. This “standardised CPUE”, is simply the
mean number of individuals at or above the length at 50% maturity caught per hour, multiplied
over the standard fishing time, which in the case of gill nets was 12 hours. These indices were
then again averaged across the whole study area for each quarter of every year, providing a
CPUE of mean number of individuals caught, per sampling activity, across the study area in a
given quarter.

To calculate a paired index of the magnitude of hypoxia, we calculated the proportion of the
study area that was experiencing either moderate hypoxia (below four mL.L-! of oxygen) or
acute hypoxia (below two mL.L"" of oxygen). This proportion was calculated from the number of
grid cells across the model domain from the model of section 2.1.

To investigate the relationship between the extent of hypoxia in a given year and coastal fish

catches, we built linear models of the coastal CPUE being explained by the hypoxia indices and
a stock size indicator (cod; ICES, 2023) or estimated stock size (plaice; ICES, 2022a). We

Hypoxia effects on stock assessment: A case study of the South-Western Baltic 33



chose to use the estimated indicator/stock size from the most recent stock assessments, in-
stead of accounting for temporal autocorrelation. We do this because we make the assumption
that the catch rate of coastal fishers is more likely to be related to the abundance of fish, overall,
than to the coastal catch rates in the previous year or years.

To investigate any potential lag-effects of hypoxia, from one year to the next, we employed a
lagged-correlation approach. Because the mechanisms by which low oxygen impacts upon a
species distribution, or its catchability, vary and are uncertain, we utilised an approach that does
not try to establish nor assume, a mechanistic causal relationship. Rather, the underlying as-
sumption is that these two datasets vary together and that the combination of their past state is
a better predictor of their future state, than only predicting from each data set independently.
This form of time-series correlation is termed “Granger correlation” (Granger, 1969), and models
were tested using the function grangertest from the R package Imtest (Zeileis & Hothorn, 2002).
Models with up to three years’ worth of lag on both the hypoxia index and the catch indices
were tested. In all cases, both the catch indices and the hypoxia indices had the same amount
of lag applied, within each model comparison. The model utilising only the lagged catch index
as a predictor of the catch index was used as a baseline. A model utilising both the lagged
catch index and the lagged hypoxia index was used as the alternate model. A Wald’s test was
used to estimate an F-statistic comparing the fit two models. This was repeated for the three lag
years.

3.2.4 Results

Cod coastal catch rates were very variable over the study period and do not readily appear to
co-vary with our hypoxia indices (Figure 19). Plaice coastal catch rates were, on average,
higher than those observed for cod, with a large peak in the middle of our time series and de-
clining trend, thereafter (Figure 20).

A visual inspection of how cod catch rates varied with concurrent year hypoxia indices suggests
some positive association, but with very large uncertainties (). Plaice showed a similar relation-
ship for acute hypoxia but little to no indication of a relationship to the moderate hypoxia index
()- Ultimately, these relationships are indicative only, as they don’t account for other major
sources of variation such as the previous year’s catch rates (autocorrelation) or more appropri-
ately the overall stock size. Our models of coastal catch rates in response to hypoxia indices
and stock size showed no significant correlations between coastal CPUE and the extent of ei-
ther acute or moderate hypoxia (Table 2).
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Figure 19. Hypoxia indices as proportion of study area at or below moderate (4 mL.L-1 oxygen; or-

ange circles) or acute (2 mL.L-1 oxygen; red circles) hypoxia in bottom waters in quarter four.
Overlain is the coastal catch index for cod, as a standardised catch per unit effort from gill nets
across the study area averaged for quarter 4.
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Figure 20. Hypoxia indices as proportion of study area at or below moderate (4 mL.L-1 oxygen; or-

ange circles) or acute (2 mL.L-1 oxygen; red circles) hypoxia in bottom waters in quarter four.

Overlain is the coastal catch index for plaice, as a standardised catch per unit effort from gill nets

across the study area averaged for quarter 4.
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Figure 21. Cod coastal catch rates in response to two different hypoxia indicators, the proportion
of the study area at or below moderate (4 mL.L-1 oxygen; orange) or acute (2 mL.L-1 oxygen;
purple) hypoxia in bottom waters in quarter four. The trend lines are basing linear regressions and
are for visualisation purposes only. For appropriate models and statistical tests see Table 2.
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Figure 22. Plaice coastal catch rates in response to two different hypoxia indicators, the proportion
of the study area at or below moderate (4 mL.L-1 oxygen; orange) or acute (2 mL.L-1 oxygen;
purple) hypoxia in bottom waters in quarter four. The trend lines are basing linear regressions and
are for visualisation purposes only. For appropriate models and statistical tests see Table 2.
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Table 2. Significance tests on linear regressions of coastal catch indicators against hypoxia and
stock size indicators.

