Response to the editor
by Sonja van Leeuwen, lead author of manuscript bg-2015-196n behalf of all co-authors

Dear editor,

we have changed our manuscript bg-2015-196 according toethewers comments. This has led
to the inclusion of more figures in the site specific graphs ¢GQA LTL + OA HTL). To aid inter-
pretation we have also included these graphs for the singdéiaation impacts, i.e. climate change
effects plus lower trophic level acidification impacts (COA LTL) and climate change effects plus
higher trophic level acidification impacts (CC + OA HTL), imt new supplementary materials. This
was not specifically asked for, but we feel it significantiydado the information included in the
separate tables and the analysis presented in the sepapatetisections (there was some obvious
confusion there by both reviewers). We hope you and thewareagree with these additions.

yours sincerely,
on behalf of all co-authors,
Sonja van Leeuwen



Response to reviewer 1
by Sonja van Leeuwen, lead author of manuscript bg-2015-196n behalf of all co-authors

1 General response

The authors are grateful for the detailed comments provieBr. Fulton, a well-known expert
in end-to-end modelling. As a result the manuscript is noweardescriptive of the shortcomings
of the method, and contains a better explanation of the eghloupling. Detailed responses are
provided below. We hope we have responded to the correébrediut could not find a version of
the manuscript with continuous line numbers as used by feeae

2 Detailed response

1 Lines 95-103: It would be good to see some reflection on wheaetpected downsides of
not having 2-way coupling are. How do the authors accountcfamsumptive losses in the
plankton due to feeding by the fish fauna? Was the level ofucopison of the same order as
the assumed mortality?

Regarding 2-way coupling we have added the following linedotion 6: "This would also
ensure feedback of other predator changes (e.g. increasedihf) rates due to increased sea
temperature, more pelagic-oriented feeding) on planktbinimass, which are not included in
one-way coupling. ". We expect these impacts to be minor @vetpto the mortality/feeding
feedback.

Regarding the mortality we have added the following linesgction 2.3: "Fish predation mor-
tality in ERSEM-BFM is simulated as cannibalisms of the &stgspecies, ensuring a dynamic
mortality dependent on biomass. Thus both lower trophiellevortality and higher trophic
level feeding were driven by lower trophic level biomassuesl, ensuring a proportionate
response."

However, these responses do not correspond to the saméhaldipes, as there is some
overlap in species representation between the two modeis.ig being addressed in current
development of the coupled model as two-way coupling isdamplemented.

2 Line 118: The fishing pressure that was included, what lewsl that pressure? Was it based
on a particular year? Why was the fishing pressure assumee toolnogeneous spatially?
What are the implications of the simplification?

The applied fishing pressure was that as described in Blaehal. (2009), and as such took
a value of 1.0 (fishing pressure switched on, pressure ptiopal to averaged values based
on multispecies virtual population analy@@OO%@BQO-ZOOS). This pressure was
assumed to be constant over the sites as lack of local otiggry@an the food web scale pre-
vented calibration. Nevertheless, the LTL detritus supplthe HTL model was calibrated to
reflect the only available regional detritivore size spattiobservations, representing a fished
environment. As such, the different calibration numbeaat to some extent for different
fishing pressures between the sites. We have changed ttie text

"Griffith et all (2012) showed the importance of includinghfiey pressure combined with
acidification and temperature pressures in an Australiasystem. Here it was included in
the model as a nominal pressure (basefl on ICES (2005)), sunetacalibrated to represent



site-specific mortalities. "

3 Table 4: It is interesting that few changes aret0%, but still there are many declines in
catches despite quite small changes in POC, primary prodoend biomasses.

This is mainly due to the limited selection of model statdalales in the tables: not all mech-
anisms and carbon pathways are represented by them. We txanviaciuded more analysis
of system response (as requested by reviewer 2), includinghétance information about
near-bed diatom levels: these can be crucial for carbosp@mnto the benthic system, but are
not necessarily proportional to water-column averagetbdidevels. We have also added fish
and detritivore predation mortality time series, to beitelicate response mechanisms in the
higher trophic levels. However, the fact remains that tlghér trophic level model is consid-
erably less complex (2 state variables) than the lower todptael model (60+ state variables),
and therefore will be more sensitive to changes in the fewedsi

4 Line 194: The pelagic and benthic biomasses do decline,Haupelagic ones in particular
are small, would they actually be detected in reality?

As reviewer 2 points out, this study is essentially a sensijtistudy into the effects of the
different pressures: the main interest is in the trend ofiding-term projections of stressor
impact. Changes were small for lower trophic level dynanficsacidification impacts, but
climatic impacts would certainly be detectable with thg&rimpacts on benthos (-20) and
net primary production (+1%).

5 Section 3.2: While there are many declines, the changesyaieally small. Again are the
declines of a magnitude that they would be noticeable initygdhey seem to be potentially
negligible relative to likely noise level?

The OG site is in "transitional waters", meaning it is chégdsed by large interannual vari-
ability in the governing hydrodynamics. As such, it canaigily be expected that the predicted
pelagic changes are smaller than interannual variakigyertheless, the main objective here
is to gauge the future trend due to particular pressures.

6 Line 266-267: Clarify this sentence, particularly the bithrackets on food supply it is not
clear what you mean here and the logic of the steps.

We apologise for this confusing sentence, and have now dtdhe part in brackets to "in-
creased general increase due to planktonic food supplytelib a difference in the planktonic
food supply for small pelagic predators, and the food sufgniyarger predators (i.e. smaller
fish and detritivores). We have now added new figures showiadgtion mortality rates for

the higher trophic level model, both in the manuscript (fambined impacts) and in the new
supplementary materials (for separate impacts). Togetlierthe existing figures for plank-

tonic food supply (adjusted figure title to reflect origin obfl) we hope we have clarified this
matter.

7 Line 301 (section 5.2 line 24): “Pelagic fish food supply ie&sed slightly due to indirect acid-
ification impacts (figure 4d)”. This should be figure 4c in whaase it dipped and rebounded

We have corrected the erroneous figure reference. Figuredéed shows a dip and recov-
ery, with the 2069-2098 averaged values just marginallhéighan those for 1079-2008 for
all scenario’s. But the main point here is that acidificatimpacts caused fish food supply



to increase compared to climatic impacts. We have rewottgedlrie to clarify this: "Pelagic
fish food supply increased slightly due to indirect acidifiwaimpacts (figure 4(c), increased
values compared to climate change scenario), ...".

8 Line 303:"Fishing yield decreases according”. | am not suin@ould agree based on Figures
4e and 4f. Please be clear about whether you are talking atransients or snapshot end
points.

We have changed the text to better reflect our meaning: ¢ thie decline is for the future

conditions under OA and CC pressure relative to the curtaig $§CC simulation 1979-2008
result). The decline therefore does not refer to the temgesselopment of any one scenario,
but to the change between the scenario’s. New text included:

"Fisheries yield decreases accordingly (figure 4(e), fication scenario’s vs Temp scenario),
with the main decline in the winter period (figure 4(f))."

9 Line 308 (section 5.3 line 7): “Detritivore growth rates ram more or less equal..” | dis-
agree, please make sure the results match the plot, whiétated an increase.

We apologise for the confusion. Indeed the correspondingdighows an increase in detri-
tivore growth rates for all scenario’s as a function of timdrat we meant was that there is
virtually no change in the growth rate between current ciooni (climate change run, 1979-
2008) and future conditions with both stressors (High sderan, 2069-2098). We have

changed the text to reflect this better: "Detritivore growdtes remained more or less equal
when combined effects are applied (figure 5(d), High scer069-2098 result compared to
Temp scenario 1979-2008), ..."

10 Lines 310-311: There is a decline in winter, but there is aibiease in summer, that should
not be ignored.

We have changed the text to reflect this: "Changes to fishgiesdepended strongly on the
strength of acidification impacts (figure 5(e)), affectitigsaasons (figure 5(f)) and showing a
strong decline in winter and strong increase in summer."

11 Line 331-332: Interaction effects could be explored usimgiiedge’s d method in Griffith et
al 2012. Conservation Biology 26: 1145-1152

We agree with the reviewer that the Hedge’s d method is vesfulior exploring interaction
effects: it was applied in Griffith et al. (2012) to disentngffects of fishing pressure, climate
change and ocean acidification in Australian marine waténfortunately we do not have a
reference simulation without any pressures, so cannolyapplsame method here without
additional effort (we only consider two pressures, with ¢thimate change simulation acting
as the benchmark to measure acidification impacts agailf@t).3 different sites, 2 different
pressures, 2 different trophic impact levels and 3 differeduction rates we do not want to
complicate the analysis further by adding an additionaneice plane. In this manuscript we
want to focus on the underlying processes that effect fuisheries yield in three distinct
areas. However, the Hedge’s d method would be very usefultiré work to include addi-
tional pressures like fishing or nutrient stress. Griffitiale{2012) also notes that variation in
interaction response must be taken into account (i.e. awatibins of different impact levels
to gauge interaction response): this is exactly what thisuseript has tried to do with respect
to ocean acidification.




12 Line 364: What time scale is being considered here? Wherdgoahitoring schemes start to
check for it?

As sea surface temperatures are already increasing in ttie Sea ??), with large scale re-
gional differences (Eastern North Sea vs Western North, Seaeffect is already visible in
observations. However, to discern the separate effectsidifiaation and changing meteoro-
logical conditions would require considerable effort, aslerstanding of species response to
OA effects remains limited.

13 Line 368: Griffith et al 2012 is an example of a paper that hasadly started to explore this
topic.

We sincerely apologise for not including this highly reletpaper before. We have now in-
cluded references to this paper were appropriate, and ltmlexlahe following paragraph to
the Discussion:

"When considering multiple stressors like acidificatiolimate change, nutrient supply and
fishing pressure the interactions of different pressureslshbe studied using statistical tech-
niques such as the Hedges-d method: this was applled intGeffal. (2012) with respect to
ocean warming, ocean acidification and fishing pressure strAlian marine waters. They
showed that interactions between pressures could leadgdhan or more than the additive
response of the system: for instance, fishing pressure eaatéd negative effects from acid-
ification on benthic invertebrates by relieving predatioegsure. Similar results were found
in this study, as climate-change induced increases in ldemaere counteracted by acidifi-
cation impacts. Together with different impact level sagliike the one presented here these
methods have the potential to provide a good indication tfreumarine response to known
pressures.".

