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Immary

Effects of stressors on organisms are most frequently analyzed in-tehortexperiments
focusing on one stressor only. However, in their natural environment species are usually
exposed to multiple stressors for a long time with varying stressor intessiied under
fluctuating environmental conditions resulting cumulative effects. Hence, there is a gap
between experimental science and field conditions, which is relevant for nature conservation.
For an effective management it is important to understahd effects of multiple stressors to
adjust measures to meet the actual needs of ecosystem components. An underestimation of
actual impacts might result in less ambitious programmes of measures or managing actions than
necessaryln aworst-case this woull lead tothe extinction of affected species. Therefore, the
topic gained national and international attention in science and in legal frameworks. The Marine
Strategy Framework Directive (MSFD) requests for example cumulative effects assessments to
assesshe environmental status adequately, which is the basis for the development of national
programmes of measures.

In chapter one, | review published methods for cumulative effects assessments and discuss their
applicability in the context of nature conseri@t and implementation of the MSFD. The
reviewed methods comprise the indicator concept, crvspact analyses, ecological network
analyses, causal analyses using flow diagrams, the threshold approach, toxicokinetic chemical
interaction models, Dynamic Ergy Budget Moodels (DEBodels), geographical analyses, and
expert judgement. | conclude that none of the methods is suitable alone and that a combined
approach is needed to assess cumulative effects adequately.

The aim of my thesis was to develop a condep cumulative effects assessment comprising
literature data based, transparent, and reproducible methods to produce quantifiable results
for cumulative effects assessments

In chapterthree, | present the overall concept. The first important componeithe concept is

the systematic organization, analysis, and visualization of literature data. Secondly, | developed
new methods by adjusting and combining already existing methods to analyze cumulative
effects on organism level, on habitat level and faspatial perspective. Third, | developed a
scheme for the realization of an online tool for cumulative effects assessment by identifying the
modules and links between them needed to provide a suitable data flow and traceability of
information. The online tol is realized with the Literature based Cumulative Assessment Tool
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extraction of literature data, for the organization and visualization of literature datdiltering
literature data, for the analysis of monitoring data, for geographical analyses and it comprises
several modules for cumulative effects analyses. Moreover, species names are linked to a big
online species database. Literature data serve as #ssshfor the construction of a network of

links between pressures and effects, which are visualized in flow diagrams. The data extracted
from literature are further used as inputs for a matrix analyzing interaction effects between
stressors, for a model atyzing temporal dynamic cumulative effects on organisang for a
network model for the analysis of cumulative effects on habitats. Lastly, impact maps can be
created to identify hotspots where human pressures accumulate spatiallyoaidéntify where

one can expect a high cumulative ingb@n thenatural environment.

Next, | describe two of the proposed methods for cumulative effects assessment more in detail
and apply test data to assess their applicability.
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In chapterfour, |1 analyze the cumulative fetts of several anthropogenic and potential
environmental stressors on blue musse¥dyfilus eduliy by combining a matrix model and an
adjusted ynamic Energy Budget Model (DEBdel). First, | calculate the interaction effects
between stressors with a cross impact matrix. Cross impact matrices assume that a complex
system can be explained by the analysis of all pairmisactions. Those interactions are
organized in a tabulaéd G4 NHzOG dzNS&® L | LJILJX ASR GKA& &AO0OKSYS
stressors on the effects of each of the stressors by calculating the corresponding row sums.
Moreover, | analyze temporal dynamics related to the stressor response of the organism@a wit
mathematical model. Here, | consider the uptake processes of heavy metals, acclimatization
processes and potential temporal delays. | integrated these two modules into an established
Dynamic Energy Budget Model (DEBdel) designed faMytilus eduligSaraiva et al. 2012) and
calculated the cumulative effects of a given pressure situation for a geographical spot close to
the East Frisian Island Norderney. The results show the impact of the multiple stressors
throughout the life span of the mussel on ezge biomass, maturity, reproduction and growth

in comparison to a stresfsee control scenario. Moreover, | compared the method described
above with an alternative method neglecting interaction effects to figure out if interactions
matter. Indeed, there w&s a difference between the control scenario and the stress scenario, as
well as between the stresscenario analyzed with the consideration of interaction effects and
without these. Thus, | conclude that the study of cumulative interaction effects asasvétie
consideration of temporal dynamics is relevant fitre assessment ofealistic pressure
situations as those represented by the test data.

In chapterfive, | present anodelingtool (Automatized cumulative interaction modehACIM) to
analyze cumuitive effects of multiple stressors with a network model. The tool allows analyzing
cumulative effects on higher biological levels and | tested it with data relevant for seagrass
meadowsas an example for a habitalThe results of thenodelingtool indicae what type of
interaction effects dominate in the studied system. Therdbglifferentiates between additive

and multiplicative interactions and calculates the corresponding weight of each of the relevant
stressors and the interactions. Theodelingtool is directly linked to LIACAT, which | used for
literature organization. In thenodelingtool, a set of mathematical models, which are frequent
within the field of biology (base models), are applied to dossponse datasatfrom scientific
literature. Ifseveral variables influence the respon®e modelingtool usesnot only the base
models butcreatesalso all possible combinations of base models. Next, the parameters are
optimized and for each dataset and best models identified. A filter was appliedsiare that

the best models fulfill prelefined minimum requirements. Only those were used for an
automatic construction of a network model. To understand the relevance of composite models
for the network model and for the study system, additionally onetwork model was
constructed with single models only and thus excluding potential cumulative effects. | tested the
modelingtool for a reference scenario aridr two scenarios of increased anthropogenic stress.
Moreover, | analyzed the model behavior undgadually increasing anthropogenic stress. The
results revead that the hyperbola, which thenodelingtool identified most often as a best
model alone or in combination with other models, is a characteristic model for the study system.
Furthermore, the ool identified additive as well as multiplicative interactions indicating that
solely additive approaches are not sufficient to analyze cumulative effects in seagrass meadows.
Finally, there was a clear difference between the results when cumulative efigbere
included compared to the exclusion of cumulative effects. Thereby, none of the methods



predicted generally more severe impacts than the other one. Instda pressure intensity
determinedwhich method predicted more severe impacts.

In the generadiscussion, | conclude that the results of the two models (chajaad5) indicate

that the consideration of cumulative effects matters for the model outcomes. Hence, they
should be considered in environmental assessments and for the development of measures for
nature conservation. Both proposed methods aim for a realistic quantification of cumulative
effects and they represent alternatives to assessments mainly based on expert knowledge for
future assessments. However, many potential interactions haven not bedrestyet and thus,

big data gaps exist with a concomitant uncertainty in the model results. Therefore, the models
should be applied carefully and additional methods to assess an environmental status are
indispensable. Both methods are generally applicdblethe cumulative assessment of the
MSFD Descriptor 1 (biodiversity). In the future, a combination of the adjustedvioB& and

the ACIMmodelingtool could be advantageous to address all aspects of cumulative effects.
Moreover, the integration of thesmethods into a spatial ecosystem based analysis would be a
next logical stepas soon athe methods have been applied to more species and habitats.



Zusammenfassung

Effekte von Stressoren auf Organismen werden am haufigsten in Kurzzeitexperimenten
unterswcht, die sich auf die Effekte eines einzigen Stressors konzentrierérer natirlichen
Umgebung sind Arten normalerweise jedoch Uber einen langen Zeitraum multiplen Stressoren
mit unterschiedlicher Starke und schwankenden Umweltbedingungen ausgesetst,zu
kumulativen Effekten fiihren kanfrolglich gibt es einen Unterschied zwischen experimenteller
Wissenschaft und Freilandbedingungen, was fur den praktischen Naturschutz relevant ist. Fur
ein effektives Management ist es wichtig die Effekte multiéressoren zu verstehen, um
NaturschutzmafRnahmen so anzupassen, dass sie den tatsachlichen Bedurfnissen der
Okosystemkomponenten entsprechen. Eine Unterschatzung der tatsachlichen Auswirkungen
kénnte weniger ambitionierte MalBhahmenprogramme oder Manageraktibnen zur Folge
haben als notwendig und im schlimmsten Fall zum Aussterben der betroffenen Arten flhren.
Daher erhielt dieses Thema nationale und internationale Aufmerksamkeit sowohl in der
Wissenschaft als auch in rechtlichen Rahmenbedingungen. der Meeresstrategie
Rahmenrichtlinie (MSRIs} beispielsweise eine kumulative Bewertwgygeschriebenum den
Umweltzustand, der die Basis fur die Entwicklung von nationalen Malinahmenprogrammen ist,
adaquat zu bewerten.

In Kapitekzweigebe ich einen Uberblick Uber publizierte Methoden zur kumulativen Bewertung
und diskutiere ihre Anwendbarkeit im Kontext von Naturschutz und der Umsetzung der MSRL.
Diese Methoden umfassen das Indikatorenkonzept, Chogmct Analysen, ©kologische
Netzwakanalysen, kausale Wirkungsketten mit FlieRdiagrammen, Grenzwertansatze,
toxikokinetische chemische Interaktionsdek, Dynamische Energiebilaidodelle (DEB
Modelle), geographische Analysen und Konsultation von Experten. SchlieBlich komme ich zu
dem Ergénis, dass keine dieser Methoden fur sich genommen geeignet ist und dass ein
kombinierter Ansatz notwendig ist, um kumulative Effekte adaquat zu bewerten.

Das Ziel meiner Doktorarbeist es ein Konzept fur die Bewertung kumulativer Effekte zu
entwickeln, das literaturbasierte, transparente und reproduzierbare Methoden umfasst, um
guantifizierbare Ergebnisse zu produzieren.

In Kapiteldrei stelle ich das Ubergreifende Konzept vbBie erge wichtige Komponente des
Konzeptes ist die systematische Organisation, Analyse und Visualisierungeratutdaten.
Zweitens entwicld ich durch die Anpassung und Kombination bereits existierender Methoden
neue Methoden um kumlative Effekte auf Orgaimenebene, auf Habitatebene und auf
raumlicher Ebene zanalysieren. Drittens entwicklieh ein Schema fiir die Realisierung eines
OnlineTools fur kumulative Bewertungen, indemhidenétigte Module identifiziere und
erarbeite, wo Links zwischen diesen geseverden sollten, um einen geeigneten Datenfluss
und eine Ruckverfolgbarkeit von Informationen zu gewéhrleisten. Das Onlingif@oliit dem
Literature based Cumulative Assessment Tool (LIACAT) realisiert, welches auf der
CAZ2RAGSNAAGNIBQLA WY I GFRARNIDIYRIOABRGID 9a SyidKNfd az2hR
Literaturdaten, fur die Organisation und Visualisierung von Literaturdaten, fur die Filterung von
Literaturdaten, fur die Analyse von Monitoringdaten, flr geographische Analysen und umfasst
mehrere Module fir die Analyse kumulativer Effekte. Darlber hinaus sind Artnamen mit einer
groRen Online Artendatenbank verknipft. Literaturdaten bilden die Grundlage fir die
Konstruktion eines Netzwerkes zwischen Belastungen und Effekten, die in Flussdiagramme
visualisiert werden. Die aus der Literatur extrahierten Daten werden als Input fiir eine Matrix



zur Analyse kumulativer Interaktionseffekte zwischen Stressoren, fiMedell fur die Analyse
zeitlich dynamischer kumulativer Effekte und fir ein Netzwes#tell zur Analyse kumulativer
Effekte auf Habitategenutzt Schlie3lich kdnnen Karten erstellt werden, die kumulative
Auswirkungen zeigen und auf denen deutlich wird, wo menschliche Belastungen raumlich
akkumulieren undvo folglich eine hohe kumulative Auskung auf die nattrliche Umwelt zu
erwarten ist.

In den néchsten beiden Kapiteln beschreibe ich zwei der vorgeschlagenen Methoden im Detail
und wende jeweils Testdatensétze auf Medelle an, um ihre Anwendbarkeit zu evaluieren.

In Kapitelvier analysiee ich kumulative Effekte mehrerer anthropogener Stressoren und
potentieller Umweltstressoren auf MiesmuscheMytilus eduli$ indem ich ein Matrimodél

und ein angepasstes DEBdell miteinander kombiniere. Zunéchst berechne ich die
Interaktionseffekte wischen den Stressoren mit einer Cross Impact Matrix. Fir Cross Impact
Matrices wird angenommen, dass ein komplexes System mit der Analyse von
Zweierbeziehungen erklart werden kanmiese Interaktionen welen in einer Tabelle
dargestellt. IchwendediesesSchema an und berechieSy &2 3Sy Il yyidS bSGiG2STFFS
Effekt aller Stressoren auf jeden der Stressoren erfasst, in dem die entsprechenden Zeilen
summiert werden. Dartber hinaus analysiere ich die zeitlichen Dynamiken, die die Antwort des
Organismusauf Stress betreffen, mit einem mathematischiglodell. Dabei berticksichtige ich
Aufnahmeprozesse von Schwermetallen, Akklimatisierungsprozesse und potenzielle zeitliche
Verzogerungen. Diese zwei Module integriere ich in ein etabliertesNiiell, das furdie
Miesmuschel entwickelt wurde (Saraiva et al. 2012) und berechne die kumulativen Effekte fur
einen geographischen Punkt in der Nahe der Ostfriesischen Insel Norderney. Die Ergebnisse
zeigen die Auswirkungen von multiplen Stressoren auf Reservebionieaise, Reproduktion

und Wachstum im Vergleich zu einem stressfreien Kontrollszenario tber die gesamte
Lebensspanne der Muschel. AuRerdem vergleiche ich die oben beschriebene Methode mit einer
alternativen Methode, bei der die Interaktionseffekte vernachlgs werden, um
herauszufinden, ob Interaktionen eine Rolle spielen. Tatsackjiiches einen Unterschied
zwischen dem Kontrollszenario und dem Stressszenario sowie zwischen dem Stressszenario
unter der Berilicksichtigung von Interaktionen udéem Stressszenario ohne Berlcksichtigung

von Interaktionen. Daher schlussfolgere ich, dass die Untersuchung kumulativer Effekte sowie
die Beriicksichtigung zeitlicher Dynamikendi# Bewertungealistische Belastungssituationen

wie die des Testdatensatzedeeant sind.

In Kapitelfinf prasentiere ich ein Mod#&bol (Automatized cumulative interaction model
ACIM), mit dem die Analyse kumulativer Effekte multipler Stressoren mit einem Netmoeak
maglich ist. Das Tool erlaubt es kumulative Effekte auf &@r biologischer Ebene zu
analysieren und ich teste es mit Daten, die fir Seegraser relevant sind. Die Ergebnisse des
Modell-Tools zeigen grwas fiir eine Art von Interaktionseffekte im untersuchten System
dominieren. Dabei unterscheidet es zwischen agdit und multiplikativenriteraktionen und
berechnet die atsprechenden Gewichtungen der jeweiligen Interaktiong der relevanten
StressorenDasModell-Tool ist direkt mit LIACAdasich fur die Organisation von Literaturdaten
verwendet habe, verbunde ImModell-Tool wird eine Auswahl von mathematischdodellen,

die haufig in der Biologie vorkommen (Basiglele) auf DosidVirkungsDatensatze aus der
wissenschaftlichen Literatur angewandt. Wenn mehrere Variablen eine Wirkung beeinflussen,
werden nich nur die Basimodele genutzt,sondern auch samtliche mdgliche Kombinationen
von Basisioddlenvom Tookrstellt. Als nachstes werden die Parameter optimiert und zu jedem



Datensatz werden die besterModelle identifiziert. Ein Filter wird verwendet, um
sidherzustellen, dass die besté&odelle zuvor definierte Minimalanforderungen erfillen. Nur
diesewerden zur die automatische Erstellung eines Netzweritels genutzt. Um die Relevanz

der zusammengesetzteModelle fir das Netzwerkoddl sowie fur das Studigystem zu
verstehen, wird ein zusatzliches Netzwaidédl erstellt, das nuauf einfachen Bagisoddlen
basiert und maogliche kumulative Effekte ausschliel3t. Daxlel-Tool teste ich fiur ein
Referenzszenario sowie fir zwei Belastungsszenarien mit erhéhtem anthropogenen Stress.
Dartiber hinausuntersuche ich das Modellverhalten unter sich graduell erh6hendem
anthropogenen Stress. Die Ergebnisse zeigen, dass die Hyperbel, weldhdakModell-Tool

am haufigsten als bestes Einpelddl oder als Teilkomponente zusammenit anderen
Modellen ausgewahlt wurde, ein charakteristiscihdsdell fir das Studiensstem ist. Aul3erdem
identifiziet das Modell-Tool sowohl additive als auch mulil@tive Interaktionen Dies legt
nahe dass ein Ansatz, der ein rein additives Verhalten annimmt, nicht ausreichend ist, um
kumulative Effekte in Seegraswiesen zu analysieren. Schligilli@s einen klaren Unterschied
zwischen dem Ergebnis unter Beriickéigung der kumulativen Effekte und dem auf
Einzeinoddlen basierenden Ergebnis. Dabsagt keine dieser beiden Methoden generell
héhere Auswirkungen voraus. Stattdesshangt es von der Belastungsstarke ab, welche
Methode starkere Auswirkungen vorhersag

In der allgemeinen Diskussion schlussfolgere ich, dass die Ergebnisse der zwei naher
dargestellten Methoden nahelegen, dass die Bertucksichtigung der kumulativen Effekte fur die
Modellergebnisse eine Rolle spieleFolglich sollten sie in Umweltbewertusig und bei der
Entwicklung von MalBnahmen fir den Naturschutz bericksichtigt werden. Beide
vorgeschlagenen Methoden zielen auf eine realistische Quantifizierung kumulativer Effekte ab
und représentieren Alternativen zu hauptséchlich auf Experteneinsch&nubgsierenden
Bewertungen. Jedoch sind viele potentiellgeraktionen noch nicht untersucht und daher
existieren groRe Datenlicken mit einer damit einhergehenden Unsicherheit in den
Modellergebnissen. Daher sollten didodelle vorsichtig angewendetwerden. Zisatzliche
Methoden zur Bewertung des Umweltzustandes sind unerlasslich. Beide Methoden sind
grundsatzlich fur die kumulative Bewertung des MSRL Deskriptors 1 (Biodiversitat) anwendbar.
In der Zukunft kbnnte eine Kombination des angepasstenidédls unddesACIMModell-

Took vorteilhaft sein, um samtliche Aspekte kumulativer Effekte zu adressieren. AuRerdem
ware die Integration dieser Methoden in eine raumliche, Okosydbasierte Analyse ein
nachster logischer Schritsobald die Methoden auf rehr Arten und Habitate angewandt
wurden.
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1 General ntroduction

Marine ecosystems are exposed to an increasing humber of different anthropogenic stressors
with varying intensities, due timdustrialization the increasing exploitation of marine resources
and the continuous spatial utilization of marine areas for hunmaeds. The continuous
development of new products leatib new chemical substances, ending up in the environment
Anthropogenic chemicals and pollutants are found all over the ocean owing to atmospheric or
oceanic transport, and londistance fishery fleat are able to reach even the most remote
regions of the oceanAs these developments accelerated during the 20th centrigntists
observeda serious decline of biodiversity and environmental health with high impacts on
environmental processes and eco®s functions (Sala and Knowlton 2006, Clausen and York
2008, Hooper et al. 2012). Lab experiments and field studies showed that these observations
are caused by anthropogenic pressures linked to different human activities (Maxim and
Spangenberg 2009, Mchiey et al. 2010, Nordlund and Gullstrom 2013, Johnston et al. 2015).
The need to improve this situation led to a range of different legislatives and international
efforts (e.g. HELCOM 2009, OSPAR 2010, WFD 2000, REACH (EC 1907/2006))

InJune 2008, the guideline for establishing a frameworlcéonmunity action in the field ahe

marine environment (Marine Strategy Framework DirectiMSFD, 2008/56/EG) was published
focusing particularly on marine areas including the open sea witheai@pemphasis on an
ecosystem perspective. The overall objective df tluideline is to achieve a good status of the
marine environment in all marine regioiy the year 2020. All member statese requiredto
establish a national action plan for their marine waters to reach this. The good environmental
status relates to qualitative Descriptors as listed in Annex | (MSFD, 2008/56/EG) comprising the
following aims:

f a.A2f23A0!I ¢ RA @S NE& Aityy &nd dcéurrelice bfyhabitaksyatdRiee ¢ KS  |j dzl
distribution and abundance of species are in line with prevailing physiographic,
geographic and climatic conditions.

1 Norrindigenous species introduced by human activities are at levels that do not
adversely alter theecosystems.

1 Populations of all commercially exploited fish and shellfish are within safe biological
limits, exhibiting a population age and size distribution that is indicative of a healthy
stock.

1 All elements of the marine food webs, to the extent thaey are known, occur at
normal abundance and diversity and levels capable of ensuring thetdomg
abundance of the species and the retention of their full reproductive capacity.

1 Humaninduced eutrophication iminimized especially adverse effects thefesuch as
losses in biodiversity, ecosystem degradation, harmful algae blooms and oxygen
deficiency in bottom waters.

1 Seafloor integrity is at a level that ensures that the structure and functions of the
ecosystems are safeguarded and benthic ecosystémgarticular, are not adversely
affected.

1 Permanent alteration of hydrographical conditions does not adversely affect marine
ecosystems.



9 Concentrations of contaminants are at levels not giving rise to pollution effects.

1 Contaminants in fish and other dead for human consumption do not exceed levels
established by Community legislation or other relevant standards.

9 Properties and quantities of marine litter do not cause harm to the coastal and marine
environment.

1 Introduction of energy, including underwext noise, is at levels that do not adversely
FFFSOG GKS YINRYS SYy@ANRYYSyl de

These descriptors are specified through respective Criteria and Indicators given by the European
commission Commission Decision 201 For the definition of the good environmertstatus,

the ecosystem approach has to be taken into accouwirther, the MSFD requires an
assessment of cumulative effectMESD 2008, Article 8bii), which can occur when several
anthropogenic pressures accumulate spatially.

Multiple anthropogenic stresors in the marine environment interact in a complex way and
evoke special impact and response patterns for marine organisms and community structures,
which cannot be explained by the simple addition of the effects of the single stressors alone
(Crain etal. 2008, Hooper et al. 2@1Holmstrup et al. 2010, Moe et al. 2013). Furthermore, the
maghnitude of cumulative effects depesidn the intensities of the stressors in the environment,
their temporal and spatial pattern of appearance, and their affinityiriteract with other
stressors and with the organism itself. The analysis of cumulative effects could help to better
understand and predict the effects of anthropogenic pressures and to provide a more holistic
perspectiveof the environmental health of ecgstems A cumulative assessment would further
allow to join different aims of the MSFD and to conduct overarching analyses.

However, the MSFDoes not definghe term cumulative effectexplicitlyand interpretations

of the term differ greatly from each ber depending on the context and the focus of interest.
Moreover, aspite the need and the legal requirement to assess cumulative effects, there is still
no regionally agreed method for cumulative effects assessment in the I$edhand the Baltic
Sea, whih meets the challenge of addressing all different aspects of cumulative effects.
Moreover, there is a lack of integration efkperimental results conducted to understand
cumulative effects and resulting scientific insights in currently applied methods$assments.

The objective of the thesis to develop a concept for the assessment of cumulative effects,
which incorporates the current state of knowledge, which is scientifically sound and which can
cover different kinds of cumulative effect§o clarify the majoaspects of cumulative effects
andto cover the whole range of perspectives upan élucidate thosen chapter2.1 In chapter

2.3 | review and discusslready existing methods and approaches for cumulative effects
assessment. Based on this revidwlevelopedan overall conceptpresented in chaptethree.
Moreover,the aimof my thesiswasto considerdifferent points of focus of cumulative effect
assessmentsCumulative effects were analyzed withaxtdis on species level (chaptieur) as

well aswith a focus on habitat level (chaptdive). The chapterghree, four, andfive aim to
answer differentmainquestions and to fulfibpecifictasks



In chapterthree, | addresghe following questions:

1 How could reproducibility, comparability and transparency be provideadconcept for
cumulative effects assessmeént

1 How can scientific insights and data be harmonized with applied monitoring programs
and requirements for practical assessments?

1 How can the results ofumulative effects assessmenbe visualized in an unifig
scheme

1 How can practitioners get a quick overview of the state of knowledge about cumulative
effects?

The task of chaptefour is to conduct an analysis of cumulative effecfsanthropogenic
pressuren species levehnd to test a method with a givedatasetfrom a monitoring station
at the East Frisian island Norderngith the model specieMytilus edulisThe main questions
of this chapter are:

1 Isthere a difference between model results for blue mussels of a reference scenario and
a scenario inclding anthropogenic pressures?

Whichkind ofcumulative effects likely occurred during the study period?
How did the mussel likely respond to the pressure situation throughout its life cycle?

Which stressa@contributed most to the cumulative effect?

= =4 =4 =4

Is there a difference in the results of the moaédien only additive effects are assumed
compared tathe inclusion of interaction effects?

Chapterfive addresses umulative effects assessment at habitat levetleveloped aspecial
methodological approacto integrate thedessons learnedifrom chapterfour with regard to

the nature of cumulative effecthis is realized in a larger network model consisting of several
submodels describing relationships between influences and influenced variables (e.g.
influences of stressors on an ecosystem componehts)llected literature about anthropogenic
pressures affecting seagrass meadows and analyzed cumulative effects for different stress
scenariosThe major questions of this chapter are:

1 How does the model @plied for seagrass meadows respond to increasing pressure
scenarios?

9 Can typical cumulative effects on habitat level, such as indirect effects, be simulated
with the model?

1 Is there a major difference in the model outcorapplyingonly single models anthe
model outcome integrating also composite models?

1 Are additive or multiplicative cumulative effects likely more frequently occurring in
seagrass meadows?



2 Review of cumulative effects assessment

2.1 Overview of different kinds of cumulative effects

2.1.1 Temporalcumulative effects

Molinos and Donohue (201@pcusedon interactions amongemporal patternsof multiple
stressors They could show for the first time that organismeact differently to stressor
combinationsdepending on the temporal pattern of the sssors.As this is a special effect,
which is evoked by the combination of the stressanse caninterpreted it as a cumulative
effect. Multifactorial experiments with periphyton and benthic invertebrates in freshwater were
conducted to investigate the eftts of regular and temporal variable pulses of addition of two
stressors (in this case sediment addition and nutrient enrichment) (Molinos and Donohue 2010).
Interestingly, nutrient enrichment only had an effect on stream biota in the experimental setups
where regular added pulses of nutrients and variable pulses of sediment addition were
combined. Furthermore, the results indicated that the simultaneous addition of stressors does
not necessarily lead to synergistic effects and that instead asynchronoysotal patterns can

in some cases lead to more severe ecosystem effects (Molinos and Donohue 2010).

The influence of temporal patterngasalso shown for effects of single stressdB&nedettt
Cecchi et al. (2006) studied the temporal effect pattern of stnessor (aerial exposure) on algae
and invertebrates. Theyurther observed that different speciesesponded differently to
temporal patterns. While barnacles and coralline algae reacted more sensitive to variable
temporal patterns, filamentous algae awsdarsely branched algae were negatively affected by
regular intervals of aerial exposure and temporal variance mitigated the effects (Beredetti
Cecchi et al. 2006).

Reum et al. (2011¢mphasizedthe importance of the simultaneous appearance of certain
envronmental conditions, such as seasonal characteristics, coastal upwelling events for
individuals of e.g. fish species at a certain age. A disturbance of such temporal synchronization
could also be interpreted as a cumulative effect if many of such tenhpatterns change (Reum

et al. 2011).

Another aspect of temporal cumulative effects is teevance of the exposure time itself, which
maylead in combination of the occurrence of multiple stressors to special effects.eHechs

can arise when organisms are exposedifterent stressors for a lontime period (Vethaak and
MatinezGomez 2011). The prevalence of ulcers in fighggartly explained by the lorgerm
effects of chemical pollution in sluices into the s¥athaak and Matine&omez 2011)If the
fishes would have been exposed to the stressor combination for only a very short time period,
these effects might not have been observed and the simultaneous exposure to the different
chemical might have haubt sucha significant effect.

2.1.2 Spatial cumulative effects

Siedentop (2005) described the spatial accumulation of single pressures. Even though each
single pressure might not lead to severe environmental effects, their combined effect might be
high because they oac close to each other. Siedentop (2005) defitleis kind of cumulative

effect asospace crowding Space crowidg is usually visuaéd with a g@ographicabnalysis and
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can comprise crowding of the same kind of pressure as well as the cumulative éffd6@nt
kinds of pressures (Siedentop 2005). Space crowding has gained a lot of attention in cumulative
effects assessment during the last years (e.g. Halpern et al. 2008, Selkoe et al. 2009).

2.1.3 Direct interactions

Direct interactions can occur betweewd stressors between stressors and environmental
variables or between stressors and organisinsthe water column, the sediment, the air or
between these compartments.

One examplefor an interaction between stressors and environmental variahiesthe
transformation of toxins through altered environmental conditiofibe results of a study by
Schipper et al. (2009) indicatedg. a changed bioavailability of contaminants such as metals
along a salinity gradient. The toxic form, oéfree metd ions, is more common at lower salinity
(Hall and Andersson 199%urthermore, oxygen depletion can result in altered redox conditions
and this way influence the remobilization of heavy metals (Borchard et al. Z@&8sman et al.
1997). In addition the sulfide content in sediments influences the binding of metals to the
sedimentand thus its concentration in the water column (Griscom et al. 2002).

An example for an interaction between different pressures is the interaction between marine
litter and invasive speciesMarine litter can transport species and facilitate in this way the
spread of invasive species (Aliani and Molcard 2003). Moreover, if plastics sink down and mix
with the sediment, bottom properties are altered: The sediment can become memagable

and temperature retention can be increased (Carson et al .2011).

Direct interactionswere also observed betweespecies and stressors. The retention of
contaminants can be influenced by species activity because they can be transported by them.
Through bioturbation and feeding activity of benthic specigsemicals can e.g. be buried into

the sediment (Hedman et al. 2008Yot only in the environment, but also inside the body of
organisms, interactions can influence the cumulative effects. Depgnaiinthe physiological
characteristics such as capabilityrtonimizeosmotic stress, the toxicity of various substances
varies between species (reviewed in Hall and Anderson 1995). Toxicitemical substances

for euryhaline speciefor example is ofta lower compared to other speci€¢eviewed in Hall

and Anderson 1995). Within the body, substances can react with each other or compete for the
same molecular target, which can alter the observed toxic effect as well (Kooijman 2010). In
addition, lipid caitent and chemical composition influengee toxicokinetics (Kooijman 2010).

2.1.4 Indirect effects

The European Commission (2011) stresses that synergism can also happen at the level of
ecological communities because changes of community structure are a sdifferent
sensitivities of different taxonomic groups and changed gedator relationships when
multiple stressors occurndirect effects can comprise alterdaehavior such as migration
behavior(Veethak and Matine&6mez 2011). The effect of mplié stressors on individuals can
exaggerate to population levelnd effects such as population growth, persistence, possible
extinction, or lifecycle closure as observed e.g. for the effects of pollution and climate change
can be observe(Billoir et al.2009, Bergek et al. 2012 and Rijnsdorp et al. 2009).



Furthermore, changes ithe trophic structure are indirect effects. The increase of biomass or
number of individuals in one trophic level, caused by a stressor, can influence other trophic
levels andavor certain species groups. Wikner and Andersson (2012) could for example show
that decreased phytoplankton biomass production due to decreased salinity and increased
organic carbon discharge can alter the carbon flows in the coastal food web. Bioaatiamid
another important indirect effect (Zhang et al. 2011, Falandysz et al. 200Zadd/aret al.
2011). All kind of other interactions between organisms such as competition, symbiosis, or
synthrophy can also convey and possibly increase cumuletigets.

2.1.5 Synergism, antagonism and addition

In many articles, cumulative effects are divided into three categories: synergistic, additive, and
antagonistic (e.g. Crain et al. 2008, Warne and Hawker 1995, Crofton et al. 2005), whereas the
definition of these terms can be dissimilar. Folt et al. (1999) distinguishes three different
concepts of interpretation of cumulative effec¢twhich are described here in more detail

2.1.6 Additive model

Many publications refer to the additive concept, where the singleseti§ of each stressor are
added up (Crain et al. 2008, Warne and Hawker 1995, Crofton et al. 2005). This concept is similar
to the model of Concentration Addition (CA) from chemical mixtures (séeewe 1926, Bliss
1939). However, the additive model simply adds up the effects or stressors and the sum can
theoretically be infinite high, whereas CA calculates the relative contribution of each sttesso

the overall effect such that the sum alwagguals 1 (Kortenkamp et al. 2009, personal
communication Backhaus 2012) ($®e

In case the obs&ed effectismore intense as expected by this assumption, the cumulative effect
isdesignated as synergistic. In contrast, the effect would be termed antagonistic, if the reaction
would be less than the sum of each single effect (Folt et al. 1999, Gralin2808, Christensen

et al. 2006, O"Gorman et al. 2012).

The investigation of multiple stressors is a relatively new focus of research, which might be the
reason that most studies consider just two stressors and seldom more (reviewed in Crain et al.
2008). For this kind of experimental setup, the additive model might give a good orientation
about the experimental outcome. However, for complex chemical mixture toxicity, the expected
theoretical effects might become unrealistic because errors in the e§omaum up which

might lead to overestimation of toxicity and physiological or ecological predictions (c.f. e.g.
Kortenkamp and Altenburger 1998, Pennings 1996).

It has been discussed why combinations react synergistic, additive or antagonistic arelya wid
used hypothesis is thaistressors acting through similar mechanisms may be additive, while
those acting through alternative but dependent pathways may be synergdi¢@Gcain et al.

2008). Following a suggestion of Christensen et al. (2006) and Blanck (2002) similar stressor
effects or the same mechanisms can lead to stirdsiction and tolerance causing antagonism
(Figurel).
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Figurel Theoretical explanations for antagonistic, additared synergistic effects according to Crain et al.
(2008), Christensen et al. (2006) and Blanck (2002)

This issue complicas the predictions of expected results as adaptation processes are hard to
quantify and foresee with state of the art (Bijlsma and Loeschcke 2005 and Cha00@n
Some species might be able to adapt to the new conditions, whereas others, which might even
belong to the same taxonomic groumight not be able to. In some caséds possible that the
successful adaptation of one stressor might facilitate the adaptation to another stressor. This
might just be the case for certain substances or pressuresbuwtions of stressors or species.

It has been shown by toxicological lab experiments that the nature of the effect (synergism or
antagonism) is not only dependent on the mechanism, but also on the concentiattitire
chemical substancée.g. Jonker et al. 2005l the following,| will use the termostressor
intensitydas a general description of stressor manifestation such as concentration, intensity or
magnitude across different stressor tygpexcept the context refers explicitly éme particular
stressor type.

Crofton et al. (2005) could show that a mixture of thyrbimrmone disrupting chemicals with a
wide range of effective doses acted additively at low doses and contrarily to that synergistically
in high doses. Crain et al. (B)aeviewed more than 200 experiments investigating cumulative
effects. In more than half of the pressure combinations, the outcome oatladyzeccumulative
effects was contradictory: the same combination of two stressors led in serases to
synergistt and in other cases to antagonistic effects. This was even the case if the same model
organism was studied (Crain et al. 2008).