hecie Oxyge dicato 0 e Indicato 3 )
Cod Acute Relative Biomass 0.159 0.855
Cod Moderate Relative Biomass 0.417 0.668
Plaice Acute SSB estimate 0.019 0.982
Plaice Moderate SSB estimate 0.004 0.996

When investigating potential inter-annual lag effects of hypoxia on coastal catch rates, our visu-
alisations show no significant relationship between lagged, quarter four hypoxia indices and

coastal catch rates of either species (Figures 23 — 26). Furthermore, we found no significant im-
provement in predictive ability of models including any lagged form of hypoxia indices (Table 3).
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Figure 23. Cod coastal catch rates in response to acute hypoxia extent across the study area.
Points represent the data while lines are linear regressions and ribbons are standard errors. Pur-
ple is for the hypoxia indices lagged by one year, orange is two years and red is three years.
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Figure 24. Cod coastal catch rates in response to moderate or acute hypoxia extent across the
study area. Points represent the data while lines are linear regressions and ribbons are standard
errors. Purple is for the hypoxia indices lagged by one year, orange is two years and red is three
years.
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Figure 25. Plaice coastal catch rates in response to acute hypoxia extent across the study area.
Points represent the data while lines are linear regressions and ribbons are standard errors. Pur-
ple is for the hypoxia indices lagged by one year, orange is two years and red is three years.
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Figure 26. Plaice coastal catch rates in response to moderate or acute hypoxia extent across the
study area. Points represent the data while lines are linear regressions and ribbons are standard
errors. Purple is for the hypoxia indices lagged by one year, orange is two years and red is three

years.

Table 3. Results of a series of Granger correlation tests investigating if lagged hypoxia indices
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(previous years' quarter four hypoxia index explaining given years' coastal fish catch rates) better

predicted cod and plaice coastal catch rates than catch rates with the same lag, alone. In no cir-

cumstances were models with lagged hypoxia indices better at predicting coastal fish catch rates.

Species Oxygen Indicator Lag (years) F-statistic P-value
Cod Acute 1 0.856 0.373
Cod Acute 2 0.577 0.581
Cod Acute 3 0.423 0.744
Cod Moderate 1 0.561 0.468
Cod Moderate 2 0.391 0.687
Cod Moderate 3 0.723 0.574
Plaice Acute 1 0.048 0.830
Plaice Acute 2 2.449 0.142
Plaice Acute 3 0.904 0.492
Plaice Moderate 1 0.048 0.826
Plaice Moderate 2 4.899 0.086
Plaice Moderate 3 2.713 0.438

3.2.5 Conclusions

We detected no significant effect of hypoxia extent on the catch rates of cod and plaice in
coastal fish monitoring catch rates; from neither within year comparisons, nor inter-annual

lagged effects of hypoxia.
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While non-significant, the increases in coastal catch rates with the extent of hypoxia (Figures
Figure 21Figure 22) correspond to the results found in section 2. Cod catch rates in the bottom
waters of areas where the offshore surveys are undertaken decreased in both moderate and se-
vere hypoxia, while plaice catch rates only declined under severe hypoxia. The converse is true
in our observations of coastal catches. This suggests that perhaps our sampling and aggrega-
tion are too course, or our sample size is too small, to detect an underlying trend.

To investigate this further, future work should develop the use of modelled indices for coastal
catches, in-place of the standardised CPUE we utilised here. This would account for structural
changes in the data, such as changes in sampling teams/locations that inevitably happen over
years. Furthermore, the development of such modelled indices would facilitate year-round esti-
mations, if there are enough data. Such year-round indices would provide a more temporally
resolved data set, which could account for seasonal movements and help to isolate the effects
of hypoxia, with variable extent throughout the year.

The use of broad scale indices of extent masks local conditions. In the Little Belt, in particular,
this is of importance, where local shallow-water hypoxia and “marine heatwaves” may prevent
fish from escaping deep hypoxic water to shallow waters. Utilising more location specific data
would account for this dampening effect, however, current models do not predict coastal hy-
poxia very well and oxygen data are not collected at the same time as the coastal fish sampling.