3 Technical Comments

14 Line 73: Missing a fullstop after “light climate”
Corrected.

15 Figure 2.1: Define ROFI. Explain what the white space in theingasections of the plot
means. Does it mean there is no clear pattern for classificg(i.e. transition zone)?

We have now included a description of the white areas and @l i the caption:

"ROFI stands for Regions of Fresh Water Influence. The whitasrepresent transitional
waters, which experience large variability in duration aked and stratified conditions, de-
fying classification."

16 Table 3: It appears that the second rows is a duplicate
Yes, and this has now been removed.

17 Section 3.2 and 3.3. For both of these sections (on Oystan@i®and Southern Bight) please
make it clearer when referring to acidification vs temperateffects, or combined effects.

We have tried to make this more clear in the relevant sectiBlease note that the original
text was already structured to this effect: first paragraphlinate impact, second paragraph
on acidification impact, third paragraph on combined impact



18 Line 283: Should be “... enhanced by the direct acidificatibn
Corrected.

19 Figure 3 (and Figures 4 and 5): The panels are small and hamt&al. The colouring for the
bar plots are not friendly for colour blind people. Could dfdrent scale be used (or could the
bar plots be broken into multiple panels) so that the tempeearesults do not obscure what
is happening in the other cases.

We apologise for the use of colours unsuitable for colourdpieople, and have now changed
the colour scheme to one more suitable. Additionally, haghhave been applied to the bar
plots for easy identification. Temperature effects havenlmeluded in separate plots where
necessary, mainly in the new supplementary materials.

20 Line 345: This would read more easily as “... aggravate oiaeé¢ the impacts of future pres-
sures.”

The text has been changed accordingly.



Response to reviewer 2
by Sonja van Leeuwen, lead author of manuscript bg-2015-196n behalf of all co-authors

4 General response

We thank reviewer two for his detailed and constructive ca@ntson our manuscript. We agree with
the reviewer that there are many inherent limitations is tiipe of modelling, and have reworded
our results to reflect this, mainly in the discussions anatkmions sections. We have also reworded
our title, taking into account the these considerationselbas the on-line comment left by Dr. Gat-
tuso: "Potential future fisheries yields in shelf waters:adel study of the effects of climate change
and ocean acidification". A detailed response to specifiowents is given below:

- First, direct impacts of OA on fishes and invertebrate can &eous, interactions among
these will be numerous, and uncertainties are still highthéts’ choice to simulate direct im-
pact of OA with a decreased in growth of detritivores is spgbound assumption, based on
several observations and related meta-analysis, but jtist” one of many possible assump-
tions. Reduced growth of calcifying detritivores could benpensated by increased growth of
non-calcifying detritivores since the reduction of infasific competition. Many studies also
highlight potential direct impact of OA on pelagic fisheg(atolith development, metabolic
cost, reproduction success, behavioural response to tugguthors do not account for these
(and not even discuss those) and this could significantgttifie pelagic predator community,
and therefore fishery yields.

Additional text has been added to the introduction and emich section justifying the se-
lection of the processes emulated in this study and reciogpiise implications of choosing
different acidification affects to emulate in the model,redi¢ated by the reviewer.

- Secondly, the work is based on the implementation of 1D radhdat, by nature, do not in-
clude lateral advection. Authors are transparent on thisitation (see beginning of section
6), however they just mention this without discussing wihatle consequences. The North
Seais indeed heavily influenced by the oceanic input, paatity regarding to nutrient inputs
(e.g. Vermaat et al., Estuarine Coastal and Shelf Scier@@g8® CC projections from recent
IPCC scenarios project an increase in stratification in therth Atlantic with consequent de-
crease surface nutrients (e.g. Steinacher et al, Biogeoseis, 2010, and more generally AR4
and AR5 reports), and this could impact significantly thetN@ea, particularly the central
and Northern part (ND and OG - see Holt et al., Biogeoscien2842). Given the monodi-
mensionality of the study, authors do not consider suchagalu of nutrient input with the
oceanic waters and focus only on the local dynamic. Thisccpatentially lead to an overes-
timation of the temperature effect that could be signifigachanged (e.g. change the sign of
CC impact) when nutrient reduction is considered.

We agree with the reviewer that changes in future nutriepplucould impact heavily on the
results discussed here. However, in order to disentanfgetsiof different pressures with un-
certain levels of impact we have elected to restrict theystadwo stressors. As we consider
three different locations and impacts on both the abiotit biotic level on three different
magnitudes we have performed 33 simulations in total (Ireefee run and 10 scenario runs
per site). We hope that this work will help interpret fututadies which also take into ac-
count the effect of nutrients. However, future nutrientreg@’s will necessarily be tentative
particularly for land-based sources. North Sea circufgpiatterns cause offshore transport of



land-derived nutrients: the peer-reviewed science repgfRainting et dl.[(2013) shows that
both the SB site and the OG site are within the influence zongerine nutrients (their figure
4). We have therefore added the following line to the disicuss The bottom-up stressor of
nutrient supply should also be considered in future stydisshanges in nutrient availabil-
ity can change lower trophic level dynamics considerabbyelver, for the North Sea future
changes in nutrient supply should take into account chaimg@#iantic sources (Holt et al,
2012) as well as land-based sources (Painting et al,204i8 fidure 4).".

Concerning the effect of 3D processes we have added thevialjdines to the discussion:
"Advective processes and oceanic changes have the poterttiaweight local response. This
applies mainly to ocean acidification impacts, as climatipacts are mainly a direct response
to local meteorology.".

5 Detailed response

Section 2.3coupling between ERSEM-BFM and the HTL model is achievetthginiomass of some of the
planktonic biomasses (diatoms, flagellates, picophytd{itan, microzooplankton and hetero-
trophic nanoflagellates). Authors state that ERSEM—BFMthase planktonic groups than
these ones (dinoflagellates, phaeocystis, small diatom& amoups of mesozooplankton) but
it's not clear why these biomassess are not used to coupldThemodel.

Dinoflagellates andPhaeocystisvere not included as these functional groups are predomi-
nantly inedible to other species. Mesozooplankton grougrewot included as these overlap
in size with the start of the pelagic predator size spectiis:issue is currently being ad-
dressed in futher development of the coupled model. Sratibdis were notincluded initially,

as they represented a new functional group within ERSEM-BW¥t very limited occurrence
(early spring and in small numbers). This group has beend®gx since and comparison stud-
ies showed no significant difference due to their small ¢oution. Subsequent model devel-
opment on ERSEM-BFM has seen this group transformed intsspesnded benthic diatoms
with a more defined impact on plankton biomass levels. We hdded the following to sec-
tion 2.3:

"Note that dinoflagellates arfdhaeocystisvere not used as food as these are predominantly
inedible. Mesozooplankton was notincluded as food as itlape with the start of the pelagic
predator size spectrum."

Section 2.6authors assume a decreasing growth of 2, 6 and 1With those numbers coming from a com-
bination of impact of OA on growth of calcifying organismslgrercentage of calcifiers in the
detritivore’s community. Even though it would not make aiffg@nt from a modelling point
of view, it would be helpful to disentangle the impact of G&fithe community composition
effect, in order to better contextualise the study (e.ghéimpact small/large because the
simulated community has less/more calcifiers or becausé\8).@urthermore, do the three
thresholds have been chosen by authors on the basis of uaefd to test model sensitivity,
or on the basis of experimental data? To my knowledge the aperg cited do not offer esti-
mates of the decrease of calcifiers’ growth.

IDoney et al.|(2009) does document studies where decreaksficasion has been observed
in bivalves (10 to 2%%) so this range could be used to set the sensitivity range tesbed, al-
though somewhat precautionary. A review by Wicks and Reti@A12) stated —"under short-
term experimentally enhanced @@onditions, many organisms have shown trade-offs in their
physiological responses, such as reductions in calcificatite and reproductive output”, but
some of the detritivore/deposit feeder acidification warkot consistent between or within




macrofaunal groups as Wicks and Roberts (2012) also disEhesimits were therefore setin
terms of a sensitivity test using the available experimatata, in a conservative fashion and
relevant to the detritivores present in the model versidre paper by? may be less relevant
but has a discussion on infaunal calcification changes amddmplexity of this issue, and
therefore we included it. We have now added|the Wicks and Rok2012) reference to this
section.

Regarding community structure, we agree with the revieWar this will be important. But
without specific representations of calcifiers in the motisl beyond the scope of this study
to quantify this effect. In contrast, the lack of communitsusture information allows us to
make predictions for larger areas. Local community infdforacan then be used together
with results presented here to indicate possible localomsp to future pressures. We have
added the following line to section 2.6 to highlight thisuies"Note that community structure
observations would be necessary to interpret localisextsffof reduced detritivore growth
rate.".

Section 3.1Authors suggest that organisms adapted to high Ammoniwmflaitrate regime induced by
OA: how the model can show organism adaptation? Surely ihothbe evolutionary adapta-
tion, as parameters in ERSEM-BFM are, to my knowledge cstéthat is the trait/processes
that changed (adapted)? And how? (see also comment on 3.3)

Indeed adaptation is not possible with the ERSEM-BFM molet.functional groups have
the option to use ammonium or nitrate to satisfy their indémtrogen demand, with each
functional group displaying different affinity to the difent nutrients. With the reduction of
pelagic nitrification the supply of pelagic nitrate deceshsvhile that of pelagic ammonium
increased. This led organisms to take up more ammonium cedpa nitrate than in the un-
perturbed scenario. In the text we have changed the worgtedato "reverted" to clarify this.