2.1.7 Multiplicative model

The multiplicative modelconstitutes an alternative to the additive model.istappliedin the
investigaton of cumulative effects, especially for competitive interactions (Folt et al. 1999).
Soluk (1993) could show that an additive model modified for jmegator interactions
(Mendenhall 1979), did not provide good predictions for combined predator effeus
functional responses and compléehavior interactions for stream fish and invertebrate
predators, whereas a multiplicative model could better predict these effects. Both equations are
based on probability estimates of the occurrence of a certain evére additive modelis
defined as Cfs = Np (P f+ Ps); the multiplicative madelefined asCfs = Np (Pf + RPfPs),
where Cfs is the predicted combined consumption for a particular initial prey density (Np) and
Pf and Ps are the probabilities afibhg consumed by predator f and s (Soluk 1993).

Pennings (19963uggested tause the multiplicative modeto describethe response towards
consumers to describe the interaction effects betwettre chemical and mineratlefense
observed ina feedingexperimentbecausehe observed that the additive model predicted

7



unrealistic results, when the individual defenses were highly effective. Similar problems could
also arise when the individual effects of anthropogenic stressors on an organism are strong.

Fdt at al. (1999) suggests thi#ie multiplicativemodel can be applied whemstress from one
source can be operated probabilistically by another sodrc@orresponding to the same
structure of the additive model, effects will loategorizedhs synergistidf the cumulative effect
is more severe as predicted by the multiplicative model.effect isclassified as antagonistic if
the cumulative effect is less severe than expected (Folt et al. 1999).

2.1.8 Simple comparative effects

The concept of the comparative adel applies to an ecological system, where one stressor
dominates in itsstressorintensity or by the magnitude of the effect it causes while also other
stressors are present. The effects of the other stressors might be more negligible through the
magnituwle of effect of the dominant stressor on the one hand, and on the other hand their
combined effects do not exceed the level of this single worst stressor due to their cumulative
interactions, which are partly antagonistic and partly synergistic (Brulag@dl, Fblt et al. 1999).
Studies on the toxicity of metals showed that the magnitude of the toxicity could be changed by
an altered metal composition and concentrations, which might be caused by a shift in metal ion
ratios and changed speciation (Bruland 12Moreover, the dominant metal could outcompete
other metals, when they compete for the same molecular target (Bruland et al. 1991). According
to their framework, Bruland et al. (1991) expected that the toxic effect of a metal was more
severe in uncontaimated water samples with low concentrations of other metals than in water
samples containing a mixture of high concentrations of other metals and high organic
complexity. Furthermore, the interactions with other substances in the water column and in the
body of the organism can relate to its importance or ecological function. Thus, Bruland et al.
(1991) concluded that one substance could be a factor, which controls a biological process
depending on its concentration and the chemical composition in itsemwient. A prominent
example is the ecological function of iron in marine environments. Martin et al. (1988) revealed
the limiting role of iron for phytoplankton growth in nutrient rich wateFar a categorization of
antagonistic and synergistic effectage combined effect when several stressors are present is
compared to the effect due to a single stressor. If the combined effect is higher, the effect is
categorized as synergistic, if it is lower than the effect of the sisfflessor;the effect is
categorized as antagonistic.



2.2 Definition of cumulative effects

The European Commission (European Commission 1999) defines cumulative effiznfsaats

result from incremental changes caused by other past, present or reasonably foreseeable
actions togethemwith the projectt Furthermore, the European Commissiemphasizeghat

also indirect impacts, which are defineda®pacts on the environment, which are not a direct
result of the project, often produced away from or as a result of a complex pativwdso
impact interactions, which describeghe reactions between impacts whether between the
impacts of just one project or between the impacts of other projects in the ara@segarded
asvery relevant for cumulative effects assessmémgtthe European @nmission (1999). It is
expectedthat these three aspectare analyzed in an integrated way.

Givenhow differentlythe term occumulative is defined across diverse scientific disciplines
clarify here the different aspects of cumulative effects, whiah @devant for the marine biota
and in the context of environmental assessment:

Longterm exposures to stressors can lead to effects, which might not have occurred in that
extent if the organisms had the chance to recover earlier. The prevalence of uidesi for
example could partly only be explained by the légagn effects of chemical pollution ioutlet
sluices (Vethaak and Matin€&bmez 2011). Furthermore, simultaneous appearance of certain
environmental conditions such as seasonal dependent temipee fluctuations, coastal
upwelling events, often correlate with certain live stages or reproduction events (Reum et al.
2011). Thus, temporal cumulative effects can occur if temporal synchronized patterns are
disturbed leading to an enhanced effect cpaned to the theoretical situation without temporal
synchronization (Reum et al. 2011). Additionally, multifactorial experiments revealed that the
temporal frequency pattern of stressors (e.g. regular pulses versus temporal variable pulses)
influence the éects on organisms (Molinos and Donohue 2010). The taime crowding
describes the appearance of stressors in short time inter&éieénto2005).

Siedentop(2005)emphasizedlso the role of spatial cumulative effects, space crowding, where
stressors accumulate in a certain area and the impact of the stressors is altered due to their
spatial distribution pattern.

Direct interactions between stressors or pressures such asfibamation of toxins in line with

an altered bioavailability in certain salinity regimes (Schipper et al. 2009, Hall and Andersson
1995) or the facilitated transportation of substances by invasive species (Aliani and Molcard
2003) can alter the environmeal impact of a stressor as well. Furthermore, interactions can
occur between species activity such as by bioturbation altering the spatial distribution of
substances deposited in the sediment or by defence mechanisms of the organism against a
stressor (rgiewed in Hall and Anderson 1995).

Moreover, the effect of multiple stressors on individuals can exaggerate to population level
effects such as population growth, persistence, possible extinction, ocyiifie closure as
observed e.g. for the effects obfution and climate change (Billoir et al. 2009, Bergek et al.
2012 and Rijnsdorp et al. 2009). Different sensitivities of species to stressors can further induce
an advantage for certain species and thus alter the community structure eventually leagling e

to increased predation pressure for other species as stressed by the European Commission
(2011), which means a pressure on top to the anthropogenic pressure for those species.
Bioaccumulation increases the effect of stressors for the top predatoran(Zlet al.2011,
Falandysz et al. 2002) and carbon flows in the food web can be disturbed e.g. due to the negative
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effect of anthropogenic pressures on phytoplankton biomass production (Wikner and
Andersson 2012).

The nature of cumulative effects is usualyecified with regard to a certain reference value
(Folt et al. 1999, Crain et al. 2008, Warne and Hawker 1995, Crofton et al. 2005). Depending on
the concept applied, this reference value represents the sum of the single effects of the stressors
(additive model), the product of the single effects of the stressors (multiplicative model) or the
effect of one of the stressors (simple comparative concept) (Folt et al. 1999, Bruland 1991, Soluk
1993). If the effect is greater than the reference value, theafie termed synergistic; in case

of a smaller effect it is antagonistic (Folt et al. 1999).

To summarize | used the following definition éoumulative effect&

One major characteristic of cumulative effects is the alteration of the impact due taithleen,
the intensity and the spatial or temporal pattern(s) of the pressure(s) or their sources.

Equally important are influences owing to characteristics or processes of the ecosystem
components, habitats or ecosystems as well as influences due to interaction effects with regard
to environmental parameters.

The nature of cumulative effects is clissi as synergistic, antagonistic or additive indicating
the difference of the actual effect in comparison to a certain model only based on the single
effects alone ignoring any appearance of cumulative effects.

Cumulative effects assessment was definedingd et al. 201mCumulative effects assessment

is a systematic procedure for identifying and evaluating the significance of effects from multiple
pressures and/or activities. The analysis of the causes, pathways and consequences of these
effects is an ssential part of the procesd

For the present study, the referenéer cumulative effectsvas defined according to the simple
comparative model because this way much more literature data could be applied (for this model
only one control value for one ssor is required). However, in the DEBdel the additive
model is followed in the way that the strength of the single stressors are added up.

Transition threshold are here defined as the stmrsstensity and- where appropriate- the
exposure time awhich a first reaction of the species could be determined as a response to the
stressor. It should not be confused with legislative thresholds.

2.3 Methods and conceptgor the assessment of cumulative effects

2.3.1 Indicators

Overview

OThere are different kinds of definitions for indicators being discussed and refined intensively
(De Wolf 1983schroevers 1983, Slooff and Zwart 1983, Zonneveld ¥88&edy and Jacoby
1999 and Rees et al 2008). Beanlands and Duinker (1983) denoted ieatandaso(i) a

Lhttp://sesss09.setac.eu/embed/sesss09/Adrian_Judd_Cumulative_effects_assessment_in_practice.pdf.
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biophysical component or variable, which is monitored to detect change in that component or
variable or (ii) a calculated index of the condition of all or part of an ecosystem

Furthermore, Beanlands and Duinker (1983) defined spedjaimements for usable indicators,
supplemented by Kennedy and Jacoby (1999):

1 A biological indicator should berepresentative of the performance of a valued
ecosystem component

1 dtshould be made clear what aspect of ecological structure and functiomdheators
represent and how they will show that the system has chandged

1 oBiological indicators should be measurable
1 oBiological indicators should respond quickly and unambiguously to iaputs

9 dThey should integrate the effects of multiple pollution ingpwvithout confounding
identification of their sourcé

1 dThey should be distributed over a spatial scale that includes undisturbedéareas
1 Theyoshould have been previously studied

ICES (2005) defined five main criteria for the selection of indicators: they should be specific,
measurable, attainable, realistic, and time bound (SMART). Furthermore, they should reflect
status and trends (ICES 2005). Frameworks for monitoring indideawesbeen developed and

it has been intensively discussed, which species groups are most suitable for what type of
environmental assessment and what conclusions can be drawn from it (e.g. Slooff and Zwart
1983, Zonneveld 1983Rees et al 2008, Heink andwarik 2010). Kennedy and Jacoby (1999)
applied the framework described above and tested the suitability of meiofauna as biological
indicators by checking each of these requirements and concluded that investigating the
meiofauna would indeed be suitablerfmdicating overall ecosystem heath and that it deserves
more attention in environmental assessment as it does now.

A comprehensive usarriented framework for the selection and implementation of indicators
for fisheries management was developed by Riod &ochet (2005), which could also be
transferred for other purposes and indicator groups. In contrast to many other frameworks, it
considers the different point of views from technical experts and advisors, decisaerrs and
managers and the general aedce. It also takes into account their expertise and possible
contributions to the success of the indicator concept (Rice and Rochet, 2005).

There are three further major methods for environmental assessments employing indicators:
Either specific charactistics for a certain level of ecosystem health are predefined or the
indicator system is species based or a combination of both (e.g. HELCOM 2009, OSPAR 2010,
WFD 2000). The latter approach is often combined with measurements of chemical and physical
parameters (e.g. WFD 2000). If the approach is species based, #nerdifferent ways of
structuring the species compositioto derive information about cumulative effects of
anthropogenic pressures

Taxonomic distinctness/ relatedness

Warwick and Clarke (189 found a significant relationship between taxonomic distinctness and
anthropogenic pollution for nematodes as they tested sites in the UK with different types and
levels of pollution ranging from sludge dumping grounds to heawilystrializedand sewage
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polluted areas. The method was also tested for other species groups (e.g. Xu et al. 2001). The
indicator for taxonomic distinctness was developed as an alternative index for biodiversity
(Warwick and Clarke 1998). However, biodiversity cantasseen as aoultimate measure of
ecosystem healthas stated by Leonard et al. (2006).

Xu et al (2011) proposed an indicator system for anthropogenic pressures based on the
taxonomic relatedness of ciliated protozoa. They grouped ciliated protozoanittivariate
statistics by environmental variables and the spatial pattern (Xu et al. 20h&yshowed that

the taxonomic distinctness was well correlated with eutrophication and anthropogenic stress in
a semienclosed bay in the western part of the ¥@llSea in China (Xu et al. 2011).

Indicator species

Indicator species, which are suitable for environmental gradients, can be identified by
multivariate statistics: for exampleprincipal component analysis (PCA) of environmental
parameters anatanonical orrespondence analysis (CCA). Thus, phytoplankton species related
parameters with the strongest explanatory power for the environmental parameters can be
determined (e.gPan et al. 19965agert et al. 2008). Sagert et al. (2008) furthermore defined
eutrophication classes based on cluster analysis of phytoplankton parameters, so that groups
for certain stages of eutrophication were formed. PCA and th&émken stick method can be
used to identify the most relevant pressures of an ecosystem (King anadada0, Chu et al.
2003).

The WFDOocusedon biological quality elements (BQE) and certain species groups, which play
an important ecological role and are suitable for monitoring and assessment, fulfilling e.g. the
criteria of representing a large variati of ecological niches within the group, and are easily
identified (WFD 2000). However, some species groups are not applied as indicators in the WFD
(2000) despite their applicability and relevance in ecosystem dynamics such as zooplankton
(Jeppesen et la 2011). The WFD requires consideration of indicators for phytoplankton,
macroalgae, angiosperms and benthic invertebrate fauna by monitoring, as well as analyses of
taxonomic composition and abundance, biomass, cover frequency and intensity of
phytoplankon blooms for transitional and coastal waters (WFD 2000). For the benthic
invertebrate fauna, disturbanesensitive taxa have to be taken into consideration, following the
Saprobic Index (Pantle and Buck 1955). The Saprobic Index was originally debg|&zadle
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al. 2003, Friedrich and Herbst 2004, ENNW | 3 UA AK 6). It classifies benthic invertebrate
species into categories, which reflect a certain poliotievel of the place of finding. The
indicator organisms reflecting a high pollution status have certain characteristics for being able
to cope with different environmental conditions and/ or have certain general sensitivities (e.g.
Pantle and Buck 1958yFD 2000Rolauffs et al. 2003). Reference conditions are mainly derived
from historical data and recent data about habitats with very little human influence (Rolauffs et
al. 2003). Furthermore in the WFD takes into account different natural ecologicad gy
complements the biological measurements with phygiemical and hydromorphological
quality elements (WFD 2000). Fish fauna is considered only in transitional waters but not in
coastal waters. For this species group pressure sensitivitiesomsdeed as well (WFD 2000).

It has also been argued that phytoplankton would be a good indicator for water quality in
transitional waters and concepts for coastal areas were developed and applied in monitoring
programmes (e.g. Dirselen et al. 2006, Facca &mb3009).
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A speciesdased indicator system is not necessarily based on abundance data; it can also consist
of surrogates, which are more suitable to describe the status for a particular species group.
Sagert et al. (2008) developed for example an irtdicaystem for phytoplankton in the Baltic

Sea to assess eutrophication. Yheased theitidentification of indicators on historical data in
order to take into account natural variation, which can be quite high for phytoplankton.
Eutrophication was best ekained by phytoplankton biomass, bimlumes of certain
phytoplankton groups/ size classes of diatoms as well as the percentage of certain
phytoplankton groups (Sagert et al. 2008).

Historical data is commonly used for indicatsed assessment and sem®any purposes.
Amour and Lobry (2009) could include a temporal dimension in a species group based indicator
method by taking into account temporal trends for all indicators based on historical data. They
focused exclusively on fidtased indicators reflgéing general ecological status (Amour and
Lobry 2009).

To identify and choose a suitable species group as indicator is a challenging task. Some species
groups with a short life span and fast reproduction rate might reflect acute environmental stress
quite well (Carignan and Villard 2001). On the other hand, species groups with a complex life
cycle, which include different environments abdhaviormight give a more comprehensive
overall picture of environmental health and mirror loteym pressures and cumulative
temporal effects (Carignan and Villard 2001). Carignan and Villard (2001) distinguished between
different kinds of indicator species, vahi could be suitable for environmental assessment:
keystone species with a large influence on the environment, umbrella species with big area
requirements, dispersdimited species and procedisnited species sensitive to ecological
processes.

An interesing approach was presented by Koop et al. (20Theyrealized the need of early
warning systems to achieve effective conservation strategies in time. As a practical solution,
they proposed to measure physiological fitness indicators of benthic invetteldauna by
standard field and lab measurements (Koop et al. 2011). Fitness in this context is defitterl as
physiological capabilities of the organiém2 A f £ YS NJ S tand-dépeéndsiessantially o X 6
its ability to cope with abiotic and biotic ahges in the environment and on the physiological
and biochemical strategies it uses in respan@é€oop et al. 2011). They suggest measuring
energy storage components and metabolic rate or investment in growth determined by the
indicators adenylate energgharge for acute impacts, triglycerides and glycogen for chronic
impacts and RNA/ DNA ratio for growth rate (Koop et al. 2011).

Holistic approaches

Indicators can include environmental as well as huseated indicators and indicators for
anthropogenic pessures. Recently environmental indicators are often completed with
economic and social indicators incorporating human actions as part of the ecological system
(e.g. Esty et al. 2005, Wiegland et al. 2010). The internationally used indicator environmental
sustainability index (ESI) applies e.g. such indices such as environmental health, air quality,
biodiversity, and private sector responsiveness (Esty et al. 2005). The indicators are specified by
variables and metrics and summed up (Esty et al. 2005).tidulgly they are weighted
according to their relevance with principal component analysis (Esty et al. 2005).

Halpern et al. (2012) developed an indbat considesten public goals, includg indicessuch
asbiodiversity as well as food provision or stal livelihoods and economics. Each of these
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descriptors reflects the current condition, trend, pressures, and resilience (Halpern et al. 2012).
This index does not correspond to natural boundaries, such as ecosystemsgt@ad it is
calculated per contry (Halpern et al. 2012).

Applicability of the indicator concepfor assessments

Monitoring programmes for indicators are widely used and proposed in directives and
international agreements and studie®/FD 2000ICES 200%)irselen et al. 2006agert ¢ al.

2008 OSPAR 2010, HELCOM 2040d thus, there is hdepth experience and expertise
available. Proposals and concepts could be transferred from the WFD for the coastal habitats
and extended to the areas, which are not covered by the WFD but by tiOMBdicators
systems are applied worldwide and combined with different methods and baselines. Chu et al.
(2003) used e.g. more than 200 fish species as indicators for water quality in watersheds in whole
Canada, whereashistorical data were used for defining reference conditions.The
implementation of a regional scale for the GIS data showed that #teral variability shaped
ecodistricts. The assessment included very differddihds of pressures and environmental
parameters such as climate change&ste, or road density (Chu et al. 2003). Such applications
underline the practicability of this method.

However, just a few studies deal with cumulative effects of very different kinds of stressors (but
see e.g. Muniz et al. 2011) as required by the MSFIxh comprises such dissimilar stressors
as plastic pollution, fisheries, and changes in siltation.

Another weakness of the indicator method is that it only describes the state of the art but cannot
serve as an early warning system. The species migiktirect already in a specific area and too
much damage might have happened before the cumulative effect is observed. Once an
ecosystem is destroyed, a recovery is uncertain as mentioned and underlined with a
hypothetical example by Koop et al. (2011).

Someindicator methods can be rather descriptive and difficult to quantify (see examples in
review by Canter and Atkinson) 2011, which was a request for the development of the concept
of cumulative effect assessment for the MSFD.

Compared to other indicator stems based on species composition indices, the method of
physiological indicators (Koop et al. 2011) reflects environmental changes quite early, which
might be a big advantage. Furthermore, the physiological indicatorgemeralindicators for
ecosystenhealth, leaving out the problem of finding a common unit of quite different stressors
and effects. One major disadvantage is that it is not possible to detect the most severe stressor
with this method. The method could be complemented with other concepth as a threshold
approach if applied for the MSFD as other indicator concepts are in many assessments (see
2.3.5. If the method would be impleented, it also needs to be considered that different groups

of organisms have different sensitivities to environmental stress and that e.g. benthic
invertebrates cannot reflect the health and status for some groups with diffdsehawviorsuch

as migratingishes etc. Some species groups might be more vulnerable to a particular stressor
as another group of organism. Therefore, a careful selection of indicator species is critical for
the success of this concept.

Warwick and Clarke (1998) argued that troph@mposition and species composition varies
depending on habitat typeTherefore, it is important to consider these aspeictcumulative
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environmental effect assessment. Habitats or ecosystem types are also implemented in the final
assessment in the WFD B 2000).

To sum up, he indicator method is a sound and approved method for environmental
assessment and it provides a very good and comprehensive picture of the state of the art being
able to reflect the stability of the ecological quality. Temporal apdtial patterns can be
reflected by the method based on the growing availability of ergn data, even though
seasonal effects will not be covered. One difficulty might be that it is hard to select species,
which reflect the cumulative aspect of veryssimilar kinds of pressures due to the different
vulnerabilities. Furthermore, this method does hardly offer any possibility to integrate genetic
considerations. Direct interactions between stressors cannot be investigatedheiihdicator
method alone.

In combination with other methods, a sound selection of indicator species could be very useful
for the implementation of the MSFD to mitigate the data amount necessary to conduct some
analyseslt would e.g. be possible to refer to an indicator concepdl &m choose for example
very sensitive species, key species or umbrella species (Carignan and Vill@&ed 200

2.3.2 Crossimpact analysis

Overview

The crossmpact analysis was originally developed Bwayward and Gordon when they
developed a game (Gordon and Hayward 1968). It was first agplieiderstandthe impact of
major technological and environmental developments and their holistic effecaroaverall
sector (Gordon and Hayward 1968). One major aimrofsimpact analysis was to structure
forecasts and to understand the interactions of different developments. Gordon and Hayward
(1968) also proposed that cregapact analysis could be used as a decision tool as potential
effects can be easier understoahd be made transparent. The visualizing tool is a table
displaying the probabilities of e.g. certain inventions or developments in rows and columns
(Tablel). For cumtlative effects assessmettte conceptcan be transferredo the effects of
multiple stressors and environmental effects agd.odevelopmentireplacedby ostressodin
contrast to the original table. Each cell can now be filled with a particular relétipresther
showing that an effect of one stressor would be made either more or likey by the
occurrence of another stressor. Alternatively, there is no connection between the two issues.

In their example, Gordon and Hayward (1968) referred to thec&gielationships of altered
probabilities of developments, environmental changes and effects.

If the probability of feasibility of limited weather control would be e.g%20this would change
the probability of crop damage from adverse weather eliming@drdon and Hayward (1968).

Gordon and Hayward (1968) distinguished three different linkages between events: unrelated,
enhancing and inhibiting, whereas an enhancing relationship is subdivided bgnablingx
linkage and aprovokingy linkage. Inhibitory linkages are divided following the same logic
structure intoodenigratingrand cantagonisti¢linkages. These linkages are in a first step shown
by an arrow pointing upwards or downwards drawn in the cell connecting the two events
(Godon and Hayward 1968). The strength of the connection is indicated by the thickness of the
arrow (seeTablel, Gordon and Hayward 1968).
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Crossimpact analysis can alsbbe quantified by application of the equation (Gordon and
Hayward 1968):

0] Q0 AYD o

where Pn is the probability of Dn (representing a development, impact or stressor) alone, P'n
the probability after occurrence of Dm, M is a functigithe connection mode, S is a measure

of the strength of connection, tm is the time in the future of the occurrence of Dm and t is the
time in the future for which the probabilities are being estimated (c.f. Gordon and Hayward
1968). Linear relationshipsere considered and used for the first tests (Gordon and Hayward
1968). The calculation of estimates was based on expert judgment but tested and adjusted
afterwards with a computer programme (Gordon and Hayward 1968).

Tablel Crossimpact matrix adapted from Gordon and Hayward (1968) upward arrows indicate an
increased probability of an effect, a minwsign indicates a decreased probability of an effect

then probability of an effect of
if this stressor would occu| Stressorl | Stressor 4 Stressor 3 Stressor 4
L B L
Stressor 1
L B L
Stressor 2
b b b
Stressor 3
b b b
Stressor 4

Enzer (1972) established a thought experiment where he showed the logical limitations of
dependencies in the concept. He investigated tiagure of dependencies, described different
categories for them, and defined the limitations of possible probabilities. Enzer (1972)
summarised four different kinds of dependencies of events, which can be assigned to effects
related to the background of caulative effects:

1 The effect does only occur if another certain effect occurs and thus the probability of
occurrence strongly increases if this effect occurs.

1 The effect just occurs, if another certain effect does not occur or a reaction takes place
just in case of a certain event.

1 Complete independency of e.g. two effects and mechanism of action. The probability is
in this case 0.5.

1 One stressor or effect enhances or inhibits the occurrence of another stressor or effect.
In this examplethe probability § either higher or lower than 0.5 depending on the
nature ofcumulation(synergistic or antagonistic).
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Depending on the probability of occurrence of one single event and the nature of interaction,
only a certain value for the probability is mathematicafigssible (Enzer 1972). These
relationships constrict the probabilities to certain values (Enzer 1972). Enzer (1972) identified
these logical laws and implemented them into an equation for binary relationships:

5 0 0y p 0 O .
with PA beig the expected probability of event A for the interval specified, PB being the
expected probability of event B for the interval specified, PA/B being the changed probability of
event A given that event B occurs within the interval specified and Bajngthe changed
probability of event A given that event B does not occur within the interval specified. (Enzer
1972). A computer program can test these assumptions (Gordon 1994). The program is also used
to adjust and test the expert judgments by testing firebabilities of randomly occurring events
against the estimates of probabilities defined by experts (c.f. Gordon 1994). Gordon (1994)
proposed that experts should additionally correct for inconsistencies of the estimated
probabilities and he underlines ¢hpositive sideeffect of cross matrix analysis due to the
improvement of knowledge about the nature of interactions and feedback systems. Sensitivity
testing should be performed by running the calculations again with an altered probability of a
factor. It is tested how much the system would change (Gordon 1994). For policy or
management actions probabilities could be changed, new events added or type of interaction
could be altered and the matrix could be run again to see the possible result. Enzer (1980)
established a computer program (INTERAX), which appliesioipast analysis on a scenatio
based approach.

Kane (1972) developed the creisspact analysis further and showed a way to integrate mixed
data in the model, so that in case precise data is abhs| it could be applied and on the other
hand, expert judgments could fill knowledge gaps. Instead of entering numerical data in the
matrix, he recommends plus and minus signs (four categories of plus and four categories of
minus). These categories algated and the interactions are weighted according to the strength

of interaction (Kane 1972). A Matrix Model can also be used in a way that the cells are connected
with equations (Dixon and Montz 199%)onsequentlyconcrete relationships can be defined.
Dixon and Montz (1995) used additionally different layers of matrices to investigate indirect
effects.

WeimerJehle (2008) proposed a modification of the croapact analysis where expert
judgment is categozed in different levels ranging fronstronglypromoting direct influencéto
ostrongly restricting direct influen@gWeimerJehle 2008). The cumulative effect of different
impacts is calculated by adding up the expert judgments (Weileble 2008). The method
includes an indication of strength and tnee of interaction (positive or negative) and it
considers to the same time the impact of each single subject by subdividing the impacts in
additional categoriesQ) (WeimerJehle 2008). This method can be tested for consistency by
simply balancing the impacts: Both possible positive and negative effects are noted for each
variable and it is assumed that the actual answer always equals the mavinpant sore Table

2, WeimerJehle 2008). Consistency can be checked with an equation where different scenarios
are checked for consistency and all possible solutionsbeafound (c.f. Weimedehle 2008).

This extension of crosmpact analysis is called cresspact balance analysis (CIB analysis).
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Table2 Crossimpact matrix, positive numbers indicate positive dependency, negative number a
negdive one, the number indicate the strength of the relationship, table adapted from Weimer Jehle

(2008)
Stressor 1 Stressor 2 Stressor = Stressor 4  Stressor £
+ Jo[- [ [+ ]o]- + [o]- [ [+ [o]- 0]-
+ 0 (0]0 0 |00 0 |00 0|-1
Stressor 10 0 (0|0 0 |00 0 |00 0 |00
- 0 |00 0 |0]O 0 |00 1101
+|0 |0 |0 0 0 2 -2
Stressor40 |0 |0 (O 0 [0]O
-0 |0 |0 0 |00 0 |00 202
+|0 |0 |O 0 (0|0 2 |0]-2 0 |00
Stressor30 |0 [0 |O 0 (00 0 |0]O 0 0|0
-0 |0 |0 0 |00 21012 0|00
3 |0 |-3 2 |0]-2 2 |0]-2 0 (0|0
Stressor40 |0 |0 (O 0 1|0|0 0 [0]O 01|0|0
-1-3 1013 0 (0]0 210]|2 0 (0|0
2 |0 |-2 11]0(-1 3103 0 |0]O
Stressor50 |0 |0 |0 0 |0|0 0 |00 0 (0O
-2 |0 |2 -110(1 3 |0|-3 0 |0]|0
Q@ (0] Q@ @ @

Balance [1 [o[-1] |1 ]o]-1] |5 [o]5] |2 [o]-2] [-2]0]2 ]

This kind of matrix allows the following relationshipd.\WeimerJehle 2008):

1
T
1
T
T

1
T

Direct interactions with a certain strength
Unidirectional influence
Bidirectional influence with ffierent strengths

Influence under a certain condition, for example if a certain effect just occurs if another
stressor has apositiveieffect

Differentiation of the different strengths of severgtessors on one stressor
Reinforcing interactions

Conflictive interactions

The CIB analysis could be also applied for checking symmetry of a system, an analysis known
from theoretical physics of complex systems (Weisskopf 1969, Lane 1986). This theorgsass
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that natural systems always show general symmetry and a tiny dissymmetry disrupting the
perfect picture (Weisskoff 1969). Lane (1986) transferred this concept to biological systems for
food web analyses. Parallel to this idea, also in cumulativeteffsessment unexpected effects

can occur, interrupting the symmetry of the consistency of the matrix. However, the general
assumptions of the matrix should lead to a picture, which reflects the symmetry of the natural
situation.

CIB analysis can also bgpied in combination with automata network analysis, which is often
applied in complexity research (Kauffman 1993). This kind of network analysis links each unit of
the network with a positive, neutral, or negative input and output in line with the maa$
discussed by (Weimelehle 2008). If the units represent species in an ecosystganetic
regulatory circuitétand effects on the whole ecosystem can be aredy(Kauffman 1993).

Applicability of matrices for the assessmertf cumulative effects

The Crossimpact analysis was first tested empirically (Gordon and Hayward 1968) on the
historical decision to deploy the Minuteman missile and included nearly 30 events with potential
linkages and transportations related events (Gordon and Hayward 1968% tBimm, cross
impact matrices are widely used and discussed in a broad range of research fields, e.g. in
economy Schuler et al. 199)ickers 1992), political science (Gordon et al. 1970), social sciences
(Jackson and Lawton 1976), planniMu(phy 1989 Makridakis 1990) and technology (Choi et

al. 2007).

The crossnatrix method is an effective way of visualizing interactions between issues and

provides a quick overview to binary cumulative effects of a complex topic for e.g. the interested
public or politcians. The applicability of existing data for this kind of analysis is high, because
research hasocusedon binary relationships (Gordon and Hayward 1968). Another advantage

is the possibility to change equations for updating the matrix regularly tofireings.

A problem is the choice of method used for revision of the marginal probabilities: Fontela and
Gabus (1974) as well as Duperrin and Godet (1&mizedthe mathematical methods applied

to correct the probabilities because they lack logic aasistency with probability theory.
Duperrin and Godet (1975) propose another kind of mathematical solution to reach consistency.
This solution produces a ranking of the probabilities providing a kind of index of reliability and
merged crossmpact analys with scenario development. This method however has been
criticizedas well, because of the high number of possible probability sets (Mitchell and Tydeman
1974). Mphahlele et al. (2011) conducted a comparative study and concluded that the Monte
Carlo tetinique compared it with the difference equation technique: both resulted in opposite
general tendencies of the result. Thus, the development of reliable statistical methods for the
crossimpact analysis is still an issue.

Matrix Models might be a good way model cumulative effects if the focus is on the nature of
interactions (synergistic, antagonistic). The CIB method could be applied for the MSFD, because
it can model the overall cumulative effect of anthropogenic pressures based on binary
interactions.

However, i seems impossible to present all interactions of all pressures and all ecosystem
components in one matrix. Different species groups are affected in a different way by certain
stressors and have certain vulnerabilities. One example is the simtergction of temperature
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and acidifiactionon mussels comprising even a feedback systerough the carbonate cycle
(Melzner et al. 2011).

The method comprises interactions on a binary basis, which fits well to the kind of data, which
are available focumulative interactions in the marine habitat. To the same time, it reflects the
complexity and can show with how many other stressors a particular stressor interacts. There
are examples when two stressors interact in one way if they are the only magrsltwt in
another way when a third stressor occurs (reviewed in Crain et al. 2008). In matrix analyses
applied on a spatial scalsuch dependencies could be incorporated by integrating just those
pressures, which are actually present on a spatial apdtby calculating the overall balance of
influences

Linkages between issues are probably much more complex as represented ifinquass
matrices and comprise a whole set of different functions. For example, the nature of an
interaction might change aftea certain exposure time. Even after more than four decades
research about multiple stressors such relationships are still hardly known and a lot of effort is
needed for these investigations. However, such kind of analysis can give a hint about the
magnitude of the cumulative nature on different species groups and might give indications for
vulnerabilities related to cumulative effects.

2.3.3 Ecological Network Analysis

Overview

Ecological network analysis was derived from general system theory by Patten (TB&8).
environment of each component is divided into at least two components, called environs: One
input and one output environ (Patten 1978, Fath and Patten 1999). A connection between two
components displays an output as well as an input. Such a netwodocaist of many different
components. Therefore, the approach becomes holistic and ecosystem system characteristics
can become visible (Fath and Patten 1999). Network analysis can be linked to the mathematical
concept of statespace theory, which describehe transfer of one component into a new state

by a certain input and the corresponding output, which makes it possible to quantify system
changes of the network (Zadeh and Desoer 1963 in Fath and Patten 1999). The number of
pathways can be calculated pathway analysié~ath and Patten, 1999 ath and Patten (1999)
summarked three different ways for more detailed interpretation: flow analysis, which analyses
the flow intensities (Hannon 1973), storage analysis, which provides information about storage
intensities (Patten and Higashi 1995) and by utility analysis, which reveals the utility intensities
of the system (Fath and Patten 1998). The three latter analyses refer to indirect pathways and
non-dimensional characteristics (Fath and Patten 1999).efpbral dimension can be
integrated in network analysis (e.g. Fath and Borett 2006). Overall systems characteristics are
tested mathematically, such as homogenization or the magnitude of the effect of indirect effects
(Fath and Patten 1999). A test cangerformed for possible amplifications the system, which
occurs e.g. in casghe summed total amount of flow through a compartment is greater than
the input into the networki(Fath and Patten 1999). Furthermore it can be tested, if the system

is charactrised by a network synergism, meaning that the number of positive net flows is higher
than the negative net flowsihtegral utilities)) (Fath and Patten 1999). Fath and Borrett (2006)
developed a MATLAB function for network analysis comprising thesgsasalThis MATLAB
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function offers a flexible basis for sound interpretation of environmental data (Fath and Borrett
2006).

The work of Fath and Patten builds upon earitemptsto analyse networks:Finn (1976)

introduced three commonly applied measuris the interpretation of network analysis: the

cddzy 2F Fff O2YLI NIYSyidlf GKNRAAKTFE2ga 2N GKS G2
LI 6K fSy3adkK 2F +y AyFiz2g o!t[A0 wX86 IyR GKS OegOf
cycling in thesystenit Several software tools have been developed to) facilitate the application

of network analysis such as Ecopath with Ecosim @E®HR)istensen and Walters 2004).

Network analysis in its traditional application describes often changes in food tnettuse.

Thus, the nature of transactions is usually masergy related (Wulff 1989). Changes in such
structures can however also give indications of ecosystem changes, loss of species,
simplifications, or unevenness, which can be caused by anthropogesssures. The analysis

with Ecopath with Ecosim allows to draw conclusions about the total system throughput (TST)
indicating the magnitude of the ecosystem developme@hijstensen and Walters 2004,
Patricio et al. 2006). By calculating the magnitudlaafs, it is possible to interpret information
about system development and maturity, the diversity of flows and the ascendency as a
measure of overall ecosystem growth and development (Christensen and Pauly 1992,
Christensen and Walters 200Ratricio etal. 2006.

