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1 Overview

This reportprovidesvalidation information for the modgbrojectionsused inthe MSPACE meta
analysisThe focus of the validation is othe ability of models to represenspatial variability and
temporal trends on a decadal timecale The MSPACHEeta-analysis compaspresent state
against future state by looking at tlelhange in thenean value oéach variable at each model grid
cell, weighted bystandard deviationThis means thait is mae important for the model to capture
changes over timand the variation from place to platkan to match absolute values of the
observationsand we haveherefore not includeddatasetbias in our assessments

Several models were used to produce the datas&te validation does not aim to assess the skill of
the modek per se but to provide an expert judgement on how confident we are in tinge of the
modeloutputs as applied in MSPAQMis report provides information about the model, the
evidence base used @mssess the modelutputs against observed valuganda summary ofvhether
we have strong, moderate or weaonfiderce inthe use of different modetierivedvariables in
different parts of UK seafh somecases there was insufficient observational evidence to make an
assessmentbut we have been able to assign a confidence lorahost variablesThe evidence
presented here will enable expert usersit@mke a judgement as to whether our assessment is
appropriate for a particulaapplication of the MSPACE outputs.

The ultimate driver for all the model outputsed in MSPACE is global climate modelling. This aims
to simulatelargescale patterns iclimate-driven variables, but does not attempt fweciselymatch
realworld conditionsin any given yean either hindcast or future projectiongVe therefore only
consider trends over a period of a decade or leng

Except for in the fisepecieanodeling, section 50nly one regional climate model has been used, so
we were unable tassess intemodel uncertaintyand this is not included ithe confidence levels
presented hereThe global climate model on which the regional modelling was badBdESMLR,
givesprojections forfuture changein European seas which are low to moderate compared to
comparable climate modelge.the CMIP5 setwhich contributed to the 8 Assessment Report of

the Intergovernmental 8nel on Climate ChanyjeThe projections should be considered as
representative opossible future change, with the two climate scenarios RE&4d RCP8.5 giving
anindication ofrange, butmore extremechange is also possible.

Thetables in section Bummarise our confidence assessment for each of the variaisiegas

inputs to the ealy warning systemrhe basis for this assessment is given in secBefnsseparated
according to the model that provided the dataset: water column environmental variables produced
by the POLCOMBRSEM pelagic model are in section 3, seabed variables produced by the ERSEM
benthic model in section 4, fish species abundance prediby the SBBEM model in section 5,

crab Cancer pagurydistribution produced by a dedicadeDEB model in section 6 and seaw¢gd
latissimg production from another DEB model in sectianViodel names are given in fitl their
respective sections, along withbaief description of the model anithe methods usedd validate the
dataset.The type of analysis and presentation is different for each section, according to the amount
and nature of observational evidence available.



2 Summary of confidence assessment
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3 EnvironmentaVariablesn the water columnHOLCOMERSEM
pelagic)

This section gives validation information about the physical and biogeochematal column
variables used in the conservation metnalysis:

9 surface and bottom level dissolved oxygen, temperature, salinity, pH and aragonite
saturation state

column total primary production

potential energy anomaly

location of thermal fronts

column total phytoplankton biomass

1 bottom level organic carbon

= =4 =4 =4

These variables come from the coupled model POLCBEIREEM (described below), used in a
climate model configuration.

3.1 Model descriptionthe POLCOMS and ERSEM models

ERSEMnhe European Regional Seas Ecosystem M@&datkford et al., 2004; Butenschén et al.,
2016) simulates marindiogeochemical cycling and the lower trophic levels of the marine
ecosystem. It is onef the more complex models of its type aisdvell suited tomodellingcoastal
and shelf sea environmenti has a long track record of use for the North West European.Sieelf
produce thedataset used here it was coupled to the physical mé&@LCOMShe Proudman
Oceanographic Laboratory Coastal Ocean Modelling Sytefhand James, 200yhich tracks the
transfer of matter and energy through the systene climate change signal was appliedibing
outputs from climate models at the atmospheoeean surfaceat the open ocean boundary arfdr
river inputs(see section 3.1.1)

ERSENFigure3.1)tracks the cycling of carbon, nitroggphosphorusand silicaten the marine
environment.Primary producers are modellexs four functional types gihytoplankton: diatoms,
which use silicateand the sizeébased classeggsico-, nane and micre phytoplankton Zooplankton
are representedhs three sizévased functional typeé KSGSNRGNB LKA O yly2bl 3St €|
microzooplankton and mesozooplanktdParticulate organic matter is separated into three size
classes andissolved organic matter is split in to labile, sdatiile and refractory components.
There is also a bacterial loop, with ohacterial type. Carbon and nutrients mobetweenall these
componentghrough processes such as photosynthesis, nutrietakgand predation; there is fully
flexible stoichiometry, with no fixed ratiosposed. The carbon to chlorophyll ratio for each
functional type can ab varydepending orthe levels of light and available nignts. A separate
benthic model handles transfers at the sea bed and within sedipss® section 4 for more
information. The carbonate system is also included in the model, enabling it to praxitpets such
as pH and the saturation state of aragonite.
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Figure 3.1Schematic of ERSEM, the European Regional Seas EcosystemBdode&ube represents
separate parts of the ecosystem. For example, phytoplankton is represented by four separate
functional types. kixes within the ecosystem are represented by arrows.




The physical environmemtassimulatedoy POLCOMS ragional circulation model whidls able to
model the varying depths and steep bathymetry of the watmmund the Ukand has been applied
to coastal waters globalliBarange et al., 2014; Holt et al., 2009usessurface conditions of winds,
temperature, pressureandradiation tomodel water

circulation and tansfers of energy and momentum ———— 7T [T°
laterally and vertically through the water column [ | *Jé 4 f;«&“!
POLCOMS is a free surface model with iragying N @‘ d ;*f”““ | 1000
depth, and it includes tides but not wavéhe modelvas r ?fég;'&} e )

run on adomain extenéhgover the northwest European ol éf"é}ffg,ﬁ"n z
shelf and the Mediterranean Sé¢Rgure 3.2) but only ﬁ _A 01
waters around the British Isles have been included in the T = /Ny?i\ ,“5"..7—~ g
analysis presented her@heresolution was 0.1° for both ™~ s~ FEBUMG £ |k 5000 8
latitude and longitude (8.1 km) vertically the model é¥ @ a (‘} 2
useda modifiedsigma schemewith 40 vertical points at - g"} T 5

each grid cell regardless of dep#mnabling good - ( 7 4000
representation of both deep and shallow watet$he A .

temperature and salinity outputs from POLCOMS were 200\\;‘ W O 10°E OO°E 3g'E D000

used directly in NN PACE and they also provided the
environmental conditions for ERSEM, whiah within
each grid cell of POLCOMS at every time step.

Figure3.2 ThePOLCOMERSEM model
domain showing water depth

Model outputs for 2006 to 2099 and further documentation can be foumithe Copernicus Climate
Data StoreOI:10.24381/cds.dcc929%c

3.1.1 Implementation: scenarios, spatial and temporal scale.

The POLCOMERSEMoupledmodel wasused to create projections for the 21st century for two
greenhouse gas concentration scenariosing the standard IPCC Representative Concentration
Scenarios (RGP(Meinshausen et al., 201The moderate RCP4.5 scenahi@asconcentrations
rising until mid-century then stabilisg, under the more extreme RCP8.5 scenario they continue to
rise throughout the centuryThescenariosstart in 2006, and for years before thidiere is a
GKAAG2NAROF T ¢ LIS NWAURs obakimogpliericdziDEférenges Getdel tieRwo
scenarios emerge from th2030s onwardsClimate change was applied to the model by using
surface and ocean boundary conditions from a global climate model taken fro@abtpled Model
Intercomparison Project Phase 5 (CMIP5; (Taylor et al., 200Hg global modelsedwas theMax
Planck InstituteEarth System Moddlow Resolution (MFESMLR) its projections for future
conditions in Europe argenerally irnthe low to moderate part of th&€MIP5 range

Forcing data for the atmgheric surface used MBASMLR downscaled to a resolution of 0.1&ing
the Rossby Centre Regional Atmospheric Model (R&##)aken from the EUROCORDEXet
(www.cordex.org. Physical and biogeochemical ocean boundary conditions were taken from the
globalMPFESMLRmodel.

River inputs of freshwater, nitrate and phosphate were taken from the hydrological mead¥FE
(Donnelly et al., 2016which was run using inputs from the same global model and a busasess
usual nutrient scenario. Climatological water and nutrient flows were used at the Baltic boundary,
and these were kept constant through the modelled period.

The model was run continuously for 192099, with separate climate scenarios RCP4.5 and RCP8.5
for 2006 onwardsAll model outputs used in the MSPACE analysis were monthly means.
Temperature and salinity were taken directly from POLCOMS; potential energy anomaly and the
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location of thermal fronts were calculated from daily values of these outpussolyed oxygerpH,
primary production phytoplanktonbiomass, organic carbandaragonite saturation statevere
taken from the ERSEM pelagic madel

The POLCOMERSEM outputs eémperature, salinity, oxygen, pH and primary production were
used as inputs for one set of the-BBEM runs used in the fish modelli@@gction § andfor the carb
andseaweed modelling (sectiaré and?).

3.2 Validation methodology

3.2.1 Validation datasets

Validationwas based on comparison publiclyavailableobservationabatasets supplementedoy
data from project partnerswhereneeded to fill gaps.The data sources are listed here and
summarised in Table 3.1

Temperature, salinity and oxygebservations were taken from the North Sea Biogeochemical
Climatologyversion 1.1(NSBCHinrichs et al., 2017 hisis based on data frommultiple sources
including ICEEMODnet and the World Ocean Databader years to2014,and covers an extended
North Sea regiom7°N to 65°N15°W to 15°EAdditional observations for temperature and salinity
were taken fromthe Hydrographic Climatology of the North Sea and Surrounding Reggosisn
2.0(KNS(CBersch et al., 2016Thiscovers the same region as the NSBC and is based on the same
datasets, however it includes all available temperature and salinity measuremvbeteas NSBC

only includes those collected in association with biogeochemical @ditaatological griddeanean
values(NSBC level 3)exe used for comparisonf spatial patternsmonthly box-averages of quality
controlled data (leveR) were used fotemporaltrends.