Section 3.2authors state that CC will impact more the benthic systenth(Wwigh increase in benthic
detritus and decrease in biomass): why? What are the flureslated by the model that lead
to that result? Why growth decreases despite the increa$e in

The future climatic conditions at the Oyster Grounds lamatire characterised by a reduction
of wind speeds in spring, leading to less suspended patenhatter in the water column.
This triggers an earlier start of the spring bloom, but asboEstratification does not change
significantly (a trigger for diatom sinking) there is a stgoreduction in diatom levels near
the sea bed (Van der Molen ef al., 2013). As this is the maid fmairce for filter feeders, and
the most important carbon pathway into the benthic systhargtis an equivalent reduction
in benthic biomass in the lower trophic level model (the muoéceable as benthic biomass
is larger than pelagic biomass at this site). With less hertiomass there is less uptake of
benthic POC and thus an increase in benthic POC levels despgiecrease in pelagic POC
levels and increased benthic metabolic rates. We have d@bidédllowing line to this section
to clarify this site-specific response:

"Onset of stratification (a trigger for diatom sinking) didtrchange significantly at this site,
leading to a longer period of suspended diatoms and a rexdunti near-bed diatom lev-

els during spring. This led to a decline in filter feeder biesyédue to a reduction of the
main food supply) and a subsequent reduction in other befthctional groups (as pelagic-
feeding filter feeders form the main carbon pathway into nathic system in the model), see

Van der Molen et all (2013). As a result, benthic POC levatsdased."




Section 3.3authors state that reduction in nitrification rate favouapkton with high ammonium prefer-
ence (picophytoplankton and dinoflagellates). Why thistseen in the other two test cases?
From the paper, it seems that the set of parameter for ERSEM-80es not change across
the sites, therefore those groups should have higher gffioitammonium also in the other
test cases but in ND the impact is null, while in OG is somehavila to this case for di-
noflagellates (even though authors state that is minor ih¢hae and they do not discuss it —
section 3.2). So what’s the mechanism behind the incredsathiss of picophytoplankton and
dinoflagellate? Is difference in nitrogen speciation, oraa® other bottom-up process (e.qg.
less diatoms in the spring blooms could leave more nutrigatlable for following blooms)
or top down control (e.g. change in the spring bloom couldngezooplankton community
and biomass and therefore relieve later bloom from someiggaaressure). Looking at the
nutrient uptake/grazing fluxes and/or nutrient availalyikstimated by the models could help
in supporting either of the hypotheses.

The author is correct in assuming the parameters are predoithy the same for each site.
The response is therefore also visible for the other twe ggee renewed figures for phyto-
plankton percentage change with adjusted y axis): pergerthange for picophytoplankton
and dinoflagellates are% and 4% for the SB site, 2% and 13% for the OG site and % and

0 % for the ND site (no dinoflagellates present). The governimgimanisms differ for each

site:

At the SB site picophytoplankton benefit in summer from higdw@monium levels and de-

creased predation (increased levels of omnivorous megtentkton cause lower levels of
microzooplankton). As the system is nitrate-depletedrdytiis period they outcompete the
flagellates due to their ammonium preference. Dinoflagedlatso benefit from this in autumn,
and experience no grazing pressure as they are inedible.

The OG site also experiences higher ammonium levels butissith stratifies in summer it
does not become nitrate deplete. Grazing pressure for ipjtoplankton remains similar and
increased levels of picophytoplankton mainly occur dutimgspring bloom, not in summer.
Dinoflagellates increase during the autumn bloom due todesspetition fromPhaeocystis

colonies.

The ND site shows a high increase in ammonium levels in eangnser, higher than the

general increase throughout the year. Picophytoplanktoreases during the spring bloom
and summer and levels are higher than those for the otherites sesulting in a smaller

percentage change. They also experience increased grazssure during this period. Di-

noflagellates decrease due to acidification impacts atmiuconditions but are quickly wiped

out by climate change effects in all tested scenario’s.

So the reviewer is right in stating that other factors mightrportant at the different sites.
We have added text to each section to highlight this diffeeen

Section 4.2“as fish were more dependent on the detritivore food sourcatild author provide some
comparative estimates of the trophic fluxes across the gronghe different sites? This could
help to understand at which level of “connectivity” acrosmgps this mechanism become
important.

To visualise this dependence we have included figures fdr siie of predation mortality
biomass for pelagic predators and detritivores, showiragghs in feeding strategy. The new
figures are also discussed in the text in the relevant sextide have now also included the
relevant figures for the separate pressure scenario'Qydean acidification impact only on
lower trophic levels (reduction of pelagic nitrificatiorte® and ocean acidification impact on
higher trophic levels only (reduction of detritivore gréwiate). these new figures have been
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included in the supplementary materials.

Finally the introduction is not giving an adequate representatibthe literature of OA impacts both
on biogeochemistry/low trophic levels as well as inverabrfish. Although a comprehensive
review of OA impact is clearly not the aim of the paper, nohefintroduction, a quick glance
of the variety of way on how OA impact on both part of the maeioesystem citing a series
of papers would help those readers not fully aware of the QActto put this study in the
context and better understand its findings. Here a non-esthaaiand non-compulsory list of
suggestions of impact and papers that could help in givifgdbntext:

- impacts of OA on Primary producers: Riebesell and Tortdlamter 6 of Ocean acid-
ification, Gattuso and Hansson eds.; Tagliabue et al., Gldtiageochemical cycles,
2011; Engel et al., Biogeosciences, 2013; Schulz et algeisciences, 2013; Artioli et
al., Biogeosciences, 2014; Taucher et ak;@, 2015

- impacts of OA on benthic detritivores (or more generallythenfauna): Andersson et
al., and Widdicombe et al., chapter 7 and 9 of Ocean acidificaiGattuso and Hansson
eds.; Hale et al., Oikos, 2011; Kroeker et al., Global ChaBgdogy, 2013; Wittman and
Porter, Nature Climate Change, 2013

- impacts of OA on fishes: Porter et al, chapter 8 of Ocean actihn, Gattuso and
Hansson eds.; Kroeker et al., Global Change Biology, 2018niay et al., Nature Cli-
mate Change, 2014; Simpson et al., Biology letters, 20112@39

We thank the reviewer for pointing out more relevant workt, albof which was mentioned
previously. Additional text has been added to the introidndb briefly comment on the range
of acidification effects that have been identified by theew@r and references are provided
for some of the main reviews that will allow readers to ac¢hssocean acidification litera-
ture. There have been many copious reviews of acidificafi@cts: this paper is deliberately
seeking to avoid providing yet another review of them.

6 Minor issues

— section 2.4vhich ERSEM-BFM parameters have been calibrated usingifistspectra data?
And what is the final value? Why calibrate ERSEM-BFM with fistadnstead of calibrating
the size spectra model?

Within the coupled model the ERSEM-BFM lower trophic levedael provides detritus time
series for the higher trophic level model. This supply wadtiplied by a calibration fac-

tor before becoming available as food in the size-spectriodat) as detritus supply to the
bed was underestimated (Van der Molen etlal., 2013). Thimifagas used to calibrate the
higher trophic level model to observations from Maxwell dedninds (2006) (detritivore ob-

servations over the size spectrum). We have changed thsteflect this: "Here, data from

Maxwell and Jennings (2006) were used for calibration o BRSEM-BFM near-bed detritus
levels (indicated to be a problem by Van der Molen ét al. (3Pa8 supplied to size-spectrum
model, while the data from Jennings et al. (2002) was useddiation. Calibration factors

were 25, 2.5 and 5 for the ND, OG and SB sites respectively'h&dameters within ERSEM-

BFM were calibrated for this study.

section 2.4authors rightly state that correlation between simulatadrfish biomasses and observed data
is high, but they don’t discuss the high difference in vailinb(standard deviation): detriti-
vores in all sites have a variability about &0to 70% higher than the data, while predators
about 40% lower. Is that due to higher/lower seasonal cycle? Being®swsistent across sites,
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does this suggest a limit of the model?

We agree with the reviewer that the difference in variapitietween predators and detriti-
vores can indicate a model limitation. However, it can alslate to the limitations of the
observational data used, which was obtained from only lysiMexwell and Jennings, 2006)
which did not cover all seasons or all represented detrigtiggoups. Therefore we think we
cannot meaningfully comment on model limitations basedumhdimited data, but we have
highlighted the issue in this section by including the fallog sentence:

"Note that the large difference in variability between @tmxls and detritivores can indicate
both a limitation of the model system (lacking stabilisinggesses for detritivores or benthic
POC supply) or a limitation of the observational data apmb(@vering only one spring and
one autumn cruise and considering only infaunal predators)

section 2.5 suggest to move the description of the sites earlier in &xg 0 the readers will know the
characteristics of the sites before reading details ondation in section 2.4

Done. The section has been placed after model descriptidvetiore model validation.

section 2.6authors refer to “future conditions” to the period 1958-288Clearly this run does not rep-
resent only future condition, but it is a transient run fadcey climatic forcing (HADRM3)
instead that by reanlaysis forcing (ECMWF). Therefore, lldosuggest as more appropriate
names “reference” (or reanalsyis or hindcast) for the ECMMWdFced run, and “climate” or
“transient” for the HADRM3 forced one.

The reviewer is right and we have changed the names of therelift simulations, with "ref-
erence simulation" now referring to the ECMWF-forced rud &climate change simulation”
referring to the HADRM3-forced run in section 2.6. To refldds we have changed the header
in tables 4-6 to have "actual" values rather than "referénakies as these correspond to the
climate change simulation and not the ECMWF-forced sinutat

section 6 authors state that 3D models, contrarily to 1D models, laukspecific local parameters (e.g.
bed composition or sediments properties). Although | galheagree with the authors that
medium-coarse resolution models can neglect local spigifend that high resolution 3D
models are costly, it's not clear which specific local paréeng in this 1D implementation
that couldn’t be included in a 3D model and that improved thsuits.