Applicability of ENAfor the assessmenof cumulative effects

Ecological Network Analysis is often applied for investigating energy flows in food web models
(e.g. Fath and Patten 1999, Christensen and Walters 2004, Wulff 1989) but alsogarpbse

of characterization of the environmental status of a region in combination with other models
(Christensen and Walters 2004). Its generality allows applying this framework for a broad range
of purposes. Whole ecosystem structures, species intermastiand bioaccumulation processes

can bemodeked. Interactions between stressors cantbedeled and as a consequence, direct,
indirect effects and feedback loops can be visualised in an easy understandable way.

Furthermore, equations can be added to describe the nature of interaction and interactions can
be guantified and calculated (Fath and Patten 1999). Indirect effects are taken into account by
the fact that all equations of the nodes are connected with eaitier. Therefore, if there is.qg.

a connection between | and j and | and k, the intensity of these flows influence the indirect
relationship between k and j (Fath and Patten 1999). The structure of this framework offers a
variable level of complexity, wtth can be adapted depending on the type of question. On the
other hand, this complexity might also be a challenge because not all modes of interactions are
investigated and known.

Ecological Network Models can be connected with spatial models (ChristamsehValters

2004), such that they can cover a wide range of cumulative aspects. ERSEM is a network model
for the ecosystem dynamics in the North Sea and has a temporal and spatial dimenskart(Len
2001). Burkhard et al. (2010) combines this ecosystemainedh a transportation model (via
waves, tides, wind etc.),laydrodynamianodel, a food web model (Ecopatland GIS maps for

the evaluation of cumulative effects demonstrating the flexibility of network models. For an

2www.ecopath.org
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application on MSFD objectivesgtimethod can also be combined with other methods in order
to cover all key issues of cumulative effects assessment.

2.3.4 Causal analyses using flow diagrams

Overview

A causal analysis is often presented in a flow diagram, where pressures, their effects, and
pathways arevisualizedand relationships between pressures and effects can be presented.
Feedback systems can be adhered by integrating loop elements. Flow diagrams can be used both
as visualization tool, as well as model elements to calculate flows. Howevénis case a
common unit is necessary (European Commission 1999). The statistical analysis of flow diagrams
can be performed e.g. with structural equatiorodeling(SEM) (Trevino et al. 2007).

The method resembles network analysis. Even though thesen® overlap to some degree, in
contrast to network analysis the purpose of flow diagrams is rather to focuses on origin and
effect of an issue in order to answer specific questions (European Commission 1999).

Applicability of causal analyses using flafiagrams

Causal analysis using flow diagrams is done sometimes as a preparation for project approval/
disproval. For example, the effects of the channel widening of the Keil Canal were analysed with
causal analysis and flow diagrams (Bundesanstalt fir &axéunde in European Commission
1999). Another example of an application is a study about threats to the avifauna on oceanic
islands (Trevino et al. 2007). The autharmlyzedthe causes and revealed the most severe
threats, which led to extinction of seral bird species. They considered not only the direct
effects of the pressures on the avifauna but also how the different pressures influenced each
other (Trevino et al. 2007). This study is also an example for a quantitative application of the
method (Tevino et al. 2007)Generally, flow diagrams provide a quick overview and can
contribute to a basic understanding of processes, which might be relevant for cumulative effects
assesment.

2.3.5 Threshold approach

Overview

A threshold approach for cumulative effeassessment from a planning perspective was
suggested by Dickert and Tuttle (1985) for defining a carrying capacity of the environment for
land use as a practical decision tool for project approvals. Thresholds, which should not be
exceeded, can be defidebased on extrapolation of historical data and can integrate a spatial
and temporal perspective. The authors considered a geographical area or ecosystem as a whole
in contrast to individual assessment of single projects, because they claimed that tiojeset:-pr
related investigations cannot reflect the entire ecological status sufficiently (Dickert and Tuttle
1985). They searched for episodic events in the historic record and separated natural from
humaninduced impacts as good as possible. Moreover, tr@tyzedhe hydrology, the upland
erosion and deposition and geomorphological characteristics. These data was used to evaluate
the erosion susceptibility and derived the extent of land disturbance (Dickert and Tuttle 1985).
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With regard to organisms, thenteshold value is currently defined as the situation, when no
effect is observed, even after prolonged exposure time and the probability of death is does not
exceed control conditions (Jager et al. 2011). Population survival can be reflected by the model
by the multinomial distribution likelihood function, which includes the killing rate and the
selected dose metric (scaled damage, internal concentration, scaled internal concentration, or
external concentration).

For example, a threshold method was appliethe WFD (2000), where limits for the categories

of environmental status were e.g. defined for priority substances (Lepper 2005). EQS
(cEnvironmental Quality Standar@scan describe not only survival but also sublethal effects
such as endocrine regulat in animals or carcinogenicity for man (Lepper et al. 2005). The
derivation of EQS takes the differem¢haviorof chemicals in the water, the sediment and in

biota into account and additionally integrates a{gioncentration and biecmagnification facto

(Lepper 2005). The limits for EQS are mainly derived from toxicological tests of indicators,
whereas the annual average quality standards are based on chronic data, the maximum
acceptable concentrations (MACSs) relate to short term toxicological teqip€k2005). In most

cases the EQS and corresponding environmental quality criteria (EQC) refer to results of species
sensitivity distributions from toxicological tests (Posthuma et al. 2002, Lepper 2005) and the
safety factor method (Lepper 2005). Predefinsafety factors are applied as a precautionary
method in order to account for variability and possible lack of data (WFD 2000). This factor
should be related to threshold values and general guides in the technical guidance document
for risk assessment ofubstances (European Chemical Bureau 2003). The value of the
assessment factor depends on the kind of method used {teng/ short-term, NOEC/ L(E)C50

etc.) (Lepper 2005) These assessment factors equal those discussed on a workshop of the OECD
(1992).

Environmental quality criteria (EQC) can also be derived from the results of the SSD data e.g. of
certain indicator species (Posthuma et al. 2002), which are frequently applied in conceptual
frameworks and monitoring programmes (e.g. WFD 2000, Swedish(BRA 2

QSARs (se®) will often be applied for the derivation of the Predicted No Effect Concentration
(PNEC) if no data or no plausible data idlalsbe (Cronin et al. 2003). In this case, the test with
QSARSs can help to decide about the further procedure for possible tests (Cronin et al. 2003). The
European chemicals legislation REACH (2006) requests three comprehensive datasets to
calculate the PEC, which should also account indirectly for ecosystem functioning and stability
of ecosystem structure: It is assumed that thresholds for the most sensitive trophic level also
would protect all the other, less sensitive trophic levels. Additionally anogpjate assessment

factor is appliedwhich accounts for intraand interlaboratory variation of the data, biological,
shortterm to longterm extrapolation and laboratory to field extrapolatiariBackhaus and

Faust 2012).

The OSPAR Commission also 38#&Rs for the identification of the most severe chemicals,
which should beprioritized in the management (Cronin et al. 2003). JAMP guidelines for the
integrated monitoring assessment (OSPAR 2012) it is suggested to use threshold levels for the
biologicaleffects leading to a color code of red, blue, and green. These classifications are based
on Background Assessment Concentration or Criteria and Environment Assessment Criteria,
which are analzed on several physiological levels in indicator species atiteiwater column

as well as in the sediment (OSPAR 2012).
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In many assessment methods, the thresha@dd indicator method are merged in a way that
indicators define the affiliation to a certain class of ecological status, whereas a threshold
approach defies the acceptable limits and possibly an acceptable deviation. Such an approach

was for example applied by HELCOMSs Holistic Assessment of Ecosystem Health status (HOLAS)
(HELCOM 2010). In this approach three different assessments, HEAT (HELCOM Ewrophicati
Assessment Tool), BEAT (HELCOM Biodiversity Tool) and CHASE (Hazardous Substances Status
Assessment Tool) are combined to the holistic approach. This was possible because they use
these two similar basic methods of cumulative effect assessment. Talsoisn line with the

WFD and some of the threshold values are derived from this Directive (WFD 2000).

A threshold approach is also applied in the General Unified Threshold Model of Survival (GUTS)
(Jager et al. 2011). This model is a toxicokingtkicodynamic model, which comprises several
sub-models (Jager et al. 2011). It calculates the uptake of the toxic substance over time,
estimates the expected damage with stochastic death models and defines a threshold
distribution with individual tolerance modie The expecteddamageiis a measure of the effect

of a specific compound without any specification of the kind of damage and integrates a
recovery rate. The GUTS model can integrate also other kinds of stressors than toxins (Jager et
al. 2011). Dependmon the best fit or the availability of data, the survival probability is derived
based on toxicokinetics or on the scaled damage.

The General Unified Threshold Model of Survival (Gl&G8als in many ways the DEB model
(Kooijman 201Q)ntroduced in2.3.8 HoweverGUTS%xclusively relates to survival, and growth
and reproduction are no output variables (Jager et al. 2011).

The death of an individual is assumed to d&estochastic death, whereas pressures can be
modelked as pulses and a linear time elapsed is additionally complemented into the equation. In
general, only one stressornsodeked (Jager et al. 2011).

Applicability of the threshold approach for the assessmieof cumulative effects

The threshold approach is a walbproved method applied in many international agreements
and regulationsWFD 2000CEMP assessment OSPAR 2009, HELCOM 2010,). This might be due
to its good practicability. Once decided and agready all contributing parties, thresholds are
clearly defined, hardly questionable, easy to control, and it is hard to camouflage the actual
environmental status. The transferability of thresholds to calor-code indicating the
environmental status is stightforward and easy understandable for all kinds of users. The
threshold approach is a very transparent method and due to its simplicity, different bio
geographical regions and countries can easily be compared. In many cases, corrections
according to thebaseline conditions are integrated. For example, the descriptors of the
environmental status in the WFD are recommended to be adapted to the specific type of water
body (WFD 2000).

The threshold approach aims at protecting all species (often based on. $&Dsver, the
species number as well as the number of chemicals and stressors is high and ecotoxicological
tests cannot provide data for all species. Therefore, OSPAR and ICES agreed on a minimum of
three species for the definition of an EAC (OSPAR/20848 and in some cases, the chosen
species might not be the most vulnerable ones leading to an underestimation of an effect (ICES
2012). Furthermore, if SSDs are the foundation for the designation of threshold levels, often a
5% percentile is accepted psoposed by Posthuma et al. (2002). This is risky because it ignores
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local adaptations of species to certain environmental conditions. For example, some species in
the Baltic and not able to tolerate certain environmental conditions due to a low genetic
diversity and local adaptations, whereas the same species occurring in the North Sea can indeed
tolerate the same conditions (Magnusson and Norén 2012). Moreover, the precautionary range
of accepted stressor levels might not be sufficient for some veryevabie species with a
narrow tolerance window.

In general, a threshold value related to carrying capacity is very difficult to estimate. This will be
especially the case, if sufficient data on a topic does not exist. Depending on e.g. the data
availability extrapolation, different factors are includiedthe calculation of threshold values in
several concepts (WFD 20@MS$SPAR/ ICES 200é4pper 2005). However, to our best knowledge,

the numbers the scientific derivation of the values of these factors are not dRECD 1992,
WFD 2000, Lepper 2005) aihdeems uncertain if this precautionary factor accounts sufficiently
for possible synergistic effects.

Temporal effects cannot directly be considered in the threshold approach. Thus, the prolonged
exposure to a stressor, which might either lead to morgese effects or the induction of
adaptation processes reducing the effect are not integrated.

The QSAR approach, which is often used in combination with a threshold approach, is very useful
to fill data gaps in toxicity data. Toxicological tests are avbigied the approach is rather a
mechanistic one following a structural logic (for details of grouping see van Leeuwen et al. 2009).
QSARs are applied in very many international decisiaking frameworks, especially in the USA

and Europe for the predictiomf ecological effects and theehavior of chemicals in the
environment (Cronin et al. 2003). Despite the broad application knowledge abobietievior

of substances is unevenly distributed to the research fields: whereas there is relatively much
knowledgeabout carcinogenic chemicals available, less data on other environmentally relevant
substances can be found (Cronin et al. 2003). Moreover, predictions of effects with QSARs do
not yet work well in complex mixtures (c.f. Cronin et al. 2003). Thereforee mesearch is
needed in this area.

The threshold approach is hard to combine with whole community effects or indirect effects via
interactions between species. It might be possible to derive thresholds for all pressures
mentioned in the MSFD. However, cbimation effects cannot be integrated in this approach
due to its structure.

2.3.6 Classical methods for the analysis of chemical mixture toxicit

Overview

Concentration addition

The theory of the concept on concentration addition (CA) assumes that the cheamedyzed

act in a similar way and have a similar mechanism of toxicity or have the same molecular target
site (review and equations (see Drescher and Boedeker 1995). @lygithe concept was
developed by Loewe (1926) and Bliss (1939). The concentrations of each substance are added
up taking into account the response probabilities of each substance

P
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where zi is the concenttin of a substance and Hi is the inverse of the response probability

of (zi). Here, z1, z2 give the concentration of either substance in an equieffective combination
(z1 + z2jc.f. Drescher and Boedeker 1995). The response probabilities can be derived from dose
response curves (Boedeker et al. 1993). Boedeker et al. (1993) stressefbth@incentration
addition the combined effect will always exceed that of the weakest suost alone and be less

than the effect which could be achieved from the most potent substance by applying the amount
of concentrations present in the combinati@n

In case it is assumed that the toxicity or nonlethal effects of each substance have the same
strength, CA and IA can be compared by the equation

bg¢ na v am
published by Drescher and Boedeker (1995).

Independent action

The calculation mechanism of the model of independent action or also called response addition
model is based omlose response curves of single compounds (Boedeker et al. 1993). The
independent action is applied for substances, which are expected to act independent from each
other, have different modes of action and different molecular targets (Boedeker et al..1993)

It is assumed that the response probability is equal to the sum of the response probabilities of
each of the substances subtracted by the product of the substances (Boedeker et al. 1993).
Boedeker et al (1993) stated that in case of independent actio® combined effect will always

be weaker than or equal to what is achieved by simple summation of ediftsse2.3.6

The EU Commission (2011) pishedan equation foiindependent action:
00 p B p 006 ,
where E(Giy) is effect of the chemical mixture &, and E( is the effect of theindividual

mixuture component i at the concentration deffects are expressed as fracti@fsaa maximum
L2aaArot S STTF Sddf E& &mmissiod 20). M n /E2 O

Applicability ofthe application of the conceptsconcentration additiondand cindependent
actiondafor the assessmendf cumulative effects

The outcome of many experiments supported the thesis that the cumulative effect of different
compounds can be greater than the effect of the individual substances and the methods of CA
and IA are widely applied (e.g. Feron and Groten 2008ker et al. 205, Wolansky et al. 2009).
Several computer programmes have been developed to facilitate the application of these
models (e.g. CombiTool, BioMol, Reaction Netwdddeling).

The models of 1A and Cldave one major shortcomingfey requiredetailed toxicolgical tests.

The European Commission (201dijticizes that sometimes, when such tests were not
performed, calculations or assumptions were made which led to -ouerpretation and
arguable conclusions. Furthermotéere is a variation of the results toxicological tests over

time which is not considered with the method CA (Baas et al. 2007, Baas et al. 2010) and might
be the cause for unexpected and contradictory results (Cedergreen et al.a2@0Baas et al.

2010. In some case€A underestimated #ntoxic effects (Crofton et al. 2005, Coors et al. 2012,
sublethal effects of cadmium, carbendazim and hypoxia on Daphnia by both CA and IA), but
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correct prediction of lethal effects by IA). However, Backhaus and Faust (2012) conclude that
these seem to beare cases. Overestimation of CA was often hypothesised theoretically and
specifically investigated for algae by Faust et al. (2003) with both, chemicals having similar and
dissimilar mechanisms, representing a realistic mixture of 16 different biocidesy could
indeed show an overestimation of CA whereas the analysis with 1A gave realistic results.
However, CA predicted an effect, which was not more thax Bigher than the observed
outcome (Faust et al. 2003). Concentration addition and independetibres do both not
include interactions between the substance in their theoretical concept (e.g. EU Commission
2011, Backhaus and Faust 2012).

Boedeker et al. (1993) specified the differences of CA and IA models: the outcomes of the models
depend on the faction of the dose response curve, differences between the distribution
functions Weibull distribution, logistic distribution, and normal distributions. These factors
determine, if the predictions of experimental results of the IA would be higher or lag¢ne
predictions of CA (Drescher and Boedeker 1995). Crofton et al. (2005) argues that in some cases
the reasons for a wrong outcome might lie in the duration of exposure, which was too short to
reach a steady state.

Both concepts do not take direct intections between chemicals into account, which might be

a factor with increasing importance as the number of hazards in the environment rises and
enhances the risk of a wrong prediction (Rider and LeBlanc 2005). The European Commission
differentiates betwen three different interactions: toxicokinetic interaction, toxicodynamic
interaction and metabolic interaction. These interactions might explain why a mixture effect is
higher or lower as predicted by CA or IA (European Commission 2011). Another pratidem w
the application of the model of concentration addition and independent action is the lack of
knowledge about the exact mode of action of specific chemicals (Backhaus and Faust 2012).
Therefore, predictions must be made according to certain charadesist the chemicals, which

adds someuncertainty (Boedeker et al. 1993).

Cedergreen et al. (2008) tested and reviewed applications of the models for CA and IA in more
than 150 data sets with nearly 100 different mixtures and seven different test systems
comprising grarmmegative bacteria, activated sludge microorganisms, zooplankton, microalgae,
a duckweed, and two angiosperms. The models could just predi%i @0the outcome of the
experiments by using CA and Z0by IA with no significant different acagy between the two
methods (Cedergreen et al. 2008). Other authors argue for the reliability of CA (Altenburger et
al. 1996, Faust et al. 200Bortenkamp et al. 20Q%r IA (e.g. Faust et al. 2003).

Some Scientists even transfer the two models to hideeels of physiological organization as a
reference value (Folt et al. 1999, O"Gorman et al. 2012, Crain et al. 2008). This transfer could be
risky in practice, as many authors have stressed that there is a huge lack of information of mode
of action and tle targets of many chemicals (e.g. Cedergreen et al. 2008, Bac&hdusaust

2012).

The European Commission (2011) proposes in general to use CA instead of IA and to fill
knowledge gaps of possible interactions by expert judgment.

Boedeker et al. (1993) ppose to use the model of concentration addition as a woeste
estimation and to use it even for mixtures, which act independently because of its good
predictions of all kinds of mixtures. Similar to the point of view of Boedeker et al. (X668ptly
Faust et al. (2003) proposed to use concentration addition as a precautionary approach but
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argue that both methods, CA and IA, require theoretical assumptions, which are unlikely to occur
under natural conditions.

When considering the application of CA dAdas a module for a model assessing the cumulative
environmental status of marine habitats in relation to the MSFD, one needs to be aware that
most of the applications of these concepts are applied for experimental setups. In experimental
setups componets are artificially mixed for the purpose of answering a specific scientific
guestion and thus do provide little information about the applicability for realistic mixtures as
pointed out by Backhaus and Faust (2012). Moreover, most of the literature msléduon
freshwater environments (e.g. Backhaus and Faust 2012) and some conclusions might not easily
be transferred to saltwater conditions due to the differences in the chemical composition of the
water and thus different behavior of the chemicals therein

In contrast to natural mixtures just two to three components are ugaile often, which also
raises the question how accurate these concepts model the real environmdrdre many
different stressors occuiBackhaus and Faust.2012).

Backhaus and Faust (2012) developed a decision tree for finding the best solution for risk
assessment. They propose to estimate the risk first with a CA approach integyataticted

no effect concentration® (if available) and thresholds. In contrast tommon procedures,
relevant species groups representing trophic levels and sensitive groups are considered
(Backhaus and Faust 2012). In case a threshold of these groups is exceeded, it is checked if 1A
should be applied depending on the natures of medbars and the probability of a relevant
difference of CA and IA analyses. If this is the case and additional studies confirm the exceedance
of limit values, risk management and further studies are recommended (c.f. Backhaus and Faust
2012). An interestingspect of this concept is that an ecosystem level is integrated in the risk
assessment. A risk in the application of this method is however that other kinds of pressures
such as fisheries can hardly be integrated in the concept, which might act cumul&ivbly
different species groups as well. The outcome of the decision three is due to its structure likely
to be rather related to 1A than to CA (Backhaus and Faust 2012). However, both models ignore
some biological and chemical knowledge as that there iadeed interactions between
chemicals, interactions with the chemical composition of the species group and adaptation
processeswhich interfere with the effect of the toxins.

CA and IA could be integrated in other concepts such as species sensisitributions (SSD)

and provide an estimate for a Potentially Affected Fraction as a Measure of Ecological Risk
(Posthuma et al. 2002). This opens the possibility of a wideofusese conceptfor ecological

risk assessment (Posthuma et al. 200)e corepts are alsancluded in DEB modeunder

very special circumstances (Kooijman 20H®)wever, the problems described above need to

be solved for an adequate application in cumulative effects assessment.

2.3.7 Toxicokinetic chemical interaction models

Overview

In order to circumvent data gaps of the various effects of an increasing number of hazards, which
is a major problem in ectoxicological assessments, a method was developed to predict the
effects, behavior and interactions of chemicals using an approbaked on the quantitative
structure-activity relationships (QSARs) (OECD 2004). A software tool can simplify this process:

28



the OECD QSAR Application toolbox (OECD 2009) can group compounds e.g. according to their
chemical structure, a common metabolite thhe mechanisms or mode of action depending on

the kind of question and data availability. Dadse derived by comparison of data from
experimental tests and other already existing descriptions (OECD 2009). It is assumed that
chemicals with similar featuseact in a similar way and that a group of chemicals follows a
certain pattern. The software also provides a database on regulatory inventories (OECD 2009).
The application of the QSAR methods spreads and is often used by regulatory agencies (reviewed
in Qonin et al. 2003, European Commission 2011). A comprehensive review of the applications
of QSARs is given elsewhere (Cronin et al. 2003).

The basic idea of physiologically based toxicokinetic models is to refleloettaiorof various
chemicals in a sifically described organism including mathematical functions and anatomic
structure (Haddad and Krishnan 1998). Physiologically based toxicokinetics (PBTK) models
distinguish between the different organs and their chemical characteristics as welldatairec
systems, cycles, uptakand eliminations routes. Consequently, the disposition of the toxin can
be followed, defined and calculated with mass balance differential equations if sufficient
information about the target organism and the stressor iswn (Haddad and Krishnan 1998).
Concerning the interactions of different chemicals, Haddad and Krishnan (1998) distinguish two
major interferences during the uptake procesathie interference with an active uptake process

and the modulation of the criticdliological determinant of uptalde Other interaction processes

are chemical interactions, where several chemicals compete for the same binding side of a
molecule in the body or can bind to a molecule if another toxin did before. Direct interactions
between toxins and modifications are also considered (Haddad and Krishnan 1998). The focus
of PBTK models is on binary mixtures. However, there are possibilities to model complex
mixtures. One option is to model each chemical separately but including all itigrawavith

other chemicals or molecules in the body; the chemicals are thereby connected with these
interactions building a network of dependencies (Haddad and Krishnan 1998). This method was
also tested experimentally with a mixture of alkyl benzenesais and humans (Tardif et al.
1997) Moreover,the method was tested in environmental assessment in combination with the
biological hazard index (BHI) (Haddad et al. 1999). It was revealed that the consideration of
mixture effects indeed resulted in diffent outcomes, both higher and lower than the
predictions of CA, which could be explained by certain interferences with the metabolism
(Haddad et al. 1999). A few years later, Lee and Landrum (2006) focused eteperadent
effects as well as biotransforrtian processes and proposed a method based on the Damage
Assessment Model (DAM), which refers to a critical cumulative level whéf Brtality is
observed (LC50). In contrast to Haddad et al. (1999) they proposed to account for cumulative
effects by damge addition, which relates to the model afoncentrationadditiond, and sums

up the effects assuming no interactions between the toxins gsée) (Lee and Landrum 2006).
Bioinformatics tools have been developed doalyzetoxicokinetic processes based on PBTK
models e.g. with SBML (System Biology Markup Language) models (Cheng a2l Bpig\
special tool provides merging of different smaller of SBML-rsalels for investigation of
complex mixtures and interactions (Krause et al. 2010).
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Applicability oftoxicokinetic chemical interaction models for the assessmafitcumulative
effects

There are very different kinds of toxicokinetic chemical interaction modelsQjs@erefore, it

is difficult to draw general conclusions. Théferent focusses of the models reflect the
complexity of chemical interactions and depending on the type of cumulative effect studied, the
method should be carefully chosen. In cumulative effect assessment, also direct interactions
should be consideredEuropean Commission 1999). Toxicokinetic chemical interactions are
furthermore important for the analysis of the effects of e.g. hazardous substances, related to
descriptor 8 in the MSFD (MSFD 2008).

2.3.8 DEB model

Overview

Dynamic Energy Models (DEB models) based on Dynamic Energy budget theory, which
delineates the metabolic organization of organisms and allows understanding, quantifying, and
foreseeing physiological effects under certain circumstances (Koojmann 2010).

Thedevelopment oDEB modelstarted inthe 1980s (e.g. Kooijman and Metz 1984, Zonneveld
and Kooijman 1989). The main model organism for testing the hypotheses was Daphnia magna
By now, a wide range of species groups are investigated and the model can be modified for
special physiologitabehavioralor life cycle dependent characteristics for certain species
groups (e.g. Jager et al. 2005).

The standard DEB model assumes that food intake is dependent on surface area or body volume

and that uptake rate is dependent on food density (Koaijnand Metz 1984, Kooijman 2010).

The type of measure fothe effect investigateddepends on the type of organism studied,

practical reasons, or ecological importance. For large marine mammals, for instance length
measurements aranalyzedwhereas for otler species groups other kinds of measurements are

taken; e.g. biovolume is more suitable to measure for phytoplankton (Kooijman 2010).

CdzNI KSNX2NBxX (GKS SySNHE& 3IFAYSR FTNRY FT22R A& RAQJ)
for somatic maintenance asnatic work, and growth; the remaining energy {1 0 mdbifized

into reproduction and maturity maintenance or maturation in case of juvenilégufe 2)

(Kooijman 200).

Based on these assumptions, detailed physiological processes, anthropogenic pressures,

defense mechanisms, and environmental conditions can be incorporated in the model

(Kooijman 2010). The whole model is dynamic and reserve mobilization is depemdsateral

factors such as overheads of assimilation and mobilization. It reflects also an order of priority:
maintenance for example is usually priaeil to investment in growth (Kooijman 2010). It is

possible that the metabolic structure is orgasd n more than one reserve depending on the

physiological structure of the organism (Kooijman 2010). The m6liti Sy SNH& 6 T0O YA IKi
influenced by some environmental factors as proposed for presence of parasites (Hall et al.

2007) or daylength (Zonneveldrad Kooijman 1989).
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Figure 2 Energy fluxes in the standard DEB model, after Kooijman (2010).

The principes of homeostasis are an important part of DEB models: It is assumed that the
chemical composition of the body can roughly be described in five homeostasis concepts in
order to cope with the high complexity of the body (Kooijman 2010).

Kooijman (2010) distguishes between strong, weak, structural, thermal and acquisition
homeostasis. Strong homeostasis descritibe strict constancy of the chemical composition of
pools (Kooijman 2016) Weak homeostasis is thaeonstancy of the chemical composition of

the individual as a whole as long as substrate availability in the environment remains constant,
even when growth continuégKooijman 2010). Structural homeostagisthe constancy of the
shape of the individual during growdhThermal homeostasis reflectsabconstancy of the body
temperatured depending on the heating system of the organism and acquisition homeostasis
describes theconstancy of the feeding rate, independent of food availaliifi§ooijman 2010).
Another basic principle of DEB models is baance between demand and supply systems
(Kooijman 2010). All metabolic rates in the DEB model are linked to the Arrhenius relationship,
which is species specific and is therefore an input variable for the model (Kooijman 2010). Life
cycle peculiarities fospecies can be considered in DEB models: embryo stage can for example
be treated as energy reserve without a feeding and reproduction mode for egg laying animals,
whereas juveniles feed and grow but do not invest energy in reproduction. A metabolic
switching is also incorporated in the model, whichriedeked rather as a smooth or scattered
transition dependent on food density (Kooijman 2010). Even other ways of reproduction can be
expressed by the DEB model such as cell division for phytoplankton (Mudier2011). Aging

can also be expressed in the model by considering ROS, even though there are few species
groups where this is a large part of the life cycle (Kooijman 2010).

For the standard DEB model the following data is needed with ranked imperfeuhd.ika et al.
2011):

1 oMaximum length and body weight; weight as function of lerdgth

1 0©Age, length and weight at birth and puberty for one food level; mean life span (due to
ageingy
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1 oGrowth (curve) at one food level: length and weight as functioregyefat constant (or
abundant) food level

1 oReproduction and feeding as functions of age, length and/or weight at one foodlevel

1 oGrowth (curve) at several (N1) food levels; age, length and weight at birth and puberty
at several food levefs

1 dReproductionand feeding as functions of age, length and/or weight at several (N1)
food levels:

oRespiration as function of length or weight and life span at several (N1) fooddevels
oElemental composition at one food level, survival due to ageing as function @f age
oElemental compositions at several (N1) food levels, including composition af food

oElemental balances for C, H, O and N at several body sizes and several foad levels

=A =4 =4 =4 =4

oEnergy balance at several body sizes and several food levels (including heat)

The DE®x model and software (http://www.debtox.info/home.php) was developed in order

to better understand and predict interactions of toxics as alternatives to commonly used NOEC/
EC50 analyses of toxicological tests (Kooijman and Bedaux 1996). It consideke upt
mechanisms as well as toxicokinetics and physiological interactions in the combination with the
standard DEB model (described above) (Jager et al. 2010). The output of the model gives
estimates of timedependent effects on endpoints in time such asvstal, reproduction, and
growth (Jager et al. 2010).

In contrast to other methods, the basic equation of the hazard rate expresses the probability to
survive depending on time increment and environmental conditions, interpreting death in
general as a rando event. (Kooijman 2010). Uptake rates of substances through the water as
well as via food chain are integrated in the model and kinetics are considered. If sufficient data
is available, it will be possible to correct the compartment kinetics for dilutiprgrowth,
changes in lipid content and metabolic transformations changing e.g. the lipophilicity of the
original compound. Substances in DEB theory are generally classifiembdstled, cenought
and otoo muchd Thus, toxins are considered in DEB medélthey exceed the No Effect
concentration (NEC) separating the lesehoughiand otoo muchi If several toxins act on the
organism, the cumulative effect is usually incorporated in the DEB model automatically via the
Energy budget if the stressors hadiferent physiological targets. However, if the toxins have
the same physiological target * the interaction of the substances is considered by a Taylor
approximation:

d T T 61 &) (:),
where® and® are the scaled tissue concentration above the NE@ndd are the tolerance
concentrations and the interaction parametét can be positive, in case of synergism and
negative, in case of antagonism

If there is no direct interaction between tr@mpoundsthe equation equals the concepts of
CA and IA (se@.1.6 and Kooijman 2010). Moreover, a competition model as described in
Kooijman (2010) can be implemted for special cases.
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Complex interactions of compounds with enzymes are simplified by the introduction of
oSynthesizing Units (SU) representing generzdid enzymes, which transform compounds
chemically. In contrast to usual enzyme kinetics, transforomat hinge on fluxes instead of
substrate concentrations and backward fluxes are neglected. Moreover, the model allows for
interactions between SU, which reflects the natural conditions in the body (c.f. Kooijman 2010).

For the DEBtox model, survival dafeom toxicological tests (raw data) and hazard
concentrations are necessary additional to the data required by the DEB standard model
(Kooijman and Bedaux 1996). Furthermore, data about changes of the distributions of energy
mobilization into growth, reprduction, and somatic maintenance can substantially improve the
model output (Kooijman 2010).

During the last years, there has been put a lot of effort to improve, refine and extent the DEB
model. The DEBtox model was generalised and applied for diffeieds lof species and
concrete toxicants (e.g. Muller et al. 201Burther, Sokolova et al. (2012) proposed to combine
DEB modda with the oxygen and capacitlimited thermal tolerance concept for assessing
stress tolerance in aquatic invertebrates utiligiATP as a link between both models. Population
models such as Leslie or matrix population models were used for further application of the
outputs of DEB modeld.¢pes et al. 2005, Billoir et al. 2007, Billoir et al. 20@8er and Klok
2010). Some studs even integrated interactions between different species groups (e.qg. Billoir
et al. 2009) and the DEB model was applied to model evolutionary processes (Blwstia et

al. 2009). Furthermore, 3D models, which can describe concentrations of pollutaheswater
column as well as in sediments and show biomass distributions of different species groups, were
combined with Environmental Quality Standards (EQS) and DEB models. It was proposed to use
these approaches for the WFD and the MSFD (Zaldivar, Za@fvaret al. 2011).

Applicability of the DEB model for the assessment

The DEB standard and DEBtox mod®l \Were originally developed for environmental
assessment and are applied so far for toxicological tests in science (e.g. Arzul et al. 2006, c.f.
online bibliographs). The OECD (Musset 200@kdribes the DEBtox model abiology-based
approach in detail indicating that the method is frequently used. However, it was not applied in
the WFD and at least in Germany toxicological data are expressed as concentrations of observed
effects (LC50, ECHI0OE(]. One reason for this might be that to the time of implementation of

the WFD DEBtox models were not tested sufficiently enough, still relatively new and major
features, which makes the combination with other models possible, were not developea yet

a practical and suitable way. Therefore, this method is not approved as much as other siethod
such as the indicator or threshold methodeg 2.3.1 and 2.3.5. However, developments
towards a possible application in the MSFD have been made and the method is rapidly
developed further to comprise a broad range of ecologicalaéf (Zaldivar 2011, AluntBruscia

et al. 2009). General obstacles of this method are its complexity, which requires sound
background knowledge for being able to consider all the relevant mechanisms concerning the
biology of organisms such as life cyclegtake mechanisms, or energy storages (Kooijman
2010). Some of the required data are not easily accessible and need to be determined with

3www.bio.vu.nl/thb/deb/DEB_papers.pdf
4 http://webetox.uba.de/webETOX/
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experiments. Alternatively, they can be derived from similar species or bioaccumulation
equations (Lika et al. 201Zaldivar 2011). On the other hanthe model profits from its
generality in its basic assumptions and the possibility to apply the general concepts and ideas to
any organism providing detailed predictions and data input can be reduced to a minimum
(Kooijman 2010, Lika et al. 2011). Howevkdata input is too sparse, there is a risk that the
model could give wrong predictions. Experimental tests support the reliability of the method
since so far predictability of the results was hiBlads et al. 2009 ariglaas et al. 2010). This was
eventhe case for complex mixtures with up to 80 different components¥B&orrect) Baas et

al. 2009 and Baas et al. 2Q10n ecotoxicologythe method was tested for a broad range of
organism groups ranging from phytoplankton (Muller et al. 2011) to maniaemals (Klanjscek

et al. 2007). A software tool was developed facilitating the use of the complex framgwork
important model organisms have been studied, and the default function of the software now
comprises more than 100 species

The strength of the mthod lies in its comprehensiveness combining findings and knowledge of
physics, mathematics, and biology and by the consideration of a wide range of laws and models
for kinetics, growth, or homeostasis (Kooijman 2010). Many ecological processes andd¢ablog
interactions and peculiarities can be incorporated, which allows adaption of the model to certain
purposes and cases (Kooijman 2010). Furthermore, the output variables growth, survival, and
reproduction allow for the derivation of the model to highecological levels and ecosystem
perspectives (Kooijman 2010, AlunBouscia et al. 2009).

