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A metapopulation is a population of populationsmhnich extinction and recolonization
regulate ongoing persistence. In the fragmentedederal environment, landscape
ecologists have about 15 years of experience ityzing metapopulation connectivity
and persistence, and the use of this concept eesuitthe development of the National
Ecological Network. In the North Sea, protectedaarare and will be assigned on basis
of habitat type. The metapopulation concept coolunfan additional way of assigning
protected areas by looking at habitat preferences$ @opulation dynamics. In this
literature study, the applicability of the metaplapion concept on the underwater North
Sea was investigated, and there was searched $sibp® suitable metapopulation species
in the North Sea.

Requirements for a metapopulation were defined) asdlscrete suitable habitat patch, 2)
a high extinction probability and 3) a low recolpetion rate, by examining the original
metapopulation formula developed by Levins (19¢&%,Q).

The underwater North Sea clearly is a heterogenemmdgronment, but habitat
characteristics like substratum type are more oftete ranged and no obvious physical
barriers exist. Processes and structures in th&capa are mainly known over a rough
scale, and even on that level, the available kndgddas only an interpretation from data.
The same lack of knowledge is a bottleneck in dedinconnectivity among
subpopulations, as dispersal capabilities of thgrta of marine species are unknown.
By translating the metapopulation requirements ilisiaof questions, the existence of
metapopulation structure in marine species wassasde The species that seems to be
most suitable for use in metapopulation contexthis test was grey seal. Additionally
edible crab and cod are potential species to usenretapopulation approach. Both do
not have a discrete habitat patch, but are knowmawee a strategy to ensure their
offspring recruits to their own population. For sigs which seemed to be suitable by
having a discrete under water habitat patch, notigimn knowledge was available.
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A metapopulation consists of subpopulations in Wwhioteraction, in the form of
extinction- and recolonization processes, deternimea large extent the size and
persistence of subpopulations and the metapopola@soa whole (Levins 1969, 1970,
Van Dorpet al1999, Fopperet al 2000, Hanski 1998, Opdam & Wascher 2004). The
metapopulation concept finds its origin in the dymatheory of island biogeography
established by MacArthur and Wilson (1963) (Harik4), and is part of the landscape
ecology field of study. In landscape ecology, teuk is on patterns and processes
originating in the interaction between biotic, @it and anthropogenic elements within
a landscape (Van Domt al. 1999). The scale of a landscape can vary from astpvare
meters to tens of square kilometers and is a hggeepus composition of interacting
systems. Within a landscape, relative homogeneandstape elements, habitats and
connection zones can be distinguished (Van 2oigd. 1999). On land, many species live
in highly fragmented landscapes, of which suitaidditat accounts for only a small
fraction (Hanski 2001). Populations of plants andrels living in a particular suitable
habitat patch are often part of a network- or mepagation (Van Dorpet al 1999,
Hanski 1999, Opdam & Wascher 2004), in which théapepulation refers to the species
and network refers to suitable habitat patches. ddwirrence of a species at a certain
moment in time thus does not mean that the spéessa persistent population, as the
concept of metapopulation theory tells that notrgyatch will be occupied in all years,
but still can be an important site for a speciesrfdomet al 2001, Verboom & Pouwels
2004). In the terrestrial environment, loss of cagtion zones between suitable patches
can have a major impact on a metapopulation anceeantually lead to extinction of a
subpopulation or the metapopulation as a whole (Marp et al. 1999, Fopperet al.
2000, Opdam & Wascher 2004). By means of simulatimegapopulation dynamics in a
model, insight is obtained not only in the longnedevelopment of a metapopulation in
time, but different scenarios can be assessed hgWeeboom & Pouwels 2004). In a
metapopulation model, parameters as habitat prefese non habitat, habitat carrying
capacity, habitat map, availability of unoccupieditable habitat, population size,
population density, population stability, numbersobpopulations, dispersal capability,
maximum lifespan, age at maturity, first year mitsta male/female ratio, number of
offspring, life history characteristics, disastroergents and so on, are needed. These
parameters are used in models of different comisxiln the relatively simple LARCH,
patch size and network size determine the persisteha species. METAPOP, a more
complex model, includes population dynamics, aneé thery complex model
METAPHOR includes life histories of each individuaithin a patch. In terrestrial
landscape ecology, insights gained with use ofntieéapopulation concept are of major
importance for nature development and nature cgasen (Verboom & Pouwels 2004).
The metapopulation concept led ddaptations of governmental policies, among others
concerning Natura 2000. The concept is the basitheodevelopment and realization of
the National Ecological Network (NEN, in The Netlheds referred to as EHS,
Ecologische Hoofdstructuur). Figure 1 presents avork of smaller and larger areas
where nature has priority, intended to enlargecmhect protected areas.
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! s National Ecological Network

Figure 1. The National Ecological Network in Thetilands. Smaller and larger areas
where nature has priority form a network. Figureagted from www.pbl.nl.

Oceans and coastal zones are and will be more and imensively used and exploited
(Field et al. 2002, Lindeboonet al. 2008b). The North Sea has long been seen as an
inexhaustible resource, and only in the last dezaideas realized that in all economic
activities, the ecology of the sea receded intolthekground (Raad voor Verkeer en
Waterstaat 2005). In contrast to the more visilelgestrial system, relatively little is
known about the structure and functioning of marew®systems (Fiel@ét al 2002,
Fraschettiet al. 2008, Lindeboonet al. 2005), although the North Sea ranks among the
best studied sea areas in the world (Zijlstra 1988)Xhe framework of Natura 2000,
protected areas are and will be assigned on thehD@obntinental Shelf (NCP) in the
North Sea (figure 2). The foundation of assignmerthe Habitat Directive, in which 9
coastal and halophytic habitat types and accesspegies are determined for all EU
marine ecosystems (North and Central Atlantic, iBaBea, Mediterranean Basin,
Wadden- and North Sea) as a basis (Natura 2000).200¢@ efficiency of assigning
protected areas on the basis of abundance of sgadiee assumed relevant habitat types
however is not undisputed, as the North Sea igghlhivarying and strongly changing
system (e.g. Lindeboort al 2008a). Another, or additional way to asses tbetiNSea
ecosystem and perhaps eventually assign protecteds,acould possibly be a
metapopulation approach (Slim & Schippers, persiraq Kritzer & Sale 2006). In this
approach, the consequences of assigning partiatéas in the North Sea as protected, as
well as the possible consequences of the systemesofgeneity, can be assessed by a
spatial explicit evaluation of species habitat erefices and the natural balance of a
metapopulation.
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Figure 2. Shaded areas are proposed protected aveadbe Dutch continental shelf.

Recently both landscape ecologists and marine gstéoon a global scale started to
discover the possibilities of the metapopulatiomaapt in the marine environment.

However, non believers on both sides long resigiagse metapopulation terminology in

combination with marine habitats (Kritzer & Sale0B). Despite the effort made by those
who did apply the metapopulation concept on magtwsystems, it still does not seem to
be a regularly used concept by those working oruttderwater North Sea ecosystem. It
seems that potential users are either not conviacedt acquainted with the possibilities
of metapopulation concept in the marine environmarguments against the application
of the concept in the marine realm could be tha& ot clear what the metapopulation
concept can add to the marine ecology field of gtod how it can be used in the North

Co



Sea ecosystem. Neither is fully clear in which marsituations the metapopulation
concept is or is not applicable (Kritzer & Sale @f)0and to what extent the concept
should or could be adapted to the marine ecosysidmarefore this reconnaissance
focuses on the possibilities of applying the mepapation concept in underwater North

Sea research and North Sea protection. The airhi®frésearch was to determine the
extent to which the metapopulation approach caappdied to the underwater North Sea,
and to find out which species could be eligibledse in marine metapopulation context.

The main question therefore was:

To what extent is the metapopulation concept apple to fauna of the marine
ecosystem of the (underwater) North Sea, and whpEties are suitable to use in a
marine metapopulation model?

With the subquestions:

1. What is the present state of affairs in applying thetapopulation concept on
marine ecosystems in the literature?

2. Which factors cause heterogeneity in the marinsystem?

3. What are the relevant differences between landseqmogy and seascape
ecology in metapopulation context and is referaoncigagmentation in the North
Sea ecosystem appropriate?

4. Which marine faunal species, in the groups fismti@es and sea mammals, are
eligible for what reasons to use in a metapoputasionulation model, and are
there species that can definitely not be used?

Reading guide

The requirements for being a metapopulation arsme@fin chapter 2, ‘Methods’. With

these prerequisites in mind, a literature study artdrviews with experts leads to
answering sub questions 1, 2 and 3, and to thelaf@went of a scan to test species
suitability to a metapopulation approach. In cha@ge ‘Results’, the present state of
affairs of applying the metapopulation concept lo@ tharine environment is described.
An overview of factors causing heterogeneity in tNerth Sea is followed by a

comparison of land and sea in metapopulation confélke scan developed in the
previous chapter is used to asses the suitabifityy5 marine species for use in a
metapopulation approach. The used methods andtgestd discussed in chapter 4,
‘Discussion’, and the answers on the research igusstare given in chapter 5,

‘Conclusion’. In chapter 6, ‘Literature’, the autsaeferred to in the text can be found,
and in appendix I, ‘Glossary’, the definitions &fedl terms are given.
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2.1 Analyzing the requirements for and the existerecof a metapopulation

In this study, the book ‘Landschapsecologie: Natmrandschap in een veranderende
samenleving’ written by Van Dorpet al (1999) was used to gain insight in landscape
ecological aspects, in order to be able to reason the landscape ecology point of view.
For further insight in metapopulation theory ISI Wef Knowledgé was selected by
scanning the searching term ‘metapopulation’ on tnmmted authors. Additionally,
articles of scientists working on metapopulationd\@geningen Alterra were read, and
some of these authors where consulted for supplemeimformation.