Sea surface temperatuSST)vas also compared to satellibservatiors, using theeSA SST CCI
and C3S produgirepared for the Ewopean Space Agenglfimate Change limtive and the
Copernicus Climate Change Sezxvandsourceal from the Copernicus Marine Service,
https://doi.org/10.48670/mot00169

Spatial patterns ofigface and bottom levgbH and bottom level aragonite saturation wesken
from the Global Ocean Data Analysis Projestsion 2 GLODA®2) mappedproduct (Lauvset et al.,
2016)

Primary production was assessed by comparing to previously published values for the North Sea
(Capuzzo et al., 2018hd to satellite estimatefom the Copernicus Globcolour global product
(https://doi.org/10.48670/moi00281).

Systematic observations of phytoplankton biomass and bottom level organic carbon were no
available Surface chlorophyll derived from ocean colour satetilbeervationsvas used to give an
indication of spatial and temporal variability pinytoplankton biomasslhe data set used was the
European Space Agency Climate Change InitigE8&CC) multi-sensorglobal ocearcolour
product, sourced from the Copernicus Marine Senitgs://doi.org/10.48670/mot00283

Table3.1 Summary of validation data sourcéshbreviations are explained in the text above.

Variable Spatial variation Temporal variation Years available

Dissolved oxygen NSBC level 3 NSBC level 2 19802014

Temperature NSBC level 3, KNSC, 19802014
satellite SST satellite SST 19822021



https://doi.org/10.48670/moi-00169
https://doi.org/10.48670/moi-00281
https://doi.org/10.48670/moi-00283

Salinity NSBC level 3 KNSC 19802014
pH GLODAIRridded see sectior3.3.7 19802014
climatology

Aragonitesaturation GLODARridded n/a 19802014

state climatology

Primaryproduction Globcolour satellite; Globcolour satellite; 19982022
Capuzzo et al., 2018 Capuzzo et al., 2018 19882013

Potentialenergy From T and S assessmg From T and S assessme

anomaly

Locationof thermal From SST assessmen| From SST assessmen

fronts

Phytoplankton CCl satellite CCl satellite 19982021

biomass

Bottom level organic n/a n/a

carbon

3.2.2 Methods used to compare model outputs to observations

Model-observation comparison was based on UK national areas andtbke UK Exclusive
EconomicZone EEX(Figure 33). Where sufficient observational evidence was available the national
areas were separated into inshore and offshore sections.

UK inshore and offshore marine plan areas

on POLCOMS-ERSEM grid
: z

55 A

50

T T T
—=20 -15 -10 =5 0 5 10

Figure 3.3National areas within the UK EEZ on the POLCEIRESEM model grid. Inshore areas,
as defined in national marine plans, are shown in a darker sfiddeHatton area of Scotland,
outlined in green, is outside the UK EEZ and has not been included in this analysis.

The overall aim of the validation was to evaluate how well the moéelved datasetepresented
spatial variation and temporal trends ihe variables used for MSPA®¥hereavailable agridded
climatologyof annual mean valudsased on observations wased to investigate how well the
model captureobservedspatial variationA model climatology was calculatedatching the time
period of the observational climatology as closely as possiblemasd of the twaclimatlogies are
presented sideby side forqualitative comparison. For quantitative analysis, the mauel
observationaklimatologies wereinterpolated to thesamegrid, usingnearestneighbour
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interpolation tothe coarser of the two gridghen, for each regionthe standard deviatiorfor the
model and observational dataseasdthe Pearson correlation coefficieietween themwere
cakulated usingll grid pointgn that region, as follows

i 00e ALAVANQDO Qﬁ—e w o

- .. . B o () () w
WE T I Qo QITEmFQWROEL—6H
B o @ B W W @
w ,® s the climatological mean value of the model or observation ai'frgrid point,N is

the number of grid cells in the region anfis the mean value over all grid cells in the region.

These values are presautusing a Taylor diagram,polar plotwhere the distance from the origin
showsthe normalised standard deviation (ifhe ratio of model to observedtandard deviation)

and thecosine of thepolar anglessthe correlation coefficientThe observational valus at the

point (1,0), marked with a star, and the distance from each point to this shows the root mean square
difference between the model and observationestch point in the regiofJolliff et al., 2009)Thus

the Taylor diagram gives a summary of the ability of the model to capture spatial vartiigon

closer themarker fa each region is to the star at (1,0) the betthe match between model and
obseavation spatial distribution for that region

For variables where sufficient observations were available, the change over time for each spatial
region was calculated for model and observatiofise time period for comparison varied depending

on the available observations, but was at least two decat@les.annual cycle was first removed

from the data by seasonal decomposition, then linear regression was used to find the rate of change
of the longterm trend. The tools used for this analysis were ¢keasonal _decomposenethod

from the Python statsmodslpackage and thdinregresg method from scipy.stats. Where a

statistically significant trend was founp<0.QL) for the model and/or observation timeseries this is
shown in a table for each variable.

3.3 Validation outcome

3.3.1 Surfacealissolvedxygen

Themodd meansurface oxygeiffor 1980 to 2014 was compared to the North Sea Biogeochemical
Climatology The model captures some of the spatial variability seen in the observafiuns
example higher values off Eagtglia and in the far north, loweraluesin the southernmost North
Sea ando the west(Figure 3.4)Howeverthe model does not show high values in the Irish &ea
off the Norwegian coasiThe model standard deviationwgthin about 20% of thabbservedn most
regions but variability is somehat higher than observed in Northern Ireland, and much lower i
Wales offshordFigure 3.5)Model-observationcorrelationis aéout 0.5 for the UK EEZ as a whole
with Northern Ireland and England inshore having the highest correlation
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Figure 3.Mean surface oxygemmol ni®) from the POLCOMBRSENhodel (left) and the NSBC
observationbased climatology (right). Thmnel on the far right shows the location of observations
used to create the NSBC climatology.
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Figure 3.5Taylordiagramfor surface dissolved oxygesyymmarising the spatial match between the
POLCOMERSEM model outpusdvalues from the NSBC observatibased climatologyfor UK
national marine areas/alues closer to the reference point show better agreemeot. information
about how the diagram was created see section 3.2.2.

The model gives a falling tremder timg consistent with observations, however it is smaller than
observed, particularly in Scotlarf@iable 3.2)

Table3.2 Temporal tend in surfacexygen (mmol mi per decadefor national regions and the UK

EEZ19802014b-¢ & A Y RAKG (G Saye GNBYyR ¢l & y2d4 adl GAadAaAortfe
was too little observational data available to analyse.
UK EEZ England Wales Scotland | N.lIreland
POLCOMERSEM model -0.45 -0.46 - -0.47 -
NSBC olesvations -3.58 -1.67 - -3.01 n/a

Overallthe model captures some of the spatial variation and underpredicts the small decrease in
oxygen over a multidecadal period. Confidence is assessao@esratefor England and the EEZ as a
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whole, lower for Scotland and Wales and with limited data making assessment difficult for Northern
Ireland.

3.3.2 Bottomdissolvedxygen

The model meabottom level oxygetior 1980 to 2014 was compared to the North Sea
BiogeochemicaClimatology The model captures some of the spatial variability seen in the
observations, for example higher values off East Anglia atietitrish Sealower values in the
southernmost North Sea and to the wegtigure 3.6)Values are lower than observed, especially in
the far northand the west The modehnd observedtandard deviatiorare similarin most regions
but larger for England offgine and for Sctland, especially offshoréFigure 3.7)Inshore waters in
Wales and Englanthve modelobservation correlation of 0.8 or aboveyt the correlation is

weaker elsewhere.

model gridded obs
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Figure 3.@Vlean bottomlevel dissolved oxygen (mmotifrom the POLCOMBRSEM model (left)
and the NSBC observatidmased climatology (right). The panel on the far right shows the location of
observations used to create the NSBC climatology.
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Figure 3.7 Taylor diagram for bottelavel dissolved oxygen, summarising the spatial match
between the POLCOMERSEM model outputs and values from the NSBC obsenattsa
climatology, for UK national marine areas. Values closer to the reference pointtsttter
agreement. For information about how the diagram was created see section 3.2.2.
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There is quite good agreement on trender timeeverywhere there is sufficient observational data
to assess it (Table 3.3). The trend is negative everywhere except Northern Ireland, which has no
significant trend. The trend for England is lower than observedcbniparable to observatiorfer

the UK EEZ overall, influenced by the much greater trend in Scotland.

Table3.3 Temporal rend inbottom leveloxygen (mmol ni per decadefor national regions and the

UK EEZ19802014 &GA Y RA Ol G1S& GKIF G lye GNBYR ¢la y20G adl Ga
there was too little observational data available to analyse.
UK EEZ | England Wales Scotland | N.Ireland
POLCOMERSEM model -49 -0.76 -0.23 -7.0 -
NSBC olesvations -4.3 -2.82 n/a -6.6 n/a

Overall,Scotland shows goagmporal agreement with observations but wealsgratialagreement,
especially in offshore areaghe reverse is true for Englamnhere there igelatively good spatial
agreement buta weaker trend than observedConfidence is assessed as moderate for both nations.
There is too littleobservational data to give a confidence scoreNorthernlireland Wales does not
havesufficient observational data to derive a tempotand but, given the good spatial agreement,
confidence is assessed as moderate.

3.3.3 Surfacesea water potentiagiemperature

The model mean sea surface temperature for 1980 to 2014 was compared to the North Sea
Biogeochemical Climatologyd to thelarger dataet in theHydrographic Climatology of the North
Sea and Surrounding Regiomle range of temperaturds lower than observedas can be seen
from thelocation inside the radius 1 circle on the Taylor diag¢&igure 3.9and thesmaller range
of values on the climatology pl@Figure 3.8)Spatialariability is well captured, however, with
lower values in the northern Ntr Sea andhe north of Ireland, higher values in the soutlest and
near the coast ofontinental EuropeSpatial correlation is 0.7 or higher in most regidhs,
exception being Northern Ireland, whereifiegiondifferences are not captured.
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Figure 3.8Viean surface temperature€C) from the POLCOMERSEM model (left) and the NSBC
observationbased climatology (right). The panel on the far right shows the location of observations
used to create the NSBC climatology.