However, vinen considering using the DEB model for the implementation of cumulative effects
assessment of the MSFD it became obvious mhatlelingall occurring specgewith all possible
interactions and effects would be tim@nsumingOnepossibilityfor an applicatiormay be to

focus on relevant species, to modify the DEB model in a way that it allows generalizations for
species groupor to use indicator species onodel organisms for the derivation of possible
effects on a species group as it has been done partly already (Klanjscek et al. 2007). The DEB
approach comprises most of the aspects of cumulative effects but will not cover all aspects of
assessment requireemts mentioned in the MSFD if not combined with other models and
methods For example, effects of fisheries cannot be addressed properly with the standard DEB
model.

2.3.9 Geographical Analyses

Overview

Geographical analyses are used to amalthe spatial extenof different pressures and to
estimate where many pressures overlap. Several layers presenting issues such as marine
reserves, shipping routes etc. can be visealiandthe cumulativeimpactof different pressures

can be calculated per grid cell, whiglves an easily understandable result of the analysis (e.g.
Coll et al. 2012). Animal movements can also be integrated in the spatial analysis and be related
to spatial features However, for this, special methods are need@eksrochers et al. 2011).
Spatal analysis isisually conductedvith the Geographical Information System Software (GIS)

5 http://www.debtox.info/home.php
6 http://www.bio.vu.nl/thb/users/bas/lectures/oslo2012a.txt
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and it is possible now to anaty 3D and temporal datd needed. GIS analysis fisrther often
combined with other methods. In many studies, the threats are weigig factors derived

from expert opinion (sed), so that the relative impact and intensitf pressurescan be
considered in the analysis. Coll at. (2012) investigated the overlap between marine
biodiversity, marine reserves, and different weighted impacts for the Mediterranean Sea to
identify areas priority areas for nature conservation. Halpern et al. (2008) zzlatyimulative

threats worldwice based on a GIS analysis (see details below). The HELCOM Baltic Sea Impact
index adapts this method according to the special conditions in the Baltic Sea and it was directly
related to the pressures listed in the MSFD (HELCOM, 206DCOM 20)8Furthermae, the
pressures were refined and quantified (HELCOM 2BIELCOM 2018

Wildlife vulnerability maps

These kinds of methods are usually on the one hand based on the sensitivity of an ecosystem or
species/ species groups and on the other hahey conside the spatial, intensity dependent

and temporalcumulationof pressures.The output of the analysis a map, where areas of
special concern are visuadd (e.g. Selkoe et al. 2009, Coll et al. 2012).

While many studiedail to differentiate clearlybetweensensitivity and vulnerability (e.g. van
Bernem et al. 2000, Coll et al. 2012), MacDonald et al. (1996) highlight the distinction between
vulnerability and sensitivity. They define vulnerability as the actual exposure of an organism to
a stressor, \wereas sensitivity describes the fragility and ability to recover from a threat
(MacDonald et al. 1996). Fragility and recovery ability are categbin classes of different
strength based on expert judgment (MacDonald et al. 1996). Intensity of thesymess
incorporated in the proposed equation to determine the cumulative effect (MacDonald et al.
1996). The method is applied for benthic species threatened by different fishing techniques:
MacDonald et al. (1996) suggest an indicatorkey species caept for the investigation of the
cumulative effect of fishing, and proposed a list of suitable species (MacDonald et al. 1996).

Van Bernem et al. (2000) focused specifically on the cumulative effect of oil spills in the Wadden
Sea. In order to define particular sensitive areas they developed an environmental sensitivity
index (ESI). Besides the main pressure of oil, they condstepther interfering factors, which

can hamper the recovery, such as oxygen deficiency and rank different habitat types relating to
vulnerability. For evaluation of the vulnerability, an index value was calculated for the different
species groups and haais (ecological compartments) considering the critical properties, which
matter in case of an oil spill. In the compartmesBenthogSedimenti for example the
physiological sensitivity, the ecological sensitivity, its importance as food, its metabolic
importance, its capability of dispersal and the duration of reproductive period ranging from one
to three are taken into account (Van Bernem et al. 2000). The index values are based on expert
knowledge. The results are averaged and corrected for abundarass @nd sediment
conditions Van Bernem et al. 2000). The results of the different compartments are summed up,
and they provide the final index for the wildlife vulnerability map. This map contains a spatial
and temporal dimension (c.f. Van Bernem et alO@0 Later, this classification method was
automated based on the results of the first study uskgo associativdNetworks, which can
detect abnormal situation by e.g. identification of outliers, filtering of noisy data and data
compression (Schiller al. 2005).

7 http://training.esri.com
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Another approach wadevelopedor potential oil spills at the Lithuanian coast, which comprises
besides a biological based index also one for coastal features as a measure of recovery potential
and an index for socieconomic resources (Depdljen et al. 2010). However, this method has

a more refined scale for the weighting factors but does on the other hand not define biological
characteristics as detailed as in the study by Van Bernem et al. (2000).

Coll et al. (2012) investigated the cumuNateffect by producing wildlife vulnerability maps with

a special emphasis on biodiversity and protected areas in the Mediterranean. They defined
areas, where the cumulative threat is particularly high, and where these areas overlap with areas
of high comervation status. Therebyalso areas could be found, which are of interest for
studying the effects of cumulative interactions of stressors sue to their complexity of pressures
and do not belong to an area of conservation concern. Biodiversitymeakeled at a spatial
a0LtS 2F nodmco nodmc INAR OStfta yR SELINB&aaSR o@
occurring in a certain grid cell (Coll et al. 2012). The impact of various anthropogenic threats was
weighted according to their impact on eachtbe species groups, whereas each pressure was
ranked separately Coll et al. 2012). This weighting was based on expert jud@@odnet al.

2012). The cumulative threat was calculated by adding up the weighted impact of the pressures
(categories betweerl and 5) so that a GIS map could be created for each species group and
each pressure category. In a second step, a GIS map was created, where all occurring species
groups and all threats were summed up for each grid cell representing areas of concern where
high biodiversity and high cumulative threat match (c.f. Coll et al. 2012).

Halpern et al. (2008) suggested a method comprising 17 different anthropogenic threzsts
of them mentioned in the MSFD as well. Following their method, in a GIS map theieablog
status of each grid cell is calculated by

© B B ©0z0z' |,

where Di is the logransformed andnormalized value (scaled between 0 and 1) of an
anthropogenic driver at location |, Ej is the presence or absence of ecosystem j (either 1 or 0
respectively), and pij is the impact weight for the anthropogenic driver | and ecosystem j (range
0 to 4) (Halpern et aR008). One basic assumption in this study is that pressures add up, and
although the authors are aware of possible synergistic effects, these are not taken into account
in their analysis (Halpern et al. 2008). Vulnerabilities of 20 ecosystem types warldweie:

ranked by experts and an overall weighted average score for each ecosystem was defined for
the anthropogenic threats, respectively and presented in a matrix table (Halpern et al. 2007).
Expert knowledge will be needed to rank the scale, the frequgiunctional impact, resistance,
recovery time, but also for ranking the uncertainty of the knowledge the authors referred to in
their evaluation (Halpern et al. 2007). The method was applied on a regional scale as well (Selkoe
et al. 2009). It turned outhat the application of the global model hardly reflects the actual
environmental status as it was appraised by regional experts (Selkoe et al. 2009). Large errors
could be explained by the authors by the lack of crucial threats, which were not considered

the global assessment such as the influence of alien species and wrong habitat classification by
the global model (Selkoe et al. 2009).

Another interesting approach was presented by De Lange et al. (2010), who focused on traits,
which determine the vuderability of species. Therepiey distinguished between internal and
external exposure and effects on individual and on population level for each of the six chemical
stressors. The traits comprise e.g. habitat preference, behavior and life historg|lasweffects
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within the body and represent the probability and extent of exposure, the different kinds of
effects and recovery. Whenever possible, literature data has been used and in case of data gaps
been supplemented with expert knowledge (De Langale2010). With this comprehensive
method, a wide range of ecological questions can be explained. The driving forces behind
vulnerabilities can be extracted, vulnerability maps can be made based on these data, and the
vulnerabilities of species groups cée compared (c.f. De Lange et al. 2010).-hisory
characteristics are also used by Stelzenmiller et al. (2010) to derive a sensitivity index for the
effects of aggregate extraction. Sensitivity indices of fish and shellfish are estimated and a map
was produced based on longerm distribution data and indicator kriging showing the most
vulnerable areas to this pressure (Stelzenmdiller et al. 2010).

Breue et al. (2002) integrated the bioavailability, uptake, and biodegradation of the toxins, which
fluctuate a lot depending on present environmental chemical and physical conditions as well as
organismrelated processes in an environmental compartment model (Breure et al. 2002). The
mass flows are estimated by mass balance equations witlhSirapleBox modél(Breure et al.
2002), where the movement and transformation of substance is divided into different
compartments ¢boxesl): the regional scale, continental scale and global scale, which can be
subdivided (Breure et al. 2002). They amatinot only the mulple effects of different chemical
compounds but also the effect of chemicals in combination with-icbemical stress (Breure et

al. 2002).

Geographical Analysis combined with species sensitivity distributions

Some ofthe geographicahssessments areased on species sensitivity distributions (SSDs) as
for example the study of sensitive areas for amphibians by Fedorenkova et al. (2012).
Fedorenkova e al. (2012) applied species sensitivity distributions for revealing the most severe
threats for amphibias by a rankbased approach as described by Postuhuma et al. (2002) and
Aldenberg et al. (2002). The results of their study were in line with other studies and could
determine the most important causes for the decline of amphibians in the study area
(Fedorakova et al. 2002).

SSDs are derived from laboratory tests, where the reaction of one stressor on a species is
observed (Posthuma et al. 2002). The outputs of such tests are often mortality data, e.g. LC50
data. However, also sublethal effects can be ipteted in SSDs. It is assumed that individuals

of species react differently to a stressor due to intraspecific variation, assuming that data is
normally distributed. The ranges of tolerances of the species to a specific substance can be
determined by usinghese SSDs. The SSDs are widely used in ecological risk assessment, mainly
in North America and Europe (Posthuma et al. 2002).

The results of SSD analyses could directly be transferred to maps with environmental data, but
Aldenberg et al. (2002) argue thane should be careful to apply toxicological data directly to
field data and implement them in maps. The reasons for that are the quite variable field
conditions the organisms are exposed to, which are not directly comparable with the stable
artificial lab conditions (Aldenberg et al. 2002). In a first step, exposure concentrations are
corrected for bioavailability under natural conditions and all measured and estimated
concentrations of a certain spot are mixed to reflect natural variability (Aldenbeagy 2002).

In a second step, the ecological risk of exposure is calculated by the probability density function
of the field concentrations and the probability that a random individual of a species pool would
encounter conditions causing a negative effeatresponding to the SSD (Aldenberg et al. 2002).
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Applicability of geographical analyses for the assessmehtumulative effects

Geographical Analysis is a popular method for impact mapping ldalpern et al. 2008,
Depellegrin et al. 2010, Stelzenmdller et al. 200yll et al. 2012). Implementation of
geographicalanalyses for cumulative effects assessment includes the implementation in
contingency plans and risk assessment. The index methocofestructing vulnerability maps

for sensitivity for oil spills waesg.applied in the German Oil Spill Contingency Plan (Van Bernem
et al. 2000). However, for other stressors such as marine litter, a more comprehensive
monitoring program is needed forctual applicability (Van Bernem et al. 2000). Wildlife
vulnerability maps based on a trdiased method as described by De Lange et al. (2010) were
applied in risk assessment of soil pollutants in Denmark (Lahr et al. 2010). Geographical Analyses
are veryillustrative and at the same time, comprise detailed and complex information, which
can be interpreted quickly. For politics and for conservation management, such mapping
methods can be very helpful decision tools for e.g. prioritizing areas of concérigtoralue,
defining marine reserves or for localizing areas suitable for restoration projects (Ban et al. 2010).
Furthermore, they might help to mark out areas for projects such as offshore wind parks, where
the cumulative impacof the projecton the ecaystem is predicted to be comparable low. An
interesting aspect is the possibility to integrate habitat related issues into the assessment. For
this, data may be quantitative on one hand and comprise e.g. the spatial extent, or it may be
qualitative and ca be combined with SSDs on the other hand (Fedorenkova et al. 2012). If such
components are not integrated when analyg impacts on certain species though, the apparent
clear picture of effects can be deceptive and result in misleading interpretationériele et al.
2012). By application @eographicabnalyss, a huge range of questions can be answered such
as: What are the most severe pressures in a defined region? Where do pressures overlap with
marine protected areas or the occurrence of red lisspecies?

The method can be combined with many other methods and can comprise very different kinds
of pressures and environmental conditions and movements (e.g.r8retual. 2002, Selkoe et

al. 2009, Fedorenkova et al. 201Bpwever, in many cases, somgegtionable assumptiorere
made to simplify tis approach the effects of stressors are assumed to act additively and
pressures are assumed tecaylinearly (e.g. Ban et al. 2010). Synergistic, antagonistic effects
are usually not considered (Ban et 2010) and the method does not account for interactive
effects in the water columnwithin the body of the organism or indirect effects due to
interactions with other individuals or environmental conditions. Furthermore, in some cases
geographical analys might not reflect the nature of certain threats to the environment and
rather divert from it because the geographical distribution of the threat is not as relevant as
other aspects.

2.3.10 Expert judgement

Overview

Since cumulative effects assessment is a relatively new field of research and thus, the data base
is often very small with regard to a certain problem, experts are often consulted to estimate
relative effects of certain pressures on organism groups, om@evecosystem, or on general
severity of a certain threat. The number of experts consulted varies. Sometimes exclusively
experts from one university are asked (Depellegrin et al. 2010). In some cases the authors
themselves take the task for ranking of pseires according to their assumed impact based on
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their expertise (Halpern et al. 201Fxperts can also be chosen in a systematic and replicable
way (Halpern et al. 2007). Halpern et al. (2007) searched with key words in databases for
authors, who publised about a specific topic, a methodlhe method applied in Halpern et al.
(2008)was a foundation for several other surveys (HELCOM 2010, Breen et al. 2012, Andersen
and Stock 2012 for the HARMONY project). For an evaluation of the method, they conipgared t
results from the expert consultation with a quantitative assessment (Halpern et al. 2007). Expert
consultations are not only used to rank impacts but also to define thresholds (Livingston et al.
2005).

Expert judgment for ranking pressures is done alexcof different refinements, and guideline
criteria to find an appropriate estimate are often provided (Halpern et al. 2007). Experts were
asked for the holistic assessment HOLAS (HELCOM 2010) to define a weighting score for impacts
on biological ecosystm components by considering the three criteria in four increments
respectively (functional impact, which is broken down by the number of species/ trophic levels
affected by the impact, recovery according to the expected recovery time, and the assumed
resstance of the component against the pressure ranging frmm impacti to the level
ovulnerable) (HELCOM 2010, method based on Halpern 2007 and 2008). Four countries and the
HELCOM secretariat proposed weighting score, which were averaged for a findlvgesgbre.

Breen et al. (2012) consulted 30 experts from 16 European countries who classified the
descriptors of the MSFD in three levels for five different ecosystem component parts according
to five criteria for each area of the four seas covered byNt&~D (Breen et al. 2012). These
include besides the main criteria mentioned above also epgessure persistence beyond
activity cessatioa and aofrequency of occurrence of the pressdrbut lacking a functional
criterion (Breen et al. 2012). A similamking method is also applied by Andersen and Stock
(2012) via an online survey, whereas in this study also relatively detailegebigraphical
information and partially species distribution data is considered to reflect community impacts.

The European Commission (1999) describeaExpert opinioi in their guidelinesbesides
consultations, questionnaires, and checklisiSExpert opinion relates t@ general project
structure meaning that one project coordinator should gather different experts and agani
regular meetings for the exchange of views. The project structure should facilitate
communication between the experts since cumulative effects are complex and the project
members should represent different disciplines reflecting the nature of cumulativerteff
(European Commission 1999).

Consultations addresses rather people involved in the process of implementation, scientific
background, or persons who are concerned with the cumulative effects and participants of such
meetings are often authorities, expsy businessmen, and people from the local community
(European Commission 1999). The main purpose of such meetings is to gather information and
to integrate the people concerned with the project. Other methods for achieving information
are questionnaireswhich can be answered in written form or during an interview (European
Commission 1999). Questionnaires help to structure information in advance and can be
evaluated in a quantitative way. Questionnaires can integrate scenarios and detect especially
socioeconomic effects (European Commission 1999). Checklists are tables, which have a
predefined structure for specific information (European Commission 1999). They are used to
collect e.g. information about potential effects of impacts in different periodsggaphical

areas or on different organism groups (European Commission 1999). The experts can fill the cells
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either simply with checkmarks or with key words describing the effect or kind of interaction
(European Commission 1999).

Varis and Kuikka (1997) detbed a statistical method for the analysis and evaluation of expert
judgment based on belief networks and probability distributions in impact matricesnétieod

is deduced from artificial intelligence research and it includes an uncertainty analyssghd
Kuikka 1997)This example shows how expert judgements can be combined with other
methods.

Applicability of expert consultations for the assessmenf cumulative effects

Expert consultations are very frequently used (e.g. Halpern et al. 2008, Depellegrin et al.
2010, Livingston et al. 2005) and can be very productive for the overall working progress,
providing the possibility for exchanging different views and aspects about cumulative effect
assessment (European Commission 1999). TheoEith@Ssion (1999) highlights the importance

of expert meetings and argues that for smaller projects expert opinion alone will be sufficient.
However, projects that are more complex require expert opinion rather as a starting point for
the application of otler methods €.f. European Commission 1999).

Moreover, the involvement of project members, persons concerned with the project and
scientists of different disciplines in the identification and evaluation of cumulative impacts can
expand the understanding afumulative interactions. Another advantage is that this method
can theoretically cover all aspects of cumulative aspects. However, the judgments can be very
subjective and very often depend on personal experiences, intuitionvarrttlviews(Halpern

et al.2007, European Commission 1999). Sometimes literature data and expert evaluation are
mixed, whereas it is not always transparent in which cases literature data are used and in which
experts were consulted (e.g. Halpern et al. 2012, Coll et al. 201h2¢taintiesarise if experts

are asked to judge about cumulative effects over a wide geographical range or if their answers
are extrapolated to a huge area as it was done by Halpern et al. (208&use their expertise
often rather lies on a regional lev&egionallysome special threats might be important, which

are negligiblen such aglobal analysisTherefore, a transfer of assessments of a larger area to a
regional scale can be problematin the worst case, this can happen in very valuable
ecosystens, such as gpristinedcoralreef ecosystens (Selkoe et al. 20097 hus, it is important

to investigate the regional important threagelkoe et al. (2009nd to base an assessment on

the judgment of expertéamiliar withthe region of interest.

Sometimes rankings derived by expert judgment can also result in logical inconsistent
conclusions. In a study by Halpern et al. (2007) destructive fishing was ranked as a least severe
threat than nondestructive fishing. The authors re&d that this unepected result emerged

and stated the reason that the experts did not experience this threat in their regions of expertise
and that the frequency of threat was one of the criteria for the scoring of impacts (Halpern et
al. 2007). In some cases, such errofsthe method might not be detected. Therefore, a
validation of the outcome of such a methas done by Halpern et al. (200ig) critical.
Furthermore, choice of criterions, questions in questionnaires and ranking procedures need to
be phased.
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3 Overall concept for cumulativeffects assessment

3.1 Rationale for the chae of methods and proposal for an overall concept for
cumulative effects assessment

As a preparation for the development of an appropriate concept for cumulative effects
assessmentwe comparedvariousmethods forcumulative effects assessment with regaad

the relevant aspects of theMarine Strategy Framework DirectivéM$FD they cover.
Furthermore,we scrutinized the scieific quality of the methodonsidering reproducibility,
guantification, and subjectivity. Another criterion was the comprehenségsrand practicability

of the methods.None of the methods weeviewed could cover all relevant aspects of
cumulative effects alone. Henca,combination of different methods would be the besition

to represent cumulative effects as they likely occurinatural situation agjood as possible
without hamperingperspicuity.

The literatureresearch showed that a systematic organization and visualization of literature
data is necessary to promote the incorporation of scientific insights into practical assess

To promote a continuous integration of new literature and to allow the flexibility for the
integration of new methodological improvements well as a high level of transparency
throughout the different steps of the cumulative effe@ssessment, nthods from computer
science are useful. The application of an online database to structure and organize literature
data combined with different assessment tools turned out to be an appropriate approach to
provide a suitable frame to ensure these aspecta.Ivks to aggregated information as well as

to the original data source, the online tool assures traceability. The online tool allowed the
visualization ofnformation derived from literature in flow diagrams to provide an overview of
the relationships btween human activities, anthropogenic pressures, other influencing
variables and effects on ecosystem components.

Moreover, it was necessary to adapt methods for cumulative effects assessment so that they
were applicable to different levels of quality offormation as well as talifferent levels of
biological organizatiorfor asuitableintegration of monitoring data and for the coveragetioé
variousaspects of cumulativeffects itwasnecessary to adjust some of the methods reviewed

to fulfill the requirements stated in the introduction. Keej this in mind, weadjusted the
matrix method (see4.3.2 for a generalized method in cumulative effects assessment. Further,
we combined a special matrix type with a modified DEB model and developed a specialized
structure for a network model forumulative effects assessment.

Matrices and crosmpact analyses allow the combination of very different kinds of data such

as qualitative and quantitative dat&his way it is possible tutilize a maximum of available

information, which helps to mitigat¢he problem of the lack of data in this research area.
Furthermore due to their simple structure, matrices facilitate the analysiges¥ different kinds

of interactions, such as interactions between different stressors as well as interactions between

different ecosystem componentshilis,the analwis ofmany differentanthropogenic impacts

on a certain indicator species as well as on the ecosysgmossibleBecausanatricesallow so

many different kinds otumulative effects assessmantve integrated themA y 12 G KS WTNI YA Y
i 2 ALAQATRs a central elemenand visualizedthe correspondinditerature datain flow

diagrams.
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For the analysis of cumulative effeetith a focus on the species level, a combined approach of
matrix model and DEBodelturned out to be the most suitable approach. DE®dels focus

on one model species. However, the general structure of the DEB models is universal,itso that
is possible to adjudihe basic model structure for the analysis of cumulative effects of other
species with only a few modificationg/e tested this by transferring the DEB model fdytilus
edulisinto a model forCrassostrea gigas\ further advantage of DEB models is that they
simulate temporal dynamics considering both the life cycle of a spesewell as uptake
mechanisms of toxins. Therefore, they can potentially cope well with the complexdagnpbral
dynamiccumulative effects andre likely able taeflect a scenarionore realisticallythan static
models ASDEB models predicertain endmints in time such as growth, the model is verifiable
andit is possible ta@omparethe resultswith laboratory tests or field data. However, interaction
effects between stressongere notyet integratedat the start of my thesignto DEB model®
predict cumulative effects based on literature data. However, they served for derivation of
interaction factors based on conducted experime (Baas et al. 2009). Hence, weeded to
add a special module for assessing interaction effects.

Thecombination of the BEB model with a matrix model sotvéhis problem.We adjusted the
method proposed by Weimelehle (2008) for calculag the overallinfluence of each of the
relevant stressordy taking accounof the influences of other stressors @s effect. Thereby,
we derived information of the influencesom literature data. In turn, weised te results of the
matrix model as input variabldsr the DEB model to calculatumulativeeffects throughout
the life cyclean organismWetested this method with data foblue musselsNlytilus eduli} to
assess the cumulative effects of the heavy metals cadmium, copper, zinc andnlead
combination withchanges of pHalues, temperature and oxygen depletion (chapter

Forcumulative effects assessmeumih habitats another kind ofmodelingapproachis required

On the one hand, the influences babitatsare diverse and range from anthropogenic pressures

to environmental variables and influences by changes in species composition or even species
functional traits Changes of traits of the characterizing species of a hahitdt as significantly
reduced growth of seagrass leawadght affectother speciedliving in this habitat, who need
shelter. Therefore, the effects which need to be observed in habitats are various and range from
shifts of abundances of certain species to traits of the characterizing species and to affected
functions of the habitat.

Network models can generally handle such complex interaction networks to deserge
structural changes in food webs. However, the special behavior of interaction effects between
stressos or between stressors and other influences resulting in cumulatifects needspecial
emphasis Furthermore, for practitioners it would be useful to be able to select, which
anthropogenic pressures should be included in the analysis. To facilitate the integration of
literature data about cumulative effects, to allow antimuous update of the model based on
new scientific insights and to generate flexible outputs depending on the data avaidble,
propose anew structural frameworkfor the analysis of cumulative effects of anthropogenic
pressures on habitats. It is a meirk mode| which constructs itself based on the data input,
called Automated Cumulative Impact Mod@CIM) The results of thismodelingtool provide
indications for cumulative effects in the habitat of interegte tested this method for the
evaluationof cumulative effects of anthropogenic pressures on seagrassloveathapterb).

The spatial perspective of cumulative effects is highly relevant when it comebeto
development of programs of measures and management plaiis. propose to apply
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geographical analysesiditionally to the methods described aboteidentify areas of concern
with regard to cumulative effect©Ouraim was to develop a tool, which allows the calculation
of cumulative indices for species and habitats basednwonitoring data with regard to
geographical spots or raster cellale propose to calculata matrix model for each of the raster
cellswith a focus on species level as well as habitat evetovide information about the spatial
distribution of cumulative interaction effects. To providgut data foreach raster celldata
from monitoring stations need to be interpolated spatially. The resultheinterpolation for
each of the raster cellare thenpresented in a magror a cumulative geographical analysis, an
aggregation of the redts for species and habitate a single indexs necessary. This index
shouldreflect the overall health of the ecosystem with regard to the spatial distribution of
anthropogenic pressureand ecosystem componentsor such a aggregationwe propose to
use an additive approach as e.g. applied in Halpern et al. (2008) or in HELCOM (2018).
Additionally,maps should beproduced for the outputs of intereqe.g. for thefiltering activity

of musselsjo supportan adequate interpretation of the map.

Moreover, it would be important to understand the spatial distribution of the anthropogenic
pressures without the consideratiomf special responses of the occurring ecosystem
components HELCOM realized thfer the assessment of the Baltic Sea with the Baltic Sea
Pressure Index (HELCOM 2010, HELCOM 2018). However, the results tfvthédel COM
reports are not directly comparable with each other as they integratechean value for an
impact scorebased on score of expert judgements for the effects on differemtsgstem
components and the values differed between the assessmérassolve this problemywe
propose to apply @ombined approach of fixed threshold values to normalize the strength of
the pressures with a geographical analy$isisvould provide reprodaibility and comparability
between different yearsWe tested the application of thresholds for anthropogenic pressures
together with a geographical analysis to identify spatial hot spots of anthropogenic pressures.
However,we did not yet include speciesnd habitat related effects due to tird@mitations?.
Nevertheless, the combination of the results of the models focusing on different ecosystem
components with the spatial distribution of anthropogenic pressures is an important part of the
overall conceptind should be a lorterm aim. Thereforegeographical tools aralsoincluded

in the framing tooLiACAT

To summarize, w@ropose to combine data from monitoring programs and literature data in
models and to track the data flow in an organized struethy an online database as a framing

tool to provide a high transparey and flexibility. Moreover, weuggest the visualization of
literature data in flow diagrams to provide quick overviews of the state of the art. For the
cumulative effect assessmentgypropose to consider at least three levels of organization: the
species level, the habitat level, and the spatial perspective reflecting an ecosysteragiisp

For the species level, wopose to apply a combination of the Matrix method and DEB model,
for the habitat level, a network analysis (ACIM), and for the spatial perspective, a geographical
analysis for assessing the ecosystem health combined with a threshold approach focusing on
the spatial distribution of anthropogenfressureskigure3).

8 This analysis itherefore not part of the thesidut will be published onlia by the UBA (Eilers et al. 2021
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3.2 Realization

In the followingwe describe the structure of the framing tool combining a literature database
and integrating different kinds of assessment tools. Therel®elucidate already implemented
features as well as planned features. The text should give an overview of the @eosredipt,
describe data flows and show links between the different modules of the concept. In cHapter
and>5 of this thesis, | describe two of the proposed methods for cumulative effects assessment
more in detail.

= Impact map

Interactions

Online literature database
and assessment system

Figure3 Overview of the main methods and d&taws proposed for the overall concept. The DEB model
focuses on species level, ACIM focuses on habitats, and the cumulative index provides a general value for
interaction effects applicable for different kinds of focuses
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and is hosted on the biodiversity data platform 'mybi0SISACAT consists of different single

modules for the organization, structuration and visualizatibliterature datafor the download

tools, for geographical modules arfdr assessmersi(Eilers et al. 2014, Jong &t 2015, Eilers

et al. 2020).

The user enterdirst generalliterature information abouta publicationin LIACAT in a special
window, the literature input form.Additionally, the user entergnformation about the
relationships between presires and ecosystem componerits the 'relationships editor', a
special input form for informationThis informationis accessible binksto the relationship
throughout the LI£AT tool. In a further moduléhe user extracts and digitizdiserature data
FNRBY 3INILIKEAP ¢CKAA Y2RdzZ S A& 0 dSVeingfateditkKk S FTNBS S|
into LIACAT and connectédto other modules of the tool. Moreoveme implementedtwo
modules for the geographical visualization of data. One of them serves for the visualization and
calculation of spatial cumulative effects, the other one serves for general geographical analysis
such as area calculatioasd is applicabléo calculatethe area of spots with particularly high
pressure intensity or to calculate the overall burden in an area. In the followmdescribethe

most important building blocks of theverall concept for the analysis of cumulative effects in
relation to LIACATFigured).

LitMan I:é

Environmental ag <

—» Reference Details [%j | Datasets
Species ‘ A
Database = P Visualisization tools ~a— AS?;Z?;?:J;SSM- E‘
7Lilerature Geographical Monitoring
| data Ej analysis data
Assessment
S _ TpalE — LiacAT-Matrx [
™ Editor = o= > Fiter Y — . |
S ———— . —® Matrix-Analysis &
Meta-analysis *
—» DEB Modell @ -
WebPlot-
>Digitizer % P DataSets [% —» Sheets - | ————

> ACIMModell 5D <

Figure4 Links between the most important modules in LIACAT and relationships to conducted analyses
for cumulative effects assessment

9 https://kladia.info/klados/
10 http://arohatgi.info/WebPlotDigitizer/
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3.2.1 Entering literature data

LIACAT enters basic bibliographic data automatically into the literature data input form in LIACAT
when the user drops ihks of standard literature software such as EndNatéo the
corresponding entry field. However, the user needs to enter further information manually.

[A!' /!¢ al@Sa GKSasS RFEGF Ay | aey2LiA0 FAES o
WaterenceDetail® | & ¢Sff a GKS Y2ald AYLRNIIFIYGd AYyF2NXYIGA
Ay F GFodz I N AaGNHzOGdzNBS Ay | Y2RdzZ S OFtfSR W[ Ala

belonging to one project and is ipossible to search in @blumns for kewords of interest for
filter the data correspondingly.

Ly GKS WwSfl iA2YAaKALIA9RAGUZ2NNE GKS dzaSNJ SyYyiSNE RI
human activities, pressures and effects on ecosystem components. To initiate arrstep it

is ne@ssary to define at least one source (e.gressure) and e target (e.g. an effect) leading

to several different effects (targets). Usually one relationship represents one experiment. The

user adds further information about the alonship such as the context of the investigation,

results of the experiment, and the framework conditions as related information. Such

information comprises for example data about the environmental conditions, the experimental

conditions, information about the speciedserved, and the magnitude of the effect as well as

statistical data, which are useful for metaalyses. LIACAT aligns thettier information the

user enters about cumulative effects to relationships. A text field provides the option to enter

any additional generamportant information about the relationship. A special function further

allows entering information about the rdaianship graphically to show the effects of increases

or decreases of sources. Additionally, the user can assign datasets desttribiregponse

relationship to the relationship data pool. The user can invoke any information about
relationships from the Wl 44 SaayYSyi G22t1A0Qd | SNBx 2yS Of
Wi aaSaaySyiace22t1A0Q F2NJ GKS FLIWIX AOFGA2Yy F2NJ I Od

Additionally to entering the data directly in the data input form, the user can assign the content

of apublication to predefined tpics. Most of them concern the MSFD. Furthermore, we added
FRRAGAZ2YIE aLISO0Gas gKAOK YIFIUGGSNI gAGK NBIFNR G2
0KS YIFENRYS SyYy@ANRYYSyi(iQz (2 GKS fArald 2F (2LAO0;3
publicatiors deals with, the user needs to set checkmarks for the relevant topics of the

publication. We organized this list of topics in a hierarchical form with main topics and subtopics,

to find the topics easily. LIACAT links the categorization to the assestmérdo that the user

can later use this information to restrict the assessment to the predefined topics.

The user further extracts data from figures of the publication (unless they are provided in a

GFrofSu 6AGK (KS ¥FNBS g HNNBhich WeRirdeycated inWASAT[agdl 5 A IA G AT
connected to other modules, so that these data are directly transfearadi can be used in the

other modules. This linkage made it possible to partly automatically extract data from literature

for later analyses. LIACAT eavthese sersautomatically extracted data in a fixed table

& 0 NHzO G dzNB 6 W5 I G I { féréntipOhlicdtionts BealRvithiihe salditdpicst teuser RA F

Oy O2Y0AYyS RAFTFSNBYG RFEGFASGA Ay Fy2G§KSNI Y2 Rdz ¢
this module, one can also download the data as csv files.

11 http://arohatgi.info/WebPlotDigitizer/
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These files serve as the basis for further geed. Thanodelingtool for cumulative analsis
ACIM, whichwve integrated in LIACAT, calls these data. Moidelingtool sets the single datasets

in relation to each other und describes the data with mathematical functions to analyze the
combined effectof different anthropogenic pressures on a habitat. Further, we used some of
the extracted data for an adjusted DEB model, which allows the investigafi®emporal
dynamic cumulative effects on a species. For both of these models, we integrated monitoring
data and tested different scenarios.

3.2.2 Cumulative analyses and assessment tools

Both of the modelamentioned above(ACIM and cumulative DEB model) beldoga set of
methods which we developed particularly for the analysis of cumulative effects of
anthropogenic pressures. These models allow the assessment of the combined effects of various
pressures on an ecosystem component. Moreoves,developeda methal to analyze spatial
cumulative effects of various anthropogenic pressures based on existing approaches (Halpern
et al. 2008, HELCOM 2010, HELCOM 2@)applying thismethod, we could identify
geographical spots, which indicate on a map where pressaazesmulatespatially (Eilers et al.
2020).

For the species based approagbe first conductedh literature research to derivimformation

onthe interaction effects between pressures afad settingup amatrix. We entered theselata

into a tableusing thenames of the stressors as column and row naniégrebythe row names
represented the influences of the stressors and the column names represented the stressors,
which are potentially influenced. leach cellwe enteredinformation about the interaction
between the stressorgxpressingn which way one stressor influences the effect of another
stressor on the organismWe stated thisinformation is stated in form of a certain value, a
formula, or a descriptionIf possible we also includadformation aout the magnitude of
influence. In a second stepie selectediterature data, which are relevant for the question of
interest and which fitted best to the conditions of the study arbext we summed up he
values of each of the cellsinone columnfesuA y3 Ay | @FfdzS F2NI I WySiaidz2
under the consideration of the influences of other stressors on the effect. These &ijyssd

into further calculations. Tématrix-methodwasbased on a method proposed by Weimighle
(2008).