3.3 Small Scale Fishers’ Experiences

Initial plans to run a series of interviews around the country were thwarted by Covid-19 pan-
demic lock downs and the general inexperience of interviewers and interviewees with utilising
online meeting platforms made this an unsuitable alternative. In place of these interviews, a few
questions were added to a standard commercial fisher telephone survey run by DTU Aqua.
These interviews were undertaken in Danish in the first half of 2021 and were only posed to
fishers targeting cod or plaice. The questions were posed as follows:

1) Do you take the locations of hypoxia into consideration when you fish?
a) If yes, what considerations do you make with regard to hypoxia?

i) Possible Prompts for examples: Time of year, specific local area characteristics,
avoiding specific areas where hypoxia is frequent and common knowledge,
specific features you avoid or are attracted to during hypoxic events.

b) If yes, how do you get information about the location and timing of hypoxic waters?
2) 1In 2019, there was widespread hypoxia in the area (southwest Baltic Sea). Has this had

an impact on your fishery?

a) If yes, what impact did this have?

i) Possible prompts for examples: Fished in other areas, reduced effort over the
period of hypoxia, lower catches, or lower income for the year.

b) If yes, have you noticed any changes in the characteristics or features of the fish
relative to earlier or later years?

Of the 71 relevant fishers that were interviewed, 29 (41%) responded that they take hypoxia into
consideration when fishing. Of these 29 fishers who consider hypoxia, two thirds responded that
their fishery was impacted by hypoxia, generally (Table 4). However, just under half reported
that hypoxia had an impact on their fishery specifically in 2019; the difference in responses on
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impact between these two questions is driven by some respondents noting that while hypoxia
does have an effect, it was no more noticeable to them in 2019, than in any other year.

Table 4. Numbers of respondents responding to various questions via a telephone survey of rele-
vant fishers. Numbers show only those respondents who consider hypoxia in their fishing prac-
tices.

. Fishers whose fishery Did hypoxia have
Fishers who took

Area Fished ] was impacted by hy- an impact in 2019
note of hypoxia

poxia
Isefjorden (SD 21) 4 3 0 4
Jresund (SD 23) 3 2 1 2
Baltic Sea (SD 22) 16 14 11 3
Baltic Sea (SD 24) 6 0 0
Totals 29 19 12 15

In response to hypoxia, 79% (15) of fishers whose fishery was impacted (19), moved their gear
from originally planned or desired positions. The majority of those who moved gear, moved
closer to the shore, into shallower waters, while two respondents tried to position their gear at
the edges of hypoxic pockets of water, and one moved their gear to deeper water.

Most fishers learned about hypoxia in their area via first or second hand experience, predomi-
nantly hearing about locations from colleagues and friends. The methods given by fishers for
the detection of hypoxia in a fishing area were:

1) Dead fish in nets (especially if the dead fish are eel, flounder or gobies).

2) White coatings on the gear’s netting components.

3) White spots visible on the seafloor.

4) The smell (hydrogen sulphide).

5) Simply if there are no fish, where fish are expected (including non-target species).

Of the 22 fishers in the Baltic Sea (SDs 22 & 24), 64% (14) noted that their fishing is impacted
by hypoxia while only 50% (11) noted a specific impact in 2019. All of those fishers that noted
the effects of hypoxia in the Baltic were from SD22, and the percentages of fisher impacted by
hypoxia generally and specifically in 2019, rises to 88% and 69%, respectively, when consider-
ing only those fishing in SD22 (16). Of those fishers in SD22 whose fishing was impacted by hy-
poxia in 2019, all 11 noted that there were fewer fish in catches, apparently referring to target
species. A few fishers mentioned catching fewer species, or that those fish caught were hauled
in dead. One fisher described how fish were absent over the whole summer and only returned
in late autumn, while another experienced very thin fish, and another noted that in the years
since 2019 (2019 -> Q1, 2021) there remained very few fish.

The reasons given for none of the interviewed fishers from SD24 being impacted by hypoxia,

where the shallow depths and close proximity to shore, and the current strength causing mixing
in the areas they fish.
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The fishers interviewed from SD21, fished out of Isefjord, and thus their experience isn’t neces-
sarily representative of fishers across SD21. However, 75% (3/4) of them note that hypoxia im-
pacts upon their fishing, while none of the respondents identified 2019 as a particularly bad
year.

Overall, the fishers’ experiences from SD22 matched the preliminary results and perceptions
coming from operators of the commercial fish surveys and ICES’ Baltic Fisheries Assessment
Working Group (WGBFAS), while the experiences from other relevant subdivisions did not cor-
roborate these perceptions. This indicates that fishers in the very western part of the Baltic ap-
pear more impacted by, or more conscious of hypoxia.