14



Correlation

% Reference ¢ Scotland inshore
02 0.0 02 !
: . < England inshore Scotland offshore
England offshore % Northern Ireland
A Wales inshore ® UKEEZ

Wales offshore

______
- -

¢ Py X
o y ‘\
l i 4

T T T T T T T T T — T T T T T T T T T
'20 18 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Normalised standard deviation

Figure 3.9raylor diagram for surface temperature, summarising the spatial match between the
POLCOMERSEM model outputs and values from the NSBC obseriatsad climatology, for UK
national marine areas. Values closer to the reference point show better agreeFaminformation
about how the diagram was created see section 3.2.2.
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Satellite observations are available for 198221: this slightly more recent climatology shows a
similar pattern of spatiahgreement(Figure 3.1Q)

model satellite obs
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Figure 3.10Mean sea surface temperatuféC)for 19822021, from the POLCOMERSEM model
outputs (left) and satellite observations (right).

Modelledtemporaltrends for 19862014 are smaller than observed (Table 3.4). In fact, the model
temperatures are fairly static for most of this period but show a sharper rise for years since 2014
(Figure 3.11). Satellite estimates, which are available for P22, show &imilar pattern of
relatively static phases and periods of faster increase, though with the rise occurring some years
earlier. Given that climate models aim to capture general trends rather thantgegear

agreement, this can be congited as good performance.
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Table3.4 Temporal tend inseasurface temperaturé°Cper decadgfor national regions and the UK

EEZ,198@ n M ® A RAOF GSa GKIG Fye GNBYR gl a yz2i
was too little observational data available to analyse.
UK EEZ England Wales Scotland | N.lIreland
POLCOMERSEM model
19802014 0.03 0.06 - - -
KNSC olegvations
19802014 0.23 0.19 -0.17 0.37 -0.19
POLCOMERSEM model 0.13 0.17 0.14 0.11 0.13
19822021
satellite obgrvations 0.26 0.30 0.27 0.24 0.24
19822021
L0 — uK EEZ _ Figure 3.11
08| E\:g:snc;ﬂall satelllte\A ii;:‘-“t\\{‘—w“t /’-\” Smoothed
— Scotland_a ﬂ“r"f; RN tt:\ t"/’l'-’:&r’
R f— :Tretllanj:allll -~ ,,);’,""/ ‘H\\\“?:\:'J ) annual
0a Pl W mean sea
surface

Annual mean SST, difference from 1982-1992 (°C)

T T T T T
1985 1990 1995 2000 2005

T
2010

T
2015

temperatureanomaly(°C)for UK national marine areas, from the POLCERSENModel (solid
lines) and satellite observations (dashed line). Valees have been smoothed with ayBar kernel
to show longterm trends. The anomalyg the difference from the mean value for 1989292.

Overall the good spatial agreement and rising trends mean tiatfidence is assessed as strong

everywhere except Northern Ireland. Howeyitishould be noted that théemperature rise is lower
than both satellite and in situ observations,the projections should be considered at the low end

of the possible range of climate change. This is consistent with the parent global havifeda
temperature response in the low to moderate end of the CMIP5 range.

3.3.4 Bottomsea water potentiagiemperature

The model mean bottom level temperature for 1980 to 2014 was compared to the North Sea

Biogeochemical Climatology and to the larger dataset intthdrographic Climatology of the North
Sea and Surrounding Regiomleobservational temperatures are somewhat lower than observed,
on average, but spatial patterns are well reprodudeighest in the English Channel and southern

North Sealower in the deeper waters of the northern North Sea andstiélf(Figure 3.12)The
model outputs have lower variabilith&an observed (points are mainly inside the radius 1 line on the
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Taylor diagranfFigure 3.13)Northern Ireland and Wales are least well representeith low
correlations in both cases.
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Figure 3.1Mean bottomlevel temperature {C) from the POLCOMERSEM model (left) and the

NSBC observatidmased climatology (right). The panel on the far right shows the location of
observations used to create the NSBC climatology.

Figure 3.13raylor diagram for bottortevel temperature, summarising the spatial match between
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the POLCOMBRSEM model outputs and values from the NSBC obseratszal climatology, for
UK national marine areas. Values closer to the reference point show better agreement. For
information about how the diagram was created see section 3.2.2.

=

Trends over time are smaller than for sea surface temperature, and there is no significant change for
much of the regior{Table 3.5)Model outputs for Scotland are negative (falling temperatures)
whereas observations show a rise, and this difference is also seen for the UK EEZ as a whole.

Table3.5 Temporal tend in bottom level temperature’Cper decadgfor national regions and the

UKEEZ, 1980 n Mmi® A RAOF 6Sa GKIFIG Fye GNBYR ¢la y20 adl

UK EEZ England Wales Scotland | N.Ireland
POLCOMERSEM model -0.05 - - -0.08 -
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Overall there is good representation of spatial variabiligxcept for Wales and Northern Ireland,
but poor representation of temporal trends. Confidence is assessetbaerate for England, weak
elsewhere and for the UK as a whole.

3.3.5 Surfacesea watersalinity

The model mean sea surface salinity for 1982Q&@4 was compared to the North Sea
Biogeochemical Climatology and to the larger dataset inHi@rographic Climatology of the North
Sea and Surrounding Regio8gatial patterns are in gol agreementthough the model salinitis
lower than observed for deep wate(Bigure 3.14)Variabilitywithin regionsis higher in the model
than in observationsppints are outside the radius 1 circle on the Taylor diagfigure 3.15put
spatial correlation is good everywhere (weakest for Northern Ireland).
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Figure 3.1Mean surface salinity (psu) from the POLCEBRSEM model (left) and the NSBC
observationbased climatology (right). The panel on the far right shows the location of observations
used to create the NSBC climatology.
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Figure 3.15raylor diagram for surface salinity, summarising the spatial match between the

POLCOMERSEM model outputs and values from the NSBC obseriasad climatology, for UK
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national marine areas. Values closer to the reference point show better agreement. For information

about how the diagram was created see section 3.2.2.

Model values show a slow decrease over time, of about 0.2 psu per decade, whereas observations
show no change or a small increase (Table 3.6).

Table3.6 Temporal tend in sea surface salinity (ppar decadgfor national regions and the UK

EEZ,198@ n M ® A RAOF GSa GKIG Fye GNBYR ¢l a yz2i
UK EEZ England Wales Scotland | N.lIreland
POLCOMERSEM model -0.17 -0.19 -0.17 -0.16 -0.19
KNSC obs 0.04 - - 0.02 -

The discrepancin the direction of trend means that the confidenseassessed as moderate in spite

aal

of the goodspatial agreement-or Wales and England there is better agreement on trend, so these

areas are assessed as strong confidence.

3.3.6 Bottomsea wateisalinity
The model mean bottom level salinity for 1980 to 2014 was compared to the North Sea
Biogeochemical Climatology and to the larger dataset in the Hydrographic Climatology of the North

Sea and Surrounding RegioB8gpatial agreement is particularly good for offshore areas of England

and Wales, with correlation 95 (Figure 3.17and similar patterns visible in spatial pl¢Egure
3.16) thoughobserved values are generally higher than the model outgashore areas of

Scotland andngland also show good correlatjdyut correlation is poor for offshore areas of
Scotland and for Northern Ireland.
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Figure 3.16Vlean bottomtlevel salinity (psu) from the POLCOBRBSEM model (left) and the NSBC
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observationbased climatology (right). The panel on the far right shows the location of observations
used to create the NSBC climatology.
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about how the diagram was created see section 3.2.2.
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Figure 3.1aylor diagram for bottortevel salinity, summarising the spatial match between the
POLCOMERSEM model outputs and values from the NSBC obseratsmd climatology, for UK
national marine areas. Values closer to the reference point show better agraefF@ninformation
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As seen with surface salinity, the temporal trend for bottom level salinity is to increase in the
observations but decrease in the model outputs (Table 3.7).

Table3.7 Trend in bottom level salinity §u per decadefor national regions and the UK EEZ, 1980

HAM@BO®AYRAOFGSAa GKIG ygd GNBYR gla yz2i
UK EEZ England Wales Scotland | N.Ireland
POLCOMERSEM model -0.14 -0.18 -0.17 -0.12 -0.19
KNSC obs 0.08 0.04 - 0.07 0.07

There is poor agreement in either spatial or tempaoatiation for all areas and so the confidence is
assessed as wealowever, the good spatial agreement for England and W&dlesld be noted,

and thevariation within theseareas may be reliable even if trends are uncertain.
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3.3.7 Surfacesea watepH

Surface pH was compared to observations from the GLODAP database. These are much sparser than
those available fooxygen, temperature and saliniffFigure3.18, righthand panel) but some

assessment can be madspatial variation in the model is in rough agreement with the GLODAP

gridded climatologywith lowest values in the shallow waters of teeuthern North Sea, English

Channel and Irish S€gigure 3.18)The high model valuesn coast of Denmark and Germany are

not seen in observations. The model also has high values in the far nortibbenvations are

missing there; the griddedclimatologyis interpolatedfrom other areas and may not be reliable.