WeortedtK S @ f dzSa F2NJ 6KS WySia SFFSO0GaQ 2F (GKS &Ay:
of effects and alignethem to the intensities of the pressures in the marine environmeft.

modelingtool considering the uptake of a substance, poss#ddaptations of the organism to

the stressor as well as temporal effectsiculated a normalized intensity of the stressdrke

resultswere integrated into a DEB modemulatingthe life cycle of the organism and in which

the influences of the stressors under thensideration of their temporal dynamic intensity are

analyzed. The outputs of the model are quantified cumulative effects due to the pressure

situation on the development, the reproduction and on the growth of the organism throughout

its life cycle.

To analyze cumulative effects on habitatge developed thenodelingtool ACIM. According to

this method, first literature data, which describe effects in dependency of stressor intensity and
exposure timeneed to beextracted with the WebPlotDigitizer from publications and saved as
a sheet in LIACARCIM then callshese data whichserve as a basis for the construction of a
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network of relationships. For each of the datasetdescribing for example the relationship
between a pressure and an ecosystem componenthe modeling tool determined a
mathematical function from a pool of predefined functions (base modeégresenting the
modelstatistically most suitable to describe the data. Therebgptimizedparametes for the
functions, so that the characterized model represshthe data as good as possible. If data are
available describing the influences of two or more aspattgptimizedall possible base models
and combinations of base models and compatteein to each other based on statistical values
to find the best model to describe the observed effect. Observed effects, which are possibly
influenced by the exposure timevere also treated this wayThis wayit was possible to model
temporal dynamic interaatin effects.Next, the tool checked ithe determined best functions
to describe the datasethulfilled predefined minimum statistical requirements and sorted out
those not fulfilling these Afterwards, themodelingtool visualizes thenodel results togethe
with the extracted data.

In a next step, thenodelingtool combined thddentified functions with each other in an additive
approach to construct the network of cumulative effects. This network consists of any influences
and the corresponding effects,hich are relevant in the habitat and is based on the available
literature data available for these relationships. As a practical test of the methednalyzed

the effects of anthropogenic pressures on seagrass meadows.

For the analysis of spatial cumulat effects of various anthropogenic pressures and human
activities in a larger geographic areee developeda method inspired by Halpern et al. (2008)

and HELCOM (2018). For a practical test of the proposed method, the selection of the type of
data folbwed the selection of data used for the HELCOM reparthe Baltic Sea (HELCOM
2018) as good as possible. Howewee, tested the method with data from the North Sea to
evaluate if a similar method as applied for the Baltic Sea could be also applied féotth Sea
region.

Generally, in the method described by Halpern et al. (2008), the magnitude qiré&ssure
effect on ecosystem components is expressedin impact score summed up for a defined
geographical area (a raster cell). This way a map isexteathich provides an overview of the
spatial distribution of the impact situation for trerea in questionThereby, the intensity of a
certain anthropogenic pressure or human activity as wethasabundancedata of ecosystem
components are taken intocgount.

In contrast to the method applied for HELCOM and the method presented by Halpern et al.
(2008),we did not apply sensitivity scores with regard to different ecosystem components and
did not consider their spatial distribution. Insteade used theshold values for stressors of the
LINB&dadzZNBE G(G2LA0a WSAziNRLIKAOFGA2YQ YR WKIFTFNR2dz
which should reflect the sensitivity of the marine environment to these stressors in general.
First, we interpolated dta from monibring stations with regard to stressor intensities spatially.
This waywe could producémpact maps covering the whole study area and then comtiiae

with other spatial data. For the interpolation of hazardous substaneesjsednot only data of

the corcentrations of these but also sediment data for improving the spatiadieling as the

binding of many substances depends on sediment characteristics. For physical disturbances and
physical losses due to human activities and anthropogenic pressueesatulatedthe percent

of the spatial area affected. If corresponding data were availalke,also consideredhe
intensity of a pressure. With regard to HELC@#l appliedweighting factors for different kinds

of physical disturbances to reflect the relevance of these in comparison to each other. Finally,
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we produceda map showing the overall pressure situation. Furtlves createdmapsshowing

the impact due to certain prasire topics. The available data as well as the conditions in the

North Sea differ from the Baltic Sea. Therefore, pamy needed to applyther data andto

simplifythe method.It is possible to viewhie results of this analysis atmlfurther analyze tlem

Ay 2yS 2F (KS 3I3S23INI LKAOIE Y2Rdz Sa 2F [A!l /!l ¢ o Wa

3.2.3 Assessment Tool

Different tools for the analysis of cumulative effects as well as visualizationakccessible
GKNRdzZAK (GKS Y2RdzZ S WFaasSaavySyd G22f1A0GQ Ay [ A/
filter, whichone canuseto select topics, single elements and relationships, species, the time
period, and the geographical area the analysis should be bas@dimway even a huge amount

of literature data is manageable. Special directly integrated tools in the assessment toolkit are
visualization tools for literature data as well as the A@Hggram, and a matrix analysis for the
evaluation of interaction effds. Moreover, links for further tools such as a special assessment
matrix based on tolerance values and for the cumulative DEB model for the analysis of
cumulative effects of anthropogenic pressures on a species are prepared. In the assessment
tool, it ispossible to integratdéurther programs for cumulative analyses. The visualization tools

in the assessment toolkit comprise two different kinds of Sankey diagrafiish show the
network of relationships between influences of pressures and effects. Thageadis further

show how many literature data aextractablefor a certain relationship.

Further, the assessment2 2t {AG A& fAYy{1SR G2 GKS 3S8S23INI LKAOI |
visualization of spatial data. Theser can also apply th& Y | LJ9 E LJXskowNBhé&lSpatia 2

distribution of a cumulative index and to calculate how the overall anthropogenic pressure

situation is in an area of interest.

3.2.4 Calculation of a cumulative index value

This matrix analysis evaluates the cumulative interaction effectsnerecosystem component.
After a selection of topics for the analysdSACAT createthe structure of the matrix
automatically based on the different elements of the relationships belonging to the selected
topics. Further, information previously enteredinK S  Ww S | (i Asotesdble fddm® R A (i 2 N
the matrix. When clicking into single cells of the matriRCAT providethe corresponding
literature data and the source with a link to the literatufeurther, it is possible to calculate a
value for each miaix cell based on defined intensities of the influences of the stresfaoirsthis,

the user needs to providmlerance values (or transition thresholds) and the optimum values of
the ecosystem component with regard to the stressors as well as an intandattor. Based on
these values a normalized weighted interaction value is calcul@tegluser can use datar the
intensities of the stressomerivedfrom monitoring datasaved in LIACA&pplymean values of

a certain area otest a scenarioof interest. The interaction factors represesnthe relative
influence of one stressor on the effect of another stressor.

The single weighted interaction values are summed up per stressor or elémiaginfluenced.
Finally, LIACAT calculates the sumhefse m@rtial results to calculate the overall cumulative
index. This overall cumulative index value indicates for a given pressure scenario if the
cumulative effect of the particular combination and the intensities of the stressors rather lead
to a synergistic oto an antagonistic overall effect.
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In a further extension of this module, the Gtatrix module, instead of manual inputs for the
intensities of the influencing elements, spatial dagae.g. from monitoring programs are
applicableas input dataThe uer first needs to enterhese spatial data in LIACAT. Themne

needs to definghe time period and the geographic area. Furthtee user needs to specithe
desired size for the raster cells, the preferred interpolation method for the spatial
representation of the data and the type of the cumulative maoglgtable for the applicationAs

a result, a map shows in which areas cumulative interaction effects lead to higher and where to
lower index values due to the combination of the pressures mfldences and due to the
combinations of the intensities of the different influences. This result should always be
interpreted together with assessments of single pressures and ecosystem components, as the
cumulative overall index provides in this form lypran additional information about the
cumulative effects known so far and is not a standalone assessméenal#o possible to use it

as complementary information to assessments based on methods with regard to the method
applied in Halpern et al. (200Because these methods do not comprise interaction effects.

3.2.5 Visualization tools

Results of such analyses as well as monitoring daa visualized with the module

Wa | LJ9 E LX 2 NB NXsbme. spatiafl dadlydes suehRadzireéd calculations and geometric
measurementsare conducted as wellMoreover,it is possible to integratenonitoring stations

in these maps to give an impression of the uncertainty with regard to the spatial interpolation.

Based on the literature information of the relationshifpe usercan createV{ I y{ S& RA L INJ Y& ¢
showing the network of relationships of a certain scehbevisualizationreflectsthe cause
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between a simple form of visualizatiaand a visualization, in which single elements of the

relationship network are summarized to larger topi¢ghen choosing the second method for

the visualizationit is possible to access all information of the single relationships and it is

possible to zom into the diagram and expand the single relationships of one topic to get a

higher degree of detail. This way, transparency is provided also in the visualization tools.
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4  Analysis of cumulative effects caused by anthropogenic pressures
applying cross impact matrix analysis and>&B model

4.1 Abstract

Human activities affect marine environmental conditions in multiple ways, thus creating a
number of potential stressors for specific ecosystem componentss implies that ecosystem
components are exposed to a large number of stressors. To estimate the overall effect of these,
it may not be sufficient to analyze the effects of the single stresscesgrone but require also

an analysis of cumulative interaction effects.

The objective of the study was to develop a model for cumulative effects assesbasat on
literature datathat can be applied téhe Marine Strategy Framework Directive (M$FD

| propose amodularapproach combiimg a model forintensity-response relationshipsf single
stressorawith consideration of exposure time, acclimation response and time delay of the onset
of an observed effect, a cross impact matrix to model interactidacéf between different
stressors, and a dynamic energy budget model to simulate interactions with the organism during
its life cycle.l appliedthe approachto model the impact of heavy metal concentrations,
acidification, oxygen depletion and temperaturerease on the blue musséfiytilus eduli3.

A literature research showed that most of the interactions between anthropogenic strefssors
this topic were synergistiq33.3%) However, also antagonistic effeqtt9.0%)and complex
interactions between gressors with both antagonisticand synergistic relationshipsvere
reported (16.7%)

Applied to data from a monitoring station at Nordernélye stressor model predicta decrease
inreserve biomass, delayed maturitgnpaired reproductionand decreased growtim M. edulis
compared to astressfree control scenario.Reproduction was affected most severelgss
gametes were produced and fewer spawning events occurred in the stress sc€banzared

to a model assuming only additive effecthe inclusionof interaction effects led to higher
overallimpact strength. Moreover, the difference between the additive model and the complete
interaction model increased with increag stress intensitiesWith regard to theevaluation of

the ecologich status of an ecosystem componetihe study revealed thagn analysis of
cumulative effects is essential to get a comprehensive and more realistic picturepdtdmial
anthropogenic impact.

4.2 Introduction

Blue mussels are exposed to various anthropaggmessures, as they live in coastal habitats
where many of pressures accumulate spatiafige, e.g.Halpern et al. 2008, HELCOM 2018,
Andersen et al. 20134ultiple anthropogenic stressors in the marine environment interact in a
complex way and evokepscial impact and response patterns for marine organisms and
community structures, which cannot be explained by additive effects alone (Crain et al. 2008,
Hooper et al. 2012, Holmstrup et al. 2010, Moe et al. 2013). Thowylative effectsnay modify

the impact of human pressures on the environmerfio enhance our ability to predict the
consequences of human impactigtcrucial to gain an understandingsefch cumulativeffects
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Accordingly, he Marine Strategy Framework Directive (European Commission 2008) requires
the analysis of such cumulative effects. Howeteere is still no common understanding of the
term ocumulativel I ng Bommon agreement on the assessment of cumulative effects has
been achieved yeln order to give an overview of the various aspects related to this term, the
general introduction of the thesis provides a detaitbbcription and a proposal for a definition
This proposails based on definitions from scientific putdtions on compilationdy an OSPAR
working group focusing on cumulative effects assessment-QC@udd et al. 2015and a
publication by the European Commission with regard to environmental assessments of
cumulative effects (European Commission 1988} the analysis and assessment of cumulative
effects with regard to the implementation of international directives and for regional
assessments, the most commonly used methods calculate indicésarebased on various
approachesncluding:

1 scoring sysms (Halpern et al. 2012),

1 expertjudgements (MacDonald et al. 1996, Bernem et al. 2000, Coll et al +F20@ern
et al. 2008),

9 threshold approaches (Dickert and Tuttle 1985, WFD 2000, Lepper 2005 ), and
1 geographical analyses (Halpern et al. 2008, & all. 2012, HELCOM 2018)

Moreover, speciated models have been developed for assessing cumulative effects with
respect to pressures or ecosystem componerfty example fornon-indigenous species
(Leidenberger et al. 2015), food webs (Chaalali et al5R04ydrodynamics and pollution
(Zalesny et al. 2014), rare fish species (Zhou et al. 2012), radioactivity (Batlle et ala20a4),
asmammals and sound (Siderius and Porter 2006). However, only very few approaches consider
the mechanisms leading t@scific combination effects (but seé@kke et al. 201,3Begner et al.

2014 Cosme et al. 2015). Even though research of the effects of multiple stressors has gained
increasing attention and scientific observations revealed new relevant insights (Cahi2@D8,
Holmstrup et al. 2010, Moe et al. 2013, Hooper et al. 2012), this knowledge has not been
integrated into practical assessments sufficiently. To conduct more comprehensive cumulative
analyses based on experimental and field data rather than orerexjudgements, the
development of holistic concepts and models as well as the parallel development of
corresponding software tools is crucial.

The main objective of this study was to develop a model for the assessment of cumulative effects
of anthropogent pressures on a species levBie model should bebasedonly on literature
datainstead of the application afxpert judgementso assesshe magnitude of anthropogenic
impacts.The approach should also allow to integratnavailable scientific data otinuously.
Further,new scientific findings and models with traditionally applied methods in environmental
assessmentshould be harmonized witaxistingmonitoring programsand corresponding data

4.3 Methods

For this purpose, | combined and adapted a matrialysis (Weimedehle 2008) with a dynamic
energy budget model (DEB) model (Koojiman 2@h@) a model representing the response of
the organism to single stressofBhe matrix analysis was adapted to cope with the more general
information on qualitativeand quantitative aspects of interactisbetween stressors. THBEB
modelwas refined to simulate temporal dynamic effects caused e.g. by varying environmental
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conditions during its life cycle and the model for single stressors analyzed and predicted
interactions between the stressors and the organism. As a proof of concept, | ath@iecbdel

for the assessment of the effects of heavy metals, acidification, oxygen depletion and
temperature fluctuations on blue musselglytilus eduli$ and compared it toeal data from a
monitoring station at the east Frisian island Norderney. To get an overview about the state of
knowledge of cumulative effects for this pressure combination as well as for the zasioaliof

the literature information, an online todlLIACATWwas used for literature analysis, which was
particularly designed for this purpose (https://kladia.info/klados/, Eilers et al. 2017, HELCOM
2016).

4.3.1 Literature review and literature database

For the literature review, | used the search engiodéeb of Sciencé, cAquatic Sciences and
Fisheries Abstraafs and oGoogle Scholér Search terms wereomultiple stressord,
ocumulative®®, a search term of the pressure of interest (here: Zn OR zinc or Cd OR Cadmium,

Cu Or copper or Pb OR lead or pH OR adid8,YLJF ¢ F2NJ 4KS GAGE S0 FyR

species of interestMytilush w &6t dzS YdzaaSft fF ¢ | screenedripdrialit O v ®
reviews and critical papers for relevant literature references therkincluded aly literature

data dealing vWth effects on Mytilus edulis fulfilling the quality standards described in
Supplement 1 Further only studies evaluating the effects of single stressors and their
combinations against a stressfsee controlwere applied for the analysi®referably lapplied

data from experiments, where the experimental conditions resembled the environmental
conditions near Norderney.

Toorganzed and visualie literature data, | usedhe portal software LIACA®L(terature Analysis

and Cumulative effects Assessmemiolb), an online tool located at the biodiversity online
portal mybiOS#&. This tool facilitates the orgamition, extraction, visuatation andprovides
some tools for theanalysis of literature information with regard to cumulative effects (Eilers et
al. 2017).However, the model focusing on the analysis of cumulative on species level is not
implemented yet.

As most literature about cumulative effects of anthropogenic pressures on blue mussels
comprised information on interactions between the heametals Pb, Cd, Cu Zn and, pH,
temperature, oxygen concentration and salinity, the focus of this study lies on these stressors
and environmental variables to test the methodological approach.

4.3.2 Cross impact matrix

Crossimpact matrices originate from game tbey and were applied firsin economics and
social sciences (Weimdehé 2008, Gordon and Hayward 1968nddifieda specialersion of

a crossmpact matrix (WeimerJehk 2008)to calculate interaction effects. The method
facilitates the analysis of @mplex network of interactions in a simple and clear way by focusing
on binary relationshipsinformation of these binaryrelationshipsis entered in a table: The
influencing variablesre listed in rows and the variables being influenca organized in
columns (Gordon and Hayward 1968). Gordon and Haward (1968) focused on the probabilities
of events and innovations in the context of forecasting developments. Welelde (2008)

12 https://kladia.info/docs/index.php?title=project_details&projectid=2
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further developed the method for the application in social science to aadhe process of
opinion building. He differentiated between positive, negative and neutral opinions, and
analyzed all possible interactions between each of these subdivisions. Moreover, he calculated
a balance indicating how the opinion of a single pernsoinfluenced by all the other opinions
taking into account thénfluences of the otherby summing them up for the rosorresponding

to this person| adapted the method for the interactions between anthropogenic pressures
affecting ecosystem componentssing the categoriesincrease, cdecreasé& and ocomplex
relationshigranalogous to positive, negative and neutral opinions of the model by Weletde

2008 to describe how the stressors interact with each other. Furthermore, the inputs for the
interaction values were not derived by questionnaires but from literature. Whenever possible
the relationship between stressor intensity of the influencing stressor and observed effect was
expressedn an equation.

Further, | consideredwhether the observed effecwas an adverse or a positivane. For
example, growth as a variable for an observation is a positive effect whereas the observation of
mortality is an adverse effectBefore calculating the interaction factor, | ensured that
deteriorated conditions alwaysere associated with the same sign, independent of whether
the adverse effect was measured by an increase or decrease irefiponse variableThe
interaction factor was calculatedith the following formula:

TR ERRCERY | TR YT O |

where Intfact represents the interaction factor of the influencing stressor on the effect of the
other stressor, combEff is the value of the observed effdan both stressors are present, and
SinglEff is the value of the observed effect when only the stressor of intéirdetenced
stressor) was present.

Based on the assumption th#tte direction of the influence mattey, | consideredor example

not onlythe influence of Cd on the effect of Cu but also the influence of Cu on a Cd éthect
reason for this procedure lies in tipossible elemenspecific effects on the molecular level.
Many interactions occur during the uptake process (e.g. Elliot efl@86) where direct
interaction effects may be very relevamiowever, the uptake routesan differbetween metals

and trace metals are found in different parts of the body (Soto et al. 1986icating that
interactions between metals might at least plsilsooccur indirecly. Further, metallothioneins

bind different metals to a different degree depending on its chemical characteristics (Voets et
al. 2009). Thus, the production of metallothioneins might be triggered by one métakfgo

et al. 198) and can be seen as an influence of one metalthe other Consequently, also the
influence ona process (here triggering the metallothionein productions) might be element
specific.This supports the hypothesis of the relevance of directivityus, influences of both
directions were considered in the matrix and the row sums of all influences on one stressor
added up to calculate an overall cumulative effect with regard to this specific stressor.

However, to my best knowledge, there is no expmntal study,which specifically tested
directivity of cumulative effects. Therefore, | tested an alternative approach assuming that the
direction of the influence does not matter and observed differences are random. Based on this
assumption | dividedthe interaction factors by two, when interactions occurred bidirectional
(seeFigure71- Figure78).
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The first approachassuming directivity should best describe the reality when the interactions
have a different mode of action, whereas the second approach woulddye adequate when
the mode of actions would be the same or be sad by direct interactions between both
stressorsHowever, a stressor hdikely severamodes of actiorand some of them may be equal
to other stressors, whereas others are rather unigGerrently the percentagea certain mode

of action occurgs still unclear This might even be dependent on the intensity and differ
between different species e.g. due to differences in the chemical composition of the body.

To capture the influence of intensity, | calculated interaction factorfor each of the tested
intensities of the stressorif data were available for different intensities of the influencing
stressor. Based on these datamodel was derived to describe the relationship between the
interaction factor and the intensity of the influencing stresdatiested inear as well as nen
linear models for a good fit with the data and for a plausible description of the relationship. This
eguation was completed by a term for the multiplication of the effect level of the influenced
stressor and this finadquation served as input for the matr{gsee equation1) and 7.1). This
implies the assumption ofa linear relationship between the effect level and the interaction
factor. If, for instance, only a few molecules of cadmium enter the body of an orgatfiem
charce to interact with another heavy metal is low, whereas the dgais higher, the more
cadmium molecules are taken up.

If a publicationdid not providesufficient datato derive an equation to describe the relationship
between the intensity of the influencing stressor and the interactibmssumed that the
interaction factor between the two stressaris fixed and that the stress intensity of the
influencing variable did not matter. Even though this assumption might not be true in reality,
madethis assumption due to the lack of informatias a preliminary solution until bier data

are availableThe interaction factor was calculated as described above based on the data for the
combined effect and the effect caused by the influenced stressor albde(3) for the single
value of the tested concentrations. As reasoned abbassumedhlso here a linear relationship
between the influenced stressor and the interaction factor. Therefore, followfregsame
procedure, the interaction factor was multiplied by the effect level of the influenced stressor.

In some cases, different stressor intensities of the influencing stressor and even different
stressor intensities of the influenced stressor wereilaide but it was not possible to derive a
clear pattern for a relationship between the intensities and the interactioe to the sparse
dataset In these cases$usedthose data sets of experiments which represented the conditions
of the testscenarioas good as possible, i.e. a comparable stressor intensity or a comparable
ratio of stressor intensities to each other. This procedure resulted also in a single value for the
interaction factor and was also complemented by a multiplicative téfnis way tle matrix was

filled in and further calculations could be done.

The row sums of the matrix represented tbreet-effectsiof the corresponding stressors under
consideration of all interaction effects of the other influencing stressors and served as input
values in aDEBmModel.

TP TP TR v

where NetEffStr reflects the effect of one influenced stressor under consideration of all
influences of other present stressors, Str is thiect of this stressor alone without any
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influence, i are the other stressors present, and Intfact are the interaction factors of the other
stressors, representing their influence orighktressor.

In most casegyublications did not reveaf the interadion between stressors occurred outside
the organism in the water body or inside the body of the organiSimerefore, | could not
differentiate between these cases as welasBd on the reviewed literature, it is likely that
interactions occurred during thuptake process as well as due to interactions on molecular level
within the organisml assumed that it does not matter for the outcome of the model where the
interaction took place and aligned the interactions with processes happening within the body of
the mussel.

To realize thid/first calculatedhe biological relevance of the intensity of the influenced stressor
for the effect on the organism in a special module of BteB mode(singlestressormodel, see
section below). @bsequently | incorporatd the interaction effectsthe result of the balance
calculated with the matrix for the corresponding stresdetermined if the overall effect of one
stressor increased or decreased a physiological process in the organism

In contrast to the DEBodel aproach of Bedaux and Kooijman (1994), | did not calculate an
interaction factor based on lab experimentsth DEBmodelingbut derived the information
about the interaction from literature data instead. By applying the matrix method described
above, it waslso possible to integrate the directionality of influences and complex interactions
(of norntlinear nature), which were not included in their approach.

4.3.3 Application of DEB models for the analysis of cumulative temporal effects of
anthropogenic pressuresral environmental factors

A detailed description of DEB models can be found elsewh&seijnan2010). Briefly, DEB

models are based on the Dynamic Energy Budget theory, which delineates the metabolic
organization of organisms and allows quantifying, andgeeing physiological effects as well as

endpoints in time such as reproduction, growth and dedbdijman2010). The standard DEB

model assumes that food intake is dependent on surface area or body volume and that uptake

rate of food is dependent on fabdensity (Kooijman and Metz 1984, Kooijman 2010). The

SySNHe 3JI+rAYySR FTNRY F22R A& RAGARSR Ayili2 + FAESF
maintenance, somatic work, and growth and the remainingenergf (1~ ¢ KA @ifoh & Y20 A f A
reproduction am maturity maintenance (or maturation in case of juveniles) (Kooijman 2010).

The model consists of a system of differential equations describing the relevant physiological

processes of the organism during its life span.

Environmental stress and anthropogeipressures influenametabolicperformance and can be
integrated in DEB1odeling(Kooijmanand Bedaux 1996, Baas et al. 2007, Jager et al. 2010). Baas
et al. 2007 developed a method for deriving information about interaction effects between
binary mixtures of metals by applying a DEB model combined with the model of concentration
addition and mdependent action for the analysis of survival data of experiments. Jager et al.
2010 analyed sublethal effects of more complex toxic mixtures by applying a DEB model for
experimental data. They considered different modes of action for each of the cordpoim

this way, they applied a biolodyased approach. However, the authors did not consider
cumulative interactions between the substances. Instead, they focused on differentiating
between substances affecting a process through the same targets andasabstaffecting it
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through independent targets (Jager et al. 2010). Lastly, they fitted the model to the experimental
data for deriving interaction factors.

In contrast, | appliedca DEB modeto predict the effects of a combination of stressors with
different intensities based on experimental results derived from literature data without knowing
the actual impact the scenario has on the ecosystem componentcdtemodel applied is
based on a DEB model specification¥iytilus edulisyalidated with datarfom the North Sea
(Saraiva et al. 2012). | used the parameters and basic equations of this publication, adapted the
model to the type of datd used as input, and integrated the results of the matrix analysis to
account for the influence of anthropogeniagssures. The further developed model for
cumulative effects of the present study incorporates a biolbgged approach by assigning the
intensity of the stressors to the affected targets, similar to the approach described by Jager et
al. (2010)

The effets caused by anthropogenic pressuma® additional factors to the equations of the
DEBmodel describing physiological processes and the life cycle of the organism. Thus, the
affectedprocesses increased or decreased resulting in an altered behavior ofatiel due to

the direct links as well as due to theonnections between the differential equations
representing different processedepending on the stress intensity, this can lead e.g. to
decreased growth or to a disturbance in the development of mgturi

Already existing scripts of differemEBmodels inspired meén the programming(software

packages developed by Kooijman and oth@mnd | wrote thescripts formodelingcumulative

effects on blue mussels in Matlaht{ps://de.mathworks.con). In geneal, the metamodel

consists of several stdrripts Figureb). For each stressdrgreatedone file to analye its effects

and the change of the effect depending on exposure time and concentration based on a

theoretical model. Literature dataervedfor parameter estimation of this model simulating

temporal dynamic effects. Compared to the original mo#eldjjman and Bedaux 1996),put

special emphasis on possible temporal delays of the onset of effeatsalso calculated

LI NI YSGSNB (2 OKFNIOGSNRTS FOQtAYFGAZ2Y YR ay2NY
Thisonormalized stress intensity depends on the intensity ofthe stressor, the exposure time

and speciespecific characteristics such as uptalted elimination rates and tolerance values.

These data serve as input data the core DEBnodel reflecting the life history of an organism
in the main program (Saraiva al. 2012). Here, additionally, interaction effects between the
stressors andytilus edulisare considered.

13 http://www.debtox.info
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Figure5 Structure of the DEB model for anzilyg cumulative effects on Mytilus edulis. In the red boxes
are the parts which are additionally used for anaiyg the effects of anthropogenic pressures. The red
arrow marks a connection specific for this model. The other parts are used for the reference model
without anthropogenic pressures and Temperature extremes.

Analyses of the effects of single stressors

For each stressofmodekedthe interaction of the stressor with the organissaparately before

the integration of interaction effectsTo set up the model, consideredthe pattern of dose
response curves (e.Baas et al. 2009) and patterns of defemmechanisms, such as production

of metallothioneins (Han Zha¥iang et al. 2013). Interactions between the stressor and the
organism could occur between the aspects of effect strength, time delay, acclimation, and
speciesspecifictolerance limits. The aim was to model the change of an effect over time and to
optimize the parameter values assigned to these aspects based on literature data from
experiments. The basic idea for the model was derived fikmuijmanand Bedaux (1996) and
adapted to the aspects described above.

For the module simulating the change of the effect of a stressor on the organism over time, the
following theoretical assumptions were made:

9 The effect of a stressor depends on the stressor intgres well as on the exposure
time.

1 The responsef an organism to atressorcan change over time.
I These processes can be dependent on each other.

1 The pattern of the change of an effect over tilsainiversal and can thus be transferred
from one target toanother, e.g. the pattern of the effect of a stressor on mortality data
wastransferred to a physiological process such as respiration by applying the sarme time
dependent percentage of change of the process.

A normalization procedure of thatensities othe stressor®  a SR 2y (G KS aGNI yaAGAa2,
of the organismmade the datacomparableand preventedbias caused by the application of
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different scales and ranges in the datasete transition threshold was defined as the onset of
an altered response due to an external forcifigleranceand optimumvalues of the model
species derived from literaturén practice, | used the lowest value of stressor intensity where
an adverse effet was observed being aware that responses at lower stressor intensities cannot
be excluded. Foexample, a transition threshold could be the upper limit of tolerance as
described in Pértner 2010. The valuestioe parameters are fixed in the model and isenot
optimized. The normalized stress intensity was calculated as follows:

V Smt 00 m@lS € B am ®)

where s is the normalized stress intensity, env is the intensity of the stressor in the environment,
tol is the transition threshold and opt is the optimum value. A value greater than 1 indicates that
the tolerance limit of the species is exceeded for the environmental data set appligur€6).

The smaller the value is the more beneficial are the environmental conditions for the species of
interest.
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Figure6 Example for a tolerance curve for an environmental stressor. Red arrows indicate situations,

where the environmental stressor exceeds the transition threshold; green arrows indicate examples

where environmental data are within the tolerable range. Figuaified after P6rtner (2010), based on
{KStF2NRaa fl g 2F (2tSNIFyOS O0{KStF2NR mMpomMOPd b20GS GF
symmetrical and only represents an example

Based on the framework of DEB theory (Kooijman 2010), | considered tHeewgptd elimination

rate as well as growth dilution for the estimation of the internal concentration in the organism.
For other stressors such as acidification | deleted these functions in the corresponding scripts
and replaced the term for concentration fiye direct intensity of the stressor.

The stress effect, depending on the stressor intensity, is described by the function

g1z H @
GKSNBE 0 Aa GKS aSTFSOG NIraGaSa oAlGK GKS RAYSyaazy
AyGSyaarie 0aSS 10620S0d ¢KS GIFNARIFI6fS ald RSAONRDOG S
environmental conditions and can reach values between zeroosed The stress effect does
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not necessarily represent the observed reduction of a response variable because further aspects
such as a possible time delay also influence the effect (see equ&jiand(6)).
¢tKS ReylrYAOa 2F (GKS | OO0OftAYIiGAZ2Y al & RSLISYRA
t2 GKS STFSOU aSa FyR A& RAYSyaazyftSaay
"HH
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In case of a time delay, there is a difference between the expected onset and the development

of the effect. Thus, the change of the effect depending on exposure time is expressed as:
|

_ (6)
N, o

where! is 1/ time delay (the higher the value fothe smaller the time delay) anduessreflects
the expected effect without timalelay (see equatiof®)). If no time delay occurss®ssequals
e and de/dt equals zero.

The simulated alteration of the response and thus the response itself is recalculated as follows:

"HA
— “H F (@)
o n
where e here represents the effect @escribed in equatior{6), and R is the value for the
observation (response variable).

The parameters® ¢ @ o | B the model were determined by an optimization process
achieve this, | appliethe Matlab function ofmincond to minimize the difference between
experimental data from literature sources and the model data (see list of applied literature data
in 7.1). To tes the performance of the model with the derived parameter values, the relative
error and the relative standard deviation were calculat&@tie model calculatedhe internal
concentration, the acclimation, the effect, argimulated the response variable. Tleript
visualized the results graphs.

The optimized parameter values (alpha, beta and gamshaped then themodeling of the
study period of the test scenarid-or each stressor | appliedomitoring datarepresenting
intensities of the stressoin the water columnservingas input data for the modedf single
stressoreffectsand integratedthe resultsinto the DEB core moddkurther, lalignedthe effect
oedto the physiological processes affected by the corresponding str@ssioe core modé(see
7.0.

Monitoring data and coremodel

The DEB model specification for the blue muségilus edulisoy Saraiva et al. (2012) is driven

by environmental paramters such as the availability of food and the fluctuations in
temperature. This modelis a standalone model of a control scenarion a further stepl
combinedthe model with the matrix analysis and the stressors of interest resulting in an
additional module to simulate a stress scenario. Third, the medrllated the impact on
Mytilus eduliswithout any interaction effects to represent a scenario assuming that no
interaction effects occurred applying a purely additive approach. In contrast to Saraiva et al.
(2012) in all of these three core DEB models (control scenario, stessario, additive
scenario),l usedphytoplankton monitoring data instead of Ghldatawere used and the
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corresponding calculatedarbon content based on the speciggecific biovolume (Hillebrand
et al. 1999).1 interpolated the veekly measurements of phytoplankton data and the
corresponding carbon contentahichshowed seasonal fluctuatins. Additionatarbon sources
or sources of nitrogen and phosphorous were not considered.

Due to thesechanges, the DEBparameteroalgal binding probabilityneeded to be adjusted to
generate realistic outputs for the control scenario (full list of pagten valies in7.1, Table
14Table14 DEBparameter values used for the main DEBde). | chose this valuenanually
anddid not perfom amodelingprocedurebecause corresponding data to run an optimization
process were not availahle

To test the cumulative impact of anthropogenic pressuoesMytilus edulisunder realistic
conditions,| useddatafrom a monitoring station at Nordernegs input variablesThe stressors
cadmium, copper, lead, zinc, acidification, elevated temperature, and oxygen depletion
representd some of the most relevant stressors for the blue mussel therefore | focused on
these Furthermore, suitable literaturdatafor these stressors had beawailable for the model.

The salinity conditiongeported in the literature dataabout interactions withother stressors
resembled those of the monitoring statioiherefore, these response dat& not have to be
corrected forunfavorable salinityconditions Further, the literature search revealed thtte
salinity conditions at the monitoring station were suitable fytilus edulis Therefore, salinity
stress was not included in the model the Norderney data. However, in the results section the
theoretical interactions observed are shown.

Data for the metal concentrationgH values and oxygen concentratiamgginated from the
regular monitoring programf asampling station at Norderney dth provided by NLWKN)ata
used fordaily water temperaturesre results fronthe HAMSOM model (Pohimann 1996).