In order to be able to give an advice on speci@salslity for use in a metapopulation
approach, requirements for suitability needed to fiwenulated and a decision on
existence or non existence of a metapopulatiorctsirel had to be made. Therefore, the
original metapopulation theory was analyzed. Leyir#69, 1970) was the first to use the
term metapopulation to describe the concept ofdputation of populations which go
extinct locally and re-colonize’. The mathematiaéscription for his idea is the
following:

dP/dt=mP (1-P)-eP

WhereP is the fraction of habitat patches occupied aetinm is the recolonization rate,
ande s the rate at which local populations go extinct.

According to this formula, at least (suitable) Habipatches, recolonization and
extinction are criteria a species has to confornthwParameters used in terrestrial
metapopulation models, are therefore categorizéldese three requirements in table 1.

Table 1. Parameters categorized in habitat, recaation and extinction.

Criterion Parameters

Habitat e.g. habitat preferences, habitat carryoagacity, availability of
unoccupied suitable habitat, number of subpopuiatio

Recolonization e.g. dispersal distance, dispeiegadioility

Extinction e.g. population stability, maximum lifemn, age at maturity, first year
mortality, male/female ratio, number of offsprintgife history
characteristics, disastrous events

When setting out Levins formula for ten subpopuolagiin equilibrium, the balance
between colonization and extinction define thetfaacof occupied suitable habitat
patches (figure 3).

! Landscape ecology: Nature and landscape in a oigegciety
2 Version 4.6, logged in via Wageningen Universitigrary
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Fraction of occupied populations according to Levia model at equilibrium
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Figure 3. Fractions of occupied populations accaglito Levins model at equilibrium.

The balance between extinction probability and leeization rate defines the fraction of
occupied suitable habitat. In the ‘no survival aregecolonization rate is lower than

extinction probability and fraction of occupied s&udile habitat patches 0. No living

species can be found here. At fraction 0.1, tergr@rof the suitable habitat patches is
occupied, and extinction probability is high reledito recolonization rate. In such a
metapopulation, the rate of recolonization of awmk patch where a local population

got extinct determines the extent and ongoing gensce of the metapopulation as a
whole. At fraction 0.9, ninety percent of the dbigahabitat patches is occupied, and
extinction probability is low relative to recoloaizon rate. Thus, extinction of a local

population does not regularly occur, but colonipati(and recolonization in case a
network patch is unoccupied) does frequently ocbuisuch a stable population, other
processes or factors (for instance competition awdf availability) regulate the extent

and ongoing persistence of the subpopulations hadrtetapopulation as a whole.

In figure 3, a metapopulation in which extincti@and recolonization processes determine
to a large extent the size and persistence of subdgtions and the metapopulation as a
whole, would be in between 0 and 0.9 of fractiossupied. With 0.9 or more of the
suitable habitat occupied, recolonization and exitom are no longer driving forces in
persistence. The no survival area would definitedy be a metapopulation. Thus, two
options remain. In figure 4, the metapopulationacentuated green, and the non-
metapopulation accentuated red.

=
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Figure 4 In the green area, the extinction prob#pils high relative to recolonization

Extinct-, meta-, and stable populations in Levins radel at equilibrium

08 17— No survival area

(Extinction too high)

0,6

Population
extinction

0,4

0,2 1

0 0,2 04 0,6 0,8 1
colonisation rate per year

rate and this area is assumed to contain metapdjouia as stated in the used definition.
In the red area, extinction probability is low rélae to recolonization rate. In this
region, populations are assumed to be regulatedtbner factors than extinction and
recolonization.

This figure can be nuanced by combining possibiesraf recolonization and probable
extinction (table 2). A high extinction probabilitglative to a low recolonization rate in
extreme would be an extinct species. In the ranigéiving species however, this
combination would be the ultimate metapopulationghHextinction relative to high
recolonization would be a metapopulation, but sypiogetions can probably not be
distinguished by genes. Low extinction probabiliglative to low recolonization rate
would be a metapopulation with the risk of beconingfinct subspecies as exchange of
individuals is scarce. In a population with low iggtion probability relative to high
recolonization rate, extinction and recolonizatiare not the main forces regulating
population persistence.

Table 2. Combining possible extinction probabiland recolonization rate (with a
discrete habitat as a prerequisite) results in foypes of population structure. Figures
represent how the possible structures might loakh white circles being unoccupied
habitat patches (thus still have to be recolonizadll black circles being occupied
suitable habitat patches. Green population strueturare assumed to be a
metapopulation, the red figure is not.
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Extinction Recolonization | Type of population

= Ultimate 1
metapopulation

High Low (If viable)

= Metapopulation,
probably with
homogeneous
gene flow

High High

= Highly isolated
subpopulations, 3
probably separated

genes

Low Low

= Stable populations
(Recolonization 4
and Extinction not

driving forces)

Low High

In figure 5, the nuanced population structuresbaoeight back in the original figure. This
illustrates even more that the ‘ultimate metapojputé only refers to viablgopulations,
and is in extreme a dead and non existing species.

Three types of metapopulations and a stable popul@n structure in
Levins model at equilibrium

— Fraction=0
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Fraction=0.

No SurvivalAreg
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Figure 5 The three forms of metapopulations anddfadle population placed back in
Levins equilibrium figure. Structure 1 is only atamopulation when the population is
viable, as the upper left zone is the no survivahaThe figures representing population
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structures stretch out in the living area, as tloeynprise a balance between extinction
probability and recolonization rate, and not onhetextremes.
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2.2 Gathering information

In order to efficiently consult marine experts tab@ in the research, a literature study on
all research questions preceded a series of iet@sviA study on research question 1
(What is the present state of affairs in applyihg metapopulation concept on marine
ecosystems in the literature?) was executed, usiagoook ‘Marine metapopulations’
(Kritzer & Sale 2006) as a starting point. Refeemndrom this book were used as a
stepping stone for a further literature study, seipgnted with a literature scan on ISI
Web of Knowledge. Relevant articles were selectgdubing the searching terms
‘metapop* combined with ‘marine’ / ‘North Sea’ etm the topic, resulting in a list of
articles which were scanned on number of timesdcifEhe research question was
answered as far as possible, and remaining uneetmiand questions listed in order to
ask them to an expert later on in the research.

A literature study on research question 2 (Whicbtdes cause heterogeneity in the
marine ecosystem?) was done by searching for ‘N®etn AND ecosystem’ and ‘habitat
AND North Sea’ (etc.) on ISI. A summarized answaerthis research question led to
further questions to be propounded to a North $eaystem expert.

Research question 3 (What are the relevant difée®ietween landscape ecology and
seascape ecology in metapopulation context an@feyence to fragmentation in the
North Sea ecosystem appropriate?) was answeredrbiiging the preceding literature
studies, and led to further questions to both nugtalation and marine experts. In order
to prepare for the search of a suitable specisgdéreh question 4; Which marine faunal
species, in the groups fish, benthos and sea masmnaral eligible for what reasons to use
in a metapopulation simulation model, and are tlsgrecies that can definitely not be
used?), literature on terrestrial metapopulatioescdbed above was consulted again. A
list of criteria / conditions which species have et for their suitability (in the
categories habitat, recolonization and extinctiam) metapopulation modeling was
composed. This list was discussed with a metaptpuolaxpert, and formed a basis for
asking questions on marine species suitabilityteegapopulation model.

After this base of knowledge on (marine) metapadpana was obtained, a series of
interviews with marine ecologists followed. Perdoganversations were held with
marine ecologists from NIOZ and Wageningen IMAREShecialized in benthic
communities, marine mammals, marine protected ardsopulation dynamics. Given
the subjects wide extent and complexity, and withshquestions not having a uniform
answer, the aim was to leave some openness imtéwiews. The consults started with
an introduction in the metapopulation concept dral results found in literature study.
Then, the questions aroused in the preceding titexatudy were used as a helping hand
in structuring the conversation. In this way, tll@sulted scientist was able to participate
in the research, adding and illuminating aspectsceming marine metapopulations
which otherwise would probably not have been regird\ digital voice recorder was
used during the interviews and with every questionew subject, the time on the voice
recorder was written down. After the interviewse thonsults were restructured by
categorizing subjects to the concerning researestquns by listening back the recorded
conversation. The answers on the research questidhsnd 3 were supplemented with
the additional information gained in the consulise suggestions for answering research
guestion 4 were considered for use further onérésearch.