There are no parameters or processes included in the 1DVInihadere not included in the
3D version of the same code, and we apologize for suggestisngitthe text. What we meant
was that local parameter calibration is possible in a 1DYirggtvhereas the same parameter
can have a spatially constant value in a 3D model. We havegelththe text here to better
reflect our meaning:

"The use of 3D models adds advective processes and fardfiflences, but generally lacks
specific local parameter settings (here bed porosity andased vertical resolution). As such,
the two approaches are complementary. The less compuwhyi@xpensive water column

model also allows for many scenario simulations to be peréat within a reasonable time
frame, and is therefore very suitable for scenario studielsiding different pressures."

table 3 | assume that the repetition of the first row is a mistake

Indeed, and this has now been corrected.

12



tables 4-6it would be interesting to highlight which changes are stidally significant (any simple sig-
nificance test would do, t-test or Kurskal-Wallis). Furthmare, | would suggest authors to
write in the caption that changes shown here are 2069-2098v9-2009

We have added the requested time indication to the captiembave not added any statistical
tests to show significance as we only present a subset oblesihere from a very complex
model system. We also feel it would distract from the ovegall of presenting long-term

change as any statistical analysis would have to be perfban¢he original time series (or at
the least annual time series), including seasonal, interarand decadal effects.

figure 2 there is no legend for the white areas in the domain

We apologise for this omission and have added the followmgto the caption:

"The white areas represent transitional waters, which espee large variability in duration
of mixed and stratified conditions, defying classificatfon.

figure 3,4,5similarly to table 4,5,6, | would specify in the caption theottime horizons used to calculate
the data shown in the bar plot. More importantly, why outgdtdisn ERSEM-BFM are shown
with bar plot while outputs from the size spectra models &a@s by time series? My un-
derstanding is that both models have been run for the sane£858-2089, so the results
could be shown in the same way to better understand the dgsafirthermore, since au-
thors have run the models for the full period, why showingptiiieome averaged by 30 years?
In my opinion, such a way authors reduce significantly thegraf their work, flattening all
variability, masking non-linearities and limiting the diby to highlight and understand inter-
acting mechanisms. If authors decide to keep the 4 timesfipproach to show their results,
| would suggest to remove the lines among the dots (or maydesetbar plots) to avoid sug-
gesting (unlikely) linear trends across 30 years average.

We agree with the reviewer that the 30-year averages redu@bility, but this was precisely

the aim: with such complex models we wanted to focus on thg-tenm changes which can
be obscured by interannual and decadal variability withi $ystem. The full results were
used in the analysis of the work when necessary, but withaigeInumber of state variables
and the many different scenario’s we have opted to focus @fotig-term changes only.

Concerning the type of plots used we have elected to prekentgjority of the work in
line plots, as they contain more information. Bar plots simgwpercentage change were only
applied to functional groups as actual values can vary widetween groups and thus obscure
change if presented in one graph. Thus we have decided kongititthe current graph styles:
the new figures added which relate to the higher trophic Imwadlel are therefore also line
plots. We have adjusted the scale on some of the bar plotsttr sbow change.

13
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Abstract. We applied a coupled, marine water column model to thres git¢ghe North Sea. The
three sites represent different hydrodynamic regimes emthas representative of a wider area. The
model consists of a hydro-biogeochemical model (GOTM-ERSE-M) coupled one way upwards

to a size-structured model representing pelagic predatwisdetritivores .EJ.L,_ZSIJOQ).
Thus, bottom-up pressures like changing abiotic enviraninjgimate change, chemical cycling)

impact on fish biomass across the size spectrum. Here, wiedttidtee different impacts of future

conditions on fish yield: climatic impacts (medium emisssmenario), abiotic ocean acidification

impacts (reduced pelagic nitrification) and biotic oceaidification impacts (reduced detritivore

growth rate). The three impacts were studied separatelgamiined, and showed that sites within
different hydrodynamic regimes responded very diffegerithe seasonally stratified site showed
an increase in fish yields (occuring in winter and springthvécidification effects of the same

order of magnitude as climatic effects. The permanentlyechisite also showed an increase in fish
yield (increase in summer, decrease in winter), due to ¢loedfects moderated by acidification

impacts. The third site, which is characterised by largerarinual variability in thermal stratification

duration, showed a decline in fish yields (occuring in wihthre to decline of the benthic system
which forms an important carbon pathway at this site. Aksitlisplayed a shift towards a more
pelagic oriented system.

7 Introduction

Responsible management of marine resources has to takadotaint the different pressures op-
erating on the marine system, like fishing pressures, chgrgimatic conditions and eutrophica-
tion issues. Ocean acidification, the increased uptake of B0Othe marine environment due to
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elevated levels of atmospheric @@o&@_@” ZQdSJ;_G_aan_o_ej all., Zbll), has been a recent

addition to this list, but has the potential for wide-spréamgbact on the marine food web (see

e.g.LEabL)Lel_AI.L(ZD_J)S[L_KLO_QKQr_eJI 4.[_(21)10)). Researth arean acidification effects have fo-

cussed largely on individual species and changes to theit émvironment, without considering the

The combined effects of direct (species level) and indi¢abiotic environment level) changes due
to ocean acidification across the food web remain unknowmeser, these relative impacts need
to be understood in order to support effectiveriremanagemengndto-makebestuseofseant

acidificationon marineecosystems.
Thereis agrowingbody of evidencehatoceamacidificationcanhavea rangeof directeffectson

marineorganismsndprocesse I._ZQ_d ; JLQ._Zbl weverevidence
of aphysiologicarespons¢o oceamacidificationdoesnotnecessarilymply anecologicalbr system

levelresponseéo ocearacidification i E.L._Zbl tentiabystenmevelresponses

of oceanacidificationaremostlikely to occurwherethereis a clearrelationshipbetweerthe effect

of oceamcidificationanda systemlevel processuchasnutrientrecyclingor energyfluxes
In this studywe examinepotentialhigher-andlower-trophiclevel effectsof oceanacidification

with the potentialto affect ecosystem-widelynamicsby emulatingtwo effects that have been
demonstratetb occurin multipleindependerngtudiesTheseeffectsthatareexaminedireadecrease

MMMLJ& Huesemann elt@&)% HUtChIHJ M) andiecline

in growthefficiencyin benthiccalcifiersdueto theincrease@nergeticostof calcification(An

A declinein nitrification could reducethe supplyof oxidisednitrogen;the nitrogensubstrateshat
supportsiewprimaryproductionJeadingto a shiftin thephytoplanktorcommunity.An increasen
the energetiacostof calcificationcould reducegrowth efficiencyandhencereducetrophictransfer

efficiencyof benthiccalcifiers.
Here, modelling tools are used to provide a first indicatibringle and combined effects of di-

rect and indirect impactsa-the-of climate changeand oceanacidificationon a marine food web.
The main objective is to estimate the relative impact of beilnging climatic conditions and
ocean acidification effects (direct and indirect effectspasthe-a marine food web. To this end,
a coupled ecosystem model was applied in selected locadimsd the North Se@orth-western
Europearcontinentakhelf), which described the abiotic and biotic environment up tmotercial-
size fish level. Impacts of future climatic conditions arenpared withimpaetsdueto-alteredocean
acidificationdrivenimpactson pelagic nitrogen cycling and growthiterationssfseabeefficiency
of benthicorganisms.
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8 The applied ecosystem model

The model simulating the physical processes, chemicalroyend lower trophic level biological
communities is GOTM-ERSEM-BFM. This water column model wlaseloped in a joint effort by
the Cefas (UK) and NIOZ (Netherlands) institutes with theafic aim to represent shallow shelf
seas in detail. Higher trophic levels are simulated usingexstructured model.

8.1 Lower trophic levels

Water column hydrodynamics were simulated using the GOTMeh(General Ocean Turbulence
Model, see www.gotm.net al{d_B_u.l’_Qh_a.l‘_d_At lzL_d999)). Thisiehsimulates the most important

hydrodynamic and thermodynamic processes related tocaeriixing in natural waters, includ-
ing different parametrisations for turbulent processéwe ERSEM-BFM model was used to sim-
ulate chemical cycling and lower trophic level communitigsgs model was jointly developed by
Cefas and NIOZ from the original ERSEM and BFM codes. The ERS&odel ml

|.’I.9_9_EIS M@mmdrmmm La_lu_ll@_l.nﬁb_b_e_t_ah I_19_47) was developed in

the 1990’s to represent marine biogeochemical processksiva specific aim to model functional

types (rather than species) and allow for internally vagyintrient ratio’s within its organisms. It in-
corporates four phytoplankton types (diatoms, flagellgiEophytoplankton, dinoflagellates), four
zooplankton types (microzooplankton, heterotrophic flagellates, omnivorous and carnivorous
mesozooplankton), 5 benthic types (megabenthos, degeasiefs, filter feeders, meiobenthos, in-
faunal predators) and pelagic and benthic (aerobic and-aliag bacteria. The dynamic cycles for
nitrogen, phosphorous, silicate, oxygen and carbon ataded. The sediment is divided in three
layers of varying depth: the oxic layer, denitrificationdayand anoxic layer.

Subsequent reprogramming of ERSEM in Fortran 95 led to thadton of the more modular
BFM model (Biological Flux Model, see http://bfm-commupnéu) in the early 20th century. This
code was applied in oceanic for ichi Mb&_&mmut also in shelf seas applica-
tions lRuardi' et AI.LLOJ)S). The ERSEM-BFM code appliedelgems from further development
by Cefas and NIOZ of the shelf seas BFM code: it thereforauimhes specific processes to represent

shelf seas dynamics not found in ERSEM or BFM codes. Additifumctional types include: small
diatoms andPhaeocystigolonies in phytoplankton, pelagic filter feeder larvae @oglankton and
young filter feeders in benthos. Thus the ERSEM-BFM modduuhes benthic larvae with a dis-
tinct pelagic phase. Further additions include produabibtnansparent exopolymer particles (TEP)
by nutrient-stressed diatoms aRtlaeocystsideading to macro-aggregate formation and increased
sinking rates. A simple SPM parameterisation, assumingatmnality to bed-shear stress induced

by surface waves, has been included as describle_deLemp_al. (2Qﬂ4) to improve repre-
sentation of the underwater light climatenprovements in benthic-pelagic coupling have led to a

benthic module comprising 53 state variables,LSBEAZan_dmlm_aJ. 3) for more details in-



95

100

105

110

115

120

125

cluding validation for benthic-pelagic exchange. For othygplications of the ERSEM-BFM model
SeEJALa.D_LE_Q_UMLQD_elJaJL_LZd)J.B_._Zb15). A closed nitrogen budlgebbtained for 1DV set-ups (wa-
tercolumn set-up) by re-introducing all lost nitrogen; (dscape to the atmosphere) as atmospheric

deposition.
8.2 Higher trophic levels

A size-structured model was used to represent the highphitdevels of the marine food web.

