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Preface

Over the past 20 years the art of computer baseshographical modeling has advanced
enormously, and today oceanographical modelipgifrmed routinely in many research
institutions as a very cost efficient and reliaiolel of probing and forecasting the state of the
ocean, supplementary to expensive cruises andysut@eeanographical modeling itself can not
stand alone, but is a useful, complementary apprtatraditional biological methods for data
collection and analysis. In the present projectambine state-of-art hydrodynamical modeling
of the North Sea with available and new fisherigs@nd biological knowledge to demonstrate
that generation of bank resolved prognoses of sdfidaing potential is within reach, much

similar to ubiquitous weather prognoses.

The core activities of the present project havenlteeetup infrastructure (computer programs,
collaborations with institutions with the necessamynpetence, collecting and processing field
data) needed to generate prognoses. This has bemssful and first generation demonstration

prognoses have been provided as end productssqiribjects.

Looking ahead, the tools developed in this prdjest significantly increased DTU-AQUAS
strategic ability and response time to address itapbquestions involving oceanographical
influence on fish stocks, as well as improving DAQUAs collaborative potential in future
national and international research projects f@raving the scientific basis for fisheries
management. The aims and tools of the presentgpisjalready being pursued in other current
and future projects, to improve DTU-AQUAs skill prognosis generation. Further, we consider
sandeel a spearhead species for methodologicdbgevent, due to its relatively simple

biology. Therefore the tools and know-how of thigject is also being extended in other current
and future projects considering other species ¢ed). herring and sprat) focused at a variety of
other issues concerning spatial fisheries managef@en marine protected areas and climate
impacts).

The project has been conducted based on finaupabst from the Ministry for Food,
Agriculture and Fisheries and from the EU, withie FIUF programme.
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Project main purpose:

The project has three main objectives: the firsd illl some gaps in the biological knowledge of
North Sea sandeels and assess the sandeel stelskdad conditions through survey
programmes financed in the present project. Thenskis to demonstrate that by combining
state-of-art modelling with available biologicaldwedge, a fishing bank resolved prognosis
framework can be established, which at sight candporated in fishery management. The
third main objective is to extend the collaboratrdath Danmarks FirskeriforeningDF) and
thereby faciliate a sustainable sandeel fishergdbas an increased level of fishery self

regulation

Project progress:

Summary

The projektet has achieved all proposed targeth,with respect to survey and modelling
activities.

In December 2005 and 2006, the planned dredgeysuvwere successfully undertaken and the
collected material was analyzed. In sping 200&alazollection was accomplished in
collaboration with fishing vessels. The results besn presented to the fishery community as
well as in scientific fora, most recently to ICEQKng Group on the Assessment of Demersal
Stocks in the North Sea and Skagerrak (WGNSSKjadlek 2007, which found the applied
survey methodology in this project well founded @noimising for the purpose of generating
surveybased recruitment indices for North Sea sdrstiecks. However, it was also emphasized
that a better spatial coverage was needed to denefiable indices on recruitment and stock
conditions in general, and a benchmark of the effistiency of parallel national sandeel survey
programmes, including the one covered by the ptgseject, was desirable. Additionally, it
should be investigated that survey based datactioltegives a true biological picture of the

stock abundance and codition.

The modelling activities are centered around twalehérameworks. The first is a larval
component that describes and analyses hydrodynkinainaport of larvae, which is believed to

be a bottleneck in the recruitment. The otherpspulation component, which synthezises the



hydrodynamical transport calculations with otheaitable biological data and knowledge and
gives as output a spatially resolved timeserighetandeel population dynamics in the North
Sea. This population component is the implementat&vice for the prognosis tool in the

present project.

The larval component is a flexible modelling paakaghich combined with a hydrographical
data pipeline to DMI, facilitates a high resolutidescription of the water transport of fish eggs
and larvae, with a minimal delay. The most impdrtassons learned are that North Sea water
transport has strong spatial and interannual vifitjeand that process-oriented recruitment

prognoses must include realistic 3D hydrograpldedd to succeed.

The population component describes central elenuénie larval and post-larval life cycle:
growth, fishery, mortality and reproduction. A aahttonclusion here is that realistic stock-
recruitment relations for prognoses, in additiohydrographical data, needs a well-founded
parameterization of demographic density effects {@od competition and cannibalism for
sandeels) and that memory effects in populatioraadyeos are essential, i.e. the regional stock

dynamics depends on the age structure of locablisaa/remote sub stocks.