[uEy
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2.3 Developing a test for assessing species suiliépin metapopulation context

The ultimate metapopulation thus lives on discretétable habitat patches, has a
(relative) high chance on local extinction andeldtive) low rate of recolonization of an
unoccupied network patch. To test whether it isbplbe that a species has a
metapopulation structure or not, these requiremerte translated into questions, with
use of the information gathered in the literatuxelg and the interviews. In addition, a
criterion ‘knowledge on species characteristicssvaaded, to prevent from advising to
use a species on which no data exists. The dewtlppestions needed to have a uniform
answer, and needed to say something about the Iplibpaof the existence of a
metapopulation structure of the tested species. qunestions therefore ask for the
probability that the species inhabits a discretevaek patch, for a low recolonization rate
and a high extinction probability, and for knowledgvailable. The more questions
answered positively, the higher the possibilitytttiee assessed species can be used in a
metapopulation model. If the parameter asked foun&nown, the given answer is
counted as no, as the suitability to use the osgaimm a metapopulation model decreases.
The total number of questions answered with yessyar total score between 1 and 11.
This list of questions was discussed with metapatpan experts and improved on basis
of their comments. In order to evaluate the dewedogcan for assessing suitability to a
metapopulation structure, the scan was tested on terrestrial species (replacing
references to sea with ‘the Netherlands’ and etgtion with ‘hunting’).

Habitat

1 Does the organism live in / on discrete habidctipes?

2 Does the population return to their place ofrbint order to breed?

3 Are there 2 or more (sub) populations on North S=ale?

Recolonization

4 |s it probable that individuals can bridge thetances between populations occurring
on North Sea scale?

5 Is dispersal active?

Extinction

6 Is the organism short lived (< £ 4 years)?

7 Is offspring of the organism low in number?

8 Is there a high chance on disastrous events?

9 Is the organism in the North Sea exploited by &sf?

Knowledge

10 Is knowledge on animal characteristics sufficielO articles on ISI)?

11 Is the metapopulation concept connected withgpecies in literature (1SI)?

2.3.1 Motivation of the individual questions

1) Some degree of isolation is needed to form aapugtulation. Habitats composed of
processes and structures (e.g. substratum, fredtes, upwelling of nutrients) are seen
as suitable habitat when non habitat in betweemtb@n be distinguished. If no discrete
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habitat patches can be distinguished, using thegigp in a metapopulation model will
demand creative thinking.

2) If a species is known to return to its placdioth in order to breed (natal philopatry),
these breeding grounds can be seen as a form t#bkuihabitat. The chance on
recolonization then decreases, as an individudlomily search for a new breeding site in
case of density dependant changes or genetic posilin in taking the risk of moving
away (Kritzer & Sale 2006).

3) A metapopulation consists of subpopulations.uRadns can be distinguished from
each other when non habitat is in between populst{e.g. hydrodynamic forces as well
as sediment structure or human induced). Genetderee is used when available. If
there are two or less populations of the specie®iinclosely around) the North Sea,
either the scale of the metapopulation must be lg#obgyond North Sea range, or the
species occurs in a single, possibly spatial sudeddshomogenous population. Another
possibility is that there is a scale problem intidguishing subpopulations. In all three
cases, it is less probable that this species isaldai to use in a (North Sea)
metapopulation model without complications.

4) Dispersal distance defines the scale on whielmtatapopulation lives (Kritzer & Sale
2006). Thus, subpopulations should lie within tleach of dispersal distance of the
species. If dispersal distance and distance beta@®nopulations do not correspond (e.g.
the organism can bridge 100 — 400 m, and the dlaadspopulation is 10 km) it is
unlikely that it concerns a metapopulation.

If dispersal distance is rather unknown, recolamdrarates have to be assumed and the
results of the model will show high uncertaintisganing that the organism of subject is
not (yet) the best candidate for a metapopulatiodeh

5) When dispersal is passive (e.g. driven by hygnadics), dispersal direction and
distance are, in general and to some extent, chdegendant. In theory, the organism
can end up anywhere in the sea, and can estalliging as suitable habitat is available
(Norris 2000). Dispersal among subpopulations magplen because the organism is
unable to avoid it, rather than that the specissavalved an optimal solution to the costs
of dispersing relative to the benefits of movingamew population (Kritzer & Sale

2006). This means that chances for recolonizatiosudable habitat are high, because
theoretically, every individual can reach everytable habitat patch. Besides that, in
most cases knowledge on for instance distancesctiins and velocity of passive

dispersers is scarce (Botsford & Hastings 2006)s€huncertainty factors lower the
reliability of a metapopulation model.

When dispersal is active (e.g. the organism is npviself), the costs and benefits of
dispersing are less chance dependant. The chansena¥al is lower when leaving a

habitat patch that is known to be suitable in otdewander through inhospitable habitat
without the certainty if ever reaching another abli¢ habitat patch (Kritzer & Sale

2006). Assumed is that an individual will stay with population / on its suitable habitat,
leaving situations like density dependant changegeaetic predisposition to taking this
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risk, optional for dispersing away from the popigat Thus, recolonization chances in
this quick scan are seen as lower for active deggerthan for passive dispersers.

6) The longer an animal lives, the smaller the ckaon death per lived year (not taking
mortality rates caused by human exploitation irdocoaint, they are dealt with in question
9). Short lived organisms therefore have an in@@afiance of local extinction.

7) If the numbers of offspring are low, the chawecerecolonization decreases. Species
with small numbers of descendants (1 or 2) generalie their individual young more
chance of survival than species with a large am@ontinstance 10.000) of young. The
chance of survival of more than 2 descendants hemeyrhigher.

8) When a species is susceptible to disastrous®yey. diseases, storms, extremely low
temperatures, generally occurring less than ongeag) which are likely to happen, the

chance on local extinction is higher. This questan only be answered with yes when
literature explicitly mentions such an event.

9) When the organism is exploited by humans, cecafid by exploitation (e.g. by-catch
or damage due to beam-trawling) the chance of etibim increases. Besides that, species
of economic importance are more intensively studirethany cases, thus knowledge on
the organism is probably extended. And, most speofeeconomic relevance are in
desperate need of proper management, making thepapetlation approach a welcome
possible option. On the other side, capriciousepast in exploitation rates can result in
unpredictable population behavior.

10) If knowledge on life history characteristicsppplation dynamics and habitat
preferences is extremely low, it will be hard teeube organism in a metapopulation
model. The more knowledge available, the more bkdiathe outcome of the

metapopulation model. When this question is ansivesiéh no, it overrules question 11
and the species will not be advised as a probabtapopulation species.

11) If the organism was mentioned or even used thgroscientists in metapopulation
context before, it is likely that the species canshitable to use, and that uncertainties
can be overcome.

2.3.2 Interpretation of the quick scan results

Interpretation and analysis of the scan was woretl using the possible population
structures and a strict maintenance of the marareh question.

The purpose of this quick scan is to get feelinghvgpecies which are, or are not,
interesting in metapopulation context. It shouldremembered that the outcome of the
scan is an approach to evaluate the probabilimetapopulation structure, but is not a
measured value.

Step 1
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Interpreting the total score is only straightford/iaf no questions remain unanswered.
When three or more questions remain unansweredjudgment on the population
structure of the species can be passed. When onéeheofcategories (habitat,
recolonization, extinction and knowledge) is noswered with yes even a single time,
the species is not (yet) interesting to use in g&apwpulation model in this phase of
research. In these cases, the first step of thekqdan is final and the species are not
further analyzed.

Step 2

The species for which less than three question snatkain and in each category at least
one question was answered with yes, are furthetyzath on possible population
structure. The categories recolonization and etitinchas to be determined high or low.
Only two questions address recolonization, sineeatiswer on the questions should say
something about the probability of a metapopulattncture in general. If one question
is answered positively, recolonization is seen @h.hlf two questions are answered
positively, recolonization is seen as low, and mepalation structure more likely.

Four questions address extinction. One of those &ddresses r-strategists, and one of
them addresses K-strategists. It is not likely thath questions are answered with yes,
and therefore the maximum score for the categotyetion is three. (Local) extinction
probability is seen as low when one question isvensd positively. When two or three
questions are answered with yes, local extinctioobgbility is seen as high, and
metapopulation structure more likely. For use imetapopulation approach, there have
to be more than ten articles available on the sgaan ISI Web of Knowledge.

2.4 Selecting species to test on suitability in agtapopulation approach

In order to asses the applicability of the metapagpan concept on the underwater North
Sea, a representative set of species needed torbpiled. First, the phyla Porifera,
Cnidaria, Ctenophora, Nematoda, Annelida, Mollugsdhropoda, Echinodermata and
Chordata were selected on basisedévance for metapopulation modeling. This sebecti
was discussed with and approved by the initiatdhisfresearch. Secondly, it was tried to
include organisms with as much species charadtaridife style, feeding mode, type of
breeder etc.) and habitat preferences as possilablg 3). With these criteria as a
framework, species were selected on basis of stiggedor suitability made by marine
scientists during the consults. For the remainihglgy common species were selected
and, where possible, species with distinctive dftarestics not represented by others
previously selected. Data on species was searcbied US|, consulting scientists and
books. A maximum time of half a day was spent ard@ng the required information on
each assessed species.
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Table 3. Characteristics represented by speciessa&sl in the quick scan for assessing
species suitability for a metapopulation model. was tried to include as many

characteristics as achievable, in order to givecmerview as complete as possible.