This model (seE_B_La.n_Qha.Ld_e_tl a{L_LZbOQ) for more details)iiporates the two main marine carbon
pathways: via size-based predation (by pelagic or benttédgiors) or via unstructured feeding
based on a common food source (by detritivores, autotroptisharbivores). The two modelled
size-spectra (referred to here as fisedatorsand detritivores) are linked via size-selective feeding
of predators on detritivores. Fisheries yield is calcudats the mortality due to fishing pressure on
commercial-sized fish (i.e. predatarsl0 gram wet weightg WW]).

Key processes as food assimilation, growth, mortality ashiffig pressure are included, with
ambient temperature effects on feeding rates (and thustlgyamcorporated. The size-structured
approach is a strong simplification of the complex marinalfaeb, but has been shown effective in

simulating marine biomass and abundance across the m&s’tmka.La.n&ha.td&LLL.de&.Z!l)lO).

Without species representation the model is flexible endogipply to different sites for long-term

simulations, and allows for a qualitative description ¢ #iudied effects.
8.3 Coupling

Coupling of the lower and higher trophic level models wasead one way upwards, with GOTM-
ERSEM-BFM simulated, time-varying, plankton biomass ¢f@toms, flagellates, picophytoplank-
ton, microzooplankton and heterotrophic nanoflagellatesgyted in their respective size class of the
higher trophic level predator size-spectrum (s#geTablelll). Benthic detritus from ERSEM-BFM
was used as a time-varying food source for detritivores|erdimulated sea surface and near-bed
temperatures were used to control feeding rates for preslatwd detritivores respectively. There
was no influence of higher trophic level biomass on lower hiopevel dynamicsFish predation

feedingweredrivenby lower trophiclevel biomassvalues ensuringa proportionateesponseNote
that dinoflagellatesand Phaeocystiswere not usedas food as theseare predominantlyinedible.

spectrumThe applied coupling allows bottom up pressures like irddin@pacts on the abiotic en-
vironment to travel up the marine food web, with consequsif@ee.g. commercial fisheries yield.

8.4 Locations
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Table 1. Distribution of planktonic food supply for pelagic predego

sizerange [g] food source

10712-107° picophytoplankton, heterotrophic nanoflagellates
107°-107°¢ diatoms, flagellates, microzooplankton

107%-1073 diatoms, flagellates

Table 2. Overviewof locationsused.SeealsoFig.[Il.

site location depth  hydrodynamiaegime  substrate

North Dogger(ND [55.68°N, 2.28° 85m  seasonallstratified ‘muddysands
OysterGrounds(QG)  [54.4°N,4.02°E] ~ 45m  transitionalwaters ~ muddysands

SoutherrBight (SB) ~ [53.17°N,2.81°E] 31m  permanentiymixed ~ mobilesands

Threelocationshavebeenchoserin theNorth Seaashallowshelfseaocatedon the Europearshelf
by seasonalthermal stratification,a depthof 85 m and a muddy, sandybed type. The Oyster
Grounds(OG) site, at [54.4 °N, 4.02 °E], representsransitionalwaterswith frequentseasonal
thermalstratificationof varyingduration(i.e. largeinter-annuavariability), amediumdepthof 45 m

regimesin the North Seaareaandtransitionalwaters(which canvary betweerregimes) asshown
in Fig.[. For moredetailson thedifferentregimesseevan Leeuwen et al. (2015) .

8.5 Model validation

Extensive validation of the GOTM-ERSEM-BFM model for theeh sites has been published in

140 [Van der Molen et fJI. (ZQ;[S). In general most variables wetiwithe correct order of magnitude

145

compared to observations. The model underestimated loeththiitus at ND and OG sites (due to
underestimation of pelagic detritus supply and biotudgtand general validation for bed and near-
bed processes was poor for the SB site (due to lack of porer watdhange). Additional spatial
validation results (showing representation of verticatritbution of phytoplankton) are available in

van Leeuwen et M (29}13).

The lack of observations aggregated on the size-spectta baaders validation of the size-
structured model representing the upper Iayers of the mdand web. Observations presented

n Jennings et 4: J_(_QbZ) and Maxwell n IrILii ‘00 fedators and detritivores respec-

tively) have shown good validation results in BI nchardl ) for the size-structured model
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Overall regions of dominant rho stratification in 1958-2008
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Figure 1. Location of the three sitesin the North Sea,imposedon a map of dominantvertical densit

stratificationregimes ROFI standsor Regionsof FreshWaterInfluence. Thewhite areagepresentransitional

waters which experiencdargevariability in durationof mixed andstratifiedconditions defying classification.
From|3Lan_Le_e_umn_el_€lil 5).

alone. Here, data froln Maxwell and Jenn Ag_s_(iOOG) were fesemhlibration ofthe ERSEM-BFM

detritussupplyte-the-bednear-beddetritus levels (indicated to bea-preblemunderestimatedby

wﬂﬁlw3&§lmw1 while the data fro al.
) was used for validatiofrishingpressureCalibrationfactorswere 25, 2.5 and 5 for the

ND, OG andSB sitesrespectivelyiGriffith [ (2012) showetheimportanceof includingfishin

ressurecombinedwith acidificationandtemperaturgressuresn an Australianecosystemtere
fishing pressuravas included in the model as a nominal presgbesednlCES hQ_QlS) ) but was

not calibrated to represent site-specific mortalitiéste;
A reference run with ECMWF meteorological forcing coveririh@-2008 was used for valida-
tion (European Centre for Medium-range Weather ForecEfR#,-40 and ERA-15 data, UK Met
Office). The selected validation period was 1979-2008 tovaflor model spin up of the benthic
system. Figurgl2 shows the validation reséditsthe resultinghighertrophiclevelsin a normalised



Taylor diagram [(JMet_dl.llOﬁ)g). This diagram showe ttorrelation coefficient (information
regarding phase agreement, shown on the radial axis) andotimealised standard deviation (in-
formation regarding amplitude comparison, shown on pok#&)detween modelled and observed
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Figure 2. Taylor diagram for predator and detritivore abundance fileecoupled model. Note that observations
for detritivores were used for calibration purposes, so phedator observations provide the only validation of
the higher trophic levels here. Predator abundance resunltee North Dogger site overlap with those of the
Southern Bight site. The internal grey arcs represent therm@an-square-error.

Validation results for the three sites are very similarjmhtgh correlation factors, reflecting the
general size-based structure of the marine ecosystem arsihthll geographic area. More observa-
tions on a size spectrum scale are necessary to allow fonamntitative application of the size-based
model.

8.6 Loeations
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detritivorescan indicate both a limitation of the model system(lacking stabilising processes$or
detritivoresor benthicPOC supply) or a limitation of the observationadata applied (coverin

only one spring and one autumncruise,thereforelacking a full seasonasignal and inter-annual

8.6 Scenario setup

The objective of this paper is to provide a first qualitatigdiraate of effects of ocean acidification
on the marine food web across trophic levels relative to aferchange effects. To this end, we
use a water column model in three separate sites which tegatk representative of a large part
of the North Sea (segureFig.[T)). Hydro-biogeochemical conditions at these sites weneilsited
for the period 1958-2008, using ECMWF forcing data (UK Mefi€¥), for validation purposes
Futare(referencesimulation).Futureandpastconditions were simulated for the period 1958-2089
(climatechangesimulation) using meteorological forcing from the Met Office Hadley @erRe-
gional Model Perturbed Physics Ensemble simulations (H&8HRPE-UK, sela Met QﬁigLé;(;O_dB-);
[M_umh;ue_t_aj. [LZQ_d7)), as supplied by BADC (British Atmosphéata Centre). These simulations
focus on regional UK climate (1950-2100) and representtatitsl and medium emissions scenario
(SRESA1B). Only the unperturbed member of the ensemble palged here as forcing, and data
from the nearest HadRM3 grid cell (25 km resolution) for esithwas used. For a detailed overview

of climatological changes during the simulated periodLSﬂﬂ_d&LM_Ql_en_e_thI.L(ZQJLS), especially

their figure-Fig. 5. In general, the applied forcing is characterised by iasirey air temperatures

and decreasing cloud cover at all three sites. Pressureases at all sites but with considerable
inter-annual variability. Wind speeds show an increashémpieriod up to 2030, followed by a strong
decrease at all sites. Relative humidity exhibits an irszed the ND and OG sites, but a decline at
the SB site.

Three main impacts on the marine environment were studied:
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Table 3.Simulated scenarios. p_sN4N3 is the pelagic specific wition rate (inl /d) in ERSEM-BFM, while
K, represents the net growth conversion efficieney for detritivores in the size-structured model. LTL refers
to the lower trophic level model (ERSEM-BFM), HTL top the hay trophic level model (size-based code)

Scenario Reference Low Medium High

Parameter| p_sN4N3 K, | p_sN4N3 K p_sN4N3 K p_sN4N3 K
Reduction 10% 2% 30% 6% 50% 10%

Reference 0.16 0.2

LTL 0.144 0.2 0.112 0.2 0.08 0.2
HTL 0.16 0.196 0.16 0.188 0.16 0.18
LTL+HTL 0.144 0.196| 0.112 0.188 0.08 0.18

1. climate change, acting on the abiotic environment, loingphic levels and higher trophic

levels,

2. decreased pelagic nitrification (indirect effect of ateaidification, set al.
(iZD_Qi);LHuIthns_elAIL(ZdeL_B_Qman_ek laLdOll)), actinghe lower trophic levels and

3. reduced detritivore growth rate (direct effect, i.e.ueed growth of calcifying organisms,

Doney et al.|(2009); Ande on ana Mackenzie (20 - WICKER0De

references therein), acting on higher trophic levels.