The datavalues from the monitoring prograrfor heavy metals and pH were interpolated to
daily data inMatlab with the piecewise cubic hertaiinterpolating polynomial metho¢Figure

54 and Figure55). xygen concentrationsvere measured with ehigher frequency between
1999 and 2002han between the years 2005 and 20it0the monitoring Therefore, | decided

to analyze the available dataoin the years 1999 to 2002 as well to get an impression of the
seasonal pattern of the oxygen concentration at the monitoring station. However, the winter
1999/2000 was characterized by unusual storms and a historic flooding. Therefore, these data
were extudedfrom the modelingand only data from June 2000 to December 2002 were used
to generate the typical seasonal pattern of the oxygen concentrations. To derive seasonal
dependent daily oxygen concentrations, a model was determined with the curve ficoigt
Matlab. Inspired by the work by Fidino and Magle 2013glecteda sinus curve with a fixed
seasonal cycle to describe the data for these years. In a second step the same model type was
applied to model the data for the years 20@610 (study perid). Thereby, the parameter for a
shift along the »axis, which defines the peak of teaus curve was derived from the model for
June 2000 to Dec 2002. Further, the optional start points were also derived from this previous
model run. As there are less tdabetween 2005 and 2010, uncertainty remains high for the
oxygen concentrations, in particular for the summer months (B&pire53 and Figure54).
However, it is likely that the seasonal pattern was better reflected by applying this method than
a simple interpolation between the measured data points. The data for temperature and pH
showed a seasonal pattern, tosgge Figure55 and Figure56). However, for pH \aes, more

data were available and thus | conducted an interpolation as for the heavy metals.
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Metal concentrations were only measured twice a year in February and November for the
monitoring program. Even though seasonal patterns or seasonal differentesetal
concentrations for Zn and Cd were observed in some studies (e.g. Scholten et al. 1998, Loewe
et al. 2013, Baeynes et al. 1998, Burton et al. 1993, Kremling and Pohl 1989, {Galvarta et

al. 2014, Zwolwsman et al. 199These data refer to loweroncentrations, mostly measured in

the open sea. The observed seasonal variations might be driven by phytoplankton uptake
(Burton et al. 1993, Dixon et al. 2006). However, the uptake is spdeEndent and thus
highly depend on the species compositiofRick and Durselen 1995). In coastal areas, where
blue mussel habitats occur, metal concentrations are typically higher and vary more due to the
land-based inputs (Loewe et al. 2013). The fluctuations of metal concentrations between years
at the stationat Norderney were so high during the study period (Zn concentration e.g. 3.8
17pg/L), that a reasonable seasonal pattern, which was observed in the range of approximately
2 ug/L for coastal areas (Loewe et al. 2013) could notmloeleled for this monitorimg station
realistically. The reason might be that the monitoring station at Norderney is situated closer to
land than the stations analyzed by Loewe et al. (2013) and that the harbor in the nearer
surroundings had an influence.

For the metals Cu and Pb, alear seasonal patterns could betablishedas either such effects
were not observed in previous studies in the North Sea or results from different studies were
contradictory (LourinegCabana et al. 2014, Baeynes et al. 1998, Zwolwsman et al. 1997 rigremli
and Pohl 1989. To capture the variation between years, in a first scenamerpolatedthe

metal concentrations with the piecewise cubic hermite interpolating polynomial method
acknowledging that we do not know anything about the concentrationswbeh the
measurement eventskFurther, b compare this stress scenario with a continuous pressure
situation,| calculatedhe mean of the metal concentrations throughout the years

For the controlscenario,l usedinput values for temperature from the HAMSOM model, but
eliminated temperature values above the transition threshold of 25°C (Zittier et al. 2015) and
replacedthem bythis threshold valueo avoidcritical temperature valuewith adverse effects

on the oganism in this scenario.

All data refer to a station west of Norderney (Nney_W_1: latitude: 53° 42' 5,975", longitude 53°
42' 5,975") and cover the time span of'28f April 2005 11" of August 2010.

Integration of the interaction effects

The cumulative interaction effect for each stressor was calculated usingtimeiples of the
matrix method As input data for the matrix, equations as well as interaction valeesed from
literature were used (sedable17). The effect leve] which is then aligned to a process
calculated as follows:

nlldru<mt| >uvv| Cmr¥ g O

where eStressor is theffect dependent on several factors such as acclimatior each time

step, a value for eStressor was calculated depending on exposure time and further variables,
based on the literature data with the equations described abwith the single stressor model

6 o SThé termainteracty represents the balance calculated with the matrix meth@ee
method sectiord.3). If sufficient data were availablégstimatedthe balance of the interaction
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effect alsofor each timestep, depending on the intensities of the environmental variables and
stressors.

The interactionwas temporaly dynamic because daily stressor intersitend corresponding
values foroedanddinteractawere usedfor each time step, a value for eStressor was calculated
depending on exposure time and further variables, based on the literature data with the
equations described above, and served as inputakdée for the interaction matrix. The
interaction indices for each stressor were linked to stressors acting on the same target by
addition. The cumulative effect of different stressors acting on the same process were then
integrated in an equation desciiig the corresponding proceste sum of the effects of the
stressors, reflecting anet - increase ordecreaseéof this physiological process, was assigned as

a factor to the process.

The output of the model provides information on the theoreticallyegiicted values for
processes relevant for population size such as altered growth and reproduction considering all
relevant stressors and estimate how the organism is affected considering its life cycle (Kooijman
2010).

4.4 Results

Matrix

Overall, | searched fditerature information on 84 theoretically possible interactions of the

stressors, namely: the influence of pH, oxygen concentration, temperature, and satirtig

effect of each of them orMytilus edulis.The influences were divided into the categories
aAYONBIFaSarz aRSONBIFaSa FyR alye 20KSNI FfGSNraGAz2y
acidification for example led to decreased growth and increased temperature enhanced this

effect, I marked 8 O2 NNB & LR Yy RAYy 3 QIfat HyARy 1 oAiyy3dO NaBR SSCBNS | (lBSSYRL
gAUK GKS f I oFfrithe stras8oysSwhiEhicauld bedriflgenced, only the unfavorable

direction for the organism was considered (decreased pH, decreased oxygen, decrdiaggd sa

and increased temperature). Too low temperatuggstoo high salinities can theoretically also

represent stress foMytilus edulis However, at the monitoring station at Nordernéyese were

no relevantstressors during the study peri@hd therefae | didnot considerthem here.

Synergistic effects were most abundant with (33.3%)marked as red iable3), 15(19.0%)
were antagonistic (blue) and 1@16.7%) were complex, contradictory or uncleaoComplext
means that the interaction can be antagonistic or synergistic dependent on the environmental
conditions or the stressor intensities (violet colofiable3). For 24 interactions, the interaction
could be quantified. No information could be found for 39 theoretically possible interactions.
The references for the interactions as well as some more information aboexheriments are
provided in together with justificadins for the in or exclusion of the data for the model. A
description about the data treatment and the derivation of the interaction factor is provided in
7.1, Tablel?7.

For some interactions,founddivergentinformation in the literature. In thisase| used studies
with experimental conditions close to the conditions measured at the monitoring station at
Norderneyfrom 2005to 2010. All concentrations refer to concentrations in the water column,
because the uptake of chemical substances madded in the DEB model based on the uptake
from the water column (see below).
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Table3 Interactive effects of different stressors on blue muss¥élslet: synergistic and antagonistic both
reported in literature and/ or complex relationship observed, red: synergistic interaction(s), blue:
antagonistic interaction(s), grey: no interaction effect observed, white: no information, beige: filled in to
either describe an effect comprising high and low values or to mark, that the interaction is characterized
by the information about increased and decreased val(é® plussigno+d means an increase of the
stressor, the minusigna ¢ ameans a decrease dfi¢ stressorThe line in the middle can mean any kind

of alteration of the stressor such as increased fluctuation or gradual increase or decrease in a broad range
of values below and above the optimum vaduaf the species. For heavy metals only increaseshown

as the optimum is assumed to be zero or relatively close to zero. Thedfmrduladmeans here, that

the interaction could be quantified and a formula could be applied to describe the influence.

Temp (+)

salinity (-)

+ |

pH formula formula formula formula
+

02

-/ anoxia

+ formula

Temp formula

salinity

Cadmium (Cd)

The literature analysis revealed that the effect of Cd on blue mussels is influenced by increased
concentrations of Cu, Pb, Zn, as well as by the environmental variables pH, oxygen
concentration, temperature and salinitfopper may actsynergisic as wellas antagonistic
dependingon the concentrations of both metals (Cu and G&)a high concentration of Cd
(20ug/L), Cu concentrations of 10 and 20 pg/L depressed the uptake of Cd in mussel tissue. In
contrast, at lower concentrations of Cd of 10 pg/levaited Cu concentrations increased the
uptake of Cd (Elliot et al. 1986). Therefore, the interaction was categorized as complex (violet).
Because the concentration of copper at the monitoring station at Norderney was higher in
comparison to the cadmium caentration Figure63), the interaction corresponding to a high

Cu concentration and a lower Cd concentration of the publication was applied DEBenodel

To calcudte the relative increase of the uptake due to the presence of copgpmiculatedhe
difference between the cadmium concentration in the mussel without copper at a cadmium
concentration of 10 pg/L in the water and the cadmium concentration in the mastie¢ same
cadmium concentration in the water and at a copper concentration of 20 pg/L in the water and
then divided thedifference by the cadmium concentration in the mussel without the presence

of copper ((Cdmussel and cd com§ CAMUSS&y_aiond/ CdMussetd_annd. The sparse data did not
allow for describng mathematicallythe dependency of the interaction on the copper and
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cadmium concentration. Thereforéassumed that the uptake of cadmium is always elevated
when copper is present at a highavreentrationthan cadmium Moreover,| assumed that an
increased uptake of cadmium can be equated to an increased Cd effect in the organism. The
concentrations in the experiment of Elliot et gll986 were higher that concentrations
measured at the monitoring station of Norderney.X ,Figure49). On the other hand, the
exposure time in the experiment was only 10 days. | assumed that the interaction under natural
conditions in the environment with lower concentrations in the water but longer exposure time

is similar to the interation observed during the experiment of Elliot et al.1986. As described in
the methods section, the cadmium effect was later multiplied by the predicted increase of the
effect due to copper and then added to the cadmium effect.

Preexposure to a pollutedite with increased concentrations of Fe and Pb led to synergistic
effects as shown by Sheir and Har{@913. The authors observed an inhibited phagocytosis
activity and increased the neural red uptake as a response of Cd exposure in mussels exposed
to inaeased Fe and Pb concentrations compared to the reaction of mussels from a reference
site exposed to Cd.

Synergistic as well as antagonistic influences of Zn on the effect of Cd were revealed by Elliot et
al. (1986): like the influence of Cu on the effieaf Cd, the nature of the interaction depended
not only on the metal concentrations but also on the ratio of the concentratiolie zinc
concentration was five to ten times higher than the cadmium concentration in the wasée.

At very high zinc conogrations of 200 pg/L and at a bit lower concentration of zinc of 100 pg/L
and a cadmium concentration of 2@/L the effect of zinc was antagonistic, whereas at 16/

zinc concentration and a cadmium concentration ofutflL, the effect was synergisti¢he
concentration of zinc at the monitoring station of Norderney was much higher than the
concentration of cadmium, but in general much lower than the concentrations tested in the
experiment Thereforel calculatedhe increase of the effect with the t&aof 100ug/L zinc and

10 ug/L cadmium as described for the influence of copper on the cadmium effect.

Vercauteren and Blust (1999) showed that the presence of Zn led to antagonistic effects for the
uptake of Cd in soft tissues, gills and the digestisgtesn, but synergistic effects for the uptake

of Cd in the hemolymphn contrast,only synergistic interaction effectsetween pH and Cd

were reportedunder reduced pH conditionsGeorge (1983) showed that the percentage of
metals bound to metallothionemand granules continuously increased with increased pH. Thus,
mussels in water with higher pH were more effective in their defense mechanisms against the
toxic effects of Cd than mussels in water with lower pH. A synergistic interaction was also shown
by Han et al. 2013, wheeported that decreased pH values exacerbate the effect of increased
Cd as indicated by an increased mortality rate, increased uptake rates, decreased phagocytosis,
increased percentage of eosinophilic hemocytes, and altered defensesponse
(metallothionein concentration).

Low oxygen concentrations in the water led to synergistic effects concerning the effect of Cd on
the condition index (Fischer 1986). However, low oxygen conditions also led to antagonistic
effects indicated by a deweased tissue concentration and a decreased Cd/ shell weight index

(Fischer 1986). Increased temperatures led to synergistic effects for the effect of Cd on the
condition index as well as for the uptake of Cd (Fischer 1986, Mubiana et al. 2007). Mubiana e
al. (2007) showed that the uptake rate of Cd increases with elevated temperature. Moreover,

the influence of temperature on the Cd effect was also characterized by a complex interaction:
Fischer (1986) showed that the condition index (Cl)Mftilus eduis at increased Cd
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concentration was highest at 7.3 °C and decreased towards warmer as well as towards colder
temperatures in the temperature range between 5 and 25°C, indicating a Gaussian relationship.

Generally, decreased salinity led to synergistiedff as observed by Struck et al. (1997),
Mubiana et al(2007), and Wang et al. (1997), who investigated uptake rates and accumulation
of Cd under different salinity regimes. In contrast, Fischer (1986) observed inconsistent effects
and could not detect aignificance when he tested the effect of salinity on soft tissue Cd
concentration, condition index and Cd/cell weight index at different temperatures. As Lehnberg
and Theede (1979) revealéy growth and survival experiments with mussel larvae, the effect

of salinity on the impact Cd is interlinked with the effect of temperature. Therefore, the
interaction was also categorized aomplexit

Copper (Cu)

Interestingly, the nature of the interaicin between Cd and Cu was asymmetrical at the
concentration ratios of relevance for the test data sehereas Elliot et al. (1986) observed a
synergistic effect of Cu on the uptake of Cd for a concentration @ig2l0 copper and 1Qg/L
cadmium, the presace of Cd influenced the uptake of Cu antagonistically. Moreover, the nature
of the influence of Cd on the Cu effect deperah the concentrations and the ratio of the
concentrations of both metals: at equal concentrations of the two metals, the effeCuafas
synergistic (Elliot et al. 1986). Corresponding to the conditions observed at Norderney, the
increase of the Cu effect was calculated based on the results observed for concentrations of
20ug/L copper and 1Qg/L cadmium equivalently as describedoab for the influence of
copper on the cadmium effecNo suitable literature datavere availableon an influence of Pb

on effects of Cuor the data were not applicabl&n led to synergistic effects in the experiments

by Elliot et al. (1986indicated ly an increased uptake of Cu.

Synergistic effectalsocharacterized the influence of decreased ydlueson the effect of Cu:
under increased Cgoncentrations Mytilus edulisincreased respiration in unfertilized eggs
(Akberali et al. 1985); acidificatidurther reduced the egg respiration and increased the uptake
rate of Cu.Therebysperm cells had generally a thréald higher uptake rate of Cu than eggs
and the respiration was inhibited when exposed to Cu (Akberali et al. 1985). In contrast, the
influence of pH on fertilization seems to be relatively lanty at a pHbeing as low aé.5, an
adverse effect on the effect of Cu in combination with increased other metals (Zn, Pb, Cr, Ni and
As) on egg fertilization d¥lytilus eduliscould be shown (Riba @l. 2016). Data from a copper
mine in a coastal environment showed that the concentration of Cu in the water column and
the pH levelvereinversely correlated (Koski et al. 2008). Moreover, Han et al. (2013) quantified
observations about adverse interémh effects regarding defense mechanisrpbdgocytosis

and metallothionein production), uptake rates and mortality rates.

Anoxia slightly decreased the mean lethal timévbftilus (the time span of survival after stress
exposure started) at Cu exposuumder salinity conditions of 32(Weber et al. 1992 The
influence was therefore categorized asynergistic effeet Moreover, Giarratano et al. (2011)
showed that the concentrations of Cu were lower in summer when oxyggeeentrationsin
the water werehigher than in winter(in Argentinia) Phillips (B76) also studied the effect of
temperatures on uptake rates of Cu, but no clear pattern could be observed.

In contrast to other metals (Cd and PDb), elevated temperature had an antagonistic effect and
decreased the uptake rate of Cu at temperatures between 6 and 26°C (Mubiana et al. 2007).
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For salinity, anopposite pattern was observedincreased salinitieded to a decreased
concentration of Cu in blue mussels (Struck et al. 1997, Mubiana et al. 2005).

Lead (Pb)

Increased Cd concentrations in the water led to antagonistic effects as indicated by increased
concentrations of Pb in digestive glands and gills and decreased necrosis, inflammation and
neoplasmia (Sheir et al. 2018)o suitable datavere availake for the influence of Cand Cd on

Pb specific effectdAcidification led to synergistic effects as shown by Han et al. 2013 indicated
by increased concentrations of Pb and increased mortality. As a response of the organism, the
percentage of esoinophdinemocytes increases (Han et al. 2013). The mortality decreased by
about 35% when pH was reduced from 8.2 to 7.7. A defense mechanism against metals, the
zymosan phagocytosis, was disturbed under low pH conditions compared to high pH conditions
during Pkexposure (Han et al. 2013o relevant literature data weravailablefor the influence

of oxygen concentration on Pb effects bytilus edulis Elevated temperature influenced the
effect of Pb synergistically, as data about uptake rates of Pb presegtbtiibiana et al. (2007)
showed. In lab experiments antagonistic effects were shown for high salinity conditions as
indicated by lower Pb uptake at high salinities than at lower salinities (Phillips 1976). However,
field studies could not confirm an inBace of salinity on Pb uptake in analysis of different
influences (Struck et al. 1997).

Zink (Zn)

Vercauteren and Blust (1999) showed antagonistic as well as synergistic effects in the presence
of Cd for the uptake of Zn: At Cd concentrations of 10ub# uptake rate of Zn in soft tissues,

gills and in the digestive system decreased (by about 25%, 25% and 40% respectively), whereas
the Zn uptake in the hemolymph increased 3 fold (+200%). The awhgoestedhat at high

metal concentrations the tramort of Zn from the hemolymph to other body compartments is
inhibited (Vercauteren and Blust 1999). In compliance with that, Sheir et al. (2013) observed
higher internal concentrations of Zn in digestive glands and gonads under the influence of Cd in
mussés havingexperienced a prexposure of Zn in the field and afterwarldsing exposedo
increased Cd concentratiomns the lab

Synergistic effects were observed for the influence of Cu on the accumulation of Zn in blue
mussels: Elliot et al. 1986 showad increased uptake rate with increased Cu concentrations.
The nature of the effect was consistent for different experiments of the same publication for
different concentrations and the synergistic effect increased with increasing Cu concentrations.
Moreover, a factorial experiment and measurements of the atom absorption spectrometry
showed an increase of 25% of the Zn concentration when Cu was present (Kaitala 1988). No
literature data wereavailableabout the influence of Pb on Zn effects.

Acidificationled to synergistic effects on the effect of Zn: Riba et al. (2016) observed that the
fertilization of eggs was impacted more severely at low pH values of 6.5. Moreover, the pH value
plays an important role in the detoxification proceasshblue mussels: thaigher the pH value,

the more Zn was bound to granules (George 1983), which also indicated an exacerbating effect
by decreased pH.

Datafrom Giarratano et al. (2011) suggested that increased oxygen concentrations resulted in
antagonistic effects, becaugbe Zn concentrations iMytilus eduliswere lower in summer,
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when the oxygen concentrations were higher than in win{@r Argentinia). Increased
temperature led to synergistic effects for the impact of Zn: Cotter et al. (1982) observed a
decreased meariethal time. However, in contrast to the other metals described above,
temperature did not have an influence on Zn accumulatioiytilus eduligCotter et al. 1982).
Synergistic effects of decreased salinity and antagonistic effects of increased saénity
observed for Zn effects oNlytilus edulis At lower salinities uptake rates of Zn (Wang et al.
1996) and internal ZooncentrationgCotter et al. 1982, Struck et al. 1997, Mubiana et al. 2005)
increased In contrastthe bodymasgCotter et al. 198) and the condition index (Cotter et al.
1982) decreased at lower salinitidacreased salinities haahtagonistic effects.

pH

No data wereavailableabout the influence of increased Cd concentrations on effects caused by
decreased pHHowever, the pH Jae in the water was reduced by the occurrence of high Cu
and Zn concentrations (Akberali et al. 1985). Therefore, the interaction was categorized as
osynergisticfor both metals. Moreover, Melzner et al. (2013) revealed a correlation between
hypoxia anddecreased pH levels in the water (categorized as synergistic interaction) and
reasoned that respiration and dynamics of the carbonate chemistry could be important drivers
of this interaction. Salinity also influences the pH in the water and is relateldetadrbonate
chemistry: with increasing salinity, the pH level increases (Melzner et al. 2013) (here categorized
as synergistic interaction). Even though, all these interactions occur directly in the water,
corresponding effects on organisms can be exgéct

Oxygen/ anoxia

Preexposed to Cd\iytilus edulisvas more sensitive towards anoxic conditions and the mean
lethal time (time until death) decreased significantly, indicating a synergistic effddh(\feen
Tsoerkan et al. 1991%imilarly, Weber etl. (1992) observed a synergistic effect indicated by
decreased survival time, when they exposed blue mussels to Cu and bubbled the wates with N
to generate anoxic conditioné\s described above, there is an interaction in the water between
pH and oxygeroncentration of synergistic nature, which occurs in the wa@umn (Melzner

et al. 2013)Decreased salinity led to antagonistic effects indicated by an increased survival time
at anoxic conditions (Babarro and Zwaan 2002) and at seawater bubbled avikdler et al.
1992.

Temperature

No data wereavaliablefor the influence of increased Cd, Cu and Pb concentrations on effects of
temperature. However, a synergistic interaction for the influence of temperature was reported
for Zinc, which had a significant influence on the thermal toleranchlyiflus (Cotter et al.
1982). Moreover, the lethal temperature was reduced by approximately 1°C at 1.0 mg/L Zn
(Cotter et al. 1982). The response pattern of the condition index to increased temperatures
depended also on the Zn concentration (Cotter et al. 1982). Acitidit exacerbated the
negative effect of an elevated temperature of 25°C significantly (Hiebenthal et al. 2013) and the
influence was therefore categorized esynergisticc No literature data about an influence of
oxygen depletion on temperature effects Mytilus edulisvere found.
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Both very high as well as very low salinity conditions led to synergistic effects: The growth,
relative fluorescence intensity, condition index and mortality are affected (Hiebenthal et al.
2012) as well as the development aftae (Lehnberg and Theede 1972). Overall, the interaction
between temperature and salinity is complex and dependent on the temperature values.
Moreover, the pattern differed between the different types of observations (between the
observation of the devepment of larvae: Lehnberg and Theede 1972 and growth of bivalves
Hiebenthal et al. 2012).

Salinity

No literature data wereavailableabout influences of metals, acidification, or oxygen depletion

on the effect of salinity oMytilus edulis However, infomationonthe influence of temperature

was availablgindicating synergistic effects for temperature extremes and a complex interaction
depending on the intensities of the two stressors temperature and salinitylyAiisis adapted

to high salinities, v salinities represent aegative impact and thus, pressure. At those
conditions, increased temperatures enhance the negative effect on the blue masssitown

by decreased growth (Brenko and Calabrese 1969) and increased mortality (Cotter et al. 1982)
Lehnberg and Thede (1979) showed the complexity of the nature of the interaction between
salinity and temperatureimplyingthat the optimum values for both environmental variables
form an ecological niche, whose pattern slightigriates depending on tk age, additional
factors, and the type of observation studied. This pattern was sigiportedby datafrom
Brenko and Calabrese (1969), who showed that increased and decreased temperatures
decreased the survival and the growth at high and low salinitidsreby particularly for
survival, high temperatures had a worse effect tHhaw temperatures (Brenko and Calabrese
1969).

4.4.1 DEB Literature model for temporal dynamic effects of single stressors

The alteration of parameter values had consequences for¢isponse variable as well as for
the behavior of aspects describing the madalich as effect strength and the indicator for
acclimation. In contrast to the response variable, the effect strength describes the magnitude of
the effect for a given moment, wereas the response variable indicates the effect on an
observation assuming that the impacts sum up over time. However, the orgarasnalso
recover andpossibly compensata previous impact caused by anthropogenic stressbthe
stressor intensity deeases or if the organism can successfully adapt to the pressure situation
The indicator for acclimation shows how much the organism is able to respond to a given
pressure situation. The greatére acclimation indicatqgrthe better the ability to adapt tdéhe
conditions as indicated by the response variable.

Acclimation

The parametelh (see equation5)(3)) represents the ability of the organism to adapt to the

presence of the stressor andshapes the pattern of acclimatiofigure7). Overall, the greater

the parameterh, the faster the maximum of acclimation is reached. Consequently, the effect

strength is mitigated by a high valuefofd ¢ KS FI ad NBI Owalud)yreverfs 1 KS 02 RE
a strong increase of effect strength along with an increasing internal concemyafThe

indicator for acclimation is closely interwoven with the effect strength and flattens the curve of
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the effect strength. Consequently, the influence of the acclimation can also be seen in the
response variable, which can be compared with the obsgonal data of the experiment.

Effectrate

The value for the effect rate determines how strong the effect is per time step and per stressor
intensityand has therefore a strong influence on the effect strengthuation(3) and (4)). The
higher the value for the effect rate, the stronger is the adverse effect on the orgamisiigh

value for the effect rate results in a higher effect strengtid a steeper curve of the rise of the
effect strength. Consequently, the response variable is affected more severely when the effect
rate is highand adverse impacts on the response variabie a@bserved earlierHowever, a
stronger effect also leads to a stronger acclimation reaction of the affected organism. In
contrast, a lower effect rate leads to a less steep effect strength in the first time period of
exposure to the stressor and the aothtion response starts slower and less sté€ijgure8).

Time delay

The parameter determines the time delay of the onset of the eff¢etjuation(6)): The smaller

1, thedgreateristhe time delay! KA 3K Bddd tazSsuddiebnset of an adverse effect

oni KS NBaLRyaS JFNRIFOof ST ¢ KpMNbdhedandrathér Bngoot@ - £ dzS F 2 N.
courseof an adverse effect on the response variable with a less severe effect during the first

time period.However,after a while the response variable is advelgaffected as strongly as

for a high value for. The influence of becomes most obvious in the behavior of the effect

strength. The pattern of the effect strength over time is altered: the htshpped curve of the

effect strength becomes more stretchetihus, the peak of the effect strength is delayed. This

entails that the effect strength influenced by a smallalue is not permanently smaller that the

effect strength influenced by a greatewalue. Instead, the curves overlap each other.

The acclimabn is influenced by the effect strength and thus indirectly byhe smallef, the
more slowly and less steep the acclimation starts until it reaches its maxiffigomre9).
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Figure7 Model behaviorwith altered values for the parameter alpha (acclimation), values: 0.5 (dotted
line), 2.5 {), 5 ¢-) and 20 (solid line)Example: the uptake of a heavy metal by the biuessel and the
response of the organism. A: internal concentration of a chemical substance, B: response variable (here
survival data as an example), C: indicator for acclimation (a low value represents a strong acclimation), D:
effect strength due to thetsessor, depending on acclimation, time delay stressor intensity and transition
threshold

82



100 | ="

60 [ > il

40 - o

20 ®

internal concentration in ug/g
\

100

60

20

response variable (R)

08

06

02

indicator for acclimation (a)

06

04

0.2:F

effect strength (e)

time in days

Figure8 Model behavior with altered values for the effect rate, values: 0.2 (dotted line);9,.3(7 ¢),

and 0.9 (solid line)Exanple: the uptake of a heavy metal by the blue mussel and the response of the
organism. A: internal concentration of a chemical substance, B: response variable (here survival data as
an example), C: indicator for acclimation (a low value represents a samriignation), D: effect strength

due to the stressor, depending on acclimation, time delay stressor intensity and transition threshold
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(dotted line), 0.2), 1 ¢-), and 10 (solid lineExample: the uptake of a heavy metal by the blue mussel
and the response of the organism. A: internal concentration of a chemical substance, B: response variable
(here survival data as amxample), C: indicator for acclimation (a low value represents a strong
acclimation), D: effect strength due to the stressor, depending on acclimation, time delay stressor
intensity and transition threshold
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4.4.2 Test of the model with literature data

The modebutput showedthe magnitude of the observed effects of different stressors derived
from literature depending on the intensity of the stressor and the exposure time 3-
dimensional spacéFigurel0 and Figure42 - Figure48in 7.1). The fit of the model with the
literature data for the observations differed depending on tiveformity of the literature data

and resulted in different values for the relative standard error and standard deviation
(7.1).Regarding heavy metals, the shapes of the model outcome for Cd, Cu and Zn resembled
each other, whereas the shape for Rias different(Figure42 - Figure45in 7.1). Themodekd
surface for the response to Pb did not level off but decreased linearly at high concentiatithns
long exposure timesAfter a short time delay of the onset of afifect, the response variable
decreased rapidly first and then more gradually over tifigrel0in the main text andrigure

42 -Figured45in 7.1).

In contrast to the models for these metals, models for oxygen depletionell as fodecreased
pH were flatter and the response variable decreased w#hreased oxygen concentration or
pH value and with increasinexposure timeKigure47 and Figure48in 7.1).Major differences
in the shape of the model in contrast to the ones descriladve could be seen for the
simulation of the influence of temperatur@®erformance was best dhe optimum value and
decreasd at increasingainddecreasingemperatures Figure46in 7.1). Even though the general
pattern of the data could be reproduced by the modet the different stressorssome data
points were not represented welF{gurel0 and Figure42 - Figure48in 7.1). E.g., he model
results based on data by Stromgren et al. 1982 showing the effétion the growth oMytilus
edulis performed more inadequate at the highest tested concentration of 3ug/L Cd and at
exposure times less than 20 days than at the lower concentratieigsiie10).
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Figurel0 Comparison between model results and observations from Strémgren et al. 1982
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The optimized parameter values differed at maximum by eight orders of magnitude between
the different stressors teste(lable4): Whereas for Cd and for Pb a value close to one for alpha
was determined, the alphaalue for the response towards Cu, Zn and pH was five to seven
orders of magnitude lowe The alpha value for the response towards oxygen depletion was
about 0.5. The optimized value for the parameter beta was highest for the response for a
decreased pH, whereas the corresponding value for Zn was loWesanalysis of the response

to Zn aml to increased temperature conditiot®th revealed a value above 40 for the parameter
ogammal This indicatethe absence of Eéime delay for the onset of a measureable observation
for these two stressors. In comparison to the parameter values for Zn and temperature, the
values fora 3 | Y Weraxlower for the response to the stressors Cd, Cu, Pb, pH and oxygen,
indicating aime celay.

Table4 Optimized values for the parameters beta (effect rate), gamma (time delay) and alpha
(acclimation) as well as results from the statistical analysis (relative standard error RSE and relative
standard deviation RSD)

Paraneters | Cd Cu Pb Zn Temp pH Oxygen

beta 0.0016 | 0.0520 | 0.0001 | 1.309¢> | 0.0443 | 0.1952 | 0.0210

gamma 0.0051 | 0.0006 | 0.0009 | 49.9763 | 45.6804 | 0.0019 | 0.0196

alpha 0.9999 | 1.733e> | 0.9999 | 9.986€’ | 0.9966 | 8.544¢€° | 0.5083
RSE 0.1631 | 0.1143 | 0.0454 | 0.0682 | 0.0747 | 0.1651 | 0.0109
RSD 0.2712 | 0.6529 | 0.0549 | 0.1095 | 0.0937 | 0.2627 | 0.0209

4.4.3 DEB main model

Based on the data from Norderney between 2005 and 2010 the inclusion of interaction effects
resulted ingenerally higher effectandstrongseasonafluctuationcompared tathe model with
additive effects only Kigure11). In both models, the effect level increased with tinTéne
differences between reference model and stress maesiults cannot be explained by the
stressor intensities alone. Instead, they were substantially characterized by uptake and
accumulation processes as well as interaction effe€igufell to Figurel6). The result$rom

the DEBmodel provided a lot of information onrpcesses thaare not easily observed in the
field, such as reduced filtration rate, reduced energy reserve, growth irdnbéind increased
costs for maturity maintenance.

The fluctuation of the reserve biomass could be explained by food conditinthaaorable
temperature Figurel3) as well as by the utilization of the reserves during food scarcity, e.g.
during winter. Likewisghe simulationindicatesa seasonafjrowth pattern (Figurel16). Growth
periodswere clearly visible angverein line with the environmental conditionshichprevailed

at Norderney during that time periodhe stress scenaridisturbed maturationand led to a
time delay for the first spawningvent. Moreover, the number of produced gamets and the
number of spawning events decreasedder the stresscenario.Compared to the control
scenario, itook longer to build up the reproduction buffer in the stress scenario and tinas,
organism could ot make use offavorable conditions in terms of temperature and food
conditions for spawning.
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Figurell Comparison between predicted effect strengths assuming only additive effects (black line) and
assuming interaction effectsetween the stressors (red line)

The structure biomass was build up periodically and the amount that was build up increased
with time (Figurel2). The reserve biomasscreased but also decreased periodically following

a seasonal patternHigurel13). In comparison to the control scenario, cumulative effects of
anthropogenic stressors led to an overall decrease of reserve biomass for the tested data set (by
84%) over the complete life span. Compared to the pure additive model, the effect on the
reserve biomass was 60% percstrbngerin the cumulative model.
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Figurel2 The change of structure biomass during the simulated life spaviytifus edulis The blue line
represents the results for the control scenario, the red one the stseghario and the black one the
scenario assuming only addii effects.
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Figurel3 The change of reserve biomass during the simulated life spamytfus edulis The blue line
represents the results for the control scenario, the red one the stsesmario and the black one the
scenaricassuming only additive effects.

The energy invested into maturity strongly increased during two periods before maturation: The
first period started about 70 days after the development of the ability to feed (topophore larvae)
and the second one about 4@ays after. The investment in maturity was generally smaller in
the stressscenario than in the control scenaridl$ % in the additive model an88% in the
cumulative model). Moreovethe blue mussel reachethaturity later in the stress scenariat
day470) than in the control scenari@{ day 427 and in the additive stresscenario &t day 44}
(Figurel4). The calculated effect based on the pudsdiive model was less pronounced than
the calculated effect based on the cumulative model with the integration of interaction effects
(difference of 52 %)
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Figure 14 Energy invested into maturity expressed as biomass C (representing the development of
reproductive organs). The blue line represents the results for the control scenario, the red one the stress
scenario and the black one the scenario assuming only addiffects.
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The mussels allocated energy for reproduction periodicdigure15). The biomass of the
reproduction buffer increased after maturationntil the environmental conditions were
favorablefor spawning (defined by a minimum temperature of 9.6°C and a geeadwtic ratio

of 0.2). Then the buffer emptied almost completdlydicating the release of gamets into the
environment. In the contradcenario the reproduction buffewas emptiedsix timesduring the

time period testedIn some yearsthe reproduction buffer was emptied twice. In contrast, in
the cumulative scenario, the release of gamets occurred only three times during the time period
and in none of theyears gamets were released two times. When interaction effects were
neglected in the model, gamets were released at five events during the time period and in one
year gamets were released twice (additive modEle peaks of the biomase$the reproduction
buffer were smaller in the stresscenario than in the contrescenario and thus, the number of
gamets was smaller and the timing of gamet release differed (later spawning in the stress
scenario) Tableb).

Table5 Spawning events in the control and in the cumulative stress scenario

Number of gamets released Days after birth
Control Additive Cumulative | Control Additive | Cumulative
scenario model model scenario | model model
1stspawning event | 794 2.73*1C¢° | 1.201*1C | 426 484 540
2"dspawning event | 3.368*1¢ | 4.550*1C | 2.857*1¢ | 470 798 865
3dspawning event | 5.171*1¢F | 6.443*1¢ | 3.951*1C¢ | 532 889 1273
4" spawning event | 1.167*10 | 1.001*10 823 1260
5" spawning event | 1.360*10° | 1.461*10 917 1629
6" spawning event | 2.5385*10 1236
7" spawning event | 4.1973*10 1585
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Figurel5Biomass of the reproduction buffer in mol C. The blue line represents the results for the control
scenario, the red one the stresgsenario and the black one the scenario assuming only additive effects.