3.4 Improving Small Scale Fleet Effort Detection

3.4.1 Introduction

In lieu of comprehensive interviews of coastal fishers, which were planned but prohibited from
being undertaken in a timely manner due to Covid-19 lockdowns, we reallocated effort from ask-
ing fishers about their fishing behaviour, to trying to measure it more objectively.

For small fishing vessels (<15m length) without Vessel Monitoring Systems (VMS) installed, at-
tributing effort in space was, until the late 2000s, limited to port or management area from log-
books. With broader adoption of Automatic Identification Systems to aid in navigation and im-
prove safety, and localised regulation to impose position tracking equipment on small vessels
(James, 2016) it became possible to link fishing vessel log-books with AIS based position,
heading and speed data, in a more representative way. Until HypCatch, AIS position data in
Denmark, was utilised by simply applying speed filters for vessels known to utilise specific
gears, as there are gear specific speeds that can be associated with setting and retrieving
gears. This allowed some broad-scale allocation of effort in space, such that vessels travelling
within a specified range of speeds would have that section of the trip marked as a fishing activ-
ity (Eastwood, Mills, Aldridge, Houghton, & Rogers, 2007). However, simple speed filters will in-
correctly allocate fishing to slow steaming or other activities, and perhaps not attribute fishing if
a vessel is setting or retrieving gears in situations outside of the assumed range of speeds (e.g.
when working within a strong current) (Deng et al., 2005). Work in other contexts showed that
fitting statistical models to the position and movement data, available from sources such as AlS,
could improve the identification of fishing activities from small-scale fishers (Mendo, Smout,
Photopoulou, & James, 2019).

Therefore, the aim of this section is to improve the identification of fishing activity, distinct from
steaming or drifting/processing, from AIS tracks of gill net fishing vessels, from the ICES subdi-
visions 22 and 23, through the application of a simple machine learning approach.

3.4.2 Methods

Data

Electronic Monitoring data (EM) from various projects run through DTU Aqua were used to in-
form and validate methods to identify fishing activities. These data include regular information
on position and speed, as well as observations of fishing activities made and identified from
simultaneous video recordings (ICES, 2022b). These time-stamped fishing activities were used
as the ground truth for when a vessel was or was not fishing.
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The EM data provided a temporal resolution of 0.1Hz, which was subsequently down-sampled
to 0.0167Hz (from one data point per ten seconds, to one datapoint per minute). The setting
and retrieving of gear was identified as “fishing”, from the video recordings. The full database of
EM data was subset to include only gill net fishers, with clearly defined trips, and only trips that

included at least one fishing event. This resulted in 3289 fishing trips, shared among fourteen
vessels (Figure 27).
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Figure 27. Electronic monitoring data from Denmark showing instances of fishing, in the period

2016-2020, including only gill net fishing vessels, where trips were well defined, and at least one
instance of fishing was undertaken.
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Baseline method

The baseline method is based on a pure speed filter, which was and remains the current
method, at DTU Aqua, for attributing effort in space to small fishing vessel activities. For the gill
net fishing vessels in this study, the speed filter considers vessels moving between two to four
knots over ground as setting or retrieving gears. A mask is applied to areas in and immediately
surrounding ports, to prevent the incorrect attribution of fishing when vessels are manoeuvring
into and out of port. This results in tracks that consist of the individual point locations of the ves-
sel over one trip. The trip is defined by a departure from and return to known ports. The individ-
ual points have the attributes of the vessel, trip, position and speed. The trip is then allocated
into sections of fishing and not fishing, each section containing multiple points, based on the
speed attribute of the points. All calculations and attributions were made using the statistical
programming language R (R Core Team, 2021).

Random forest method

Random forest models were also built in R using the package ranger (Wright & Ziegler, 2017).
Prior to running the models, a series of derived attributes were calculated for the individual
points, in addition to those variables that are directly reported as part of the monitoring (i.e. lon-
gitude, latitude, speed, course). These included:

e change in absolute heading,

e heading based on change in position (as opposed to reported course),

e acceleration (magnitude not vector),

e aseries of distances from the points’ nearest nine neighbours,

e moving averages (means) of speed for the last three, four and five points,

e binary value based on being within or outside of the speed filter used in the baseline
method.

e Speed relative to trip speed:
point speed

(maximum trip speed / . d)
mean trip spee

Five model specifications were used, based on the inclusion of different explanatory variables
(Table 5). The best model selected from these five was then re-fit with a subset of the EM data,
including only those vessels operating in the inner Danish waters (ICES subdivisions 21-24).
No interaction terms are included in the model specification as the random forest approach uti-
lised considers interactions inherently, in the many-tree nature of the final model. Furthermore,
this approach is robust to correlation between explanatory variables.