Characteristics At least represented by
Position in the water Pelagic Sea gooseberry
column

Demersal Cod

Benthic Ocean quahog
Substratum Silt King rag worm

Sand Common shrimp

Gravel Rayed artemis

Hard substratum

Plumose anemone

Type of breeder

r-strategist

All except Grey seal

K-strategist

Grey Seal

Sexual Moon jellyfish (medusa)
A-sexual Moon jellyfish (polyp)
Oviparous Plumose anemone
Viviparous Bread crumb sponge
Semelparous King rag worm

Type of dispersal Passive Horse mussel
Active Cod
Both passive and active (in Moon jellyfish
different stages of life)

Adult lifestyle Mobile Edible crab

Sessile

Plumose anemone,
breadcrumb sponge

Human interest

Commercial important

Cod, Commoimsghr

Not (yet) commercial
important

Rayed artemis

Not commercial important
but harmed by human
influences

Ocean quahog
Thornback ray

Feeding modes

Filter feeder

e.g. Molluscs

Predator

e.g. Grey seal

Scavenger

e.g. Edible crab
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3.1 Metapopulation theory applied to marine systemsPresent state of affairs

The attempt of applying the metapopulation conocgpinarine ecosystems is represented
by a strong body of literature of scientists of maesearch divisions from various
countries. The term ‘marine metapop*’ in the semgldatabase 1SI Web of Knowledge
results in 171 articles with the searching termkast in the topic (18-07-2009). In the
same database, the searching term ‘North Sea npgtapsulted in 34 articles with the
searching term in the topic (18-07-2009).

The species to which the concept is referred tmig the North Sea ranges from e.qg. fish
like cod (Hutchinson 2008, Wright al. 2006) herring (Marianét al. 2005) and plaice
(Hunteret al. 2003), to brittle star (Lefebvret al. 2003), polychaete (Ellieat al. 2000),
nematode (Derycket al. 2007a), grey seal (Harrisagt al. 2006) and colonial birds
(Boulinier & Lemel 1996). Especially fisheries swe has a long history in spatial and
temporal structuring of bio complexity, althoughetiterm metapopulation has only
recently been introduced (Jones 2006, Hillbetral 2003).

The many examples of the application of the metalatjon concept on the marine
environment have, however, various outcomes. Fatairte, Hummel (2003) concludes
that many bivalves in the coastal zone of Europddcbetter be referred to as “mega
populations” instead of metapopulations. On thesotiand, Gutow and Franke (2003)
did find a metapopulation structure in the isopddtea metallica although determining
parameters underlying metapopulations such as tmgraate and rate of patch
occupancy remained difficult.

The development of adapting the metapopulation €oinio marine ecosystems still is in
progress and the strengths, weaknesses, gaps wiekige and some specific situations
in which it can be applied are being explored aiated (e.g. Kritzer & Sale 2006). The
actual functioning of a marine metapopulation c@bchowever, is still not fully
understood and needs improvement on several aspleittéKritzer & Sale 2006, 2004,
Grimm et al. 2003, Smedboét al. 2002). On one side, there is a call for more tyric
formulated definitions for the metapopulation cqrtice marine context, and a uniform
use of them to prevent that the meaning of the eoihbecomes vague (Grimat al.
2003, Smedbolet al. 2002, Van der Meer pers. comm.). On the other d{diézer and
Sale (2004) and Hanski (1999) argue that strighd&ns exclude a wide array of system
dynamics on which the concept is applicable. Aheytargue, it is more important to
know the general concept and how and when it eveglt to use.

A major difficulty described in reference to marimeetapopulations, is the lack of
knowledge on dispersal capabilities of speciess,Ifor instance, extremely difficult to
track dispersal of miniscule larvae in the intemskime of the ocean. The scale at which
one should asses the existence of a metapopulatidependant on dispersal distance
(Bergman pers. comm., Van der Meer pers. comm.pa&lid, pers. comm., Karlson
2006, Kritzer & Sale 2006), and can vary enormoumriween species (Kritzer & Sale,
2006). Due to the same gap in knowledge on dispatsdances, the degree of
connectivity between populations remains unsureany cases.

The motivation to make an effort to apply the mefapation concept to marine
environments is the need to understand marine pbpnl dynamics and persistence
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(Botsford & Hastings 2006), for conservation andnagement purposes as well as for
avoiding overexploitation of marine living resouscéJones 2006Grimm 2003).
Furthermore, Hu and Wroblewski (2009) state that ‘ffroper fisheries management,
understanding the spatial and temporal populatymachics of an exploited species is
fundamental”. According to Jones (2006), “the vatie¢he metapopulation concept to
fisheries management is that it reinforces finelescegulation and harvest oversight”.
Although the applicability of the metapopulatiorediny in marine environment is not yet
completely understood, most authors referred teeaginat the concept is an extremely
useful framework for asking research questions esing spatial phenomena and
processes on different spatial scales.

3.2 The North Sea: a heterogeneous environment

Factors causing heterogeneity in the underwatetiNgea are manifold, as can be seen in
figure 6. Inflow of Atlantic water in the North andflow of river water in coastal areas,
influence both water temperature and salinity (kiooom et al. 2008a). Current
velocities vary. Substratum ranges from silty saodgravel (Groenewold & Van
Scheppingen 1988). Hard substratum was formerlgpdaat the Texel stones, but is also
added to the environment by humans in the form wiken shipwrecks oil and
gaswinning platforms, and windmill parks (Lindeboetal. 2008a). Depth ranges from
a mean of about two hundred meters in the northiemh Sea to shallow areas with a
depth of twenty meters or less in the coastal asswbs sandbanks. Light penetration
intensities vary under influence of depth and itlpj with turbidity itself being a
function of the amount of suspended material. Wistnagified waters meet mixed water,
fronts develop, eventually causing the upwellingnofrient rich water. Due to these large
regional differences in substrate, depth and hydggc conditions, the North Sea can
be distinguished into functional areas (Lindebostral 2008a), which will be illustrated
by some examples on the Dutch continental shelf.

The Doggerbank (figure 7, 1), a shallow sand balnkdes the North Sea in a shallow
Southern and a much deeper Northern part. The f@anks a natural border in fauna
distribution, with considerable different faunatbe north and south side of it.

The Doggerbank is situated at the most northerh gfathe Dutch continental shelf. It
stretches out about three hundred kilometer from sbuthwest to the northeast and
covers a part of the German, English and Danishireamtal shelf. Tidal currents, wave
forces and currents incited by wind cause intensenm of the water column on the
shallow part of the bank, whereas the long, coldaves from the northern North Sea
stratify the water on the north side of the Doggeb At the border area of the mixed
and the stratified waters develops a tidal fromtdi®ient on the Doggerbank consists of
fine sand, with grains of 12&m to 250um (Groenewold & Van Scheppingen 1988). On
top of the Doggerbank the sediment contains 1%ven less, silt. On the sides of the
Doggerbank, where water depths exceed 30 m, theneetis finer and silt percentage
varies from 1 — 11% (Groenewold & Van Schepping@d8).

In the coastal area (figure 7, 2), water depth galy increases within a distance of 5 to
15 km from the shoreline to 20 to 30 m. On the simaaclined plane, grain sizes of sand
vary between 25m and 50Qum, with silt percentages of 1 to 3 %, and patchksres
silt percentages are 10% of the sediment (Groere&dlan Scheppingen 1990). In the
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coastal waters of the southern North Sea, turbelemenerated by strong currents and
wave action result in turbidity. Rivers influendgetsalinity and nutrient availability in
the coastal area. Salinity in the coastal areaasas with enlarging depth.

Further offshore, at a distance of about 80 kmmfydm the Wadden Islands, the Frisian
front (figure 7, 3) can be distinguished. Hereatiied waters in the north and mixed
waters from the coastal areas form a physical fréhe area is supplied with silt and
nutrients from the English coast, making an inaeeas primary production possible
(Lindeboomet al. 2005).

At the western edge of the Dutch continental shib#, Cloverbank (figure 7, 4) forms a
distinguishable habitat patch, when regarding sabsh. The substratum of the
Cloverbank consists of gravel and stones, other tha surrounding majority of silt and
sand. The Cloverbank is divided by the deeper atlaBatney Cut, in which substratum
consists of 50% silt (Lindeboost al.2008a).

For a detailed description of the North Sea ecesysisee the work of Zijlstra (1988),
Lindeboomet al.(2008a) and Janssen & Schamif2@09).
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Figure 6. Many factors and processes make the N®ethh a heterogeneous environment.
Figure adapted from the book De Noordze&&reenpeace (1985).
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Coastal area, 3: Frisian Front and 4: Clover badkmajor part of the Dutch continental
shelf is strongly influenced by fisheries. On badislepth and substratum, five habitat
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types can be distinguished. Figure adapted from Hu®logical Atlas North Sea
(Lindeboomet al.2008Db).

3.3 Land and Sea: Comparison in metapopulation copkt

3.3.1 Air versus water

Obviously the first difference between terrestaatl marine systems is the surrounding
medium, air versus water. Consequently, in tenadssiystems one can easily appoint
landscapes and its components by walking throughwlitereas invisible underwater
landscapes require far more sophisticated techsitpudefine structures, components and
processes (e.g. Kaiset al 2005 Marine research, and deep water benthic research i
particular, is described as “studying a black b@djacet al. 2003) and is in most cases
extremely expensive and rather fundamental. Furtbex, oceanographic processes are
roughly known on a large scale, but on smallerescahcertainty remains in many cases
(Kaiseret al 2005, Kritzer & Sale 2006). Existing knowledge the North Sea bottom
and its inhabitants is an interpretativom data (Lindeboom pers. comm., Kaigeral
2005) gathered by taking bottom samples along & @ritransect by either the triple-D
dredge or a box core (Lindeboom pers. comm.). Whigse methods, patchiness in
substrate structures can only be given over lacgées. The lack of detailed knowledge
of marine systems however, does not make it eawierprofitably apply the
metapopulation concept here. A consequence of tfferahce in the surrounding
medium can also be found in a different energy ktidgd bottom tied ness in air and
water. In an air surrounded landscape, fauna needsve actively, and life is bottom
tied in most cases; even if a species can flygdéds a place to breed. In water, it might be
harder to avoid movement than it is to move, arekting does not essentially needs to
take place on the sea bottom.