Low, medium and high reduction rates were applied to allomufacertainties in future emission
predictions and acidification impact on different speciedld3 lists the different scenario’s and the
parameter values used in each. For pelagic nitrificationagahns of 10, 30 and %0 were applied,
while for reduced detritivore growth rate reductions of ar@él 10% were imposed. The latter val-
ues reflect not just observed reductions in calcifying capéut also the percentage of simulated
detritivores representing calcifying organisBsth-climaticeffectsandreducedgrowthefficieney
affeetNote thatcommunitystructureobservationsvould be necessaryo interpretiocalisedeffects
of reducedetritivoregrowthrate. Climatic effectsthusaffectbothfish and detritivore growth ratgs

Simulations covered the period 1958-2098, of which the &@syears are considered model spin
up time. To estimate temperature impacts we calculatecethgwe difference in a variable between
the 30-year averaged value for the period 1979-2009 (custate) and 2069-2098 (future state) of
therefereneglimatechangesimulation. To estimate acidification effects we considehe relative
difference in a variable in the period 2069-2098 (30 yearayed value) between theferenrce

simulatien(elimatechange-climatechangesimulationand the scenario simulation (climate change

and ocean acidification). This approach differs from thadb,ll&d_eﬂien_et_u_@lm), which
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compared results to a reference simulation (1958-2098) rejpeated current climate conditions. A
comparison study showed minor changes between the two aipzs.

9 Effects on lower trophic levels

Published effects ofrereacidiceonditiorsoceanacidificationimpactson pelagic nutrient supply
include a predicted decline in water-column nitrificatihﬂu{.chjﬂ_s_e_t_él.[_zo_cl)g). The lower trophic
level experiments mimic this effect by reducing the pelagtdfication rate in the ERSEM-BFM
model (parameter p_sN4N3). ERSEM-BFM does not explicityded NH; or NO; ', so the nitrifi-
cation rate relates to the transformation of Nkd NO; . Note that processes related to NENO;)

will be included via direct effects on the internal IfHNO;3) pools. Urea is explicitly modelled in
ERSEM-BFM, and forms an integral part of the models’ nitnoggcle.

Simulation results for biomass showed site-specific respaseaabled Tableéd andFigs.S1,S2,
S3

9.1 North Dogger

The seasonally stratified site was characterised by a megatpact of future climate conditions

on lower trophic level pelagic and benthic biomass levels (see édigereFigs.B(ay-ane{,b)). Net
primary production increased due to increased metabadicgsses (resulting in higher pelagic turn-

over rates) and a lengthening of the growing season due taidierestart of the spring bloom
iz

(Van der Molen et AI

this was relative to originally very low biomass values (6@hg?/d). Benthic biomass declined

3). A strong increasePhaeocystisvas observedfigurerigs.[3(a)) but

due to a decline in the (main) diatom food source, as a resiicoeased zooplankton grazing on

diatom )The rise in ambient water temperatures caused higheritroph

level growth rates to increagvouringfish asstratificationimited near-bedemperatur@écreases)

resulting in higher biomass for both fish and detritivorespie the minor decrease planktonic
food supplyFishyield increasedccordingly.

Ocean acidification effects on the abiotic envwon%&showed only a minor impact on
lower trophic level dynamics at this sjte i i

satisfyrinternalnitrogendemandsBenthes, Percentagehangefor picophytoplanktorfFigs.

Fig. S1(a))wassmalldueto highoriginal biomasdevels(highestof all thethreesites)butincreases

were observedooth in springand summeraccompaniedby reducedgrazing.Benthicbiomass de-
cline was due to decreased levels of filter feeddredominantfunctionalgroup) all other benthic

functional groups increased their biomass levels fspeerigs.B(b), S1(b)). Benthic bacteria bio-

mass levels increased slightly as the benthic system beo@one bacterial orientated. Increased
plankton biomass led to increased levels of particulatamirgcarbon (POC), causing increased lev-
els of both fish and detritivore biomass due to increased $opgly—(Figs.S1(c,d,i,j)). As a result,

10
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Table 4. Simulated results for lower trophic level impacts: peregetchange for all sites and scenariidg [2069-2098/s 1979-2009)nd actuateferencavalues gC/m?/d
for lower trophic level results angivetweight /m? for fisheries results) of depth-integrated, 30-year avesagherefereneactualvalues refer to the period 1979-2009 of the
climate change scenario simulation. P@@iersrefersto Particulate Organic Carbon.

variable ND 0G SB
‘Low Med. High T RefAct. | Low Med. High T RefAct. | Low Med. High T RefAct.

Biomass phytoplankton | 0 -6 1.3 -0 -0 -1 -2 15 -0 -1 -1 11 15
zooplankton 1 3 -2 0.5 -0 0 0 -2 0.5 -0 -0 -1 6 0.3
pelagic bacteriaj 0 0 -1 0.5 -0 -1 -1 -3 0.3 -0 -1 -1 13 0.3
benthos 0 -2 -5 -20 1.6 -0 0 -0 -17 35 -1 -4 -8 -19 1.6
benthic bact. 1 2 4 -13  0.05 -0 -0 -0 -7 0.15 -0 -2 -4 -14  0.07
Primary net 1 11 0.3 0 -1 -1 10 0.4 -1 -2 -2 50 0.5
production  Chlorophyll-a 1 0 3 -2 0.03 -0 -1 -1 2 0.03 -0 -1 -1 20 0.03
POC pelagic 2 3 3 10 16.2 0 -1 -1 -15 7.5 -0 -0 -1 0 15.8
benthic 2 3 8 -4 4.1 -0 -0 -1 5 25.8 -1 -3 -7 0 11.3
Fisheries fish 24 24 30 20 3.1 -6 -8 -9 -6 2.7 25 21 17 27 1.8
biomass detritivores 13 13 30 6 2.4 10 12 14 10 4.2 -33 -38 -46 -32 2.6
fish yield 33 33 42 27 2.0 0 -1 -1 1 1.9 16 11 5 18 1.2




fisheries yield increased (note that increased food supmyhggher ambient temperatures caused a
non-linear increase in higher trophic level biomass, tesyin large percentage differences for the
270 separated acidification effects).
Overall, climatic changes and acidification impact on thimt&benvironment both had a posi-
tive impact on future fisheries yield at this site, and wera aimilar order of magnitudeth-the

torot detritivoreimpact(OA effectdominant

9.2 Oyster Grounds

275 ClimaticimpactClimate changeimpactsonly reduced pelagic biomass slightly at this site, with a
larger impact on benthic functional grougisiéreFig.[(b)), indicating again a shift towards a more

pelagic orientated system. Net primary production inadaat this site, due to faster recycling of
nutrients and a longer growing season (characterised bgréiarespring bloom due to reduced wind

speeds selg Van der Molen et E dot@u{eﬂgﬁ) Fhreoveratreductioninphyteplanktorsee
nsetof stratification(a trigger for diatom
sinking) did not changesignificantly at this site, leadingto a longerperiod of suspendediatoms

and a reductionin near-beddiatomlevels during spring (longergrazingperiodfor zooplankton).

280

This led to a declinein filter feederbiomass(due to a reductionof the main food supply) and
a subsequenteductionin other benthicfunctional groupsas pelagic-feedindilter feedersform

285 the main carbonpathwayinto the benthicsystemin the model | 3)As

a result, benthicPOC levels increasedThe overall reductionin phytoplanktonand zooplankton
biomassdid not significantly changethe planktonicfood supply for fish-which-shewedaminer

290 compensatedbr loss of otherfunctionalgroups).Predationon detritivoresincreasedFig. S2(j),
reflectingincreasedletritivorebiomassut fish predatiordeclined(Fig. S2(i), reflectingdecreased
mmwmm%wmmhenes yield showed
neglgibleehangeasa negligible, positive chan h)), indicatingthat fish biomass de-
crease was limited mainly to non-commercial size WM@@MW

295 bedueto increasegbredatogrowthratescausingncreasegredatiorpressuren smallersizefish.

Impacts of reduced nitrificatiotacidificationimpact)at this site were minet/th-virtually-re
impactonthe-benthicsystemsfisheries as climate changeeffectscounteredacidificationimpacts
affinity, like picophytoplanktorispringbloomincreaseanddinoflagellategautumnbloomincrease

300 attheexpensef Phaeocystls Fishbiomassvasnegativelyimpacteduhile detritivoresweremarginally
positivelyimpacted(Figs.52(d,e)) Fisheriesmpacts were negligibteswell

In all, climatic effects dominated at this site over abiaivironmental effects of ocean acidifi-
cation for lower trophic levels, but were of the same ordemaignitude for higher trophic levels

12
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315

320

325

330

335

—(exceptfor detritivore levels, wherethe main driver was climate). Acidification effects showed
a reducedsignal strengthwith increasingclimate impact on higher trophic levels, indicating a
non-additiveeffectof thecombinedstressordmpact on fisheries yield wasegtigibiepositive(climate

changeputbecamaegligiblein combinatiorwith the high acidificationscenario

9.3 Southern Bight

The well-mixed site in the southern bight showed a largeeiase in net primary production un-
der future climate conditiono OA effectsincluded) Higher sea temperatures led to faster re-
cycling of nutrients, and an associated increase in regé&etproduction. With a closed nutrient
budget the main driver for the large productivity increéseas likely the improved light condi-
tions, as suggested by decreased cloud cover at this siteasaidic reductions in SPM concen-
trations in summerl_(Ma.u_d_er_M_QLQnﬁ_IJ M13). Contraryhi® other two sites the growing sea-

son did not lengthen herE ( an der Molen AtMOJﬂ@Q%easedeve%ef—pelagHeeyﬁmg{by

Thelarge
declinein diatomsresultedin a loss of benthos b|omasse(ealseirgu¥e15igv@(b)) and a shift

towards a more pelagic orientated system. Increased laickbiomass led tererefish-biemass,

effectsdid-notfaveuronecarbenpathwayevertheothea decreasen planktonicfood supplyfor

fish (Fig. S3(c)) as the increasesvere limited to inedible functional groups(dinoflagellatesand