Discussion of project progress and results
Evaluation of progress in relation to proposed milstone
The project has achieved the proposed milestonesjdered over the entire project
curriculum. Some milestones in the project arecadiy timed to the fishery season, and
because the project proposal was approved ratieefapproval Feb 2006) in relation to
the project time line, certain milestone schedelady in project phase 1, e.g. milestone
1b (scheduled Feb 2006), had to be postponed byeare However, after necessary
rescheduling, all milestone were achieved oveptbgct curriculum. Below are
comments to specific project milestones:
Phase 1:

» Milestone la: Collection and analysis of O-grouiinfer 2005/06):



Cruise, using modified scallop dredge, was perfarsweccessfully in Dec
2005 followed by analysis of biological materialSpring 2006

* Milestone 1b: Development/demonstration of recraitinrmodel to the fisheries:
Due to delayed approval of project, demonstratiofisheries
organizations was postponed to March 2007 (beoargdittle interest
was expected from the fishery community after sihthe fishing season).
The project was also presented directly in a dege&irm to the fishery
community in the periodic&F-nyt (Sep. 2006).

* Milestone 1c: Generation of model recruitment iegic
Both fishery and hydrographic recruitment indicesénbeen generated in
the project. The generated recruitment indices Ih@en presented to
many scientific/management workshops/working groeps. WKIMS
(Feb 2006), WGNSSK 2006/2007, and AGSAN (Nov 2007).

Phase 2:

* Milestone 2a: Integration of hydrographical datanodels:
This task has involved setting up the SLAM modaethim the NSParticle
framework; both these model components are pregemt@ore detail in

section G.

* Milestone 2b: Collection and analysis of larvaerifgyp 2006):
This component was successfully accomplished ilalootation with two
commercial vessels.
Phase 3:
* Milestone 3a: Collection and analysis of O-groujnfer 2006/07):
Cruise, using modified scallop dredge, were peréatrsuccessfully in

Dec 2006, followed by analysis of biological maaém spring 2007.

* Milestone 3b: Development/demonstration of progadsimework:



The SPAM model framework (see section G) for geirggasandeel stock
prognoses has been presented in many regionahterdational fora, e.g
DG-Fish seminar Jan 2007 and WGNSSK Feb 2007, idlgvdrkshop

on Marine Spatial Planning, June 2007, and Eurofsgamposium on
Marine Protected Areas as a Tool for Fisheries [dameent and
Ecosystem Conservation, Sept 20D@nsk fiskeriforeningDF) was
represented in the latter fora. The SPAM model alss presented directly
to the fishery at a dedicated meeting in Esbjera; R007.

* Milestone 3c: Final report

Evaluation of the usefulness of the project resultand their future

perspectives

The project products are current at a demonstréiogl and over the next few years ensues a
maturation and validation phase, where projectyrtsdare incorporated into the management
process.

During the course of the project, critical knowledgaps have also been identified. Most critical
is the need for improved zooplankton models witfhrgpatial and temporal resolution, and
currently this issue is being pursued in newlytesthand proposed projects.

Another important question crystallized during pineject is if - and how - sand banks (sandeel
habitats) should be aggregated into representagiens, because single sand banks (sandeel
habitats) are not realistic units from a manamensgective. We will elaborate on this in section

G below.

Evaluation of the marketing potential of the projed results and their

contribution to the national economy

The project has developed tools that facilitaté®tjer economical planning potential of the
fishery and postprocessing industry, as well aanipptimal harvest strategy determination by
scenario simulations, that can be used to managistiery to increase yields and minimize the

risk of overfishing. The software products devebtbpethe present project are research tools



with a small anticipated business volume, sodhatmercialization and customer support are

not expected to produce an attractive revenue.

Evaluation of new competences etc. achieved in thest institution

This project is part of a strategic initiative oD to strengthen the modelling competence of the
institution to increase the level of insight ob&drfrom collected biological data and to bridge
disciplines.

The two modelling frameworks in the present prgjespecially the transport software package,
are generic modelling infrastructure componentsaatig DFU to address a wider range of
problems, like climate effects and design of mapraected areas, as well as management
related questions in general.

The platforms partially financed in the presenfgrbhas been a leverage for several new
national projects (ModRec, TORTN and SUNFISH) akbdojects (RECLAIM, MEECE and
MyOcean) which are at the approval stage or alreadping. It is also anticipated that the
computational platforms partially financed in thegent project are extended to other species

and areas of Danish economical interest.

Evaluation of the deployment of project results irrelation to governmental
body alertness

In addition to improving DFUs ability to provide magement advice on sandeel related
questions, the modelling infrastructure developetthé present project is relatively generic by

design, and may therefore significantly decreased¢bponse time of DFU to address new

questions and hypotheses involving hydrographidalence on fish stocks in general.