The model predictions are subsequently processed, to deal with known sources of error. In
cases where a non-fishing point is predicted between two (or more) fishing points, the non-fish-
ing point is converted to fishing. This is action was taken because it was observed that these
models consistently underestimate fishing activities, and this resulted in points clearly located
within a fishing activity being predicted as non-fishing.
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Table 5. Explanatory variables used in the construction of the various model fits (M_1 -> 7). The
first four variables are reported as part of the data collection, while the remainder are derived from
the data.

VARIABLE M1 M2 M3 M4 M5 M6 M7
LONGITUDE X X X X X X X
LATITUDE X X X X X X X
SPEED X X X X X X X
COURSE X X X X X X X
CHANGE IN ABSOLUTE HEADING X X X X X X X
POSITION BASED HEADING X X X X X X X
MAGNITUDE OF ACCELERATION X X X X X X X
NEAREST NEIGHBOUR DISTANCES X X X X X X X
TRIP IDENTIFIER X X X
3 POINT MOVING AVERAGE, SPEED X X X
4 POINT MOVING AVERAGE, SPEED X X X
5 POINT MOVING AVERAGE, SPEED X X X X
INSIDE/OUTSIDE SPEED FILTER X

SPEED RELATIVE TO TRIP SPEEDS X

Validation

To select between models, and to compare the models’ performance to that of the baseline ap-
proach, we compared the predicted fishing/non-fishing state with the observed fishing/non-fish-
ing state from the data extracted from videos taken as part of the EM. To ensure that the model
approach would be suitable in situations where it is predicting fishing activities from novel posi-
tion data, we utilised a k-fold cross validation approach, with a k equal to five. This means that
the data are randomly split into five groups with roughly equal numbers of fishing trips in each.
The selected model is then re-fit using only four out of the five groups’ data. This re-fit model is
then used to predict the fishing activities in the fifth group, of which it is now considered naive.
This combination of re-fitting and predicting is repeated five times, such that all of the original
trips have had their fishing activities predicted by a re-fit model that was not explicitly fit using
the data from that trip. The same five groups are used in the validation across all models.

The inaccuracy of the predictions is measured as the percentage of points that are incorrectly
allocated to either fishing or non-fishing. The percentage of points are reported in different
ways, including:
e The mean percentage across the five “folds” of cross validation (overall average error).
e The percentage of points in error across all trips (mean trip error and median trip error).
e The minimum and maximum percentage of errors per trip (min trip error and max trip
error).
e The number of trips containing fewer than 10% of points that are incorrectly allocated
(trips < 10% error).

Visualisation

The maps showing data, trips, observed fishing and predicted fishing were constructed in R us-
ing the packages ggplot2 (Wickham, 2016), sf (Pebesma, 2018) with background data from
OpenStreetMap (openstreetmap.org/copyright).
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3.4.3 Results

We found that including many derived variables that represent different aspects of vessel be-
haviour improved the model predictive ability (Table 6). Iteratively, through the inclusion of an
identifier for each trip, moving averages of speed over the last three, four and five points, and a
speed relative to trip speeds, we saw decreases in the error rates across all measures of error.
The only derived variable that did not improve the models’ predictive capacity was the inclusion
of the speed filter that is utilised in the baseline approach to categorise, a priori, fishing or non-
fishing state.

Table 6. Percentage of track points incorrectly allocated to either fishing or not fishing in the EM
data when using the baseline speed filter method compared to five-fold cross-validation predic-
tions of the various random forest models.

WETHOD MEAN TR TRP  MNTRP  MAXTRP TRy
ERROR% ERROR% ERROR % o ° ERROR
BASELINE 34.6 36.1 35.2 1.6 82.1 2.2
M_1 16.9 18.2 17 1.6 75.5 11
M_2 13.2 13.8 12.8 0 52.6 32
M_3 15.2 16.6 15.3 2.9 72.5 19
M_4 15.1 16.6 15.2 1.6 77.5 19.6
M_5 15 16.3 15 25 74.5 20.3
M_6 11.9 12.3 11.4 0 50 40.1
M_7 11.7 12.1 11.3 0 48.7 42.1

By applying a post-prediction processing to the model cross-validation predictions, we saw im-
provement across all models but no change in which models performed better or worse relative
to one another (Table 7).

Table 7. Percentage of track points incorrectly allocated to either fishing or not fishing in the EM
data when using the five-fold cross-validation predictions of the various random forest models and
applying a post-prediction processing routine.