The Taylor diagram showegative correlatiorfor Walesand O for Englandoutthese arelikely to

be affected by the lack of observations in the westeant of the region
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Figure 3.18/ean surface pH from the POLCORIBSEM model (left) and the GLODAP observation
based climatology (right). The panel on the far right shows the location of observations used to
create the GLODAP gridded climatology.
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Figure 3.19aylor diagram for surface pH, summarising the spatial match between the POLCOMS
ERSEM model outputs and values from the GLODAP obserased gridded climatology, for UK
national marine areas. Values closer to the reference point show better agreefeninformation

about how the diagram was created see section 3.2.2.
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The model values shosurface pH falling by 0.01fhits per decade over the UK EEHe GLODAP

dataset has insufficient observations talculate a trendA global productvhich usesa machine

learning approach to extend the covegm(https://doi.org/10.48670/mot00047) gives a fall of about

0.016 units per decade for the seas around thelUK.t | wQa&a Ay i SN ORRARDIS) | 4aSa
citesvalues 010.02 units per decadm the OSPARaritime area, with 0.035+0.014 units per

decade in the Greater North Se®stle et al., 2016).

There is enough information on spatial variation arehd to assess moderate confidence for the UK
EEZnd Scotland, weak for Englaritbwever, there is too little evidence for Wales and Northern
Ireland. It should be noted thatends in surface pH amomewhatsmaller than observeds for sea
surface temprature, the projections should be considered at the low end of the possible range of
climate change/ocean acidification.

3.3.8 Bottomsea watempH

Bottom level pH was compared to observations from the GLODAP datadltesassessment is
similar tothat for surface pHabove some correspondence in patterns of variation where
observations are available, blimited observations for the north and west of the regi@igure
3.20, Figure 3.21No observational data on temporal trendee available.
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Figure 3.2 Mean bottomlevel pH from the POLCONERSEM model (left) and the GLODAP
observationbased climatology (right). The panel on the far right shows the location of observations
used to create the GLODAP gridded climatology.
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Figure 3.2 Taylor diagram for bottortevel pH, summarising the spatial match between the
POLCOMERSEM model outputs and values from the GLODAP obserbased gridded
climatology, for UK national marine areas. Values closer to the reference point show better
agreement. For information about how the diagram was created see section 3.2.2.

Given the similarity to surface pH, thenfidenceassessmenits the same: moderate for the UK EEZ
and Scotlané@ndweak for Englandoo little evidence for Wales and Northern Irelatbwever in
deeper water the correspondence between surface and bottom levels is likely to be less strong and
the confidence should be treated as uncertain.

3.3.9 Surface saturation statef aragonite

Aragonite saturation state at the surface was compared to observations from the GLODAP database.
It is calculated from the same measurements as pH and so the distributmbsefvations can be
assumed the to be the san{€igure 3.22, righband panel)Although there is some correspondence

in spatial variation between model and observations, with lowest values in the English Channel, Irish
Sea and southerNorth SegFigure 3.22) correlation is wealeverywhere(Figure 3.23)
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Figure 3.2 Mean surfacearagonite saturation statérom the POLCOMBERSEM model (left) and the
GLODAP observatidrased climatology (right). The panel on the far right shows the location of
observations used to create the GLODAP gridded climatology.
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Figure 3.3 Taylor diagram fosurface aragonite saturation stagtsummarising the spatial match
between the POLCOMERSEM model outputs and values from the GLODAP obserated

gridded climatology, for UK national marine areas. Values closer to the reference point show better
agreement. For information about howeldiagram was created see section 3.2.2.

Observational data omvas insufficient to evaluateemporal trendsin pH

Overall, theconfidence is assessed as weak, but on a low evidence Gasmn the lack of
observations in Wales and Northern Ireland, tonfidence for these areas is uncertain.

3.3.10 Bottom saturation statef aragonite

Aragonite saturation state at the bottom level was compared to observations from the GLODAP
database. It is calculated from the same measurements as pH and so the distribution of observations
can be assumed the to be the sangpatial correlation i6.7 or betterfor England and Scotland,
showingbroad agreement overaf{Figure 3.25)Somecorrespondence can also be seen in the spatial
plots: highest values in the southern North Sea aratern Scotland, lower for the northern North
Sea(Figure 3.2). Agreement is worse for Wales, bthe observatiorbased climatology relies on
extrapolation from neighbouring areas so is unreliable. No observational data on temporal trends

are available.

24



model gridded obs

64
652 number of observations
62 bottom pH 1980-2014
3.0
60 60 ‘
60 - B 10
58 58 2.5 AR
I s LRICIICRC LS |
TR
56
56 20 554 . g 5
. s i oL
. L5 504
52 e .
10 -10 ]
50 50
484 ‘ 48
-15 -10 -5 0 5

-15 -10 -5 0 5

Figure 3.2 Mean bottomlevel aragonite saturation state from the POLCGBRSEM model (left)
and the GLODAP observatibased climatology (right). The panel on the far right shows the location
of observations used to create the GLODAP gridded climatology.
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Figure 3.8 Taylor diagram for bottortevel aragonite saturation state, summarising the spatial
match between the POLCONERSEM model outputs and values from the GLODAP observation
based gridded climatology, for UK national marine areas. Values closer to the ref@a@ntshow
better agreement. For information about how the diagram was created see section 3.2.2.
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Overall the confidence is assessed as moderate, but on a low evidence base. Given the lack of
observations in Wales and Northern Ireland, the confidence for these areas is uncertain.

3.3.11 Net primaryproduction

Water-columntotal net primary productiorwas used as an input to the metanalysis. Comparison
to estimatesderived from ocean colour satellite daitegiven here, howevethe satellite productis
optimised for the open ocean and may not be reliable iastal and shallow seaSomparison to
estimates of gross primary production for the North Sea is thergioogidedas well.
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Net primary production was compared to satelitased estimates from a global product
(CopernicusGlobColourhttps://doi.org/10.48670/moi00287). Plots ofmodel and satelliteverage
values for net primary production show good agreement on spatial patterns, thowugtelderived
values are higher and shdess variability thamsatellite estimategFigure 3.26)Production is
highest in coastal areabower in central areas of the Irish Sea, western English Channel and
northern North Sea.

mean netPP (mg C m~2 day~1) 1998-2022
satellite obs

model

103

102

Figure 3.8 Mean net primary production (mg Chday?) for 19982022, from the POLCOMERSEM
model outputs (left) and derived from oceaolour satellite observations (right).

There is good agreement on the direction of temporal trends: falling production in Scotland and for

the UK EEZ as a whole, rising in Northern Ireland and little change for England and Wales (Table 3.8).

The modelled fall for Scotland and the EEZ is sithberthe satellite estimates, but given the
uncertainty in the satellite values the difference is not large.

Table3.8 Temporal tend in column total net primary production (mg G day* per decade) for

national regions and the UK EEZ, 1988 H #1® A RAOF 1Sa GKI G ye GNBYR
significant.
UK EEZ England Wales Scotland N. Ireland
POLCOMERSEM mode| -10 - 9 -15 16
Satellite-derived -21 - - -22 14

Model outputs forcolumn total gross primary productiomere comparedto a published study of
spatial variation and #ndsfor the North SedCapuzzo et al., 2018)hisstudyused all availabla

situ measurements of chlorophyll and light attenuation 1988-2013 Capuzzo et al. divided the
region intosix hydrodynamic zondgigure 3.Z) andcalculated the mean productivity and trend
over time ineach zone. Their Table 1 is reproduced below (TaB)e with the corresponding model
values shown in italics below each nuenlSlope and standard error are only given where the trend
in annualprimary productionis significant p<0.0L, denoted by **).
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The model values are consistently larger thanabservationbased values but the spatial variation
is in good agreements can be seen in the simitgrin the percentage oproduction in each of the
six regionsFor both datasets theegion of freshwater
influence andhe transitionaleast zone are highly
productive, the seasonally stratified zone lesgsee also
Figure3.28). Modelobservation difference is highest for the
permanently mixed aredor which the model outputs have
higherproductivity than theobservationbaseddataset

Transitional west

Transitional

i east

Seasonally )
Capuzzo et al. found an overall decreasgrivss primary stratified
production forthe North Seawith the strongest trends in {
the transitional zones betweeseasonally stratified ah
permanently mixed zoneg&lsewhere the trend was not 54 1
statistically significantThe trend in the modedutputs is
significant for the western transitional zone, the seasonally
stratified zone andor the North Sea as a who{@able 2 : mtermmenw
andFigure3.28). Trends in the model outputs are smaller stratified
than in the observatiotbased dataset, butgree on the Ce oo T iy e
declining trendWe conclude that there is agreement
between the model and observations on a reduction in
primary production, though theize and location of the
change differ.

Permanently Freshwater

2 dmixed = influence

Figure 3.Z Hydrodynamic
zones of the North Sea, as
used by Capuzzo et al. (2018

Table3.9 Gross primary production for different areas of the North Sea estimated by Capuzzo et al.
(2018) and by the POLCOMRSEM model. In eabhx of the table the top number comes from
Capuzzo et altheir Table }, thelower one in italicsfrom the model.PP = column total gross

primary production, SE standarderror. ** denotes a statistically significant treng<0.QL).

Region PP (oC n? Area PP (89 C year) | Annual change iRP(gC n¥ year?)
year?)
mean | SE | Mean (%) | SE r2 p slope | SE
Seasonally 200 15 34.9 (36) 2.75 0.091| 0.134
stratified 382 20 65.7 (35) 3.42 0.722 | 0.000* | -2.21 0.28
Transitional 354 54 27.6 (28) 4.24 0.299 | .0039** | -19.78 | 6.19
East 510 23 42.1 (23) 1.87 0.086 | 0.145
Transitional 187 15 5.8 (6) 0.47 0.278| .0057* | -5.38 1.77
West 486 24 16.4 (9) 0.80 0597 | 0.000** | -1.78 | 0.30
Intermittently 268 20 16.3 (17) 1.24 0.001| 0.884
stratified 526 22 29(16) 1.20 0.069 | 0.231
Permanently 82 7 4.0 (4) 0.35 0.128 .073
mixed 551 22 20.6(11) 0.81 0.051 | 0.268
Freshwater 382 28 8.7 (9) 0.65 0.001| .903
influence 578 24 13.1(7) 0.54 0.000 | 0.970
North Sea 234 17 | 97.34 (100)| 6.92 0.261 | .0076** | -5.67 | 1.94

463 21 | 186.9 (100 8.5 0.591 | 0.000** | -1.27 | 0.22
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Figure 3.8 Gross primary production for the North Séeom POLCOMBRSEM model outputs. The
left-hand panel shows the mean value &$#882013, the righthand panel shows the na@ annual
change over the same period. Grey shading indicates no significant chetigel)

Overal] the modelreproduces the spatial distribution of primary production wédr both the net
and gross primary production datasets. Téés also agreement on the declining trend in
productivity, though the trend is smaller for the model outputs thesm satellite estimates, and
not statistically significant imany places. Confidence is assessed as modératdl regions

3.3.12 Potential energy anoma(gtratification)

Potential energy anomaly is derivéi@m the variation in densitpver the top 200mThis is
calculatedfrom temperature and salinitgothe assessment of surface and bottom temperature and
salinity gives a guide to reliabilit€¢onfidence in surface valuesn®derate to strong in most regions
but poor representation of the observed trends at bottom levels means that confidence in potential
energy anomaly is assessed as weak.