List of publications etc which are direct derivatives of the project

Papers in international, peer-reviewed journals
B Computing larval transport indices and sandeel gpibation structure:
Asbjgrn ChristensenHenrik Jensen, Henrik Mosegaard, Mike St. Jokamd

Corinna Schrum



Sandeel (Ammodytes marinus) larval transport pagan North Sea from an
individual-based hydrodynamic egg and larval model

Accepted in Canadian Journaal of Fisheries and #ig@aiences, 2008

B Spatially explicit sandeel population model (in theger used for marine
protected area simulation):
Asbjarn Christensen, Henrik Jensen, and Henrik jasel

Spatially resolved fish population analysis forigesig of MPAs: influence on
neighboring habitats.

Submitted to ICES Journal of Marine Science, 2008

B Larval hydrodynamical backtracking and growth mquslameterization and
validation:

Christensen, A., Ute Daewel, U., Jensen, H., HeMidisegaard, H., St. John,
M., and Schrum, C. 2007.

Hydrodynamic backtracking of fish larvae by indivaédtbased modelling.
Mar. Ecol. Prog. SeB47(2007): 221-232
Patents

No patents have been applied for.

Presentations at congresses, symposia etc
B Workshop on Indices of Meso-scale Structures, IFERyINantes, France, 22-24
February 2006.
Asbjgrn Christensen (oral presentatidvigso-scale larval transport
indices in the North Sea
B Workshop on advancements in modelling physicaldgicial interactions in fish
early-life history: recommended practices and fitirections, 3-5 April 2006,
Nantes, France:
Asbjgrn Christensen (oral presentatidaydrographic simulation of
Sandeel larvae dynamics in the North Sea



Kickoff meeting in EU project RECLAIM, Dec 18 2008niversity of Wageningen,
Netherlands:
Asbjarn Christensen (oral presentatidddndeels: a sensitive ecosystem
probe in the North Sea
Seminar on "Marine Protected Areas"”, Review of kieolge - evaluation of MPAS
effects. 17 January 2007, DG FISH/A, EU, Brussels.
Henrik Mosegaard (oral presentatiofand eels
AGSAN (ICES Ad Hoc Group on Sandeel), Feb 28 2@penhagen, Denmark:
Asbjarn Christensen (oral presentatidddndeel Population Analysis
Model: Integrating from processes to populations
Nordic Workshop on Marine Spatial Planning, 6-8eJ2007, Copenhagen,
Denmark:
Asbjgrn Christensen (oral presentatiolryward area-based management
of Sandeel in the North Sea
European Symposium on Marine Protected Areas a®bfdr Fisheries
Management and Ecosystem Conservation, 25-28 86t Rurcia, Spain:
Asbjgrn Christensen (oral presentatiddpatially resolved fish population

analysis for designing of MPAs

Esoteric papers

Jensen H. og Brogaard P. 2006. Indsamling af togislyp kommercielle fiskefartjer.
Direktoratet for FdevareErhverv Projekt no. 04/SHitrapport. December 2006.

Other outreach, e.g. meeting contributions, open-hge arrangements etc

Presentation of progresses in present project val@@ment of sandeel stock
prognoses tools for Danmarks Fiskeriforening, MaP@07, Hotel Britannia,
Esbjerg, Denmark:

Asbjgrn Christensen (oral presentatidwyt fra forskningsfronten om

tobis.
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The presentation was well received, stimulated ttpresfrom the audience

and gave inspiration for the work remaining in firesent project

B Marine Ecological Modelling Center seminar, May2%6:
Asbjgrn Christensen (oral presentatidaydrographic simulation of

Sandeel larvae dynamics in the North Sea

Kickoff meeting for the national project Modellifecruitment
(Havforskningsprogrammet) May 16, 2007:
Asbjarn Christensen (oral presentatidPoposal for a common particle

tracking framework.

Planned publications and papers
B Sensitivity of larval transport on tidal phase atiger parameters.
B Detailed presentation of general SPAM framework.
B Generic model of larval transport structure inNueth Sea.
B Optimal definition of sandeel habitats in the Ndbia.

Summary of scientist educational activities (phd. @ post doc.), including

guest researchers and deployment
NA

Summary of associated master and bachelor level stents

Research assistent: Mikael van Deurs:

A pilot-study: Evaluating the possibility that Attec herring (Clupea harengus L.) exerts
a negative effect on lesser sandeel (Ammodytesiosrin the North Sea, using IBTS-
and TBM-data.