WETHOD  MEAN  TRP TR MINTRP mAXTRP T
ERROR% ERROR% ERROR % o ° ERROR
M_1 16.6 17.7 16.5 0 75.5 13.1
M_2 12.8 13.3 12.3 0 52.6 34.5
M_3 14.7 16.1 14.8 2.2 72.6 215
M_4 14.8 16.1 14.8 0 77.5 22.2
M_5 145 15.8 14.5 1.6 74.5 23
M_6 11.5 12 11 0 50 43.4
M_7 11.3 11.8 10.9 0 49.6 44.9

The best performing model overall was M_7, with post processing of clearly erroneous individ-
ual points. This model utilises all of the explanatory variables except for the speed filter used in
the baseline approach. The inclusion of the speed relative to trip speed, in model M_7, made it
marginally better performing than M_6, where this derived variable was not included in the
model fit, or predictions. The performance of M_7 relative to other models was unaltered by the
post-processing of model predictions.
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Irrespective of whether the post-processing step was carried out, all models out performed the
baseline approach. The worst performing model (M_1, without post-processing) had approxi-
mately 18 percentage points lower mean and median error rates than the baseline approach.
The best performing model (M_7, with post-processing) outperformed the baseline method in
predicting fishing by ~24 percentage points across mean and median error rates. These relative
comparisons were consistent for the percentage of trips with fewer that 10% of points allocated
incorrectly, where the best model had 45% of trips with low errors, which was 43 percentage
points greater than that of the baseline approach.

3.4.4 Discussion

We have documented a method to improve the allocation of small-scale, gill net fishers’ fishing
effort in space and time, in Danish waters. Independent of the combination of explanatory varia-
bles we employed in our models, the random forest modelling approach greatly reduced errors
in detecting fishing activities compared to the baseline method.

Our random forest models depart from the standard modelling approaches documented so far
in primary literature. Here hidden Markov models based on Bayesian statistics are more com-
monly employed to “track” vessels in a similar approach to how these tools are applied to track
animals (Mendo et al., 2019). They assume some underlying, unobserved variable (fishing ac-
tivity) that the observed variables are all derived from and consider changes in the state of this
unobserved variable relative to time. These assumptions fit the circumstance of categorising
fishing vessel activities well, however, when predictive accuracy is the primary focus, rather
than understanding mechanisms, machine learning approaches have proven capable. Our ran-
dom forest approach is a basic implementation of machine learning that can be used for catego-
riseation, but that requires an awkward use of variables to incorporate temporal shifts. Our use
of the random forest approach increases the diversity of tools applicable to the challenge of lo-
cating fishing of small-scale fishers. The performatnce of these two methods should be directly
compared in future work.

Before comparing these approaches, further tuning of our implementation of the random forest
methods is required. Our models utilise many of the default settings for the training phase,
which are offered as part of the R-package we employed. Further investigation into the statisti-
cal underpinning of these defaults, and potential changes to some settings may make the model
fitting more appropriate to our data and situation, which should improve model predictive capac-

ity.

The improved accuracy of allocating fishing effort will benefit studies using these effort data, or
their corresponding catch data, to investigate changes in fisheries in response to fine scale or
highly resolved environmental, or management changes. For example, these small-scale fisher-
ies data may be paired with improved spatio-temporal resolution of hydrographic phenomena,
such as hypoxia and marine heatwaves, to detect impacts upon fisher behaviour and resultant
catches, or even to aid in detecting shifts in fish distribution. Furthermore, with the enforcement
of more spatial management measures, such as marine protected areas with fishing restrictions
or wind energy installations, understanding both the potential impacts on small-scale fishers be-
fore implementation, and the actual impacts post-implementation, should inform decisions on
where various management measures are implemented. This work has fed into ongoing work
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among ICES partners and a preliminary version of this work was presented at WKSSFGEO in
2022.

It is therefore recommended that future studies investigating the methods for allocating small-
scale fishers’ efforts in space should fine tune the random forest model, such that all settings
are set to an optimum, and compare predictive capability across modelling platforms. These
platforms should not be limited to existing ones, and should consider newer, more complex ver-
sions of machine learning (c.f. random forest). Furthermore, these approaches should be ex-
panded to cover all methods of fishing rather than only gill-netters.