Model growth of Mytilus edulisvaries seasonallfFigurel6). In the stresscenario, the growth

of Mytilus eduliswas depressed (by Z& in the additive model and by 43% in the cumulative
model). During thestudy period, the gap between the size of the musselsdeked for the
controlscenario and of the mussetsodeled for the stress scenario increased gradually over
time. Inthe control scenarig musselsattaineda size of 5.tm whereasnussels grew ta size

of 2.7cm and 3.6cm in the stressscenari@ with integrated interaction effects and additive
effects, respectivelfFigurel6). The magnitude of the effect was lessipounced in the additive
model (difference of 236 to the controlompared to the cumulative model (difference of 43%
to the control).
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Figurel6 Growth of Mytilus edulis. The blue line represents the results for the control scenario, the red
one the stressscenario and the black one the scenario assuming only additive effects.

To summarize, the model predicted a clear difference between the obstrenario and the
stressscenarios Table6 and 7.1). Moreover, there was a difference between the additive
scenario and the cumulative scenariaplel6in 7.1).

Table 6 Relative differences between models and scenarios

Relative Additive model Cumulative model Cumulatve model compared
difference compared to the control | compared to the control| to the additive model
structure biomasg -0.59946 -0.83191 -0.58034

reserve biomass |-0.59976 -0.84334 -0.60858

maturity -0.1485 -0.58872 -0.517

reproduction -0.74781 -0.82996 -0.32574

Body size -0.23806 -0.4319 -0.25441

spawning -0.62659 -0.92083 -0.78797

effect level 1.1015
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Comparison of the contribution of each of the stressors

To reveal he relative importance of the different stressdrsanthe model with all stressors
except the focal one and compat¢he outcome to the full model. This test showed that the
pressure due to decreased pH values contributed most to the model outcome for the structure
biomass, the reserve biomass, the reproduction and the growth in the cumulative model as well
as in the aditive model.Further, in the cumulative modelstress duethe temperature, zinc
concentration and copper concentration had major influences on grovalgu¢e 17). In
contrast, in the additive model, only copper had a clear influence on growth in the later life stage
of the musselKigurel8). Thus, thentegration of the interactions in the model had an influence

on the predicted contribution of the stressors to the overall effect.

Increased temperature and zinc concentration and to a smaller degree by decreased pH values
influenced he cumulative effect on the maturity investment in the cumulative modEigure

19). Hence, the contribution of the stressors differed in the different life stages ofmtirgsel

and it mattered which processes the stresstagjeted In the additive model, the contribution

of decreased pH values was higlsempared to the cumulative model and temperature had a
much smaller effectRigure20). This indicates again that the choice of model influences the
predictedcontributions of the stressors.
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Figurel7 Contribution of each of the stressors to the culative impact on growth cumulative model
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Figure 19 Contribution of each of the stressors to the cumulativepact on maturity investment
cumulative model
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Figure20 Contribution of each of the stressors to the cumulative impact on maturity investnaetafitive
model

Comparison of methods

In four cases, bidirectional interactions were included in the cumulative model. The
corresponding interactions were between Cd and Cu, between Cd and Zn, between Cu and Zn
and between Zn and temperaturéeModels runs without these bidirectional interactian
predictedslightly smalleimpact on the blue muss@i general This became mostbviousin the
modeling of the maturity investment. There were no distinct contradictions between
simulations with and without bidirectional interactior(.1). The comparison between the
model run with interpolated heavy metal concentrations based on the measured data of the
monitoring station at Norderney and the application of agdinmean value for the whole study
period showed that the continuous pressure situation resulted in slightly more severe effects on
the blue mussel. However, this effect was rather margindl)

4.5 Discussion

The described model approach proved useful to amalyumulative effects of anthropogenic
stressors on blue mussels. Tidependent effects such as caused by accumulation of
substances are reflected as well iaseractionsof the substancesvith the target organism
which could e.g. symbolize defense mechaniddwvever, due to lack afformation the nature

of some interactionsremains enigmatic so farFurther, an experimental validation of the
proposed model is needed to quantify the uncertainties andohtain information on the
accuracy of the model. Thereforee should interpretthe predicted effects as indications for
the magnitude of cumulativeffectsonly, keeping in mind the limitekinowledgebaseand the
known uncertainties.However, he model could be used texplore relative differences in
cumulative stressor effects between different environmental settings, e.g., betw#trent
monitoring stations. To refine the outcomes, more literature data as well as higher frequencies
of measurementst the monitoring statios are needed. The following discussion will interpret
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the results and describe the uncertainty related to the data and theehddoreover,| discuss
possible applications. In the second paryawconclusions anélucidatean outlook.

45.1 Reviewof the matrix method and DEB model

Discussion of thenatrix model

The matrix provided a quick overview over binary cumulative effectsafmplex network of
interactions and influencing variables. Toé@orsin the cells of the matrixTable3) indicated

the nature of nature of interaction in a qualitative way, which provided a first impression of the
ratio between synergistic and antagonistic interactions for a given scenario. The applicability of
existing data for this kind of analysis igihi because research hdecused on binary
relationships between anthropogenic stressors as well as between environmental parameters
and stressors on ecosystem components (reviewed in Crain et al. 2008). Moreover, it has been
advantageous that matrix analgs generally allow the combination of qualitative and
guantitative data assessment.

Uncertainty of the matrix

For the combined model (matrix afi@EB modg] only the quantified interactions of the matrix
could be consideredTherefore, some informatiorrdm literature needed to be disregarded.
Concerning the equations filled into the cells of the matrix, it has to be kept in mind that the
nature of those interactions could depend on the stressor intensities in dinear way or on

the ratio between thestressors (see e.g. data by Elliot et al. 1986). To consider these aspects
comprehensively, more data will be needed comprising more different stressor intensities and
exposure timesWith additional data, othemathematical models could be tested in orde
identify the optimal simulation of the interaction processes.

The integration of environmental processes affecting the interactions could further help to
improve model structuresThe research b$heehan and Power 1999, who investigated the
influenceof seasonality on defese mechanismgsindicates this as wellt is also possible that
interactions change beyond a threshold of stréstensity. This aspect should also be integrated
as soon as such information becomes available. So far, these aresomig possible
explanations for different interaction types which do not follow a lineaaityl depend on the
intensities of both stressors

For some stressor pairs, literature data about both possible directions of influences had been
found and integratednto the model. In these casetheoreticallyit may be unclear if these two
datasets describe the same interaction or if they describe different effects e.g. due to distinct
mechanisms. If both datasets would describe the same interaction effect, itvbeutonsidered

twice in the matrix calculationg/though actually only one interaction effect occurgsulting

in double counting and thus potential bias of the result of the matrix calculations. However,
double counting showedo significant effecfor the test data setThis can be explained by the
difference of the corresponding interaction data of the double pairs with regard taltpebraic

signs and by the values itself. The data derived from results by Elliot et al. (1986) comprise some
of sich. One likely explanation lies in the experimental setup: The sequence of addition of metals
differed. This indicates that the data reflect distinct kinds of interactions. Thus, a differentiation
of directionality is appropriate based on the current statf knowledge.
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However, this might not be true for all interactions of the test scene. Some differences between
the interaction data may also be explained by natural variability and bias due to sparse data sets.
Further, it remains unclear if the conclass stated above are valid for other species and other
stressor combinationavioreover, overlaps between the influences of both directiotige to

partly same mechanismare conceivable and knowledge about these should be included into
the model as soon awe know more about the exact molecular processes and the ratio of
overlap of the interaction.Future researchmay show indeed that two stressors do not
contribute equally to aroverall interaction.Overall,| would emphasize agathat the results
obtained here representhe current state of art. The more data will be available, the more
complex the model setup can be and the more precise it can be.

4.5.2 Discussion DEBnodel

Single stressor model

The test of the singlstressor model with datan the effect & metals onMytilus edulis
suggestedhat the responsemechanismdiffer substantially between the selected stressors
with regard to time delay of the effect, effect rate, and the acclimation process.

In terms ofacclimation, the resulttndicatedthat the organisms are able tadaptmore easily

to stress caused by neessential metal¢Cd and Pithan by essential metal¢Cu and Zjh Some
indications for possible differences in acclimation processes have been observed in experiments:
NeubergerCywiak et al. 200&lentified different acclimation processes in mussels for Cd and
Zn: Increased Cd concentrations led to less oxygen consommripian treatmentwith Zn. Within

this context,oxygen consumption could be seen as an adaptive response as mussels can close
their shells to reduce metal uptak8imilarly, ammonium excretion differed between Zn and Cd
exposed mussels aftet8h. Furthemore, results by Bengtsson et al. 1992 showed that
cysteine proportion of metal binding proteins was adjusted for a Cd binding protein in earth
worms and the results furthandicatedthat Cdwaslikely to be bound at several different iso
metallothioneins On the other hand, the authors did not find aimglications for specific CGu

and Znspecific binding proteinsPossible different detoxification processes may also explain
differences in the degree of acclimation between the different metals tesfeth differences

have been revealed in &ungus, in whichthe expression of #pe ATPase AfCrpA and
metallothionein AfzrcA differed between the exposure to the metals Cu and Zn (Cai et al. 2018).
To confirmthe hypothesis of different response patterns facclimation processesith regard

to essential and nomssential metalsadditionalexperimental dataare needed.

Differences in the parameters for acclimation, time delay of response and effect rate, which
characterze the responses of the blue mussel different metals, may be explained by their
varying degree of connection to different proteins (Thompson et al. 2011). In their study, they
only identified only four of 25 protein spots, which responded to more than one metal. The
specific proteins, thenetals are linked tphave different expression profiles and may have
different cellular pathways (Thompson et al. 2011), which would explain the differences of the
parameters in the cumulativBEB modelThe expression of proteins with a biological funati
linked to an essential element may differ fundamentally from the expression of proteins
involved in stress responsén the following, | exemplify this principle on the basis tife
biological functions of copper linked to different proteins.
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Copper isan essential metal and e.g. a constituent of cytomchrome oxidase, which transfers
electrons from cytochrome c to oxygen and is important for cell respiration (Gascjaivel et

al. 2002, Scott 1995). It is also a constituent of the enzyme tyrosinadrsgeilal. 2014), which

is important during the early development Miytilus (galloprovinciali¥ for the shell formation
(Migliolo et al. 2019, Ramesh et al. 2019) as well as for byssal adhesive proteins in mussels
(Zhang et al. 2019, Numata and Baker 2(Hdrsch et al. 2017). Further, copp&s an element

of lysine oxygenaseis needed for the synthesis of collagen, which is found in the byssus of
Mytilusspec. (Rodriguez et al. 2017). In the heamolymph, copper has an important role for some
hemolymphproteins (Davenport and Redpath 1984, Thompson et al. 2011), for example for the
functioning of Cu,Zsuperoxide dismutase, which reduces the number of superoxide molecules
and thus the number of free radicals (Nedd et al. 2016). A prominent role of copperalves
heamolymph is further its function as a constituent of hemocyanin, where it binds oxygen and
thus facilitates its transport (Terwilliger et al. 1988).

Because of the biological functions of copper, many adverse effects of copper are linked t
proteins functionsassociatedwith the byssus, haemolymph functions and respiration, tat
literature indicates thaadverse effects can also be observed at higher levels of organizition.
contrast to copper, an exposure to increased zinc conceninatiead to a responsef many
proteins involved in shell adhesion and shell calcification (Thompson et al. 2011). As these
proteins decrease in response to increased Zn concentrations, rbigselsare likelymore
fragile to acidification, which furtheaffects the shell. This is in line with literature data collected
for the interaction matrix (interaction effect observed by George 1983)iological explanation

for the simulatel direct onset of a response towards the exposure tcagrsimulated by the
cumulative DEB modefequires further examinatioras no corresponding information was
available in the literature

However, there are indications for the simulated differences between essential and non
essential metals. For the essential metals Zn anddifferent response pattern was observed

in contrast to Pb experimentally: Thompson et al. (2011) showed that the average intensity of
proteins decreased when the concentration of the two essential metals increased whereas the
average intensity of protei decreased when mussels where exposed to the-essential
metal Pb.

For oxygen, the acclimation parameter was optimized to an intermediate value compared to the
other stressors. A regulatory response to hypoxia stress was shown experimentally e.g. by
Giannetto et al. (2015), who figured out a prompt gene expression for the hyjpodigible
factor-alpha (HIFalpha) in response to air exposure and showed a modulation of thalpl&

as well as HHprolyl hydroxylases proteins with a time dependency. M@, also other
regulatory processes were observed in bivalves as response to hypoxia in testaibed by
different authors, e.gtranscriptional regulation of pyruvate kinase and phosphoenolpyruvate
carboxykinase by Le Moullac et al. 2007, metabaliaptations by Isani et al. 1995 or
phosphorylation regulations by-ghosphofructel-kinase by Michaelidis and Storey 1991.
Acclimation processes were also observed in the field (Altieri 2006).

The alpha was low for pbtress, even though regulatory proses such as calcification (Berge

et al. 2006, Michaelidis 2005) or regulations in the dmEde and ion status seem to exist
(reviewed in Portner 2010). Possibly, the acclimation processes could not compensate the effect
of pH reduction for theselected déa set fromliterature; regulation was maybe only minimal as
observed forCrasssostrea gigdkannig et al. 2010). Zittier et al. (2018) recently could not find
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a regulatory response for the pH level in the haemolymph and no accumulation of bicarbonate
in blue mussels at control temperatures. These results fit well in with the result of the parameter
estimation for acclimation processes in the singlgessor model.

Uncertainty of the singlestressor model

Uncertainty in the singlestressor modelwas mainly related to data availability, model
formulation, model characterization and the underlying assumptions (see methods part). The
highest uncertainty lies in the assumption that a response pattern to a stressor is universal and
can be transferredrbm one observation to another. Heavy metals accumulate to different
degrees in the different parts of the body (Soto. et al. 1996) and in the different parts of the
body defensemechanisms might differ. Therefore, diffeteresponse patterns seem likely.
Hence, as soon as research discovers a pattern for different types of responses for different
observations, this aspect should be considered in the model and the pathway integrated when
the effects are linked to physiological processes.

For the selection fostressors in the present study, the data availability differed for the different
stressors and literature sources: For lead, altered temperatures, different pH values and
decreased oxygen conditionkess data had been available as for Cu, Cd and Zs.cohid
explain the differences in the error values for the models with regard to oxygen depletion and
acidification as well as the difference in the pattern of tim@dekd surface of Pb effects
compared to themodelked effects of Cu, Cd and Zn.

More dataon single stressor response patterreovering wider temporal anstressor intensity
rangescould also allow for further refining of the model formulation. The results indicated that
the response patten might be a bit more complex than shown by the modpplied in the
present study(Figured?2 - Figure48in 7.1). The introduction of a second threshold level might
improve the model. This second threshdé&Vel could e.g. symbolize theritical threshold
opposed to theopejus thresholdin line with the thermal tolerance window (Pértner 2010).
However, with the amount of data available for the present study, the identification of second
thresholds was notpossible and assumptions about these would have led to further
uncertainties in the parameter definition. Furthermore, the introduction of further parameters
would have been in misbalance to the available data.

The effect of the parameters for acclimatiand for time delay showed some similarities. To
analyze whether the model could differentiate between a pattern caused by a time delay of an
effect and a pattern caused by acclimation in the optimization process, | conducted-aadteet
analysis. | tegtd the optimization with 900 different combinations of start values for the three
parametersgamma alpha and beta with the dataset for Cd as an influencing stressor. Whereas
the variation for the best value for beta was comparably low, the variation of the best parameter
values for alpha and mu was higher and thus, the best parameter values weréosplipha
between low and high values. This was possibly an indication for an interference of the
estimation of thebest parameter of alpha and mirhe problem might particularly occur for
sparse data sets and therefore more tests of the optimization g¢ssare needed. Another
option to improve the parameter optimization would be to define thresholds for realistic values
and this way restrict possible outcomes for parameter values, e.g. for the parameter indicating
time delay (gamma). Such a method oftresions for allowed parameter values was tested by
Lika et al. 2011 for the optimization of DEB parameter values. However, data about time delays
are not accessible yet and could currently be only be based on assumptions by experts.
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In the current modelsome assumptions led to uncertainties. For example, the assumption that
any whole organism response would be affected in a comparable way should be further
investigated by a systematic literature review focused on this issue and experiments should be
performed if needed. The literature search conducted for this thesis showed that some
interaction effects of stressors differed in relation to the type of response being investigated
(Lehnberg and Theede, 1979, Cotter et al.1982). This might be the cashdbswessors and
responses as well. To mitigate the possible bias caused by different response patterns, | tried to
focus on observationsn a higher hierarchal level such as survival or gratahare likely to be

a result of many different responseas it would be almost impossible and not justifiable from

an ethical point of view to test all kinds of responses and potential differences for every single
stressor, a mechanistic understanding and the identification of general patterns to explain
interadion effects are crucial (Hopper et al. 2013, Segner et al. 2014).

Uncertainty related to transition effect data/ tolerance data

Since most of the publicatiorisfound did not focus on precise transition thresholds, testing
conditions in the studies variedith regard to the time steps and the number of stressor
intensities being investigated. This led to uncertainties threshold value estimates
Nevertheless, thes@stimateswere used to normate the data and for this purpose, the
preciseness might haveeen sufficient. An alternative would have been to model data to derive
no-effect concentrations as proposed by Kooijman 1996 and tested by Baas et al. 2009 for
survival data. | did not apply this approach in the final model to reduce possible erroesicaus
by uncertainty from an imbalance between parameters to be optimized and available data
points from literature. However, for comprehensive datasets this alternative method could
improve the output of the model.

Main DEBmodel

The results for the contradcenario are comparable with the stuélpm Saraiva et al. (2012).
This is not surprisings| derivedthe core DEB modefrom this publication and the substantial
addition ofthe model was the integration of cumulative effects. Smaller differences batwee
the modelresults could be explained by the use of different input data é&p For example,
the use of phytoplankton biomass data insteadlibrophylta datacould have also led to some
differences in the model outpuNevertheless, the simulated growth ldiytilus eduligesembled
field observations (e.g. Antsulevich et al 1999, MuRehersen and Kristensen 2001).

In comparison with the stressacenario, thaesults of the DEBiodel showed that cumulative
effects could influence the impact of the metals Zn, Cd, Cu anarPllytilus edulisin
combination with elevated temperatures and decreased pH. It was possible to use the DEB
model to simulate timedependen effects of anthropogenic stressors and to integrate these in
the context of the life history of an organism. The simulatiescribeggrowth and reproduction

of a singleblue musselspecimen that represents the average individual of one age coRort
afurther development othe model, several model runs could be started with slightly different
characteristics and startg timesandbe combined to an individual based model simulating the
response for several individuals that differ from each other. &mmple,it is possible to
introduce interindividualdifferencesin basic characteristics such as growth rate.

Moreover, the model runwith different sensitivities and abilitiesvould simulate possible
differences in responses between individuatjchareverylikely to occur in natureRegarding
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the timespan the DEB model covered in the tesigre was a risk that weaknesses in the
parameter estimation for the single model refinement added up over time and created a bias.
This might e.g. be the case for the single model for oxygen depletion because the generated
model does not reflect the response biytulis edulisto very low oxygen comntrations very

well. Here, more data about responses in the lower range would helmpoove the model.
Possibly, also an additional parameter could be adddchprove the modelHowever, one aim

of the present study was to test a generalized metlagaplicableto any stressor without the

need for stressor specific adjustments.

There was B0 a risk that the model overestimated the cumulative effects due to potential
double countingthis might potentially occurwhen stressors were reported to affeseveral
physiological processes but when these were in fact the result of a cascadingceffieed by

just one mechanism instead of actual independent effects with different modes of actiims

the other hand, it should be kept imind that many interactions are not yet understood and
that for the interactions, for which information was avdile, synergistic effects occurred more
frequently than antagonistic effects. This circumstance could potentially rather lead to an
underestimaton of the cumulative effects.

Another possible overestimation of the effeecesulted fromthe assumption that a interaction
effect observed for one endpoint represents the interaction fimther endpointsas welland
thus, couldbe aligned to all DEB processes the stressor affects. Howevermuaatteractions
were scarceand by far not all processesere coverad. Consequently the alignment of
interactions onlyto those processes that were investigated would likely underestimate the
effects to a large extend.

Moreover, some relevant aspects were not integrated in the model, which could be of relevance
in some senarios. Potentially, a reduced clearance rate could reduce the uptake of metals. | did
not integrate a feedback link to cover this aspect. However, the lack of a feedback link between
the clearance rate of the main model and the uptake model to calcuthee internal
concentration of metals might not lead to an overestimation of effebtcauseuch a feedback
would only occur at a very drastically decreased clearance aatshown byexperiments of
Vercauteren and Blust (1999

4.5.3 Discussion of modalesults for the test scenario

Forthe speciesMytilus edulis the combination of the matrix method and the DEB model was
suitable for the analyseas a test with experimental data from the literature and monitoring
data showed.Thedata availability for BB parameters and for experimental data was good in
comparison to other species occurring in the North Sea. The tests showed that relevant aspects
of cumulative effects as described in the introduction could be addressed with the combination
of the matrixmethod and the DEB model. The model allowed differentiating between different
combinations and intensities of stressofsirther, it was possible to considatéraction effects.

The model can be usdd evaluate whether the stressor combination at a moniihg station

rather mitigated or reinforced the impact on an organism.

Moreover, the model could cover the cumulative effects of some relevant anthropogenic
stressors for blue mussels, which are not easily observable in thesfiell as effects on the
number of produced gametdHowever, the modedid not comprise all relevant anthropogenic
pressures blue mussels are exposed to. Impacts such as fisheries had not been covered. To
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integrate such effectsa population model would be needed. Other anthropoigestressors
could directly be integrated into the model. For exampitee model could be easily extended to
cover more chemical substances or other environmental variables affecting physiological
processes. A combination of the cumulati&B modeWwith a population model could be a
further next step.

Influence of each of the stressors on the main model output

The comparison of stressoelevanceshowed that the pH value and corresponding interaction
effectsexerteda major influence oMytilus edulisn the model. The sensitivity dMytilus edulis

and other mussels for acidification is well known (George 1983, Zittier et al. 2018). A comparison
of these influences including the consideration of interaction effects for the monitoring station
at Norderney ha not been done before. Further, also temperature had a major effect on the
model outcome. Reason for this was not only the influence of increased temperature values on
the mussel, but the interactions between heavy metals and temperature, which had a majo
influence on the magnitude on the effect of the heavy metals.

In addition, copper and zinc influenced the model output clearly. The relevance of zinc in the
model can be explained because its concentrations at the monitoring station at Norderney
exceeced for some samplings the tolerance values Kytilus edulis(Figure52 in 7.1). The
influence of copper for the overall model outcome can also be explained by an exceedance
tolerance valuesKigure50 in 7.1). Additionally, the interactions witbther stressors strongly
influenced to results. However, these interactions are actually only based on a few data points
and associated with a high uncertainty. Other stressors, such as the oxygen concentrations had
little influence on the overall effectroMytilus edulis.In case of this stresspit needs to be
considered that the data availability was sparse and that the single model for oxygen depletion
did not well reflect the species response at low concentrations. Indeedmthéelingof the
oxygen oncentration for Norderney indicated, that the oxygen concentrations were possibly
not ideal throughout the study period and that blue mussels might have been affected by oxygen
depletion during some period$-igure53 and Figure54 in 7.1). A reduction of the stressors
contributing most to the adverse impact dfytilus edulign the simulation would likely improve

the performance of the mussel and stabilize the population.

Uncertainty in the data/ modelingof environmental parameters

The heavy metal concentrationssed for the model studyvere derived from the regular
monitoring program and only measured twice a yelinereforet was notpossibleto model
seasonal fluctuationgConsequently, higher frequency of samplingsneeded to improveand
refine the model output. Regarding heavy metals, the integration of contaminant
concentrations in the sediment could be integrated in the model aséranced feature in
future versims. Influence on the release of metal release such as stormy weather and wave
dynamics or human activities like dredging mifyitther be integrated. These aspects are so far
not covered by the model and thus represent some uncertaibhycertaintylies asoin the
literature data used for themodeling Since thepublication rates are usually not evenly
distributed over the variousesearch topicsthere could be a bias in the results for specific issues
that had been reported only by a small number of auth Someeffects mighteven be
overlooked.
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Method comparisors

The method comparison showed that the special treatment for those interactions with
bidirectionality did not have a major influence on the model outcome for the test data set.
However, thisnight be different if the model would be tested with another data set, for example
with higher heavy metal concentrations. However, so faremains unclearwhich method
would be more appropriate as discussed above in the discussion of the matrix médthed
comparison between the integration of interpolated heavy metal concentrations versus and
integration of mean values for all stressors throughout the study period showed only marginal
differences. One reason for the similarity might be uptake processsding to similar internal
concentrations in both scenarios. One explanation for the slightly stronger effect of mean
concentrations could be the process of excretion: When the concentration of heavy metals was
smaller, the mussels could excrete a certamount of heavy metals and this way the mussel
might recover a bit.

4.5.4 Relevance for the MSFD and regional assessments

The combination of the matrix method with the DEB model generates explanatory power for
observations at monitoring stations antay be istrumentalas complementary informatiofor

the development of management plans. For the latter applicatibe model should be run for
different monitoring stations and the resulshouldbe visualized to identify areas where the
stressor combination malye particularly adverse for the speciekiaterest. Byoverlayingsuch
maps with species distributions, areas of conceambe identified. This technique has been
thoroughly tested and applied with other indices and species distribution models (Hapakn
2008, Coll et al. 2012, Fedorenkova et al. 2008sted he cumulativeDEB modepresented

here exemplaryfor a dataset at a second monitoring station in Schlegdotstein. The test
showed that differences between the monitoring stations withgaed to the simulated
cumulative effects omMytilus eduliswere observable in the model results. This indicates that
the model can reflect differences in the conditions and would be suitable to compare different
locations.

The basic structure of the cumulatiiz®E=B modetould also be used for other species. Only with

a few changes in the parameter values, the input degavell as witlsmall model adjustments,

the modelwill alsobe applicable for other species. DE®del paameters have been developed

by now for many speciés To exemplify this, | transferred the cumulative DEB modéWifdilus
edulisinto a model for the oysteCrassostrea gigawith the corresponding parametersnd
conducted a smallliterature analysis tocover the most relevant sensitivities towards
anthropogenic stressors. Differences in the response pattern between the two species
emphasizedhat the modelis also applicableo compare different species with each other with
regard to cumulative effects

As an extension of the model, the results for different species could further be combined in an
ecosystem model. Even though complex modgémerally bear the risk of statistical and
systematic errors (e.g. Bernem et al. 2000), the negligence of curmilaffects in
environmental assessments would also lead to errors in the judgment of risks for ecosystem
components and whole ecosystems. Underestimationsngiacts caused bgumulative effects

14 https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/index.html
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could prevent governmental stakeholders from setting up resipe management plans and
legislation and thus, have severe consequences for the survival of the affected species.
Furthermore, researcherlBave put major effort in the development ofmodeling complex
systems and statistical methods for testittte reliability and robustness of these systems.
Publications shownajor improvements in this field of research (e.g. Barrat et al. 2004, Kooijman
2010, Majda and Gershgorin 2011Gonsequently, it will be possible to improve the
predictability of the presenmodel with increasing data availability and further work on model
refinements and extensions.

Many previous ecological assessments applied in the context of the MSFD were based on expert
judgementsonly (see introduction)Most of thetime, the simpleadditive approachhad been

preferred (e.g. Halpern et al. 2008, HELCOM 2018). However, thereusgantneed to base

suchassessments on scientiBwidenceand real data rather than on expert judgement, in order

to provide more clarity and transparendgr the assessment procesk the context of the

Marine Strategy Framework Directive, the mogetsented in thisstudy will be applicable to

evaluate cumulative effectwith a special focus odescriptor 1 (biodiversityfocusing on the

assessment of thetatus of specieslt could furtherwell serve as method to implement Article

y O0a! aasSaavSyié¢,owhioh requires A cudtfativé &n8lysisi{o&X® |y |yl f @aAa
the predominant pressures and impacts, including human activity, on the environirstatas
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Even though the proposed method offered the possibility to conduct a quantitative analysis of

cumulative effects, the literature search showed that still mangtiehships and mechanistic

pathwaysare not yet understood. Therefore, expert knowledge is uiredto estimate e.g.

which species are likely to resemble in their responsdlifterent stressors Further, it is

necessary to identify what kind of paiske adjustments would need to be made if data from one

species should be transferred to another spechdsre research is necessary to understand the

impact of cumulative effects on the environment from a holistic point of vieflecting the

ecosystemdvelas a wholdbut see Moe et al. 2013).

455 Conclusions

The magnitude of cumulative effects depends on the intensities of the stressors in the
environment, their temporal and spial pattern of appearance, and their affinity to interact
with each other asvell as with the organism itdelThe strength of theproposed modefor
cumulative effects assessmentdiwithin its modular structure, whichllows the integration of
temporal dynamic responses of the organism to single stressors, interaction effects between
stressors, and indirect interaction effectsMetabolic and energetic processdimk these
interaction effectsduring the life cycle of an orgam. Theconsideration otomplexcumulative
interaction effectan contrastto a solely addition of effectsesulted in a much better output in
terms of plausibility and transparencyfhe fact that cumulative effects occur cannot be
neglected asucheffectshave beenobservedfor manystressor combinationgseeTablel7 in

7.1).

The online tool LIACAT facilitated the visualization of large datasets, while still providing a
sufficient degree of detail. The matrix method offered a very flexible approach, because
literature data ofvery different quality and detail could be use®implecolor codes indicated

the nature of the cumulative effecaind an equationdescribedthe interaction being either
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dependentor independent of the stressor intensities future, expert estimations coulthelp
to handlecases wherditerature data from another species giwnts to the likely reaction of
the species of interest.

Thestrength of the DEBodelis its capability to modeemporal dynamic processes and effects
as well as of cascading effeatisdlife cycle dependent éfcts Furthermorethe model system
canpredict selected effects comprising bdtie population relevant effects such as growth and
reproduction andeffects on physiological processes. Moreover, the metisagry flexible, so
that new scientifidindings caneasilybe integrated The results providea valuableoverview
over knowledge gaps andointed to thekind of data neededh order to get better and more
realistic results forcumulative effects assessmerin expansion of the current monitoring
programmesto cover seasonal effects would be importafurthermore, understanding the
universal patterns of stressor interactions from a mechanistic point of view is important.

The application of the DEB model allowaablyses ofemporal dynamic effects @r a longer

time span. With regard to the impacts of heavy metals at the study region at Norderney, the
model resultsindicatedthat cumulative effects reduced the reproduction success and impaired
the development of juveniles as well as the growth of hart of Mytilus edulifrom the year
2005.

4.5.6 Further development and atlook

As an extension of the currently implemented DEB model for cumulative effecdtser setups
of the model could be implementeidr different speciesThe outcome in form of reproduction
data, mortality rates etc. coultde transferred to a population model (Saraiva et al. 20Thg
model resultsshould als@erve as data input for a geographical analysis.

An approach to combine DEB models with a retsvmodel to simulate trophic interactions,
competition for food and predatory mortality and starvation was conducted for primary
producers and consumers in the marine habitat by Maury et al. (2007). Interactions with other
species groups should be anadg in the network modelsuch as changes in food web structure

etc. The elements of the network model should be divifiedher if needed at this level. The
division of a species or species group in different size classes and age classes may be important
for reflecting vulnerabilities and for food web structure refinement. By applying a network
model, not only direct but also indirect cumulative interactions between the stressrs be
described.

The methodpresented in this studyefers only toa smallselection of stressors. However, more
anthropogenic pressures should be integrated into the model: As litter is often ingested during
feeding and affects the maximum feeding rate, this pressure shalglibe integrated in the
eqguation of ingestion rate (g. for bird3: The litterwould accumulatén the body andherefore,

the maximum feeding rates expected talecrease respectively.

Another exampldor an important impacts the influence of siltation othe feeding success of
fish. Thishamperingeffect should also beegardedin the modelequationin order to analye

the consequences for the feeding succes®wever, it needs to be considered that the
impairment of feeding activity does not add up cumulatively like litter in the other example.
Instead the impairment is dependent of the present conditions, which might change over time.
Other processes of the DEB model can also be altdbéskasesaused by pathogens or
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elongated migration routes might increase the energy demand for e.g. somatic mainte
leading to a reduced growth or reduced reproduction succBsgher types of impacts should
be integratedinto future versions of the moddbr new anthropogenic stressors as well as for
the ones already integrate@s soon as corresponding datadinformation areavailable.

The literature review indicted that the nature of an interaction might not only be determined by
the identity of two stressors but also on the intensity and the ratio of the intensity of the
stressors to each other and the expos time. These aspects should also be considered in future
analyses of cumulative effects.
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5 Automated cumulative impact model for analyzing effects of
anthropogenic presures on habitatg tested for impacts on seagrass
meadows

5.1 Abstract

Cumulative interaction effects are likely to be dependent on the intensity of the stressors and
their timing. However, magnitude and direction of cumulative effects are often not knavifn o

so, only for a limited range of exposure times and intensities. To utilize the best available
knowledge, we developed modelingtool forming a mathematical network model based on
available literature datasets. It can easily update predicted respgaterns when new
research results become available due to its structure and automatisnestocus of the model
development was to facilitate the integration of cumulative effects with aqeéned ruleset

into a network model based on a set cbmmonmathematical models Themodelingtool
applies a ranking of models to select the best models and constructs the network model based
on these.

We tested themodelingtool with data about anthropogenic impacts on seagrass meadows and
compared a network model comprising cumulative effects with one excludimgulative
effects For seagrass meadows, someraction effects had a major influence on the outcome
of the netvork model. Moreover,ampared to themodelincludingsingle stressor datasetsly,

more datasets could be included

Therefore, it is likelthat the network model including cumulative effects woudcbvide a better

fit with field observationsWe conclae thata predictionthe response of an ecosystem or a
species to multiple pressures should not be based on its reaction to single stressors alone, but
needsanestimation of interaction effectdA next step would be an exhaustive experimental test

of theresults in a multi factorial experiment.

5.2 Introduction

Seagrass meadows are of high ecological importance. They provide valuable habitat structure
and support a very high biodiversity (Whippo et al. 2018, Lin et al. 2018), with many species
listed as threatned (Hughes et al. 2009). Epiphytes on seagrasses serve as food sources for
many invertebrates (Kharlamenko et al. 2018, Schanz et al. 28@2grass meadows also
improve the water quality by reducing the number of bacterial pathogens (Lamb et al. 2017).

Therole of seagrasses for the ecosystem is connected to its traits (Paul et a).\&&g2s et al.

2007). The shape and size of seagrasses create optical features providing shelter for many
species from predators. Therefore, seagrass meadows serversasryareas for fish. Some of
these fish species are particularly associated to seagrasses (Polte and Asmus 2006).

Most seagrass species have a high above ground biofflasgefore they take up a substantial
amount of nutrients and have a high impact asaabon sinkDuarte et al. 2005, Duarte et al.
2013). Seagrasses furthanitigate effects of storm surges (Reusch and Chapman )1&9b
reduce erosion in dependence of the density of its ramet and its aliozed belowground
biomass.
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While providingmany ecosystem functions on the one hand, seagrasses are on the other hand
sensitive to anthropogenic pressures and require specific environmental conditions. For
example, they prefer rather sheltered areas with low velocity to establish new habitat gatche
(Schanz and Asmus 2003).