3.3.2 Human influence

Another evident difference between land and seéhedorm of human influence. In the
terrestrial environment, ownership is fixed, opp®$o marine systems where ownership
is limited. The marine system is a multi-use enuinent with many mobile resources
while land use is largely by a single user, logaspecific and resources generally fixed
in the long and short term (Kerr 1994). In the detrial environment, the results of
human influence are fragmentation of landscapehaidat loss.

The human activity with most impact on the NorthaSscosystem is exploitation.
Especially bottom fisheries are harmful to bothamigms and their habitat (Trush al.
2001). Due to the use of tickler chains in beanwltfassheries, the bottom structure is
transformed into a homogeneous field, to depthiofcentimeters under the substrate
surface. Infauna as well as on the bottom livingngais seriously harmed by the chains.
According to Lindeboonet al (2008a), the effect of the gear can be compaoed t
ploughed field. In figure 7, the area touched hyg tjear is shown as ploughed habitat.
Areas touched by fishing gear which only scrapes libttom and thereby disturbing
mainly fauna living on the bottom, is shown as thkabitat in figure 7. Especially in the
Dutch continental shelf, approximately 80% is clethdrom natural to heavily fished
habitat (Lindeboonet al 2008a). Less destructive but physically changivegNorth Sea
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are human activities adding hard substratum. Skepke, platforms build for oil and gas
winning and windmill parks, form suitable habitatghes for species like anemones and
other organisms with a sessile lifestyle. This adtabitat patches might be seen as
stepping stones, but do not contribute to fragniemtaof the seascape (see Crosslahd
al. 2006). Shipping causes pollution of the North Seasgstem, by fuel use and waste
dumping. Furthermore via ballast water, invasivecggs can be introduced. Although
those influences can be harming for the ecosystemwhole, it is not in the first place
fragmenting the seascape. The noise produced pg ghight be disturbing for particular
species. The effects of underwater noises on asganare not exactly known, but are
thought to have a minor influence (Lindeboetral 2005).

The results of human influences in the marine rehims rather are over exploitation and
homogenization of habitat (Kritzer & Sale 2006).

3.3.3 Barriers

An important factor for the persistence of metapajpens is connectivity between
subpopulations. Due to barriers (e.g. highways drawmization) in the fragmented
terrestrial landscape, individuals can not migtatanother subpopulation with extinction
as a possible consequence (e.g. Hanski 1997).

In the marine environment, heterogeneity can benéar vertically and horizontally.
Although the processes involved clearly induce\eeidie environment, physical barriers
are not that obvious, and the consequences of #mermot comparable to terrestrial
fragmentation. Besides the coastal zone, wheredhscape is more land-like and is more
patchily distributed (e.g. rocky shores, sandbars) which is a border itself, there are
very little insurmountable barriers.

In theory, the only physical barriers in the undatev North Sea are there were the
bottom is not inundated, thus coastlines and sari@dbabove mean high water level.
Jones (2006) appoints the difference between rataduarally evolved” metapopulations
in sea, versus the more “fragmentation induced ap@pulation on land. Heterogeneity
in the North Sea clearly is “natural evolved” andt rifragmentation induced”, and
species distribution patterns are adapted to thsipitities the system offers.

Patches of suitable habitat are more often widespfeomprising hundreds of square
kilometers, see figure 6 and 7), opposed to patonewnd (varying from some square
meters to some square kilometers) which are mdss é$olated. Kritzer & Sale (2006)
argue that there might be a fundamental differancecological characteristics such as
stability and resilience between systems that “exlto be patchy and interconnected as
opposed to one that has recently been restrucagredch”.

Of course, there are exceptions in specific hahiyges and species, but marine
populations in general are less isolated or frageterthan terrestrial populations.
However, the question whether the factors and gs®se mentioned above reduce and
divide a larger area of habitat into two or moragfents (thus form a barrier), is
dependant on capability and habitat preferencendividual species. Currents or tidal
fronts can indeed form a restraint for particujgeses, in the strictest sense meaning that
the seascape is fragmented.
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3.3.4 Life history differences instead of land wsrsea

Many marine fish and invertebrate have a complécycle. Approximately 70% of
marine invertebrates have pelagic larvae (Mileikyv4971) which undergo intense
changes in size, morphology, physiology and behmagioing dispersive stages. Most
pelagic larvae are not able to avoid dispersathag can not move themselves for long
distances horizontally (Bergman pers. comm.) THegtfin the water driven by ebb —
and flood currents, and when a strong wind holdsadonger time, the larvae are
dispersed further (Kaisest al 2005). Comparable to freely dispersing pelagi@atare
dispersed seeds that can drift almost anywhereabeitonly able to complete their
lifecycle in favorable habitat (Norris 2000) Accord to Kritzer and Sale (2006), in
addition to the marine species inability to avoidpérsal, most terrestrial dispersing
individuals are developmentally static, and displensainly serves to get from point A to
point B. Kritzer and Sale (2006) therefore stat tive might do well think about types
of metapopulations in terms of life history catggtran whether the organisms live on
land or in the sea”.

3.4 Assessing species suitability for use in a mag metapopulation model

In this research, 15 species (breadcrumb spongen patlyfish, plumose anemone, sea
gooseberry, the nemato@eamonhystera disjungting rag worm, rayed artemis, horse
mussel, ocean quahog, edible crab, common stathisihnback ray, cod and grey seal)
were tested on suitability in a metapopulation nholkbethe table 4, the scores on habitat,
recolonization, extinction and knowledge are shoamd if less than three questions
remained open and each category was answeredvpbsti least once, a total score was
given. Individual assessment motivation, test tesuhumber of articles on ISI,
importance and prominent characteristics of speagsessed using the quick scan are
described below. Asterisks in the quick scan answefer to asterisks in the species
descriptions.

Porifera

Breadcrumb spongddalochondria panaceéGewone broodspons)

Total score five, three question marks remain.

124 articles on ISI.

Breadcrumb sponges live attached on algae, rockanse sand (Barthel 1986). The
breadcrumb sponge is viviparous; “fertilized eggsedop into swimming larvae within

the mesohyle, and than leave the parent spongeghriie excurrent canals and oscula
(Aman 1986). Besides sexual reproduction, spongesfamous for being able to
aggregate and reorganize into a new sponge (Cadtober 2008). According to Witte

et al(1994), there are several populations of breadcrsmoimges on North Sea scale.

Cnidaria

Common or Moon jelly fistAurelia aurita(Oorkwal)

Total score three, no discrete habitat or homing kawn. Extinction probability
seems to be low, and recolonization rate high.

426 articles on ISI.
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In contrast to species being over exploited, themjellyfish is thought to be a “major
limiting factor for the population growth in copepand larval fish” (Méller 1980). The
sudden mass abundance of the medusa stage mayeirfipieidg activities, power plant
cooling and local tourism.

The moon jellyfish has, as most jellyfish, a sespiblyp and a mobile medusa stage.
*Although the medusa is able to propel itself,9stdependant on hydrodynamics and
therefore seen as part of plankton (Mdller 198(®prMRduction is both sexual (in the
medusa stage) and asexual (in the polyp stage).

Habitat seems to have a wide geographical rangstlyno shallow waters (Dawson &
Hammer 2009).

*Although no discrete habitat patches are usedthacdexhibition of natal philopatry as
well as the existence of subpopulation remainsesiipn, the wide distribution range and
passive dispersal points to the probability thadividuals can bridge the distance
between eventual populations.

Plumose anemondetridium senilgZee anjelier)

Total score four, three question marks remain.

180 articles on ISI.

All species in the class Anthozoa are marine.

Reproduction occurs asexual by pedal laceratiamgifodinal or transverse fission, and
sexual (oviparous), with free swimming larvae (Ketim& Svane 1994). Occurs from the
mid intertidal zone to depths of more than 100 rasd®e suspension feeder. A
characteristic habitat is formed by shipwreckswa#l as rocky shores, dikes, and other
hard substratum. Densities of 500 individuals pgr m

Ctenophora

Sea gooseberiyleurobrachia pileugZeedruif)

Total score three, three question marks remain.

81 articles on ISI.

Many articles are on anatomy of the species.

Pleurabranchia pileuss a competer for crustacean zooplankton with gpeléish, and
fish larvae (Fraser 1970). It is a non selectivaivare.

*Passive horizontal tidal movement and active digptvertical migration (Wangt al.
1995). The life cycle is not completely understoltds thought that the sea gooseberry
has a lifespan of one year (Frank 1986). Spawrsngontinuous while conditions are
suitable but changing conditions can sometimes tiigeeffect of two separate spawnings
in a year” (Fraser 1970).

Nematoda

Geomonhystera disjuncfdlematode, no English or Dutch species name)

Total score four. Not enough knowledge. Extinctiomate seems to be low.

7 articles on ISI.