3.4.5 Conclusion

The allocation of small scale gill net fishing effort based on high-resolution geographic position
data should move away from simple speed filters and towards modelled estimations of fishing
activity. The random forest model approach that we employed in a Danish context has proven to
be a great improvement over the baseline speed filter. While improvements are imminent and
alternate approaches exist to be compared against, we should not let perfection be the enemy
of the good; that is to say this approach should be adopted, while it is being tuned and im-
proved.
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4. Mechanisms of Impact and Life-history Depend-
ent Population Responses to Hypoxia

This work has been accepted for publication in a peer reviewed journal at the time of the publication of this
report, thus the details of the work can be found in the open source article: “Champagnat, J., Brown, E. J.,
Rivot, E., & Le Pape, O. (submitted). Impact of hypoxia on essential fish habitats throughout the life cycle
of exploited marine species. ICES Journal of Marine Science.

4.1 Background

In the first section of this report we document how accounting for hypoxia in stock indices has
no significant effect on the outcome of stock assessments. However, the frequency and magni-
tude of hypoxia throughout the southwest Baltic Sea, coupled with the clear negative effect hy-
poxia has on cod and plaice abundance, begs the question: What are the population level con-
sequences of hypoxia on these species? While no literature has linked hypoxia definitively to
population level changes, the indirect effects of hypoxia reducing food availability have been de-
scribed (e.g. Casini et al., 2016; Neuenfeldt et al., 2020; Teschner et al., 2010). The impact of
the extent of hypoxia on egg and larval survival has been considered (Hinrichsen, HUssy, &
Huwer, 2011; Petereit, Hinrichsen, Franke, & Kdster, 2014), however, the interaction was based
on proportions of simulated egg releases in hydrodynamic models, and not linked to subsequent
population development.

The work we document here was initiated by HypCatch, including hosting a PhD student from L’
Institute Agro at DTU Aqua for one month. Subsequently, this evolved into a collaboration with
partners in the Horizon 2020 project SEAwise (https://seawiseproject.org/). The main aim of this
work was to simulate life-cycle models with separate spawning, egg and juvenile life-history
phases, and to investigate how changes in survival at these different life-history stages due to
exposure to hypoxia, ultimately effect population productivity. We hypothesised two scenarios
based on spawner interactions with hypoxic waters in spawning grounds: 1. a higher mortality of
eggs that are spawned in less favourable habitats and 2. a higher mortality of spawners trying to
access regular spawning grounds (Figure 28).
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Figure 28. Diagram of the hypothetical consequences of impacts of hypoxia/anoxia on spawning
grounds taken from (Champagnat, Brown, Rivot, & Le Pape, n.d.). Black and solid line emphasize
the two hypothesised mechanisms of action. Bold text indicates the model parameters modified by
the scenario. Grey shaded shapes highlight the consequences at the population scale. Shapes out-
lined in grey dashed lines display less likely mechanisms of action, with unclear consequences,
not investigated in this study. Figure taken from (Champagnat, Brown, et al., n.d.).

4.2 Methods

The potential impact of hypoxia in spawning habitats on population dynamics and productivity
was assessed with a deterministic life cycle model, structured by stage and age (Champagnat,
Rivot, & Le Pape, n.d.). This model considers a single closed population with unique but distinct
spawning and juvenile habitat areas, linked by a defined egg and larval stage. The model was
parameterised for three species, namely, European plaice, Atlantic cod and Atlantic herring.
The population and life-history parameters necessary for the model were predominantly taken
from FishLife (Thorson, 2020), but in the few circumstances these weren’t available, they were
retrieved from the most appropriate primary literature found.

4.3 Results

The three species responded in differing degrees to the two hypothesised mechanisms of the
impact of spawning ground hypoxia. Generally, hypoxia impacting upon eggs (hypothesis 1)
brought about the smallest changes in three stock productivity metrics, namely catch at MSY,
fishing pressure to achieve MSY, and the SSB at MSY (Figure 29). Where spawners them-
selves experienced increased mortality due to inflexibility in selecting appropriate spawning ar-
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eas (hypothesis 2), we found the largest effects on stock productivity. A third scenario, investi-
gating the impact upon coastal juveniles, while out of scope for the current report, was found to
result in intermediate effects on population productivity.

The magnitudes of the positive effects of restoration on spawners were all greater than the neg-
ative effects of habitat degradation for each species.
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Figure 29. Marginal effects of the three habitat scenarios (rows) on the value of C_MSY (left col-
umn), F_MSY (middle column), and SSB_MSY (right column) for the three-example species (Euro-
pean plaice: Blue, Atlantic cod: Green, and Atlantic herring: Orange) under situations of habitat
degradation (Habitat multiplier = 0.9) and restoration (habitat multiplier = 1.1). The stars indicate
out of the graph high values obtained for plaice in spawners scenario (140% for left panel, 246% for
the right one). Figure taken from (Champagnat, Brown, et al., n.d.).