DFU-reportl65-06 Danish Institute of Fisheries Research, HFI, 2006
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Master student: Elsi Kauppinen, University of Jaen Finland.
Supervisors: Henrik Mosegaard, DFU and Ismo Hologxaj University of Joensuu
Subject: Comparison of coupled biological produtémd hydrographic drift models of sandeel

larval dispersion/retention with observed patterisize/age distribution and abundance

Master student: Marco Gauger, IHB, UniversityHafmburg, Germany.

Supervisors: Henrik Mosegaard, DFU and Prof. MitsaeJohn

Subject: "Otoliths as indicators of good and pamrditions for sandeel 0-group recruitment in
the North Sea".

Summary of national and international collaboratiorns with universities and private

companies

The present project is a precursor of Mharine Ecological Modelling Center (MEMC)
established between DFU, DMI and DMU. These instifis brings together
complementary competences on ecological modelimgn initiative to make Denmark a
strong regional player in oceanographic modelhag)y obvious long term benefits for
the fishery related research and the fishery itS&df current and future EU financed
projects (PROTECTRECLAIM, MEECE and MyOcean) the activities in thegent project
have also buildt and strengthened contacts ton&sgeoups in other marine laboratories in the
North Sea region, e.g. IHB (Germany), FRS and PMK)(and IMR (Norway).

Elaboration of project progress and results

In this section we will presents some aspects@ptioject products which are not traditionally urdzd
in peer-reviewed journals, which awaits future jmdtlon or which relates to the development process
per se For a detailed presentation and discussiongfes to the research papers and the reports

produced by the activities mentioned above.
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Larval tranport generic simulation framework

One of the model components developed in the prgseject is a generic larval transport simulation

framework, NSParticle. The framework couples stdtart extensive 3D hydrographical databases

(70+ GB data) and biological modules within a siatign environment, which allows testing biological

hypotheses. The biological module for sandeellis@&LAM (Sandeel Larval Advection Model), and

the hydrographical databases currently availabpeasided through collaborations with DMI (hourly,
5nm resolution, 2002-2006) and IHB, UniversityH#mburg (daily, 5nm resolution, 1970-2004). The

larval transport program NSPatrticle is implemenited modern object-oriented programming style in

Fortran 90, so that it is easily adapted and extérid new cases (by adding new biological modules).

The package adds up to 7000+ lines of computer.ddue software design is illustrated below in

Figure 1

Particle tracking toolbm{

tirae loop
call npdate ticlds
wall move_tracers
call vpdats tmeer_states

wiite ootpot

_________________________________________________________________

; |
TR :E‘ -k wad contral_data ! - i

! particle_positions
il particle_stares

=pip— == - -
1
1~ ™ move fmces
| ; :
emit_particles
- ] - 2
1y delete_particles sinmilarion_file

Biology model
example

®= mpcate tracerstates(tirme _interval)

Figure 1 Software design scheme of the generic NSRele simulation framework

Using the NSParticle framework with the SLAM bioiogl module for sandeel larvae, many fishery

relevant quantities can be computed. In Figuref)(ve as example show the larval transport satviv
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chance, depending on its hatch site (we have sdaalheegistered sandeel habitats) and in Figure
2(right) we show the fishing sensitivity. Sensitlv@nks are characterized by being mostly self
recruiting, whereas insensitive banks are charaetby recruitment from other areas (so that kb

will replenish, if it is fished up).

u 20 40 11 an 1] 2u a0 aU =11

Figure 2 (left). Larval transport survival in 2006, color coded by hatch bank. Red: larvae coming from
banks in these areas have low transport survival @nce, opposed to green: high survival chance.

Right: bank fishing sensitivity in 2006. Red: sensive banks (dominated by large self recruitment). Geen:
less sensitive recruitment comes from other areas t larger extend)

Sandeel stock simulation framework

The population component developed in the presejegt is a called SPAM (Sandeel Population

Analysis Model) and is a framework integrating theput from transport calculations from NSParticle

above, with survey data, fishery data and othella@a biological knowledge. It is a process-orazht

approach striving for a minimum number of parangtalso setup according to modern object-oriented

design principles in the language Python, allowiorgong term development and maturation of the

software package. The highlights of the models are

14



» Direct coupling to first principles hydrodynamiasdeother relevant physical and biological
fields that controls conditions for early life-séesg

» Spatial explicit dynamics, with arbitrary resolutiand habitat aggregation.