The combination of the searching terms ‘Nematode ‘#etapop* and ‘North Sea’ on
ISI gave three articles referring to two differematode species, written by Deryeke
al. (2007a, 2007b, 2006). One of these speci€zeismonhystera disjunctdhe authors
suggest that metapopulation dynamics are likelgcmur inGeomonhystera disjunctas
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the species is patchy distributed on algal depo&itsomplicating factor however, is that
the species are also observed in the sediment., TWhen algae are completely
decomposed, a local extinction will be unlikelyths species can inhabit the sediment as
well. Information below is derived from the artidéDeryckeet al.(2007a).
Geomonhystera disjunctes a free living nematode with a endobenthic /pbpiic
lifestyle. Dispersal capability is limited. The sges has a short generation time (8 days)
and a high reproductive output (200 — 500 eggs/iena

Only a small fraction of the total predicted nendgtaliversity is currently described, as
species identification is complicated because itgmdr ecological features may be
situated beyond the resolution of light microscopy.

Annelida

King ragwormNereis virengZager)

Total score six. Low recolonization and high extinion. (Meta) population without
discrete habitat and homing unknown.

301 articles on ISI.

The king ragworm has commercial value as bait endba angling sport industry and in
aguaculture industries for the production of fihfiend crustacea (Olive 1999). King rag
worms aresemelparous (individuals die immediately after dneg) (Olive et al. 2000).
*Life span varies between one and seven years tsen 1984, Olivet al. 2000).
Annual mortality for year classes one and two ateidd 76%, and it is assumed that an
age class of king rag worms reduced to 1.2 — 1.4% of the initial number ¢hyears
after hatching (when mortality has a constant rfaten hatching to reproduction)
(Kristensen 1984). Natural populations are compadesgveral year classes and exhibit a
mixed age at maturity strategy (Olivet al 2000). Larval stage includes three
development phases, supra benthic, pelagic andibent

*Settlement depends essentially on hydrodynamicgsses related to the tide. Three
year old individuals can migrate from upper intatilevels downshore (Desrosi@tsal
1994).

Mollusca

Rayed artemifosinia exoletg Artemisschelp)

Total score two. Six question marks remain.

9 articles on ISI.

Articles on population structure were not availafidet do exist). Rayed artemis inhabits
gravel and was therefore chosen to asses. Thevbiialcultivated and exploited in
Spain, and is identified as a species with futur@ket potential (Sanchez-Marin &
Beiras 2008,)

Horse mussdillodiolus modiolugPaardemossel)

Total score five, high recolonization and low extiotion. Stable population with a
discrete habitat patch.

508 articles on ISI.

The bivalve mollusk horse mussel attaches with Uygbreads to the substratum or
others horse mussels. The species is seriously daarbly bottom trawl fisheries
(Murawski & Serchuk 1989) It is thought to havieagevity of about 20 years.
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Ocean quaho#@rcticaislandica(Noordkromp)

Total score four. High recolonization and low extition. Stable population without
discrete habitat.

167 articles on ISI.

The bivalve mollusk ocean quahog is seen as awgdtati for environmental health and
biodiversity (Meesterset al. 2008, Witbaard & Bergman 2003, Rees & Dare 1993).
Ocean quahog occurs in temperate and boreal sketf @n both sides of the Atlantic
Ocean (Witbaard 1997, Ropes & Murawski 1983). [hbstion patterns are directly
related to bottom temperatures, according to Hagréinal. (2008). In the North Sea,
ocean quahowas never collected alive in the shallow, sandystadasector (Witbaard &
Bergman 2003). North of the 30 m depth contoumit be found virtually everywhere,
although in low to very low densities (Witbaard &fgman 2003). Ocean quahisghe
longest lived (Abeleet al. 2008) and one of the slowest growing of marine lbes
(Ropes & Murawski 1983). Ocean quahogs have cledrveell defined growth lines,
which makes it possible to use it in a way simitatree rings (Witbaard 1997). By using
this method, a maximum age of 400 to 405 yearsra@wded in Iceland quahogs (Abele
et al. 2008). Adult ocean quahogs lives burrowed, jusowethe sediment — surface
interface (Ropes & Murawski 1983, Rees & Dare 198&paard 1997). They feed on
plankton with relatively short siphons which aretezmded above the surface of the
substrate to pump in the water (Ropes & Murawsi31€Largnelliet al. 1999). Genetic
studies suggest the existence of genetic differeacel a high degree of reproductive
isolation of populations within the North Sea (Helret al. 2003). According to
Witbaard and Bergman (2003) it is “gquestionable tvee the population in the
Oysterground is fed by larval supply from elsewhefEhe genetically distinct and
geographically separated populations could howeussibly be seen as part of a
metapopulation. Knowledge on population structatistribution and abundance in the
North Sea remains scarce, contrary to the westetan#ic where the species is
commercially important and therefore subject oflss (Witbaard 1996). Still, questions
about amongst others recruitment of individualsptpulations, spawning, population
sizes and so on, remain unanswered (Cargetedli1999, Mann & Wolf 1983).

Arthropoda

Edible crabCancer pagurugNoordzeekrab)

Total score seven. Low recolonization and high extction. Metapopulation by a
form of homing (see first asterisk below).

346 articles on IS, of which one with the term taq@opulation’ and the species name in
the topic: Scale effects and extrapolation in egiclal experiments (Englund & Cooper
2003Y. Dispersal is both active (adult females can mmeee than 100 km) and passive
(larvae remain in plankton for 2-3 months (Ungfetsl 2009)).

*As “Female migrations are thought to be directgdiast prevailing surface currents to
compensate for larval dispersal which could prongeeetically distinct populations”
(Ungforset al. 2009), natal philopatry is given the benefit of dtoubt in the quick scan.
See the work of Ungforst al. (2009) for a discussion on the lack on genetiaocttire

4 Only an abstract was available.
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which indicates a high degree of genetic mixturerav large area, and possible reasons
for that. Existence of subpopulations probable Begns & Eggleston 2004).

*Ageing of the edible crab is extremely difficulis individuals grow by molting and
growth rates are highly variable. Sheehy and P@2@08) conclude that longevity of
edible cralin the English channel is about 10 years.

Common shrimgrangon crangorfGewone garnaal)

Total score six, low recolonization and high extintgon, but no discrete habitat and
homing not known.

616 articles on ISI.

Commercial important species, with annual landiegseeding 20.000 t (Temming &
Damm2002). Surprisingly, the understanding of the ffde of the common shrimp is
incomplete, even as knowledge on vertical migrafiatierns (Temming & Damr2002,
Oh & Hartnoll 2004). The maximum lifespan differs between stydéesl is thought to
be between 2.7 and 3.3 years @Hhlartnoll 2004).

Echinodermata

Common starfisisterias rubengGewone zeester)

Total score four. High recolonization and low extition. Stable population without

a discrete habitat.

530 articles on ISI.

Common starfish have a considerable negative immpaeiconomic important species, as
it is a consumer of musseMytilus eduli3 and a competitor for food with many bottom
feeding fish (Kamermanst al. 2009, Vevers 1949). Common starfish occur on noud t
coarse and gravel to rock grounds in depths froenititertidal to > 600 m (Gemmil
1914). It is a trophic generalist predator. It ikely that there are more than 2
subpopulations in the North Sea, although the u#edature only described two
populations in the English channel off Plymouth (& 1949). Oldest age described in
the used literature was 3 years, but it is probabl Common starfish can grow
somewhat older.

*Dispersal is both active and passive.

Chordata

Thornback rayRaja clavataStekelroq)

Total score seven, low recolonization and high exittion. (Meta) population without
discrete habitat and homing unknown.

150 articles on ISI.

1 article refers to metapopulations (Chevelioal 2007), where the authors suggest that a
“relatively high gene flow between the Irish Segplation and other source populations
[...] might be more relevant at the metapopulaticalesc

The thornback ray is thought to be declined witarhye80% in the North Sea (Walker &
Heessen 1996) and disappeared in some placesp&bies forms an unavoidable part of
bycatch in demersal fisheries.

Females are mature at ages between 9 and 12 gagglotet al 2007) and *fecundity
is called low by Chevelat al (2007), with 38-150 eggs per female per year.
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*Walker et al (1997) suggest the existence of 2 separate stacies in the Thames

estuary in the North Sea and one in the Englishn@&la The stock in the North Sea
should be seen as a “series of local concentratigtisregular exchange of individuals”

(Walkeret al 1997). Thornback rays are thought to swim a marindistance of several

100 km, although capture — recapture measuremenmt®mstrate distances of 60-70 km
(Chevoletet al.2007).

CodGadus morhugKabeljauw)

Total score seven, low recolonization and high exittion. Metapopulation due to
natal philopatry.

5283 articles on ISI.

‘Gadus morhuaand ‘metapop*’ in the topic resulted in 21 artgcle

The commercially exploited, demersal cod can lipeta 20 years (nowadays rare) and
females produce between 500.000 and 5.000.000psygsear (Meesterst al. 2008)

* There is at least one population in the North,Zsawell as in the Barents sea and the
Balthic Sea (Kijewskat al. 2009, Smedbol & Wroblewski 2002, Ruzzasteal. 2000).
Given the species mobility, it is counted as pwsitn this scan.

Grey seaHalichoerus grypugGrijze zeehond)

Total score eight. Discrete habitat patches, low o®lonization rate and a high
extinction probability. Ultimate metapopulation.

782 articles on ISI.