Phaeocystisolonies).Thereforancreasedyrowthratesfor fish aredeemedesponsibldor thelarge

increasan fish biomassandassociatedisheriesyield (Figs. S3(d,g)).Predatiormortality biomass
for detritivoresremainedconstant(Fig. S3(j)) , indicatingincreaseddoredationon lower biomass

levels

Reduction of pelagic nitrification ratggcidificationimpact) resulted in higher pelagic ammo-
nium concentrations and lower nitrate levels, favouringtpplankton species with high ammo-
nium preference like picophytoplankt¢asoexperiencinglecreasegredationand dinoflagellates
(figureFig.[B(a) S3(a). Accompanying loss of diatom arRhaeocystidiomass led to virtually no
effect on overall plankton biomass and net primary proauckevels. Benthic biomass decreased
due to decreasegiatomlevels(a main food sourcefor suspensioieedersianddecreasegelagic
detritus generation, resulting in less benthic detritudl{labile and particulate) and associated loss
of benthic bacteria (also a food source for benthﬁb)aever&”—snmdeereasmbethpelag%&ﬁd
orPlanktoniciood supplyfor

fish decreasethorewith increasedlimatepressureagaindisplayinga non-additiveresponseFish
anddetritivorelevelswerenegativelyimpactedoy indirectacidificationimpacts(Fig. S3(d,e)).

Here, climate effects dominated over acidification effemishe abiotic environment for lower

trophic levels, showing a strong shift towards a more pelagiented system. Impacts on higher

13
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trophic level biomass were of the same order of magnitrrendwith-fish-biomasdnereasing
butof opposingrendfor fish (samenegativerendfor detritivores) Fishbiomassncrease@nd detri-

tivore biomassle - srieldw emser itienglecreased,

butfisheriesyield (trend)dependedtronglyon acidificationimpactstrength

10 Effects on higher trophic levels

Reduced growth of calcifying organisms was representedebyations in the sizebased model of
the net growth conversion efficiency for organisms in theitltre size-spectrum (parametat, ).
Modelled growth rates therefore depend on ambient temyrerairowth conversion efficiencies and
food availability, seJ?_BLanghaLdﬁ_dMOQ). Resultspresented irableB Table[5 andFig. S4,
S5,S6.

10.1 North Dogger

The deeper, seasonally stratified site showed that impaotedn acidification effects on species
level could be of the same order of magnitude as climatic Fig. S4),with dominanimpact
onpartsof theecosystenfheredetritivorelevels).The negative impact of reduced detritivore growth

rates was initially offset by increased food supff¥OC) but showed a strong negative effect for the
medium and high impact scenario’s, resulting in lower tigtie biomasshancurrentconditions
This reduction in part of the food supply for fish led to loweshfibiomass with strengthening of

the acidification impact (general increase due to incre lanktonicfood supplyand

increasedjrowthrates.
Combined effects indicated increased biomass for fish &tloimpactmodifiedby species-level

acidificationimpac) and decreased levels of detritivore biomass (specied-deidification impact),
resulting in increased fisheries yialdringthe springbloomunder future conditions(Fig. S4(h)).

10.2 Oyster Grounds

At the mid-depth, seasonally stratified site the benthitesysforms an integral part of the local
ecosysten{(i&d_eﬂolen_eﬁ MlS). As such, a reduatidefritivore growth efficiency led to a
strongereductionin-effecton fish biomass than at the other two sites, as fish were more depen
on the detritivore food sourceseeFig. S5(d,e,i,j)). The larger impact on fisheries shows that the
pelagic impact mainlgffectsaffectedcommercial size species.

With only a limited climatic impact at this site the speclesel acidification impact dominated
fish dynamics resulting in biomass loss and declined fisheries yBlath impactswere of similar

orderfor detritivores,with climateimpactsresultingin increasedyrowth rates(Fig. S5 (f)) despite
thereductionappliedfor calcifying organisms.

14
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Table 5. Simulated results for higher trophic level impacts onlyrgeatage change for all sités-andscenariog %] (2069-2098vs 1979-2009)and actualreferencevalues
(gwetweight /mQLOf depth-integrated, 30-yeaxerageveragesl he actualvaluesreferto the period1979-200%f the climatechangescenaricsimulation.

variable ND oG SB
Low Med. High T RefAct. | Low Med. High T RefAct. ‘ Low Med. High T RefAct
Fisheries predator biomass| 18 15 12 20 3.1 -9 -13 -18 -6 2.7 25 21 17 27 1.8

detritivore biomass| 1 -8 -17 6 2.4 6 -2 -11 10 4.2 -35 -42 -48  -32 2.6

fish yield 25 20 15 27 2.0 -3 -10 -17 1 1.9 15 9 4 18 1.2




10.3 Southern Bight

Reduced growth efficiency for detritivores also led to daseal detritivore biomass at the well mixed
site(seealsoFig. S6), with fish biomass increases
375 WMWWWWMMWMMMWQ
modifieddue to a reduced detritivore food sour¢Eig. S6(e,i,j):predatedletritivorebiomassearly

Climatic impacts dominated over species-level ocean faadion impacts at this sitefor fish,

butwereof the sameorderfor detritivoreswith temperature-induced decline of detritivore biomass

380 significantly enhanced bthe direct acidification impact. Fisheries yield was predid®edncrease
due to climatic impactsifereasedoodsupplyincreasedish-growthratesummerincreasewinter
decreasp

11 Combined effects: indications of future fisheries trends

Results for combined impacts from climate and direct andéatl ocean acidification are listed in

385 tabldB-Tabledandvisualisedn Fig. )

11.1 North Dogger

Climatic effects and acidification impacts (both abioticldotic) were of the same order of magni-
tude at the seasonally stratified site, with positive redolt future fish yields. Indirect ocean acidi-
fication impacts compensated for losses due to reducedlgedfiiciency of detritivoresbetritivere
390 grewthratesinereasediue, leadingto increases immbientratertemperaturedespitespeciesievel
acigificationimpasts(figureiish anddetritivorebiomassdriven by climate change(Fig. B(ch)-Fish
,€),S1(d,e),S4(d,e)) Planktonicfish food supply declined due to climatic impacts, but the declin
was moderated by positive impacts from acidification effectthe abiotic environmerftgureFig.[3(c)).

The pelagicfood sourcefor predatorancreasedaccordingly(climate impact,including increased

rowthrates Fig. while thedetritivorefood sourceincreasediueto climaticimpactg(Fig.
Fishyield increasedigureFig.[3(eg)), mainly during the spring bloom andnterperiedgfigurepre-spring
bloomperiods(Fig.[3(th)).

11.2 Oyster Grounds

395

Dynamics at the Oyster Grounds site changed mainly due ¢gtdicidification impacts, as benthic
400 communities form an important part of the local ecosysteish Brddetritiverebiomass declined
over time—dueto acidificationimpactson speciedevel (Fig. d(d)) while the trendfor detritivore

levelswasstronglydependenon the strengthof theacidificationimpacton speciesevel (Fig.[(e)).

Detritivore growth rates increased over tinfepérerig. [(ef)), but increases were heavily modi-
fied due to direct acidification impactBelagicThe largerdirect acidificationimpact on pelagic
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Table 6. Simulated results for combined lower and higher trophielémpacts: percentage changefor all sitesandscenariog%] (2069-2098vs 1979-2009)and actual
referencevalues(gwetweight /meer—aH—SJ}tes)Nof depth-integrated, 30-yeawerageaaveragesT he actualvaluesreferto the period 1979-200%f the climatechangescenario

variable ND oG SB
Low Med. High T RefAct. | Low Med. High T RefAct. | Low Med. High T RefAct
Fisheries predator biomass| 22 19 22 20 3.1 -9 -15 20 -6 2.7 23 16 9 27 1.8
detritivore biomass| 8 -2 2 6 2.4 6 -0 -8 10 4.2 -37 -47 -60 -32 2.6
fish yield 31 25 28 27 20 -3 -11 -18 1 1.9 13 3 -7 18 1.23
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Figure 3. North Dogger: 30-year averaged values, climatic plus hicgaa acidification (LTL+HTL) effects:

(a) phytoplankton change$:|, (b) benthos change$4], (c) planktonicfish food, (d)fish or pelagicpredator

biomass(e) detritivorebiomass(f) detritivoregrowth rates, €g) fish yieldane, (fh) annual fish yielgsignal for
the current time (1979-2008 climate scenario) and the migiact scenario (2069-2098 climatic plus LTL+HTL

acidification effects) signa(i) predatecbiomasdor pelagicpredatorsand(j) predatediomasdor detritivores

Maximum valuesoutsideof axisrangefor phytoplanktonchangesare-100 % for dinoflagellategsmalllevels
werewipedout) and+241% for Phaeocystigsmalloriginal biomass).