3.3.13 Surfacghermal fronts

The location of thermal fronts is derived from modelled sea surface temperdatee The method
used for front location has been demonstrated to have high accuracy when dpytien using
satellite measurementgMiller, 2009).The confidencén the modetderived dataset can therefore be
assessed as the sameths confidence in sea surface temperatysection3.3.3) weak for

Northern Ireland, strong elsewhere.

3.3.14 Water olumnsum ofphytoplanktoncarbon

There was insufficientliservational data on phytoplankton biomassmake a direct comparison to
the model outputs. Chlorophyll ceentration gives an indication of phytoplankton biomass, so
model outputs have been compared to chlorophyll ddé&ived from ocean colour satellite
observations.

The spatial distribution of chlorophy@hows agoodmatch to that observed by satellitdhe on-shelf
values tend to be highghan satelliteexcept close to the coasts; the high satellite valiogs
complex waters near river mouths may be unreliaffigure3.29).
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Figure 39 Mean surface chlorophyll concentration (mg &)rfor 19982021, from the POLCOMS
ERSEM model outputs (left) and derived from oceallour satellite observations (right).

For all areas except England, the model outputs show a falling trend-ahnlogphyll concentration
over time Figure 3.30 and Table 3.10)he satellite observations have a rising trend in England,
Wales and Northern Ireland, falling in Scotland and no change overall.
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Figure 3.8 Smoothed annual mean anomatysurface logchlorophyll(log(mg C nd)) for UK
national marine areas, from the POLCOERSSEM model (solid lines) and satellite observations
(dashed line). The values have been smoothed wittyads kernel to show lonterm trends. The
anomaly is the difference from the mean value fo®222008

Table3.10 Temporal tend in surfacdog-chlorophyll concentrationl¢g(mg C n¥) per decade) for
national regions and the UK EEZ982021.

UK EEZ England Wales Scotland N. Ireland

POLCOMERSEM modg  -0.038 -0.028 -0.059 -0.048

satellite obs - 0.035 0.019 -0.026 0.008

The comparison to surface chlorophyll is an indirect measuoelamn total phytoplankton
biomass, but it is likely to givevalid picture of spatial and temporaariation Given the
discrepancy itemporal trends, confidence is assessed as weak everywhere
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3.3.15 Bottom non-livingorganic carbon
There was insufficient observational evidence for an assessment to be made.
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4 Environmental variables in the sea bed (ERSEM benthic)

This section gives validation information about thenthicvariables used in the conservation meta
analysissediment organic carbon and tlexygen penetration deptiPOLCOMERSEM model
outputs were compared to observatiochased statistical models.

4.1 Model descption

As well as the pelagic model described in section 3, ERBERuUropean Regional Seas Ecosystem
Model, has a separatbenthic model(Butenschdoret al., 2016) This is fully coupled to the pelagic
component anchandles transfersf carbon and nutrientat the sea bed and within sedime(see
Figure3.1). Tke benthic modehas aerobic and anaerobic bacteria and three feeding groups: filter
feeders, suspension feeders and meiobenthos. The last of these contribute to mixing through the
sediment by bioturbation. Oxygen levels in the sediment gradually decrease away fromttre wa
surface and the oxygen penetration depth is a model outfatliment organic carbon is separated
into dissolvedorganicmatter and degraable, refractory and buried particulate carlyan model
nomenclature the particulate types are called Q6c, Q7c and Q17c respectiaglgarbon that
reaches the bottom layer cannot be returned to the water column and becomes buried carbon; it
should be noted that thig not calibrated to represent stocks of buried carbon in-eattld
conditions.

4.2 Validation methodology

4.2.1 Sediment organic carbon
Diesing et al., (2017; 2021) describe a method of estimating sediment particulate organic carbon
(POC) density (gfhwith only sparse observations using a quantile regression forest (QRF)
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algorithm applied to a set of predictor variables (Table 1). The resulting maps of predicted carbon
content in the top 10cm of the bed (Diesing et al., 2017) were compared visually with contour maps
of total organic carbon from ERSEM. In addition, theaulythg carbon data, along with additional

data from the AgrFood and Biosciences Institute (AFBI), was compared with tlecated ERSEM
model predictions(Figure 1A). The data points used to derive the original statistical map are shown
in Figure 1B.

Table4.1 Predictor variables used for benthic organic carbon prediction ranked in order of importance
(see Diesing et al., 2017, for details).

% Mud content

Average bottom temperature
Distance to shoreline
Eastings

%Gravel content

Peak wawarbital velocity

@ alkwnNE

POLCOMERSEM total sediment POC content (gZwas calculated as the sumsidwly
degradablecarbon(ERSEM variable Q6c¢) amdhilablerefractorycarbon(ERSEM variable Q7c¢) by
taking the mean of monthly mean values for the period 2@069. Examination of the-ivlding

depths associated with the modelled exponential profiles for Q6¢ and Q7c¢ were less than 4cm
everywhere indicating that much of the mod@DC can be considered to be contained within the

top 5¢cm of the bed and can be reasonably compawét the observed 5¢cm carbon stock values.

The modelled buriedefractorycarbon (ERSEM nomenclature Q17c) was considered separately in
the comparison as nominally it represents carbon below the ERSEM total sediment depth of 30cm.
The overall conclusions are not affected by the inclusion of this pool.

The AFBI data consists of benthic organic carbon measurements in the top 5cm of the bed at near
annual frequency starting from 19%d continuing to the present timat 6 locations off the

Northern Irish coast (Figu#e2A). The observations show large variability between samples with
some suggestion of a trend to higher carbon content over time (Fi@B). Original data was
expressed as thearbonweight to weight of inorganic sediment. Contemporaneous measurements
of porosity were not available. For comparison with the ERSEM model a crude conversionfo g C m
(5cm) was carried out using measured average sediment water content (by weight) and assumed
water and sediment densities of 1025 and 2650 kY respectivelyBecause of higlthe sample
variability, data were not averaged, and all samples were included in the scatter plot (Fure
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rapidly. OPD depends on both the rate at which dissolved oxygen exchanges with the water column
and the benthic oxygen consumption. A larger (deeper) OPD value generally indicating less benthic

oxygen demand and/or faster exchange with the overlying oxstgeehwater. Observations suggest

a sharp transition from deeper to shallow OPD once the percentage fine content (mud + silt) exceeds

around 10% (Parker et al., 2012; 2011). This is attributed to a change from advective pore water

driven transport behaviouto diffusive transport controlled by the sediment permeability.

InParker et al. 2011; 20123,simple form of parametric bootstrapping (Manly, 1998) was used to
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Combining this with the maps of the observed distribution of seabed silt content allowed a tentative

spatial map of OPD to be derived.

4.3 Validation outcomes
4.3.1 Sediment organic carbon

A scatter plot of observed sediment organic carbon content (Figi®¥eagainst POLCOMERSEM
results (Q6¢ + Q7c) at the same locations showed model values typically a factor of 10 to 30 less than
observed values (220 less if Q17c is included). No discernible trend or correlation is apparent

between observed and modelleglues nor with respect to distance from shore.
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Figure4.3. benthic organic carbon content in top 5cm (g nscatter plot. Xaxis observations used
by Diesing et al. 2017 (see Figure 1A) and also AFBI data (marked-aady aé POLCOMERSEM
20062009 mean at matched locations. Marker colour is scaled to the distance from the coast, as a

possible explanatty variable, apart from

AFBI data shown in red.
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The disparity between modelled and measured benthic POC stocks has been noted prefgayisly
Aldridge et al., 2017)This is interpreted to be a consequence of the different particulate carbon
fractions present in the seabed.dvine biogeochemical models such as ERSEM deal primarily with the
relatively labile organic material remineraliseder timescales of monthshat are responsible for
much of the shorterm features of the benthic carbon cycle, including observed benthicflGk@s

and faunal biomasslhe large pool of benthic carbon unaccounted for by the model is, by contrast,
likely to be relatively refractory and less important for biological processes, although it may be
important in terms of carbon sequestration.

Spatial patterns of modelled benthic carbon stock were compared with the data derived statistical
maps. Given the large difference in magnitude indicated in F@Greéoth data driven and modelled
distributions were normalised to lie in the interval [0, 1] to more clearly show relative spatial patterns.
Since both data sets contain some outliers, th& 1® 90" percentile was used to define the upper

and lower bounds in the normalisation. The resulting maps of sediment POC content for the data
driven maps (Figuret.4, A) and POLCOMERSEM (Figure4, B) show markedly different patterns.

The data driven approackhowsthe strongest correlation with sediment type (especially mud
content) followed by bottom temperature (Diesing et al., 2017; see also Wilson et al., 2018). This gives,
for example, relatively higher predicted organic carbon content in the cooler, muddrérern North

Sea sediments (Figu#e2B) and at known localised mud patches in the Irish and Celtic seas. By
contrast, the ERSEM modélosved largest seabed organic carbon content in coastal zones and the
southern North sea and correlated to modelled water column productivity. This is consistent with the
hypothesis that measured and the modelled carbon are representing different carbms. po
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Figure4.4. Normalised benthic organic carbon. A) data driven map (Diesing et al (2017), B)
POLCOMERSEM model, 2006 to 2009 mean, C) chlorephgdincentration, 2006 to 2009 mean
averaged over the euphotic depth.