The grey seal has recolonized the North Sea onlyesi970, after an absence of about
500 years (Reijndemst al. 1995). Reason for absence was excessive huntingredent,
four populations are established along the mainBuabpe, and a link with the larger
populations in the UK was indicated by trackingraivements (Harkonegt al 2007).

w
I



Table 4. Score table for assessing species sutiabir use in
metapopulation context. The more questions answeithdyes,

Q
the more likely it is that the species can be useda é >
metapopulation approach. When individual categonesre| 5 3 9 % Ug’
never answered with yes, or when three or moretguemarks| & > o § e i %
remain, no answer can be given on the questionhehehis| S g | = g S £ c o
species might suitable in metapopulation contexte Total| § § S g o £ 2 f‘%
score is between brackets. * Refer to species isars. o | 2 o « < < o
Habitat:
1 Does the organism live in / on discrete habitdtipes? ves | No | Yes| No No No ves
2 Does the population return to their place oftbintorderto | , 5 ” 5 5 ” 5
breed?* not needed if 1 = yes ' ' ' ' ' ' '
3 Are there 2 or more (sub) populations on Norta S=ale? Yes| ? Yeg 7 Yes Ye ?
Habitat score 2 0 2 0 1 1 1
Recolonization:
4 |s it probable that individuals can bridge thstainces ? Yes*| ? ? Yes Yes | ?
between populations occurring on North Sea scale?
5 Is dispersal active? Yes | No* | Yes | Yes* ? Yes* | ?
Recolonization score 1 1 1 1 1 2 0
Extinction:
6 Is the organism short lived (< *+ 4 years)? Yes | Yes | ? Yes| ves vesr No
7 s offspring of the organism low in number (<20) No No | ? No No No ?
8 Is there a high chance on disastrous events? N\bo No | No No ?
9ls the organism in the North Sea exploited (tecéd by No No No No No ves | Yes
exploitation) by humans?
Extinction score 1 1 0 1 1 2 1
Knowledge:
10 Is kno%vledge on animal sufficient (>10 artiobesISI)? Yes | Yes ) Yes'Yes | No Yes | No
Il'l Is the metapopulation concept used for thisispen No No No No | Yes No No
iterature (1S1)?
Knowledge score 1 1 1 1 0 1 0
Total score 0(5)[0(3)|0(4) |0(3)|0(3) 6 0(2)
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Table 4 continuated. 9 ~
5 |5_|5.|8 g
08| 58| o ES|EG | £ Z
£8| 85 2 |Ec 5|55 |3 |8
TE|Ooc | W O |O® |F S O O
Habitat: N
1 Does the organism live in / on discrete habitdtipes? ves | No* | No No No No No ves
2 Does*the populatlo_n re_turn to their place oftbirt order to 5 5 Yes* 2 5 5 ves 5
breed?* not needed if 1 = yes
3 Are there 2 or more (sub) populations on Norta S=le? Yes | Yes | ? Yes| YesfYes* ? Yes
Score habitat 2 1 1 1 1 1 1 2
Recolonization:
4 |s it probable that individuals can bridge thetainces Yes | Yes | Yes| Yes| Yes| Yes* Yes Yes
between populations occurring on North Sea scale?
5 Is dispersal active? No No | Yes | Yes| No*| Yes Yes Yes
Score recolonization 1 1 2 2 1 2 2 2
Extinction: N N
6 Is the organism short lived (< + 4 years)? No No ves?| Yes | Yes® No No No
7 1Is offspring of the organism low in number (<10)? No No No No No Yes* No Yes
8 Is there a high chance on disastrous events? No No No | ? Yes Yes
91s the organism in the North Sea exploited (éecéd by ves | Yes | Yes!| Yes| No!| Yes Yes No
exploitation) by humans?
Score Extinction 1 1 2 2 1 2 2 )
Knowledge:
10 Is knowledge on animal sufficient (>10 artiobeslISI)? Yes | Yes | Yes| Yes| Yes Yes ves ves
1_1 Is the metapopulation concept used for thisispen No No | Yes | No No Yes Yes Yes
literature (ISI1)?
Score knowledge 1 1 2 1 1 2 2 2
Total score 5 4 7 6 5 7 7 8
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Table 5. Score table for assessing species sutiahpplied to

four randomly chosen terrestrial species. ‘NorthaSevas § é = o

replaced by ‘The Netherlands’ and ‘exploitation’ ‘bynting’. g Eo | g 9%
T 0S| S=

Habitat:

1 Does the organism live in / on discrete habitdtipes? Yes | Yes ) Yes| Yes

2 Does the population return to their place oftbintorderto | > o 5

breed?* not needed if 1 = yes ' ' ' '

3 Are there 2 or more (sub) populations in the He#mds? Yes | Yes | Yes| Yes

Score habitat 2 2 2 2

Recolonization:

4 |s it probable that individuals can bridge thstances Yes | Yes | Yes| Yes

between populations occurring in The Netherlands?

5 Is dispersal active? Yes | Yes | Yes| Yes

Score recolonization 2 2 2 2

Extinction:

6 Is the organism short lived (< + 4 years)? No | Yes | Yes | Yes

7 s offspring of the organism low in number (<20) Yes | Yes| Yes| No

8 Is there a high chance on disastrous events? Nes | Yes

9 Is the organism in the Netherlands hunted (ectéd b

hunt) by hgmans? ( ’ Yes | No No No

Score Extinction 2 2 3 2

Knowledge:

10 Is kno%vledge on animal sufficient (>10 artiobesISI)? Yes | Yes | Yes| Yes

1_1 Is the metapopulation concept used for thisispen ves | Yes | Yes| Yes

literature (ISI1)?

Score knowledge 2 2 2 2

Total score 8 8 9 8
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Of these 15 assessed species, 6 species (breadspomge, moon jellyfish, sea
gooseberry, common seastar, the nemat@@@monhystera disjunctand the rayed
artemis) fell out in the first interpretation stepither because too many questions
remained unanswered, or because one or more c@&®gaere never answered
positively.

For four of the assessed species, two or more guibgtions were described in literature,
but no discrete habitat patches or homing were imaed. This might be a scale problem
(the North Sea as a whole might be a habitat paiclsjmply a lack of knowledge on
precise habitat preferences. According to the quickn results, the ocean quahog
populations are stable (recolonization and extimctare not driving forces) but the
species does not have a discrete habitat patchcdrmenon shrimp, king rag worm and
thornback ray do show metapopulation structure,dauias far as known) not live on
discrete habitat patches. The horse mussel iretiteseems to be a stable population with
a discrete habitat patch. In this species howaweman influence has a major role in
extinction of the species, which is not shown by tbsults. Metapopulation structure is
probable in the edible crab, as the female ofgpexies is thought to walk opposite to the
current before spawning, giving her offspring ahhichance to recruit to the parent
population. In cod, metapopulation structure idptde, as a stock returns to the place of
birth in order to breed. Finally, the ultimate ptgiion structure is probably in grey seal
population structure.

In order to compare the test results to the outcofitbe test for terrestrial species, four
randomly chosen land living species were chosewnrtiNSea’ was replaced by ‘The
Netherlands’ and ‘exploitation’ was replaced bynhing’ (table 5).

For roe deer@apreolus capreolysDutch: ree), the total score was eight, and with
discrete habitat patch, a low recolonization ratd a high extinction probability the
species would be in the category ‘ultimate metafmimn’. The common voleMicrotus
arvalis, Dutch: veldmuis), the blue titParus caeruleusDutch: pimpelmees) and the
butterfly large white Rieris brassicae Dutch: groot koolwitje) represented the same
category.

38



Besides some clear differences and similaritiemyptcated comparisons appear in the
literature, being either nuanced or made even noom@plex by others. However,
especially when comparing to a terrestrial landsc#pe terms fragmentation, barrier and
suitable habitat patches do not seem to fit theeomater North Sea. In the marine
environment, exploitation and the homogenizing egugnces of beam trawl fishing
form major threats in population persistence fornynapecies. Despite being a
heterogeneous system, and despite the questiomeviibe system is fragmented or not,
isolation of populations is of minor importance foontinued existence. This is in
contradiction to terrestrial systems where fragmgon (resulting in isolation) forms the
most important pressure for metapopulation persigte

It is therefore questionable if a metapopulatioprapch is the most relevant one in the
marine environment. Furthermore, on land, solutfongersistence problems induced by
fragmentation are sought in the assignment andticani®n of connection zones. In the
marine environment, prohibiting fisheries in aseigrprotected areas might stimulate
persistence of populations. The feasibility of aection zones in between protected areas
however, is practically unrealistic for severalseas. Hydrodynamic forces and weather
influences are not geographically static, meanivag & connection zone should have such
a broad margin, that it might be easier to just enake area of the areas that should be
connected. Secondly, there might not be a phybigaler and thus no need for a marine
organism to choose for the ‘connection zone’, mgkime actual functioning of marine
connection zones questionable as well.

When looking at the wide ranging habitat types, #mel theoretical lack of physical
barriers, one might come to the conclusion thatrdie habitat patches in the North Sea
are either scarce, or that the scale of lookingpiiches is too small. Lack of discrete
habitat however, may be a lack of knowledge, whenpared to terrestrial species where
much more is known from habitat preferences. Habigas are roughly known, but exact
preferences are for most species not clear yetd8gdor instance sediment structure,
water temperature or depth could be a habitat meée. Than, the underwater North Sea
might actually be a patchy environment. This is ée&r simply not known.

Furthermore, chance dependant processes play a m&goin the marine environment.
The medium water gives more opportunity to moventla@, desired or undesired.
Despite all kind of strategies species practicerider to get recruitment to the local
population, it is in many cases chance dependantoifng return to their parent
population, or drift away and settle on anothecpatf suitable habitat.