4.4 Conclusions

Different species exposed to the same stressors at the same life-history stages will respond to
lesser or greater extents, due to their life-history traits. Plaice, being long lived and maturing rel-
atively young, have a larger life-time exposure to hypoxic spawning grounds under our second
hypothesis, that spawners do not change spawning habitat to avoid hypoxic waters.

Because of the large mortality associated with metamorphosis and the shift from egg/larval hab-

itats to new juvenile habitats, increased mortality on eggs that are spawned in unfavourable
habitats (hypothesis one) has the lowest impact on stock productivity across all mechanisms of
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action. However, this effect of mortality on eggs, is largest for Herring, whose recruitment is
more tightly coupled to reproductive output.

Not shown here, but analysed was the impact of combined exposure to hypoxia in juvenile habi-
tats, together with either eggs being spawned in lower quality areas (hypothesis one) or adults
not avoiding hypoxia during spawning (hypothesis two). These cumulative effects were not addi-
tive, but they did not differ greatly from the summed individual effects.

Interestingly, reducing the impact of hypoxia (i.e. habitat restoration) had a larger impact on

population productivity for all three species, than did degradation. This shows that the scope for
benefit is large for the reduction of impacts across all three life-history stages examined here.
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5. Dissemination and Impact

A major focus for HypCatch was to ensure that the approach was accepted by scientific advi-
sory groups and the results shared in a manner that increased the likelihood that the methods
be adopted into advisory processes. The plan for achieving this was repeated interaction with
the relevant ICES advisory group, the Baltic Fisheries Assessment Working Group (WGBFAS)
during the project lifetime, as well as ad-hoc presentation and participation in other relevant
working groups or workshops, to share our approach and findings.

As the main conclusion from the section on operationalising oxygen mediated stock indices was
that accounting for oxygen in stock indices had a negligible impact on the indices and the as-
sessment overall, we did not advocate for a change in the methods for the assessment of the
two stocks under study. Below we document both the process of engaging with the assessment
working group and the broader dissemination to other scientific groups.

5.1 Dissemination to Advisory Groups

The primary focus for dissemination to advisory groups was the ICES WGBFAS, due to the two
stocks of interest. In May of 2021, the project plan was presented to WGBFAS in plenary and
feedback was received from the meeting participants on our proposed approaches. The presen-
tation was given by Elliot John Brown, while Marie Storr-Paulsen and Casper Berg were present
and contributed both broader context and more details for the group during discussion. There
was general agreement that the approach of accounting for oxygen variation in survey indices
was appropriate and relevant to the problems that the group had observed the year before in
the indices for plaice and cod.

In April of 2022, the working group’s agenda was overbooked and therefore, due to our conclu-
sion to not propose any changes, only an informal presentation of the results from chapter 2
was made to working group members with specific interest in the western Baltic cod and plaice
stocks, which we addressed.

5.2 Dissemination to Scientific Groups

In October of 2021, the methods, approaches and results of chapter 2 were presented to the
ICES Working Group on Improving use of Survey Data for Assessment and Advice (WGISDAA)
by Casper Berg. This group was generally open to the approach but could not provide any fur-
ther insights on alternate approaches for modifying the stock indices in accordance with oxygen
levels. There was some discussion of the use of this approach in other contexts, with different
environmental drivers than oxygen.

In November of 2021, the approach and findings of chapter 2 were presented and contrasted
with both chapter 3 and other external projects to the ICES/HELCOM Workshop on Ecosystem
Based Fisheries Advice for the Baltic (WKEBFAB) by Elliot Brown. The presentation used Hyp-
Catch as an example of preparing methods suitable for tactical advice, as opposed to strategic
advice.

In November and December of 2021, HypCatch funded the chairing and further Danish partici-
pation in the ICES Workshop on Geo-Spatial Data for Small-Scale Fisheries (WKSSFGEO)
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where the data used in chapter 3.4 were presented and the proposed analytical approach was
presented and discussed. Feedback from the group was very helpful in shaping the approach
and a code sharing repository was subsequently established to aid in collaboration and im-
provement of methods for utilising small scale fishery data across Europe. Members of the
group have since collaborated outside of the workshop to produce articles on various methods,
complimentary to those described in chapter 3.4.

In June of 2022, an early approach and preliminary results from chapter 4 were presented to the
ICES Working Group on the Value of Coastal Habitats for Exploited Species (WGVHES). This
presentation was made by Juliette Champagnat, a PhD student who visited DTU Aqua in 2021
to initiate this work. Elliot Brown was present for further elaboration on the context of the study
during the discussion. Feedback from the working group initiated further lines of enquiry and
improved the overall work.
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