In summarywe conclude that the available observatiomainnot bedirectly compared to the
ERSEMIerived datasetin additionthere is insufficient observational data to assess change over
time. We conclude that there is not enough evidence to assign a confidence level, although the
analysis presented here provides some information about where the model outputs may be more or
less reliable.

4.3.2 Depth ofthe oxygen horizorfoxygen penetration depdh

The statistical correlation based map of OPD was compared (Hid)r® the POLCOMBRSEM

model data for oxygen horizon depth (ERSEM variable D1M). In general, model values show a
shallower depth compared to the data derived distribution. To bring out spatial pattérevalues

were normalised to the interval [0,1] based on™#nd 90" percentiles.The data driven distribution

is determined by the %fines contemtjth a transition from shallow to deeper oXiyers when fine
content < ~10%soit essentially picks out the difference between muddy and sandy/gravely
sediments, with thinner oxic zones muddy regions. This gives a different distribution compared to
the ERSEMerived datasetFigure4.6). Sediment type is not strongly distinguished in EHRSEM

model and OPD here appears to be partly linked to water depth (see depth contour in £g&e

For the model, it is hypothesised that the deeper oxic layer in the northern North Sea is due to less
organicmaterial reaching the bed in deeper water (possibly in conjunction with decreased microbial
oxygen consumption with lower temperatures) leading to reduced benthic productivity and
conseqguent oxygen demand.

Latitude
Oxygen Penetration Depth, cm

10°wW 5°wW 0° 5°E
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Figure4.5. Oxygen penetration depth (cm) maps from, A) statistical correlation based on %silt
content, B) POLCOMERSEM model.
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Figure4.6. Normalised oxygen penetration depth maps from, A) statistical correlation based on
sediment size, B) POLCOERSEM model. White lines are contours of 50m, 100m and 150m water
depth.

In summarythe ERSEMhodel lacks the distinction between muddy and sandy sediment processes,
linked to permeability, thashould enable better prediction of th oxygen penetration depthThe

spatial variabilityderived from correlating observationgith %fine content is notreflectedby the

model dataset and we therefore assigieakconfidence to this variableThere is insufficient data to
assess trends over time.
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5 Fish species (S8EM model)

Author: Sevrine Saillegesa@pml.ac.uk

5.1 Model description

5.1.1 SSDBEM in a nutshell

The Size SpectaDynamic Bioclimate Enveleplodel (SSDBEM) is a statef-the-art model that

projects the impact of changes in the environment and human activity on the abundance, biomass,

and distribution of modelled species, whilst considering their ecology and physiology. Therefore, the
SSDBEMcan project fish distribution and trends in response to climate chahdggimportant to

note that themodel is the full species distribution not specific stocks. The model does not try to

simulate the exact number of individuals of a given speciesiditier the relative number of

individuals compared to other areas and other times. As such, while model units are expressed as
GbdzYoSN) 2F AYRAQGARdAzZ fa¢sx GKSe& IINB y2d4 G2 06S dzaSF
to changes in climate andsfiing management.

SSDBEM use the following environmental conditions data from climate model projections:

Primary production
Bottom temperature
Surface temperature
Sea water pH

Sea water Salinity
Oxygen concentration
9 Ocean currents

= =4 4 -4 8 -9

These are necessary to account for habitat suitability (e.g. temperature, salinity and pH), defining
the size spectrum and system carrying capacity (i.e. chlorophyll), dispersion (current), and impacts
on metabolic rate (e.g. temperature).
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5.1.2 Modelinitialisation

The outputs from climate models are used to drive theD®EM, which projects changes in fish

species distribution and biomass while explicitly considering known mechanisms of population
dynamics and dispersal (both larval and adult), as well apkygsidogical changes caused by

changing ocean conditions (Cheung et al., 2011; Fernandes et al., 2013; Fernandes et al., 2020). The
SSDBEM is a combined mechanissiatistical approach that has been applied to a large number of
marine species globally anddee of the models participating in the Fisheries model inter

comparison program (FISHMIP; Tittensor et al., 2018; Lotze et al., 2019).

Initial distributions of selected species in the[HBEM are first estimated using the Sea Around Us
database method (Close et al., 2006). Using data primarily derived from FishBagdighbase.or)
and Seal ifeBaseww.seaaroundus.org it determines distribution based on (see Close et al., 2006
for more details on the method):

a) presence

b) latitudinal range

c) range limiting polygons

d) depth range

e) habitat preference

) 6KS SFFTFSOG 2F aSldza G2NAIf &dzo YSNASYy OS¢

Then, the suitability of each species to different environmental conditions (e.g. temperature, salinity,
oxygen concentration, bathymetyys defined using its modéhferred environmental preference

profile (see Cheung et al., 2008a; 2009 for more details), which create seed populations. The model
is initialized with these seed populations using the estimated present distribution and tham dy
ocean model outputs to evaluate the impact of recent (Queirés et al., 2018) or future (Fernandes et
al., 2016 changes in environmental conditions on fish populations distribution. Combining ocean
dynamics (e.g. advection) with mortality, growth, and dispersal processes, the model projects future
patterns in distribution and biomass (see Cheung et al., 2008,,2006nore details) with the

carrying capacity of each species being dependent on the environmental conditions and limited by
primary production. The Size Spectra component of th®BEM accounts for resource by

comparing the biomass that can be supportediny given area (based on primary production and

the derived size spectrum) to the energy demand of the species that are predicted to be present in
the area. Energy is distributed to species in proportion to their energy demand and their growth rate
(see Fernandes et al., 2013 for details). Because the model accounts for both environmental
preference and population dynamics, any changes in environmental conditions will result in changes
in life history (e.g. growth, migration), carrying capacity, andseguently on the abundance and
distribution of species.

The S®BEM fisheries model was initiated with seed populations for each species in 1990 and run

until 2099. As mentioned, the model calculated biomass of fish each year after migration,

reproduction and death (both natural and through fishing) were talkeéo account. Trial

experiments in our study showed that the model reaches a stable state in under 10 years when run

with constant conditions. We therefore treated the first 10 years of a model run asugpémd only

report changes between 2000 and 209%e model was run on a global configuration, where all of

0KS 62NIRQa 20Stya INB NBLINBaSyiSR:I G2 2@0SNO2YS
that the model is capable to run 100s of species globally (see Cheung et al., 2019) and as such does

not need specific parameterization for this regional application with the species selected and the

forcing being the only change.
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5.1.3 Assumptions of the model

The Dynamic Bioclimate Envelop Model modelling approach has a number of inassemptions

and uncertainties that may affect the performance of the model (RD.3). Firstly, the model is based
on the assumption that the current predicted species distributions depict the environmental
preferences of the species and are in equilibriuncddely, the underlying biological hypothesis,
represented by the model structure and input parameters, may be uncertain. Moreover, the models
did not consider the potential for phenotypic and evolutionary adaptations of the species.

Theoretical and empirical data were used to model trophic interactions. The modelling approach

does not incorporate the full range or complexity of interactions among species, but avoids the
RAFUOdzZ GASE 2F TF2NX¥YI £ A && LS Qredidryirtekaltighs at langeR O2 Y LI SE
scales. It also requires no assumptions about the extent to which sp&did§ OA UO G NB LKA O
interactions that are currently observed will persist in the future. Furthermore, at the system level,
sizebased processes accountfmuch of the variation in prey choice and trophic structure.

5.1.4 Limitations of the model outputs

5.1.4.1 Data used to drive the model
The simulations used in MSPACE were run using inputs from three marine hydrodynamic
biogeochemical models: the POLCE&RSEM, NEMBRSEM and GFDL models.

The POLCOMERSEM, NEMERSEM, and GFDL models were driven by one Coupled Model Inter
comparison Project Phase 5 (CMIP5) global climate model (GCM) projections with downscaled
atmospheric data from a regional climate model (RCM), the Swedish Meteorolagital
Hydrological Institute (SMHI) Rossby Centre Regional Atmospheric Model (B&iAg pnly one of
the many possible combinations of GEMCM pairs leads to an incomplete estimate of the true
uncertainty in the outcome in a changing climate by, mostyikadicating a smaller spread of
outcomes than if the estimate were based on a larger ensemble of suchFREWIcombinations.

This does not necessarily mean a reduction in the true uncertainty, but simply an incomplete
estimate of it. See section 3.2.4 for more information on the data used to drive the model.

POLCOMERSEM and NEMERSEM have a different model for the physics (POLCOMS and NEMO),
but the same model for the biology and biogeochemistry (ERSEM). So while some different
behaviour is expected in the physics the response of the primary productiomith be the same so

there are similarities between those two. The GFDL model is entirely different and is expected to
stand out from the rest. This means that in case where we have projections for the GFDL and one or
both of the ERSEM there will be aatigence between them.

5.1.4.2 Interpretation of model outputs

2 KAfald GKS Y2RSt dzyada NS SELINB&EASR &4 abdzyo SNJ
actual future stocks but rather numbers relative to the initial starting values of the model. This is
because the model was not initialised with actual fisimbers and subsequently the significance of
this dataset is to show temporal and geographical trends, relative to other years and other grid
points, in response to changes in the climate and the applied Maximum Sustainable Yield (MSY).
Another limitationcomes from the MSY itself, the amount of pressure and fishing will vary according
to the abundance of the individual fish species but the MSY will be constant, meaning that fishing
will happen as long as there is fish to be fished in the model. Alssatine MSY is applied to all
species which is not realistic when it comes to management of the fisheries since the quota and
ensuing fish pressure are-evaluated on a regular basis. But it does provide an opportunity to see
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what the impact of fishing is on top of that of the climate change. Consequently, we are only looking
for trends in abundance and changes in distribution rather than absolute values of fish whether it be
in the present (validation period) or the future.