The difference between land and sea inhabitingrosgss is not always that simple to
appoint. In many cases, an organism seems to berf@cp candidate to use in
metapopulation context, but when more charactesistif this animal are set out, a
complicated picture appears. The quick scan foessisg possible suitability of marine
species to use in a North Sea metapopulation mga@eguide to find out if it is worth the
effort to focus on the particular species in mepagation context. The questions address
habitat, recolonization and extinction in such g weat the answer says something about
the probability of a metapopulation structure, amne applicable for all organisms. The
parameters therefore needed to be generalized,t@arfthve a uniform answer. The
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advantage of the yes / no questions used in theareh is that one can relatively simply
structure the different parameters a species hasomdorm with for being part of a
metapopulation, and see the cumulative effect afsehparameters together. The
downside of this method is that the scan excluthes possibility to ask for species
specific features. The questions on the longevity mumbers of offspring address a K-
strategist and a r-strategist respectively makingcare of 11 (the total number of
guestions) very unlikely. The question if thereaifiigh chance on disastrous events is
somewhat suggestive. It is however only answerdatl yes if literature appointed on
such risks, other than exploitation by humans. &xgaiion by humans is marked as
positive for the chance on metapopulation strugtasethe chance on (local) extinction
gets higher. The difficulties in modeling will garger too.

Interpretation of low or high recolonization ratextinction probability in this scan is
thus an approximation, not a measured value, argldf major importance to keep in
mind that this scan is designed as a help in strung} the different aspects a species has
to conform with. When applying the test for assegsthe suitability for use in
metapopulation context on randomly chosen teredgfiecies however, the results show
the expected ultimate metapopulation structure pDeshe fact that the test might need
some improvement on several aspects of it, thisseas as an indication for reliability.
The table was however not used for all terresjprimia.

Selection of marine species was not from a nepiait of view. Selected species were
either brought under attention by scientists cdaslilor they appeared to be interesting
in a literature scan on ISI. Furthermore, speciesevselected to cover a wide range of
species characteristics. The results of the quada anight therefore not be seen as
representative for all species occurring in theth&ea.

As time was restricted during this research, a maria time to acquire data on each
species was set. The question marks in the tabkedb not represent all information on
species available.

When looking at the three score tables, one cars@@e kind of parallel in the increase
in score and species ‘higher’ in the phyla. Althlodige set of species is not sufficient for
being able to bind any conclusion on it, this migatinteresting for further research.
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The attempt of applying the metapopulation coneaptthe marine environment is in
progress. The actual functioning of a marine matafadion concept however, is still not
fully understood and needs improvement on sevespédcs of it. The metapopulation
concept can nonetheless add a framework for askisgarch questions on and describe
actual spatial population processes and structures.

Heterogeneity in the underwater North Sea can bmdd vertically by depth related
changes in light intensity and oxygen concentratigradients in water temperature,
density, salinity, nutrient concentrations and $o Horizontally, currents, circulation
patterns, surface waves, tides, longitude / lagifiglibstratum, salinity etcetera cause a
heterogeneous environment. Although these processesarly induce a diverse
environment, physical barriers are not that obvious

Relevant differences between land and sea comaniseersus water, fragmentation on
land versus homogenization and overexploitation sea, and the relatively
straightforward terrestrial recruitment versus ctarppelagic larval stages with unknown
dispersal capabilities in sea.

The species that seems to be most suitable fanwsenetapopulation model in the quick
scan is the grey seal. Edible crab and cod arenpaltspecies to use in a metapopulation
model. Both do not have a discrete habitat patah,abe known to have a strategy to
ensure their offspring recruits to their own popiola For species which seemed to be
suitable by having a discrete under water habitdtlp not enough knowledge was
present.
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(Re-) Colonization
A species reaching an unoccupied habitat patchbksties and maintains (Van Dapal. 1999).

Connection zone
A zone in between habitat patches by which spe@agmigrate from one suitable to another.

Benthic
Of, relating to or occurring at the bottom of a pad water (Merriam-Websters OnLine dictionary, QB-
2009).

Demersal
Living near, deposited on or sinking to the bottoihthe sea (Merriam-Websters OnLine dictionary,0¥6-
2009).

Dispersal

The tendency of an organism to move away, eithemnfits birth site (natal dispersal) or breeding sit
(breeding dispersal). Rates of regional disperspledd on a.o. the size and shape of the sourcetheea
dispersal ability of the organism and the influerafeenvironmental factors such as winds or ocean
currents. Dispersal may be passive, active, passivavolving an active agent or clonal (Allaby(&). In
metapopulation context, dispersal is often betwadypopulations.

Disastrous event
Disasters like diseases, storms or extremely lomptratures, generally occurring less than oncea ye

Ecosystem

A natural unit consisting of living and nonlivingagis interacting, interacting to form a stable syst
Ecosystem principles can be applied to all scalgste an ephemeral pond equally to a lake, anrooea
the whole planet (Allaby 2003).

Extinction
Other than the regular definition, extinction ifsthontext is defined as extinction of a (sub) gafan.

Filter feeder
Suspension feeding in which water is actively pudhpe filtering structures are swept through theewrat
(Castro & Huber 2008)

Fragmentation
The process whereby a larger, continuous livingirenment of a species is both reduced in area and
divided into two or more fragments by obstaclegeasrain that is unsuitable as habitat (see Opdam &
Hengeveld 1990).

Habitat
The collection of values related to the living regments of a species which fulfill the physiologlig
determined needs of that species for reproductioinsarvival (Ottburget al 2007).

Habitat patch
A spatially defined area where habitat for a spebi@s been established (Ottbetgal 2007), surrounded
by non-habitat.



Halophytes
Salt tolerant plants.

Heterogeneity
The relative abundance (per unit volume or areahefvarious structural components and their vditab
(Fraschettet al,2008).

Homing

The return by an animal to a particular site tbaised for breeding or sleeping. The term may ajaptiie
return of an animal to its nest after foraging,torseasonal migrations between breeding an foraging
grounds (Allaby 2003).

Isolation
Separation from surrounding environment.

K-selection / strategist

Selection for maximizing competitive ability, thérategy of equilibrium species. Most typically is a
response to environmental resources. This impbkéscgon for low birth rates, high survival ratesang
offspring and prolonged development (Allaby 2003).

Landscape
A landscape is a system consisting of biotic, dibiand anthropogenic components. A landscape aan v
in scale and is a heterogeneous composition ofdatieg systems (Van Dokt al. 1999).

Landscape ecology
The field of study focused on patterns and processiginating in the interaction between biotidyiatic
and anthropogenic elements within a landscape ap et al. 1999)

Landscape elements
The basic, relatively homogeneous ecological wmitether of natural or human origin, on ‘land’ aeth
scale of a landscape.

Metapopulation
A metapopulation consists of subpopulations in Whigtinction processes and recolonization processes
determine to a large extent the size and persistehsubpopulations and the metapopulation as dewho

National Ecological Network (NEN) or Ecologische Hofdstructuur (EHS)
The National Ecological Network is a network ofasén The Netherlands where Nature has priority.

Natura 2000
Europe-wide network of sites tasked with the prestion of natural heritage.

Networkpopulation

In the literature the term netwerkpopulation isdusgnonymous to the term metapopulations, althdlgi

do differ. The term metapopulation is used to referctual (sub) populations, and networkpopulation
refers to both the actual populations and habitéiesre populations are (temporarily) extinct.

Ovipary



The method of reproduction in which eggs are laid ambryos develop outside the mothers body, each
egg eventually hatching into a young animal. Littieno development occurs within the mothers body.
Most invertebrates and many vertebrates develspithy (Allaby 2003).

Pelagic
Living in the water column, away from the bottomaéfro & Huber, 2008).

Philopatry
The tendency of an individual to return to or stajts home area. Most animal species show someedeg
of philopatry (Allaby 2003).

Population
A group of organisms, all of the same speciesdhatipies a particular area (Allaby 2003).

Population dynamics

The study of factors that influence the size, formmd fluctuations of individual species or genus
populations. Emphasis is placed on change, enéwgydnd nutrient cycling, with particular referenice
homoeostatic controls. Key factors for study aresthinfluencing natality, mortality, immigration dan
emigration (Allaby, 2003).

Predator
Organism obtaining energy (as food) by consumirsgially killing, another organism, the prey (Allaby
2003).

Recruitment
The process of adding new individuals to a popaolatdor subpopulation by growth, reproduction,
immigration and stocking (Merriam-Websters OnLingidnary, 16-07-2009).

r-selection / strategist

Selection for maximizing the biotic potential () an organism so that when favorable conditionsubcc
(e.g. in a newly formed habitat) the species cammtrcan rapidly colonize the area. An opportunist
strategy is advantageous in rapidly changing enmrents as in the early stage of succession (Allaby
2003).

Seascape ecology
The field of study focused on patterns and processiginating in the interaction between biotidyiatic
and anthropogenic elements within a seascape.

Scavenger

(Detritus feeder)

Heterotroph (an organism that is unable to manufacits own food from simple chemical compounds)
that feeds on dead material (Allaby 2003).

Semelparity
(Big bang reproduction)
The condition of an organism that has only oneaépctive cycle during its lifetime (Allaby 2003).

Sessile
Attached to a substrate (Allaby 2003).

Subpopulation



A population that forms a part of a metapopulation.

Terrestrial environment
Land, not inundated by water.

Vivipary
The method of reproduction in which young are paedlat a stage of development in which they are
active. The growth of embryos occurs within the Imeos body which nourishes it (Allaby 2003).