* Focus on demographic effects on stock abundanaeiigr@vhich have been shown to play in
important role for North Sea sandeels). Demogragfiacts faciliate stock self regulation, and
for sandeels the mechanism is food competitioncamhibalism.

Outputs from the models are time series of bamkfagolved biomass, growth, fishery yield, and

recruitment. The model setup is sketched belowignrié 3 below.

e Beamomy e
CTndustry 5 Community

Fishery Fishery
i i

YA

Target species
:

Target species T
AfZ,

Z; : Fishing mortality
T : Water transport

A : Growth resources
Zp : Predation mortality

Figure 3 Left: sketch of the target species (sandgevith its relation to the ocean, ecosystem anddiery.
Right: influence of ocean, ecosystem and fishery @amggregated into 4 drivers: Fishing mortality (2),
hydrodynamical transport (T), growth potential (A) and predation mortality (Z )

The SPAM model is able to run with different levefddataassimilation, from strongly forcing with
survey/fishery data and coarse biological modeisatd full life-cycle modelling, with advanced
biological models. The target is selfcontained lit#-cycle simulations, as knowledge gaps on the
biological side get filled. However, in the prespriject, the focus is on strong forcing by
surveyl/fishery data for prognosis generation, asetinas been identified important knowledge gaps in

the biological basis. An example of a stock progmssprovided in Figure 4 below.
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Figure 4: Prognosis of relative abundance of fishde 1+ group sandeels for 2007 season. Green is highal
stock abundance, red means lower local stock abundee

Figure 4 displays a SPAM prognosis run for theifighseason 2007. The spin-up period was 2003-
2006 and generated from realistic hydrodynamic ¢asts (2003-2006), with SSB estimates (2003-
2006) assimilated in the spin-up phase. SSB estsnaére generated from the log book database with

ICES rectangle spatial resolution.
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One of the most prominent knowledge gaps identifiectlation to the present project is the lack of
zooplankton distributions with sufficient spatiadatemporal coverage. Currently, the most promising
direction to fill this gap is zooplankton modelssbd on primitive equations, socalled NPZD models.
DFU has entered the MEMC cooperation mentioned @bwith the objective of obtaining state-of-the-
art NPZD model output for biological simulations.the original project description it was proposed
use continuous plankton recorder time series ferghrpose, but closer inspection revealed thatethe
time series are not able to provide sufficientisppaind temporal coverage. In the present setap, th
model uses a zooplankton proxy variable, a localt®y capacity that can be specified. In pragtice
the local carrying capacity is included in the paeger estimation process at calibration time or
estimated from spatially resolved fishery data,ibuhe future it is intended that NPZD model outpu
should be integrated on equal footing with the bgdaphical data.

Another issue that needs further attention is dtene of the stock self regulation mechanisms ay pl
for North Sea sandeels, i.e. quantify the influenicBbod and habitat competition within the sandeel
stock on the stock abundance fluctuations obsem@ehtly, as well as the potential effect of
cannibalism. In the present context relatively genfeinctional relations has been applied,

parameterized from observed stock variability.

Optimal habitat aggregation.

Sandeel habitats in the North Sea are constitytedimerous adjacent, elongated sand banks, formed
by tidal currents. These primary habitats are pbimal from a stock assessment perspective foethre
reasons: first they are not well suited as managéunmts (too many, too small) and secondly, it is
unrealistic (too expensive) to assess biologicwrogeneity at this fine scale and thirdly adutidszel
migration may become a factor at a very fine scate, needs to be accounted for, if the very high
spatial resolution should have any justificatiohefiefore, some level of primary habitat aggregaison
needed for management purposes. The highest htaizesolution in our setup is 5 nm, dictated by th
hydrodynamic setup (this resolution correspondsigarre 2). Initial analyses of larval transport
patterns were performed on tsemajor regional aggregation level (Figure 5) femiyfive major sand
bank systems (W,D,C,SE and NE) as displayed inrEigu
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Figure 5 The s5 major coarse regional division ofasdeel habitats.

We have also run our setup on ICES square spasialution level, which is highly convenient when
assimilating fishery and ICES survey data, whicresorded with this resolution. Transport distance
scaling analysis indicates that an optimal haloiédinition for North Sea sandeels is likely arourd
bank systems, a figure which is also feasible feomanagement perspective. A division in 10 habitat
regions is also realistic from the perspectivedurassing biological heterogeneity between habitat
areas.

This estimate of approximately 10 essential sanidgeitat regions in the North Sea is also consisten
with survey information that indicates the majogadivisions5in Figure 5 is too coarse as

management units, since significant spatial hetitg in stock abundance is observed within sefhe

regions in Figure 5.
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