5.2 SSDBEM methodology

5.2.1 Target species
Species of fish used in validation were selected on the following basis:

1. Availability of preexisting model output for this species
2. Species is present in UK waters and contribute a significant
3. Used in the Marine Spatial planning analysis

Consequently, we carried on the exercise for the species listéahile5.1, note that some of the
species were present in all models and others were only in one. The goal is not to compare the SS
DBEM response to the different biogeochemical model used to provide the environmental data but
whether it matters and the impact itam heave on the confidence in the model output for the larger
analysis.

Table5.1: list of Species that were validated and model that provided the output

Fish species POLCOMS ERSH NEMO ERSEM | GFDL ERSEM
Clupea harengus| x X X
Merluccius X X

merluccius

Micromesistius | X X X
poutassou

Dicentrarchus X X

labrax

Gadus morhua | x X X
Scomber X X X
scombrus

Salmo salar X X

Malotus villesus X
Solea solea X X X
Pleuronectes X X X
platessus

Pollachius virens| x X X
Scophthalmus X X

maximus

Sardina X X

pilchardus

Sprattus sprattus| x X X
Trachurus X X X
trachurus

Hipoglossus X X

hipoglossus

Melanogrammus X
aeglefinus
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Nephrops X
norvegicus

5.2.2 Scenarios

When talking of scenario for the model we consider two things: i) the climate forcing (that is the
RepresentativeConcentration Pathway, RCP) that is being implemented in the biogeochemical

model; and ii), the fishing intensity applied in the[3¥EM as represented by the MSY.

CAaKAy3d aOSyFNxR2a NS RSFAYSR NBt+FGA@S (2 SI OK
is the highest average theoretical equilibrium catch that can be taken continuously from a stock

under average environmental conditions (Hilborn and Walt&@92). Assuming a simple logistic
population growth function and under equilibrium conditions, MSY is calculated as:

MSY = (B*intR)/4

GKSNBE Ayldw Aad GKS AYGNARAYAAO NI GS 2F LRLIAFGAZ2Y
capacity (Schaefer, 1954; Sparre and Venema, 1998). In this model, the intR for each species is
calculated based on natural mortality (Pauly, 1980; Chetiiad;,2008b). Note that MSY is linked to

the fishing mortality rather than the biomass.

The combination of RCP and MSY created a number of scenarios5(@lifeat are similar to
Shared socio economic scenarios and provide information on both the impact of climate change and
that of human activity (fisheries).

Table5.2: Model scenario in MSPACE

Model RCP MSY
POLCOMERSEM 4.5 0,0.6

8.5 0,08 1.1
NEMOERSEM 4.5 0.6

8.5 0.8,1.1
GFDL 2.6 0

8.5 0
ERSEM 2.6 0

8.5 0

5.2.3 Model spatial and temporal scale

The model outputs are on a 0.5 by 0.5 degree grid meaning it is composed of squares that are
roughly 50 by 50 kilometres. The spatial domain covered by tHeBEB outputs is determined by

the spatial domain of the biogeochemical model used to providesthgronmental variables, since

they all cover the full UK waters, this is not an area of concern. The model outputs are expressed as
an annual value that represent the potential abundance of fish within each grid square of the model

A previous validation exercise (Fernandes et al., 2020) showed that the model could reproduce
trends in survey data for the period 192000. For the biogeochemical models that provide the
environmental variables to the SEEM this correspond to the hisical period, that is the
atmospheric forcing is provided by data rather than by atmospheric model. Here we will focus on
the years 2000 to 2020, this means that atmospheric forcings for this time period are provided by
atmospheric model and while there Wbe little variation between different climate scenario, some
divergence might happen.
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5.3 Validationmethodology

5.3.1 Model and survey data availability

1 Survey data: Lynam et al, Cefas (2022). A data product derived from Northeast Atlantic
groundfish data from scientific trawl surveys 198®0. Cefas, UK. V1. doi:
https://doi.org/10.14466/CefasDataHub.126

1 SSDBEM projections using POLCOBSSEM and NEMERSEM model outputs: Sailley, S.,
Kay, S., Clark, J.R., Calton, B., (2020): Fish abundance and catch data for the Northwest
European Shelf and Mediterranean Sea from 2006 to 2098 derived from climate ogect
Copernicus Climate Change Service (C3S) Climate Data Store (CDS). 10.24381/cds.39¢97304

1 SSDBEM projections using GFDL model outputs (Fernandes et al., 2013, 2020)

5.3.2 Data handling

Survey data location was matched to the[3EM grid by using a nearest neighbour approach to
ensuregeographical match when selecting a specific domain for the analysis. Domains of choice
were the UK EEZ and each national marine plan aFeag€3.3). The data were aggregated over

the whole areas, with no distinction between inshore and offshore areas as the model resolution did
not allow for this.

From there survey data and model output were filtered for a specific area and aggregated
temporally or spatially depending on the end goal of that validation. Next, data were normalised so
they vary between 0 and 1. This is done to ensure we compare variabilityeartts which are the
important information in the analysis rather than actual number of fish in either survey or model.

Once normalised the model outputs are compared to each other in a number of way:

1. Temporal match:

a. Trend: do the trend in model outputs match those in the survey on a year to year
basis

b. Difference: what is the difference between survey and model output? Does the
model overestimate or underestimate on an annual basis?

c. Mean difference: the mean value of the difference to estimate how much the model
divert from the data on a decadal basis.

2. Spatial match: does the model capture the spatial variability inherent in the marine
ecosystem.

3.52 A0SYFNAR2 YIFGGSNK ¢KNRdAdzZAK2dzi 6SQNB O2 YL} NA\
forcing model used to provide the environmental data needed by the model. This will inform
how much is behaviour inherent to the model and how much indicate responeto
forcing.

Note that for a few species we had enough data to generate a trend at the UK EEZ scale but not at
the National Marine Plan scale, while there might be survey data if not enough sites are repeated
every yea or are just one offSCausing data sparsity once we move to a smaller spatial domain.
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Jatial distribution could still be plotteth these cases, as we average over titheugh it also
shows that in same case the highest survey density is outside of the UK EEZ.

UK nation sea areas on POLCOMS-ERSEM grid

al

s

(5
=
(=]

—20 -15 -10 -5 0

Figure5.1: Map of the 4 National marine plan area (placeholder figure)

5.4 Validation outcome
5.4.1 Temporal scale

5.4.1.1 Trends

Overall, we foundjoodagreement between the model scenaridsglures 5.2-5.6). This means that

for the present time period, when the climate signal is weak, there is little impact cfddeario

used. Divergence are due to the different fishing pressure applied or the use of a significantly
different biogeochemical model to provide the environmental variables. There appear to be little
agreement between the survey data and the model trenithough for the second half of the time
period considered there seems to be more agreement between the model and observations. It is
important to note that the survey data were not filtered for specific survey quarters or size of
individual, the model iskely better equipped to capture trends in larger adult individual than the
juveniles or smaller individuals, plus it provides a value for the year as a whole rather than a specific
timing that can be match with survey timing. So some mismatch betweemguaata and model
output are to be expected.

For most fish species it looks like the trend is slightly off for the firstykmns, which could be due to

the model coming out of what is known as the spmperiod(19862000) That is the model was

still being initialised and the projected trend might be a bit off. For the second half of the period, we
see that trends start to match, though with a delay of a few years. There is a spread within the
models trends in response twth the model used to provide environmental variables and the
scenarios usg (climate and fishing combination). Overall, there is minimum spread between the
model reflecting that the climate scenarios have not yet heavily diverged and small effects of either
climate or fishing pressure are driving the variations.
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Figure5.2: Temporal trends at the UK EEZ scale. Blackelileets the trend in the observations while the various colours
correspond to the biogeochemical model used and the various scerfdr@®sed and blue lines for Nephrops norvegicus
represent the RCP8.5 (red) and RCP 2.6 (blue).
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5.4.1.2 Model to survey data temporal trend difference

Subtracting the data from the model shows us how far the model is from the observation as well as
whether it tends to overestimate or underestimate the trerfigres5.7-5MmM0 ® h LJGA Y I f £ &
want all results from this to be as close to zero as possible. The difference in trend confirms what we
found earlier in that in the early 2000s all models are overestimating the biomass compared to the
survey data on a yedp-year bags. This overestimate gets reduced for most species, though in

some cases it becorsean apparent underestimate this is likely from the delay between model and

data that we mentioned earlier.

Except for some instances, all models are quite close to each other with the error and the range is
within +/-0.5 indicating that the difference between model and data is not overwhelming.
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— Observation POLCOMS-ERSEM RCP 8.5, M5Y 0.8 = NEMO-ERSEM RCP 8.5, M5Y 1.1

== = POLCOMS-ERSEM RCF 4.5, MSY 0 POLCOMS-ERSEM RCP 6.5, M5Y 1.1 »== GFDLRCP 2.6, MSY O
== = POLCOMS-ERSEM RCP 8.5, MSY O NEMO-ERSEM RCP 4.5, MSY 0.6 «== GFDLRCPB.5 M5Y O
== = POLCOMS-ERSEM RCP 4.5, M5Y 0.6 NEMO-ERSEM RCP 8.5, M5Y 0.8

3

5.4.1.3 4Meandifferencein temporalrends

This is a different way to look at the difference between model and dégares5.12-5.16). Where

the difference might feel overwhelming when looking at it as a trend, when it is reduced to a single
value the mismatch is at the 10 year time period instead and reflect the capacity of the model to
capture things at a broader time scale rattiban on year to year basis. Unsurprisingly, we have a
YSIy GKI {Qihe amstRuINT som® pasds even under 0.25 with it being biased toward an
overestimationby the model. It also highlighhow for some fish species which model and/or
scenario is being used might affect the outcome as we can better see the divergence between the
models.

UK EEZ England Scotland Wales N. Ireland
a— ) Soersaaims ) ) p—— ) [ Not enough data
SR Not enough data | Not enough data
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Figure5.5: Mean difference in the temporal trend betwegata and model. UK EEZ.
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5.4.2 Spatial vari

For the spatial variability it was important to match the data points between survey and model

ability

outputs to ensure we were comparing a similar geographical spread. A$ this dK EEZ scale

there are areas where there is a lack of data. This is even more critical for the Wales and Northern
Ireland National Marine Plan vidh are smaller than the England and Scotland ones. Plotting all
occurrence of sampling against model data (with the model data limited to the UK EEZ) shows that
there are some gaps, additially, not all locations are sampled every year meaning that there are

actually much less data on the spatial sclgure5.17, left column for density distribution of

survey data).