405 predatorscomparedo detritivores(Fig. S5(d,e))suggests strongresilienceof the comparativel
largebenthicsystematthis site. Planktonidish food supply increased slightly due to indirect acidifi-
cation impactsfgureFig.[i(e)c), increasedraluescomparedo climatechangescenarid, but could
not counteract théarge-declinein-the-detritiverefoed-seure@eclinein pelagicpredatorsdue to
all stressorgclimatechangeindirectanddirectacidificationimpact) Fisheries yield decreases ac-

410 cordingly figureFig.[i(e)g), acidificationscenario’s/s Tempscenarig, with the main decline in the
winter period figureFig.[iEh)).
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Figure 4. Oyster Grounds: 30-year averaged values, climatic plus dgan acidification (LTL+HTL) effects:
(a) phytoplankton change$:|, (b) benthos change$4], (c) planktonicfish food, (d)fish or pelagicpredator

biomass(e) detritivorebiomass(f) detritivoregrowth rates, €g) fish yieldane, (fh) annual fish yielgsignal for
the current time (1979-2008 climate scenario) and the migiact scenario (2069-2098 climatic plus LTL+HTL

acidification effects) signa(i

11.3 Southern Bight

redatediomasdor pelagicpredatorsaand(j)

redatecbiomasdor detritivores

Climatic and acidification effects were equaIIy |mportanth£ well-mixed site. Fish biomass in-

creased due to climatic impacts

andindirectacidificationimpacts—Detritivere-growthratesremainbut was heavily modified b

indirectanddirectacidificationimpacts(Fi

.B(d), S3(d),S6(d)).Detritivore hiomassdeclineddue

andspeciedevel). Detritivore growthratesremainedmore or less equal when combined effests

apphied(figuranereapplied(Fig. 5(e)

High scenari®2069-2098esultcomparedo Tempscenario

99

420 1979-2008, while pelagieplanktonicfood supply for fish was reduced mainly due to climatic ef-
fects—(Fig.[5(c)). Changes to fisheries yield depended strongly on the strerigtbidification im-
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Figure 5. Southern Bight: 30-year averaged values, climatic plubk bigean acidification (LTL+HTL) effects:

(a) phytoplankton change$q|, (b) benthos change$4], (c) planktonicfish food, (d)fish or pelagicpredator

biomass(e) detritivorebiomass(f) detritivoregrowth rates, €g) fish yieldane, (fh) annual fish yielgsignal for
the current time (1979-2008 climate scenario) and the migiact scenario (2069-2098 climatic plus LTL+HTL

acidification effects) signa(i

redatediomasdor pelagicpredatorsaand(j)

redatecbiomasdor detritivores

Maximum valuesoutsideof axisrangefor phytoplanktonchangesire108 % for Phaeocystis

pactsfigure affectingall seasonsand showinga strongdeclinein winter and strongincreasen

summe(Fig.H(e))-affeet

i h)).Feedindoehaviouishowedastrongincreasen

therelianceon the pelagicfood sourcefor fish asdetritivorebiomasdevelsdecrease

12 Discussion

Results presented in the last section show regionall

high spatial variability was also reported by Artioli e

ig. Byt

esponses to future pressures. This

) using a fully three dimensional

shelf seas model, and can be seeln in Skgggcl lzt al. (2014¥fArtkic region and ial.
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430 1' for 11 regional seas. The use of 3D models adds adeguthicesses and far-field influences,
but generally lacks specific locg i i ieparameter
settings(here bed porosity and increasedvertical resolution). As such, the two approaches are

complementaryAdvective processegnd oceanicchangeshave the potentialto outweightlocal
responseThis appliesmainly to oceanacidificationimpacts,asclimatic impactsarepredominantl

435 a direct responseo local meteorology(unlesslarge scalecirculation patternsare altered). The

lesscomputationallyexpensivevater columnmodelalso allows for manyscenariosimulationsto

be performedwithin a reasonabldgime frame, and is thereforevery suitablefor scenariostudies

includingdifferentpressurest differentimpactievels.
Here, the use ad-threeseparate sites within one shelf sea, each calibrated aitthted indepen-

440 dently b[a.n_d_eLM_o_l_en_e_t_ililu_ZDJl3), allows for these regialiferences to be investigated. Results

for sites located in stable hydrodynamic regimes (North @gSouthern Bight) can be indicative

for the system stressor response in the associated regias @edigurerig. [1). However, results

for the Oyster Grounds (located in transitional waters)usthte interpreted as relating to areas of

thermal stratification of varying duration during summei6(inonths), with medium depths (40-50
445 m).

450~ currentunderstandingf oceanacidificationandecologicabrocessedivherethereis nocleareffect

compositionwith little impactat a whole-systemevel. Similarly modellimitations should also be
considered. ERSEM-BFM is one of the most advanced lowethtoolevel models available, in-

corporating (besides multiple functional groups with intly varying nutrient ratio’s): nitrifying
455 bacteria, ureal EP, benthic diatoms, pelagic filter feeder larvae and an extertsénthic module
(including pore water processes, bio-irrigation and bidsation). Nevertheless, it remains a sim-
plification of the marine ecosystem. Temperature contriotaally every biological process, and as
such any temperature change can be expected to have a lgpgetiom simulated results. The main
conclusions therefore cannot identify whether climateantp are dominant (if they are, this might
460 be the results of the model’s extensive implementationropierature), but can indicate if simplified
ocean acidification impacts are of comparable order to fakdyuded climatic effects. The results
showed that this is the case for both the seasonally stchsfte and the permanently mixed site,
with the site located in transitional waters exhibiting ardieant impact due to ocean acidifica-

gnswith theconclusiorfrom|Griffith et al ﬂ

2012) thabceamcidificationwasthemain

465 driverin a studyconsideringhe separat@endcombinedmpactsof fishing, acidificationandocean
warming.With respect to the applied size-structured model, bottptature and acidification im-

tion. Thisali
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pacts have been included in limited form. Other environ@lrunsequences (e.g. low oxygen levels,
seehla.n_d_e_r_MQI_en_e_t_LlL_(,Zdl3) for future predictions atér@tes) have not been included directly
in the higher trophic level model. It assumes a size distidiouof biomass, neglecting species char-

470 acteristics, seasonal reproduction and life stages. A, stican provide qualitative information
about future trends in marine biomass and fish yield, but eapredict effects on specific com-
mercial species (cold-water species may be replaced by evanater ones, see e@t al.

) for related impacts on fish yield) or the associatdtefies-landings value. Only a nominal
fishing pressure was applied: changes in fishing pressurethawotential to aggravate or relieve

475 futurepressureimpactheimpactsof futurepressuresThis also applies to the usage of the medium
emissions scenario, which is dependent on future managehearbon emissions. Note that the in-
teraction of ambient temperature and abiotic and/or spdeiee| acidification impacts is non-linear:
the presented values for acidification impacts alone areatide of the trend due to acidification
effects under future climate conditions, but should notiterpreted as percentage changes likely to

480 occur under current climate conditions and increased [E@els.

Finally, the linkage between the lower and higher trophielenodel allowed for impact as-
sessment of bottom-up pressures like climate change addieaiion throughout the food web.
However, top-down pressures like fishing effort only imgaicthe higher end of the food chain,
with no mechanism included to allow for top-down pressucesripact on lower trophic level dy-

485 namics. Thus, if fishing pressure is to be included in futduelies comparing marine pressures
a 2-way coupled approach is necessary, with fish biomasgescting on planktonic-level organ-
isms and associated nutrient cyclinthis would also ensurefeedbackof otherpredatorchanges

(e.g.increasedeedingratesdueto increasedseatemperaturemore pelagic-orientedeeding)on
490  supply shouldalsobe consideredn future studies,as changesn nutrientavailability canchange
lower trophic level dynamicsconsiderablyHowever,for the North Seafuture changesn nutrient

climatechangenutrientsupplyandfishing pressuréheinteractionsf differentpressureshouldbe

495  studiedusingstatisticatechniguesuchastheHedges-anethodthiswasa, Iiedin|Q_LiIﬁ1h_e_t_a.Il with
respectto oceanwarming, oceanacidification and fishing pressurein Australian marine waters.

500 ~asclimate-changénducedincreasesn biomasswere counteractedy acidificationimpacts with
thesemethodshavethe potentialto providea goodindicationof future marineresponseo known
pressures.
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13 Conclusions

This article has providedn-a first indication of future trends in fisheries harvests, basedren p
dicted impacts from both climatic changes and ocean adidiific (abiotic and biotic) effects in an
economically important shelf sea. To this end we appliedwpleEa ecosystem model (simulating
the hydrodynamics, nutrient cycling, plankton, benthad) find detritivore biomass) to three hy-
drodynamically different sites in the North Sea. Resultsvedd high regional variability and an
overall shift towards more pelagic oriented systems (duenaperature-induced increased pelagic
recycling and acidification impacts on benthic organisrisheries yields-expeetedlisplayedan
inclinationto increase in large parts of the North Sea due to climategshaffects, as reported by
Blanchard et AI]_(;O_{Z). However, the strength of ocearifazztion impacts on both the abiotic and
biotic level havehasthe potential to severely mediate this positive impact omefigs harvest for

permanently mixed areas.
The three sites also showed local repsonses depending @oveening hydrodynamic regime
and relative importance of the benthic system:

- Seasonally stratified areas
Acidification impacts were of the same order of magnituddiasatic impacts, withfisheries

acidificationeffectsexhibitingopposingrends Fisherieg/ield indicateda positivetrend,with
bothstressorgontributingto increasedieldswhich mainly occurred in winter and spring.

- Transitional areas
Ocean acidification impacts dominated over climatic effetflecting theexistingtarge-

a\
arao Y oo V11O al OCd OSY t Oy COoOP VvV O

expeetedargebenthicsystemat this site andits importancein transportingcarbonto higher
trophiclevels.Fisheriesverepredictedo be negatively impacted, mainly due to ocean acidi-

fication impacts on species level (due to the relativelydangportance of the benthic system).
Fish yieldisunderthe projectedcircumstancesaspredicted to decline, particularly in winter
months.

- Well-mixed areas
Climatic impacts were of the same order of magnitude asfamdion impactswith adominant
acidificationimpacton detritivore levels Increases in fisheries yiekhn-be-expectedwere
predicteddue to more pelagic recycling and increased primary prodaichut any quantita-
tive rereasechangewill depend heavily on the strength of acidification effeotsboth the

abiotic environment and the species lefadsumingio changen nutrientsupply) Changes
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in fish yieldarewereequally distributed over the seasons when impagtsvere of similar
540 strength, withpredictedreduced yield in winter and increased yield in summer.
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