Consequently, the standard deviation and mean value in the data even when creating a time average

of the data is much less than that of the outputs. This is true for all fish and limits the validation that
can be done spatially, without presenting a resifised against the model output. As such we need
to visually evaluate whether the model and data present some similar patterns for high abundance
areas. To this end we mapped the abundance found in the survey and model. While, we limited the
0KS Fdz f
appearing in the dataHgure5.17, middle column) compared to the distribution patterns that are
visible in the modelRgure5.17, right column). However, the areas that are most sampled during

the surveys (dark red in the maps in the left column) do correspond to the high abundance areas in
the model (green to yellow dots). It makes sense that the sampling would happen mostly thibe

model data toli K S

LY 993
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fish species of interest can be found, indicating that the model captures the distribution of fish

species decently well.
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Nephrops norvegicus - survey data density 1e6 Nephrops abundance - model data 1e9

Figure5.8: Evaluation of the model spatial variation to that found in the data. Left coldemsity distribution of survey

data indicating where they are mostly collected. Middle column and right column: sum of abundance of fish per data point
expressed as both size and colour of the dots for survey data and model outputs respectively. Suareyndapped for

all data point while the model data are restricted to the UK EEZ.

5.4.3 Short summary

While the capture of the temporal trend was not without fault with an overestimate from the model

it was mostly on a year to year basis with the trend over 10+ years being more accurate and reliable.
The accuracy of the trend varies between fish speciesoterall the model is doing a good job of
representing trends in fish. The spatial distribution is more difficult to evaluate because of the
sparsity of the data, however there is a match between areas where the model predicts high
abundance and those velne sampling is most often conducted with the distribution of the data

making it to properly see any pattern.

5.5 Expert judgement: confidence in model output

The goal of this section is to provide an evaluation of the model outputs that are used in the meta
analysis for Marine Spatial Planning. While the model cannot provide exact abundance of fish on a
yearto-year basis, it is important to see if it can captirends and variability on the 3@ears time

scale that we are interested in for long term planning. This focus comes from the fact the meta
analysis is comparing present state against future state. So, while the model might not capture the
actual trendand diverge from the survey data on a yearly basis (section 4.1 and 4.2), it might be
efficient at capturing the 10 to 20 years signal which are shown through the evaluation of the
temporal trend and the spatial distribution.

Additionally, the difference between the model and the observation can be due to bias in either.

However, if we consider the bias is consistent (data are corrected for sampling variability in method

and location, the model behaviour is consistent and eagpond to the change in environmental
O2yRAGAZ2Yya NIYIGKSNI GKFY 6SAy3a SNNFIGAO IyR NIYyR2Yd
be assessed through the several model scenario that were used in this validation.

The confidencassessmenwill be caried out for each variable independently, and for eaidine
areas that were used in this work, this is summarise@iable5.3 below, fish as well as ithe
summary of the confidence assessmésection 2)

We are not scoring the model per se but providing an expert judgement orchafident we are in

the model, that is whether we are highly confident, confident or less confident. To ensure a

coherent judgement on all variables and so users can assess whether they think the scoring is

I RSljdzt 6 S aaO2NBa¢ | NicategaratheIngdelRaridb falRidal TN A Y S 4 K A
done as follow:
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1. Does the model match the data temporal trend or reproduce any pattern that can be found
in the data?This is a visualssessmento see if the modeat any point match the pattern of
the data in the trend plot and is weighted by how many of the models do reproduce the
pattern

2. Is the difference between model and data for the temporal trend substantigi® takes into
account the difference betweemodel and data trend as well as the mean difference. The
more the model deviates from the data (overall and on average) the less confident we are in
its capability to capture a long term trend.

3. Isthere any spatial matcH8 thedistribution of fish apresented by the data, matched by
the model as well as spots of high density.

9FOK LRAylGa Aa 3IAGSY I Ga0O2NBeé FTNRY m (G2 oz aoz2\
sits between 1 and 3 to give the final expert judgement as to whether confidence in the model is

low, medium or high. In case where there is not enodgta we consider this and score it as a

d O y y 2Tthe BKIEEZ afd each notional marine plan area are evaluated separately and the

scoring of one fish may be very different between each basedata availability in that region to

generate the temporal ad spatial metricge.g.Pollachius virens data being concentratecuootland

reflect positively on the scoring for Scotland national marine plan area and the UK EEZ, but not
Englandchational marine plan area, and there is not enough data to assess it for the Wales and

Northern Ireland national marine plan).

Table5.3: Expert Judgement scoring of the fish model outputs for each individual fish species. With darker colours
indicating higher level afonfidence, and grey indicating a lack of data to complete the scoring.

N.

Species of interest UK EEZ| England| Scotland| Wales | Ireland

Clupea harengus

Dicentrarchus labrax

Gadus morhua

Hippoglossus hippogloss

Mallotusvilleus

Melanogrammus
aeglefinus

Merluccius merluccius

Micromesistius poutassou

Nephrops Novegicus

Pleuronectus platessa

Pollachius virens

Salmo salar
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Sardina pilchardus

Scomber scombrus

Scophtalmus maximus

Solea solea

Sprattus sprattus

Trachurus trachurus
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6 Brown crafCancer pagarysDEB model

6.1 Model description

DEB model parameters f@ancer pagurugere taken from the Adeiny-Pet database (Kooijman,

2017), which contains DEB parameters for >1§}@€cies. The goodness of fit between observed

data and DEB model predictions is quantified using mean relative error (MRE) and symmetric mean
squared error (SMSE), with values closer to zero indicating a better match between data and
predictions. MRE is @8 and SMSE is@ for predictions made using these parameters (Kooijman,
2017).The temperature dependence of physiological rates is accounted for in the DEB model by the
Arrhenius temperature, which is calculated from the observed values diglogi@l rates such as
metabolic or growth rate at various temperaturéhere was no specific evaluation of the

robustness of this Arrhenius temperature provided with fheameter set used ithis model.Full

details of the parameterused and the data used to validate predictions, are available from the
Add-my-Pet species list.

The DEB model used in these analyses was forced using POIERIEE projections for bottom

layer temperature and depth integrated NPP (as a proxy for food availability), initially generated for
the CERES project (Kay, 2018). The model made predictiadhsdemphysiological endpoints

ultimate size MC (measured as canbmass, g), agat-maturity AAM (days) and cumulative
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allocation to reproduction over the whole of the modelled time period (®C). As any

increase in temperature will lead to an increase in metabolic rates, it was assumedghat M
(allocation to reproduction integrated over a fixed time period) would likely increase in the

future due to predicted ocean warming. However, increased metabolism will also lead to
increased natural (and possibly predation) mortality, which may negateéesngerature

driven gains in M While survival is not explicitly modelled, tué¢ estimates of Mwere

temperature corrected to try and account for this. DEB models use a temperature

correction factor (TC) to describe the temperature dependency of physiological rates. For

each POLCOMBwW{ 9a Y2RStf 3INAR OStf I aYSalroz2tA0 &Ll
(TGuture/ TGoreseny. Future predictions of were divided by this factor. The model does not

directly predictC. paguru@resence/absence or population dynamat evaluates an
AYRAGARdzZI £ Q& LRGSYGAlf {rationsnReprodugtidd oderftie 2 OF G S
whole model domain. However, population level inferences can be made using the

reproductive endpoints AAM and MThe possible distribution @&. pagurupopulations in

each time period was estimated by allocating the values of each of these endpoints in each
Y2RSt 3INAR OSff I agAloAfAGE a02NBeéd ¢KSaAS a
fitness is determined by the amount of carbon an individogests in reproduction over its

lifetime. Areas in which animalsature early and are able to invest heavily in reproduction
therefore produce individuals with the greatest fithess, and so have the highest viability

scores. Individual scores were summed and normalised to give an overall viability score for

each grid celbetween 0 and 1, with O indicating that the area would be unlikely to support

a population, and 1 indicating an area would be very likely to support a population.

6.2 Validation methodology

A formal evaluation of the distributions predicted by tBe pagurusnodel used in this analysis was
not conducted.The model outputsvere assessed byisual comparison of the viability scores (Féy
6.1a) to the probability of occurrence data projected by Aquamapsi{&®1b) and recorded
occurrence data provided by NBN Atlas (Fég.1c).

6.3 Validation outcomes

The spatial patterns of distribution projected by the DEB model are broadly correct around most of
the UK. The only exception appears to be in the deeper parts of the Western English Channel where
the DEB model projects high viability scoresuffei¢.1a). This is not in keeping with the projected
probability of occurrence (Rige 6.1b) or the recorded occurrence data (fig6.1c) for this area.

Despite this however, we can loenfidentin the spatial component of the DEB outputs used in the
spatial metaanalysisbecause of the good agreement elsewhere
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Fig.6.1: a) Projected present day (2022) distributiorGaincer pagurusased on viability scores
derived from DEB model endpoints; b) projected present day probability of occurrei@amnoér
pagurus downloaded from Aquamaps; c) confirmed occurrenceSarfcer pagurusetween 1948
and 2022, downloaded from the National Biodiversity Atlas.

In order to establish whether the temporal trend in distributions was robust, DEB model projections
for 2050 (Figre 6.2a) under RCP8.5 were visually compared to the RCP8.5 2050 native range map
generated by Aquamaps (Eig 62b). DEB model projections show a small decrease in viability
scores across most of the UK EEZ, with the exception of the northern North Sea, where scores
increase slightly in comparison to present day projections. These apparent changes in habitat
suitablity do not appear tde replicated in the Aquamaps projections for 2050, however the spatial
patterns of distribution are comparable between the two model outputs, despite the small
differences. Therefore, we can beoderatelyconfidentthat the trend of the projections from the

DEB model are robust.
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