The extent ofseagrass meadows declined worldwide by 110 km?2 per year from 1980 to 2009
due to anthropogenic impacts (Waycott et al., 2009). Approximately every fifth seagrass species
was at risk to extinction already in 2011 ¢&tet al. 2011).

Seagrasses do not form a taxonomic but an ecological group (Hemminga and Duarte 2000).
Taxonomically they belong to the angiosperms and the order Alismatales, which comprises
many aquatic and wetland plants. Seagrasses are species ofdleisliving submerged in the
marine environment and have a grd#iee morphology (Hartog and Kuo 2007, Daru et al. 2016).
Information on DNA sequences of eight different seagrass families is available (Daru et al 2016)
in GenBank indicating the taxonondiiversity of this group. Worldwide there are approximately

70 seagrass species reported (Hemminga and Duarte 2000), which could be grouped to different
WWKef 2NBIA2yaQ RSAONAOAYT GKSANI RAFFSNByd 3IS23aNT
Despie their different origingseagrass meadows are threatened worldwide by similar threats
such as eutrophication, changes in hydrodynamics and fisheries (Duarte et al. 2002, Burkholder
et al. 2007, Orth et al. 200G)\evertheless also some speciecificsensitivities exist, e.g. to
water depth(Boscutti et al. 2015)

Because of their high ecosystem value and their endangerment by human activities and
anthropogenic pressurés the protection of seagrass meadows has been put on the agenda by

several legiskives and conventions (OSPAR 2009, OSPAR 2011, OSPAR 2012, HELCI@M 2013).

Europe, seagrass meadows are relevant in the Habitats Directive (92/43/EE©Onaittkrecas

I WaLISOALt KFEIOAGFGQ Ay (GKS &MBADRAYES, COMMNMEG S3I& CN.
2017848/EV).

Some of the major threats to seagrass meadows are well known and a reduction of those might
already improve the condition of seagrass meadows substantially (reviewed e.g. in Duarte
2002). However, a deep understanding of the systetated, cumudtive effects could improve

the effectiveness of management actions by focusing omitktegation of potentially occurring
positive feedback loops and synergistic effects resulting from different pressures and
environmental conditions. This is particularglevant, when it is unclear why management
actions did not result in the intended improvement.

Human activities altered the environmental conditions in the sea and affect seagrasses
simultaneously in several ways. Thereby, the effects of anthropogesssyres are interwoven

with each other. For example, the use of artificial fertilizers led to increased nutrient
concentrations in the sea favouring the growth of epiphytes and macrophytes, which reduced
the lightavailability for seagrasses (Cabaco e2@08, Burkholder et al. 200At the same time,

sea level rise (Passeri et al. 201B¥ construction of dikes (Thu et al. 2018nhd dfshore wind

parks (Zhang et al. 2009) lead to alterations of hydrodynamics. Increased current speed can be
unfavouralte for seagrasses and additionally also detach snails fromldeies, which feed on
epiphytes, exacerbating the adverse effe@shanz et al. 2002)he resuspension of sediments

due to dredging activities further leads to temporary light reductionaragrom the direct

15 https://www.iucn.org/content/seagras$abitat-decliningglobally
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mortality caused by the physical disturbance by hopper dred@@@oset al. 2012)Reduced light
availability can lead to reduced photosynthesis activity and reduced gr(®élph et al. 2006).
Antifouling paint additives used on ships can further reduce photosynthetic adihitgsworth
et al. 2004).

Some human activities cause complex respon€dimate change for example resudtg.in sea

level rise as well as increased water temperatueth of these aspects affect seagrasses.
Increasing water temperaturdsrther favour the spread and growth of the protisabyrinthula
zosteraecausinghe wasting disease, which led to a dramatic decline of the seagrass population
in the Southern NorttSea Burkholder et al. 2007 A recurrence of this protist combined with
exacerbated climate change effects in the future might result in an effect, which is greater than
the effectcaused by one of these pressures alone.

The complexity of such interactismequire special tools to get an overview guantify and to
assess the cumulative effect of all the anthropogemiessures from a holistic perspective. The
importance of cumulative effects has been acknowledged and the need of its assessment has
been ntegrated in legislations and directives as well as regional conventions (MSFD 2008, COM
DE 2017/848/EU,OSPAR 2017, HELCOM 20&%)ingl methods for cumulative effects
assessmenlith a focus on special ecosystem components can help to better evaluage the

Many approaches for cumulative effects assessment conducted so far integrated expert
judgement surveys (e.g. Halpern et al. 208BL.COM 2017, OSPZR 7, Parravicini et al. 2012,
Brodersen et al. 2018 for seagrass assessments) and most assume adfftiors of
anthropogenic pressures (e.g. Zacharias and Gregr 2005, Halpern et al. 20@8dyea of
additive effects evolvedh the context of the prediction oéffects of toxic mixtures and was
studied intensively The assumption of additivity wsidely applied but also questioned for its
overall validity since then (Altenburgetal. 2013, Warne and Hawker 19@4pftonet al. 2005).

As an alternative to additive modelsome scientists suggest to apptwltiplicative models
when the chemical dqastancesare expected to affect the organism independently at different
biologicaltargets and use a different molecular pathw@yorse 1978, Abendroth et al. 2011).
However, this method was neithelveays appropriate taexplain observations adequately: a
meta-study revealed that only 20% of the datasets could be explained by the multiplicative
model and only 10% by the additive model (Cedergreen et al. 2008).

Synergistic and antagonistic effeat$ anthropogenic pressures have been observed for a broad
range of organismgCrain et al. 2008, Hooper et al. 2012, Holmstrup et al. 2010, Moe et al.
2013) Such cumulativeeffectswere more frequently observethan additive effectsin multi-
factorial experiment®n mortalityas Darling and Cote (2008) concludedhieir metaanalysis.

For seagrasses, additive as well as more complex response patterns have been reported for the
presence of multiple stressors (e.g. Ceccherelli et al. 2018, Mdviarin et al. 2018).

For the development of a method for cumulativeexfts assessment focusing on habitats, it is
important to allow a comparison of assessment results between different ecosystem
components. Further, to be able to aggregate different types of effects with different units, a
normalization procedure is needeBor the normalisation of different effects, it is common in
environmental assessments to calculate ecological quality ratios, where the actual condition or
trait of an ecosystem component is compared to a reference condiMgR 2000/60/EC
Gobert et al2009).
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In contrast to many other species and ecological groups, for seagrasses some data and
methodological approaches with regard to cumulative effects of anthropogenic pressures
already exist. Parravicini et al. 2012 applied scores based on gypggements to define the
pressure intensity at the pressure sources and then added an additional variable to reduce the
pressure intensity with the distance to the source. To assess the status of the seagrasses,
following a common approach used in the WHBy conducted field studies and compared
their results to historical reference conditiomeflecting agood environmental statusThey
applied mandom forestmodelingto link the status of the seagrass to the categories to the
anthropogenic pressures byplying regression trees and to predict a categorical status score.
Their approach included the effects of anchoring, a commercial harbour, pipe outlets, coastal
outfalls, urbanization, SCUBA diving activity, beaahrishment, and fishery (Parravicini ait

2012.). The application of random forasiodelingfor cumulative effects assessment has the
advantage that the model does not assume additive effects per se and can also handle non
additive effects (Parravicini et al. 2012). On the other hand, the rndidenot consider effects

of exposure time, provided only categorical outputs, and did not allow generating continuous
data as results limiting the generation of a general understanding of relationships by the model.
Moreover, due to the application of éal expert knowledge, the model is very restricted to the
investigated area and thuke model cannot be used for other areas.

Random forestodelingwas also applied by Holon et al. 2018 together with spatiadieling

to predict the status of seagrass meadows andassess the impact of human activiti@hey

based their analysisdRA F FSNByYy G A YL} Od O 4§S3I2NRSa adzOK a aAi:
O2Fadft AySé Ay spacBid pRessards likeingle haxaidbus Bstances or certain

constructions at the coast. The intensities were normalised based on min and max pressures

occurring in the study region limiting the scope of the study results to the study region.

Moreover, they focused on a single effect (dead maieer), which allowed them on the one

hand a good model performance for predicting this aspect and to reveal tipping points, but on

the other hand did not capture the effects on the variety of biodiversity relevant traits of

seagrass meadows and effects@mmunity composition.

In contrast, Kruusemae et al. (2016) included also biological and environmental processes in
their model. Theymodekd the effects of hydrodynamics and eutrophication on the above
ground biomass of seagragader consideration ofodeled influences of the associated fauna

and flora on seagrass and on relevant environmental parametdgts a processdased
ecological 3D model to identify areas for potential recovery of seagrass meadowsotle¢
handled nutrient cycles and hydrodynamsiin detail but was restricted to these influences on
seagrass meadows. Their model was purely diiteen and did not involve expert judgment
survey results. Singer et al. 2017, who forecasted the seagrass distribution for different
environmental scenaois, also considered species interactions.

A Bayesian network model for seagrass was developed by Maxwell et al. 2015 to calculate the
fA1SEAK22R 2F WKAIKQ 2LIIRaSR (2 WwWi26Q adl NIAy3
W oaASYlQod a2 NBRa&SNHIN di thkeSietwNdpredints relevant feedback loops

and important ecological responses. This network was applied to predict the anthropogenic

impact under different input scenarios of fishing effort, water movement, sediment grain size

and nutient availability. Unfortunately, the field data they used for model validation were non

uniformly distributed with only a single location with absent seagrass, decreasing the
trustworthiness and relevance of the stated accuracy of the model of 100%édrcfing the
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absence of seagrass. Moreover, the suggested bistability may also be an artefact due to the
model setup because the number of categories of the nodes of the network werdgfireed

to two. This questions if the model can really capture tloenplexity of the anthropogenic
impact pathways in seagrass meadows and would be suitable as a management tool.

Reum et al. 2015 chose to assess seagrass habitats with a qualitative network model. Instead of
assessing one trait of the seagrass, they ingastid the effects of different species and
ecological guilds but focused on only one major pressure: ocean acidification. In contrast to the
network model by Maxwell et al. (2015), the output of their qualitative network model was a
community matrix contaiing results for the different elements of the network. Interactions
between nodes were derived by literature research and expert consultations. State changes of
network nodes were based on explicit plasd minus signs to represent a decrease of increase
dependent on the plus or minus signs of the influencing variables and were weighted by
interaction strength. However, this implied that the qualitative network model was suitable for
relationships with a clear directivity of response (Reum et al. 2015);duld not cope well with

more complex response patterns or interaction patterns, which are dependent on one or several
other variables or which were dependent on exposure time.

A geospatial approach to assess the impact of anthropogenic pressures grassess with
respect to the upper limit of their distribution was applied by Montefalcone et al. (2019). They
applied a simple scoring system for the occurrence and strength of the anthropogenic pressures
with only three categories (Q) for the broader cigories urbanization and urban waste,
industrial activity, ports, tourism, sediment load, agricultural waste, anchoring, and rip currents.
The pressure scores were added up to generate an index for each location. They further used a
hydrodynamic model tidentify the positioning of the breaking depth and to derive a theoretical
natural position Next, theycompared it with the actual upper limit of the meadow they derived
from aerial imageries and field studies. The distance betweemtbdekd natural uper limit

to the observed actual upper limit was then correlated to #r¢hropogenic pressure index.

The literature search showed that there is a lack of models predicting the effects of many
anthropogenic pressures and human activities affecting seagreessdows simultaneously,
which are slely datadriven, quantitativework with continuous data instead of categoridalta

and can handle multiple responselloreover, there is a lack of models with a holistic
comprehensive view capturing the complexity ioteractions and system effects such as
feedback loops.

Our aim was to develop a flexible approach to assess cumulative effects on habitats allowing not
only multiple drivers of the model but also a variety of model outputs to reflect multiple effects
on the habitat.The development of the model was targeted to serve as a scieased tool for
cumulative effects assessment with regard to environmental assessmktuseover, the
method should be transparent, repeatable and not be biased by subjectiMiigrefore, we
developed a standard procedure to simplify the integration of new scientific insights based on
literature data. Instead of a fixed system, we aimed at the development of a very flexible
approach. A network of interactions between human at#g, anthropogenic pressures and
effects on habitats allowing also species interactions and influences of environmental variables
should automatically be constructed based on available literature data. The output of the
modeling tool should provide restd, which can be compared to assessments of other
ecosystem components.
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5.3 Methods

The overallaim of the applied methodology was a quantification of the magnitude of a
cumulative impact driven by a given pressure scenario. First, we conducted a literadumch se
and then extracted and organized suitable data as well as relevant information in an online
literature analysis and cumulative assessment tool (LIACAT) on the database mybiOSis
(https://kladia.info). The aim was tallow the traceability of the data to the original data source
and to provide a suitable structure to choose the data, which should be included in the model.
A description of LIACAT can be found elsewhEiers et al. 2014, Jong et al. 2015, Eilers.et al
2020. Therefore, in the following, we focus on the description of thedelingtool. We
downloaded and integrated literature dateom LIACATInto amodelingtool (ACIM; Automated
Cumulative Impact Model), which we programmed for the analysis of cuivelkeffects. During

the development of thanodelingtool, we continued the literature search.

We designed thenodelingtool to achieve the automatic construction of a network model based
only on literature data without any prassumptions about structuréinks between its network
elements (environs). The network model should further be easily expandable, when new data
become available. The data analysis should be impartial and be based on the mathematical
models, which are common in biology. Lastly, thetimod should be applicable especially in the
context of the MSFD and serve for the analysis of different scenarios to test management
options, as well as for the analysis of spatial data and chronological sequences.

Themodelingtool ACIM used the literare datasets to train prdlk ST A y SR2 RS 5GP ¢ K S

Wo LkYR2RSt 4Q RSAONAROSR NBflGA2yaKALA o0SisSSy 2yS Ay
a linear model, a quadratic model, a sigmodal model, a hyperbola, a bell curve and an

exponential model. &1 datasets with several potential explanatory variables,rttaelingtool

0SAaGSR GKS Ay Tt dzSyOS -Y2RSTIQAK | RRMAIIARIYS & REK AlG W0/
O2YoAyldA2ya 2F (KS RAFFSNBY( AylLldseyDRIMREZTOD Sa 4.
Themodelingtool optimized the parameters of the models and characterized them. Next, the

modelingtool identified the best models for each dataset out of the optimized models. Fyrther

a filter with predefined criteria defined which dataseshould be included for further analyses.
Theresultingexplanatory variables and the response varialtesformed the environ nodes of

the network, whereas thecorrespondingmodels formed the edges. Finallywe defined

scenarios and correspondirigput values for the network to calculate the effects on the

ecosystem componenf{gure21).
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Figure 21 Major processes stepsAbbreviations: LIACATiteraure based Analysis and Cumulative
Assessment Tod] realized on the mybiOSis platform (https://kladia.info/klados/) , ACIM Automated
Cumulative Impacduodeling (tool realizedwith Scilab)

5.3.1 Literature search and literature da handling

A selection of key words used in the MSFD for anthropogenic pressures served as search terms
for the literature searchgtructure of table 2 in the attachment of the MSFD (M3B08/56/EG

listing relevant pressures for the marine environmeritsthe European marine regiondje

usedi KS O2NNBALRYRAY3I (GSN¥Ya F2N GKS LINB&adzNBa
name%: 2 & (ivgeNdfofxhe search boxes in Web of Sciéfiemd occasionallywhen only few

results were displayedn Google Schooldar The literature search comprised topics about the
effects of single stressors as well as the effects of interaction effects.

We further collected data about adverse effects dnvey environmental parameters, which
potentially influence the effects of the anthropogenic pressuresvbich have a substantial
influence on the ecological status of seagrass meadows. We saveéhtilEmces of other
species (for example the effect die presence oMytilus edulison segrass meadows) when
they appeared in the search results, lalidl not search for thenexplicitly.

16 https://apps.webofknowledge.com/

17 https://scholar.google.com
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We applied the following criteria for the selection of useful data for the integration into the
model:

A We used aly data,which dealt with seagrass meadovilhereby, wepreferreddata
sets about effects oZostera noltiand Zostera marindo data about effects on other
seagrass species, which do not occur in the Southern North Sea region.

A Wepreferreddata of experimentsvith various streséntensities and exposure times.
(We mixed dta of different exposure times and stress intensities from different
experimentswhenthe experimental conditions resembled each other

A The basic experimental conditions (apart from those, whiehe manipulated), were
supposed to be similar to the conditions in the North Sea.

A The paper provided some basic statistical data and the description of the applied
method was transparent and reproducible.

We mainly used publications available through libeary of the Carl von Ossietzky University of

Oldenburg and the University of Hamburg or freely available papers. However, in cases of access
NBAaGNROGAZYya:r ¢S O2ydal OGSR (GKS Fdzik2NBER @Al GKS
DI GSQ 2awcoBdvdtedl thebliterature search to several time points between April 2016

and February 2019 for the different key word and entered the relevant information from the
publications in LIACAThis online tool (Literature Analysis and Cumulative Assessiaif

LIACAT) was specially designed for the analysis and oraganizatin of literature with regard to
cumulative effects assessmertdilers et al. 2014Jong et al. 2015

Basic bibliographic data was either filled in automaticall.iACATvhen an endnotdile was
provided, or entered together with basic information about the content (e.g. about the species
investigated, the kind of effects observed and the stressors addressed in the study). We
extracted data presented in figures, which showed the relatiop between the stressor(s) and

the ecosystem component with the free online té#lebPlotDigitize#®, which is integrated and
combined with other features in LIACAT. If provided in the publication, we extracted all
measured data points. In other casesittzors showed only means and error bars or standard
deviations. In these cases, we extracted only the means from the figure. If data points were not
clearly visible e.g. due to overlaps with other data points, we excluded those.

Apart from stress/ pressurgesponse data, we extracted data needed to simulate indirect

effects or pathways the same way. If one publication dealt e.g. with the effect of a certain

pressure, which affected the photosynthesis, which in turn affected the growth of a seagrass,

we notonly used the data describing the effect of the pressure on the photosynthesis but also

data about the relationship between reduced photosynthesis and grdfvetvailable In the
Ftf2gAy3s GKS LROGSYOGAlLt Ay Tt dzSipflrcgdaridble© i 2 NA | NS
FNB RSY20GS8R +a WilrNBSGAQ G2 AYRAOIGS GKS RANBOGA
targets to the same time. This is the case for intermediated effects as described above for the

case of photosynthesis.

We saved the @xacted data in a tabular structure together with information about units, names
of the variables, a link to the publication, species hame etc. In LIACAT it is possible to combine

18 http://arohatgi.info/WebPlotDigitizer/
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these tables from different publications dealing with the same relationginigh we used this
function where applicable. The structures of these tables is fixed, so that data can later be read
column wise into local programs like ACIM. We then downloaded the tables with the data as csv
files on a local computer. Before the applicat of the data to test scenarios, we checked for
consistent uiit use. In case of inconsistennits for the same variable, we performed unit
conversions following standards. E.g. for the harmonization of @mitexygen concentrations

in water, we appliel the HELCOMCOMBINE standard method (HELCOM 2017)prdwde
consistency throughout the datasets, the response variables needed to represent an
observation of a good environmental condition. If this viewpoint was not provided in the
publication, we recalulated the data before application for the model if possible (e.g. we
transformed mortality data to survival data).

5.3.2 Data analysis

First, we selected mathematical models, which are commonly observed within the field of
environmental biology (see e.g. Omd Day 2007 and equations 1 to 6) to model the literature

RFGF aSia o6Ay (GKS F2fft2gAy3a OFffSR WolasS Y2RSt acg
xandyl EA& OLJI NI YSGSNBR dalé FyR a0é Ay GKS Sljdz GA2\
corresponding parameters. The equations should represent the relationship between

potentially influencing factors (sources) and the influenced variable such as the response of an

organism (target). Potentially explanatory variables comprised manipulated exgetdl

conditions, environmental conditions as well as exposure time. If the literature data set

comprised several potential explanatory variables for the responsentigelingtool optimized

each base model for each variable separatElyther, it idertified all possible combinations of

explanatory variables and models and optimized the corresponding parameters (numbered
consecutively p). The sef models comprise

1) alinearmodel n ® & ),

_8;1

2) aquadratcmodeldy | @ & N ® @

3) a sigmodial modek§ A

4) ahyperbola@g —— ),

5) a bell curve (Gaussodel) (0 A 1 Q ), and.
6) an exponential modely @ 1 Q

Thereby, we split the exponential model in an exponential decay model and an exponential
growth model by limiting the range of parameter values accordingly and suggesting
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we used ones as initial parameter values.

For the creation of the model combinations, thmdelingtool added first additional parameters
functioning as weighing factor for the influence of each of the potential influencing variables to
each of he base models. It then combined these resulting mqaets for each variable by
adding them up (assuming an independent influence) as well asombining them with
multiplication @ssuming a dependent influence). In case of a combination of two madbils,
results e.g. in the equation:

aeEQQ0 GE€QA0 aae€QQa@e QAo
Thus, the influencing variablegll show cumulative behavior bsither sharing the strength of
the influenceon the targetindicated bydifferent weightingfactors (@ of the models othe
variables or by a direct interactionindicated by the multiplicative part of the model being

unequal to zeraor both. We restricted the possible values for the weighting factors to values
between zero and one.

Once themodelingtool created all models, it trained them with literature data and optimized
the parameters of the models by minimizing the square eiman iterative process.

Finally, it calculated and saved the number of explanatory variables, the initial parameter values,
the optimized parameter values, the mean square error (MSE), the AIC value (Akaike information
Criterion), the variance, the adjusteB? value, informationabout the linked sources, the
definition of the mathematical modeand the corresponding error function for each model.

5.3.3 Filtering

Themodelingtool disregarded hmodelswith anadjusted R2 threshold of at least 0.6 for further
analysis anddid not usethem to construct the network. We chose this value for R? as a
compromise to exclude models with a bad fit on the one hand and to include sufficient models
to construct a network structure. However, this is just an exemplary \adijiested to the test

data and should just show the basic functionality of thedelingtool. We did not apply a
statistical test considering the number data points because in many casee couldonly
extract themean value of the raw data from the grapbpublications(see dove) and thus a
statistical test would not reflect the original dataset and be appropridtea variable in the
original dataset did not vary in intensity or if the optimized best model had a R? valuex<0.6,
assumed that this variable had no influermfethe ecosystem component aridwas excluded
from the network-model. Even though this assumption is likely to be wrong in some cases, we
decided to follow this principlnstead of applying expert knowledge focus on the aim of a
data-driven model ando avoid the mixture of assumed and literature based models in the
analysis.

Next, the modelingtool categorized the modelaccording to their type into the following
categories

GGt

T Y2RSta 6AGK 2yS ljddyiaAadge 2F GKS YRRNEE &HZEDNI 0 dzi
T Y2RSta 6AGK 2yS SELR&dINBE (AYSE o6dzi RAFTFSNBYy

 and combined models.
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For each type as well as for all models of a dataset,ntloelelingtool selected the most
parsimonious model based on the AIC values. dllogved some flexibility for the construction

of the network model and thus we could utilize more literature data compared to the application
of only the best models regardless of its categdrg.review themodels the modelingtool
createdgraphs foreach of those models wherever possitep to 3D graph$or models with

two explanatory variables). For the visualization of the mode&gpliedequally spaced values
ranging from the minimum to the maximurof the values provided in the corresponding
literature data.Based on these most parsimonious models, thedelingtool constructed a
network model representing thimteractions between sources and targets.

5.3.4 Construction of the networkmodel

To construct the network model, thmodelingtool combined theidentified bestmodelsof the
datasets fromthe different literature sources. These included models with several sources as
well as models with one source onlyach source and each target represented an element of
the network model (environBased on th@ames of the sources and targets of the best models,
the modelingtool pooled the environs to a list of sourand target environs without duplicates.
Starting with the target environs, thmodelingtool created nodes to link source hames and
correspondng models to them. As a preparation for this, it checked the targets for sources
belonging to the target.

In case of overlapsf sources by severatodels of different datasets (see exampld-igure22,

red arrows).the modelingtool chose the model with the smallest AIC value. If this procedure
led to the exclusion of a composite model, it used the remaining models derived by the same
dataset representing only the influences dfd@ sources one by orgingle model) The aim was

here to include the corresponding sources in the network and thus to utilize as much
information as possible for the network modé&bor the theoretical case of equalC values, the
modelingtool sorted the corresponding models for each target first by the number of sources
applied for the model and secondly by the sample count of the corresponding dataset.

We then defined input values for all solely sources and cadp#éference values for all targets
based on a literatureesearch $ee5.3.1). Further, we defined thematic groups for the solely
targets. This should allow the prisionof a moreconcise result, because the number of solely
targets can potentially be high and thus lead to many individual regufisssibly hard to
interpret.

Next, themodelingtool calculated the network. It estimated valuies all targets of the network
model and normalizedthose between zero and one based on previously researched
correspondingeferencevalues of the targetsfor seagrassif the target environ was an inner
elementof the network modelthis calculated valuserved as input value for the targets it was
connected with.Themodelingtool followed this proc@ure until all valueatios for the solely
targets were calculatedBased on the concept of effect additidro(t et al. 1999, Backhaus and
Faust 2012, Loewst al. 1927)we assumedhat effects impairing the samesponse parameter
(biological endpoirif) add up ifwe didn’t havefurther information about an interaction.

19 The term biological end point here not only relates to response on molecular leued)so onwhole organism

responsasuch as growth
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Therefore the modelingtool calculatedhe sum for the aggregation of the results of ttmedels

at nodes of the network.

After the calculation of all target values, theodelingtool calculated mean values for each of
the thematic target groups based on the results of the solely target values. We sorted the target

names to the thematic grodp G oA 2f 23IA OF f

STFFSOla¢zx
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As a result of the whole procedure, timeodelingtool produced tables with data defining the
models and poviding AI§ R?, adjusted R@an mean square errewvalues as well as a table
showing the results of the target values together with the reference values and a table showing

the results for the thematic groups.

Anthropogenicpressures Effects on ecosystem targets

source target source

source

source

interaction
source /.
source interaction
. target | source
interaction

source

source

source

target

target

target

target

Figure22 Schematic visualization of different kinds of literature data. Examples for overlaps between two

models of different datasets highlighted in red

5.3.5 Analyses

One aim of the construction of the network model was to reveal the theoretical type of
interaction ketween different stressors. We wanted to figure out there is a special
characteristic of the interactions for the study systefhe modelingtool should help to figure
out if the stressors act in combinatiopredominantly additively or multiplicativelyand if
interaction factors argoredominantlypositive or negativeWe used the information about the
calculated parameter valuardicating the weightor the models to check each of the models

for a multiplicative and for an additive term.

Moreover, we wated to figure out if the consideration of cumulative effects matters for the

network structure. Therefore, we set gnetworkfor2 y f &

O2yaARSNRY3

neglecting cumulative effects and influences of expodime and compared the rgults to the
network model including cumulative effects. Timedelingtool produced both types of results
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automatically.Further, we checked how much literature data was applicable for the network
model by comparing the number of all potential explanateayiables (sources) to the number

of sources actually used in the network modedstly, we counted how many times thrdeling

tool used each of the mathematical model types in the network model to figure out if some
model types are characteristic for tletudy system. We produced theagphical presentations

of these results witlscilab as well as wiRkStudiobased on the tables provided by theodeling

tool.

5.3.6 Implementation

We wrote the scripts for themodelingtool with Scilab, an pen source softwardor the
numerical computatiorand high level programming langua@eFirst, we designed the basic
structure of the scriptBased on this structure, we added further functions to the scripts and
made changes concerning the data analysis and presentatidreadutputs of the modelThe
program structure for thenodelingtool consists of three different scripts: one main script, one
script for the mathematical base models and the construction of model combinations, and one
script with a focus on the links beegn network elements and the formation of the network
model. Thereby, he main script called théwo latter mentioned subscripts (see structure in
Figure23).

Themodelingtool got theliterature data from a local folder for model creation and parameter
optimization To optimize the computing power and corresponding time ofrtiedelingtool,

we included a special function so that tiredelingtool saveghe created models permanently.
Thus, after the first time the model runs, it only creates models for new literatatasets. This
way,one can use the tool to update already constructed network models.

For each of the target envirorgerived from the literature datasefshe modelingtool created
nodes It then creatednodels based on the literatu@ataandattached all relevant information
to the environs by using indiceBor each environ, thenodelingtool aligned the following
information from the literature data:

1 information about the name of the source or the target,
9 the unit related to the environ,

1 indices values representing links to other environs,

1

information about the status of the status tife environ indicating if it was processed
in the model already,

=

information about a calculatedalue in case of target environs,

1 an aggregated value, which is particularly relevant, if the target environ is connected to
several sources

1 a group namedr the effects,
9 and areference value for the target (for sources this field stayed empty).

Themodelingtool then attached ndices for the model nodes to the tagenviron nodes to
connect the envirors to the corresponding model nodes. Lastly,identified indices for

20 https://www.scilab.org/

125



connecting the model nodes with the corresponding source nodes and attableedto the
model nodes of the targetd’ hemodelingtool calculated the network as described above and
saved the results as csv data.

We tested themodelingtool with data concerning effects on seagrasses. Thereby, we pooled
data from different seagrass species. We assumedgbagrasses are in general sensitive to the
same set of pressures and resemble in their general response pattdevertheless, theool
attaches species names from the literature data to the environs. Consequently, it is possible to
entangle effects of different species if needed.
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5.3.7 Evaluatin

To test the functionality of thenodelingtool and to evaluate if it provides reasonable outputs,
we applied themodelingtool for data about seagrass meadows. We chose data about seagrass
meadows due to their important ecological role and because caaipga much literature data
about effects due to anthropogenic pressures and environmental influences were available.
practical tests should give insights to the model behavior.

We used the names of the targets as search terms for a literature reséaugét data about
O2NNBalLRyRAYy3I adzaiidlofS NSTFSNByOS G fdsSao Il RRAGA
G%2a0GSNFé¢ a aSIFNOK GSNyaod 2SS O2yRdzOGSR GKS f A
2F {OASYyOSQ &aSNIBSR I & Hawer, iivwedig nof finditleNéquirddNS R G 6
AYTF2NXIGA2YE 6S dzaSR WwWD223tS {OK2f I NR O2YLX SYSy
already collected for the construction of the network for suitable reference values. For the

construction of scenarios wanalogical used the names of the identified solely source names as

search terms. Thereby we aimed at getting realistic values for the situation in the North Sea and

suitable values fothe RS @St 2 LIYSy i 2F AO0SYINA2ad ¢KSWNBET2NBI 4
{SIé¢ G2 GKS a2dz2NOS ylyYSa a asSlkNOK GSNY F2N GKS
The reference values for targets with regard to seagrass meadows were characterized by high
concentrations of chlorophyll, carotenoids and sucrose concentrations in seagrasses mgflectin

a good resource use capacity (chlorophyll, Zhao et al. 2016), protective properties (carotenoids,

Zhao et al. 2016) and good health status (sucrose, Govers et al). ZM& value for the

photosynthetic rate should reflect measurements under control ¢oows (optimum conditions

for seagrasses). Thereby, we defined the absence of an inhibition of photosynthesis as the

optimum. We set reference values for growtndvitality indicators according to the maximum

mean values measured or the values measuatthe control conditions (in most cases these

were the same, sedablel8, 7.2). Regarding organism and eslirvival,we defined100%

survival and 100% green leaves (0 patcnecrosis) as the optimunfpecies compositionlata
gotindividuallyreference valueor each single target themd é&blel8, 7.2). We set the eosion

indicators (bed shear stress and eroded sediment mass) to vatwesicherosion wasunlikely

to take placgWiddows et al. 2008).

We tested three different major scenarios ahthropogenic pressure situations: The first
scenario reflected oligotrophic conditions with lower nutrient conditions, higher light availability
and more oxygenated water. Moreover, the water contained no herbicides. The copper
concentration comply withite optimum value foZostera maringZhao et al. 2016s copper

is an essential metal’he pH values reflectadean valuesneasured in the German Bight (based
on monitoring dataof a station at Norderneyrablel9, 7.2). For velocity, we used the maximum
tested velocityof the literature datasetsncludedin the model This max vak was in within the
range of values measured in the North Sea, but clearly below average of a monitoring station at
Norderney. M burial occured in this scenario (for details s&ablel9, 7.2). We set he time of

the year to summer time andimulatedthe effects on potential targets for one month for the
described conditions (for details s&ablel9, 7.2).

The second scenarimirrored a substantiallyhigher nutrient load, lower light availability and
oxygen depletion. The concentration of herbicidexl the copper concentration in the water
represented maximum values measurgdthe North Sea if available. The other input values
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remained the same as in the first scenaffior details se€lablel9, 7.2). This scenario should
reflect eutrophication and chemical pollution.

In the third scenario, eutrophication and chemical pollution pressures mirrored a stronger
pressure. Therefore, we doubled the valug fdtrogen load and copper and reduced light
availability and oxygen concentration by 50% with respect to the values used in the second
scenario. We treated herbicides differently because the concentrations measured in the North
Sea were clearly below tHewest concentration used in the experimental dataset and it would
have not been possible ®ee an effect of thenfluence of increased herbicide concentratioy

only doubling the highest concentrations measured in the N&ea. Therefore, we multiplied

the herbicide concentrations by 100e set the sdiment heightto an increaseof 50 cmto
model effects of disposal of sediments as a further anthropogenic presBaeeenvironmental
variables remained the same as in thesed scenario (for details of the scenario definitzae
Tablel9, 7.2).

Addtionally to the three scenarios, we tested the model behavior by gradually increasing the
anthropogenic pressures. For this, we used approximately the minimum and maximum values
reported in the appliediterature dataand the modelingtool createdequally spaced steps
between these valuesTable20, 7.2).

5.4 Results

5.4.1 Literatureanalysis

Most papers dealing with pressures affecting seagrasses dealt with effects of eutrophication,
altered hydrodynamics, and climate change. katity and growth were the most frequently
studied effects. Moreover, the literature search revealed a metwof interlinkages describing

the pathways from pressures to effectsigure24). The LIACAT tool allowed the visualization of
the results of the liteature search in a concise way while still providing traceability to the original
sources, data and extracted informian.
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Figure24 Graphical visualisation of the results of tlitedature search. The thickness of the linedicate

the number of relationships found in literature. The boxes represent groups and include in most cases
several different elements as indicated by the number of lines linkethéon. Data from publications
showing that a relationship between two vables did not exist were not included in the graph.

From abouta hundred papers selected in the literature search, we could use 14 papers
comprising 80 relationships for the construction of the quantitative network to analyse effects
on seagrass meadow¥he pressures included eutrophication, chemical substances, physical
disturbances, alterations of hydrodynamic conditions, anilification(Figure25). Thereby we
considered seasoand exposure time as additional influencing variables. Mioelelingtool
selected about 82.6 % of the potential explanatory variables after the filtering of the models for
Rz values above 0.6. The best models, selected bgrttadiest AIC value, comprised nine models
with two input sources. The rest of the models for the relationships comprised only one input
variable. Thenodelingtool identified cumulative modelwith more than one input variableith

the involvement of theinput variable velocityand burialas well as with the involvement of
exposure time as explanatory varialpiarticularly oftenlt identified 16 solely sources, 41 solely
targets and three inner environs (bed shear stress, shoot density, and shoot defrigjtyER5).
Someof the environs(e.g. effects on photosynthesis, the influenc# copper and velocity)
dominated the network due to the availability of corresponding literature data

When themodelingtool constructed the network only with models with one input variable, the
number of environs was less. The network then comprised 16 solely sources, 35 solely targets
and only one inner environgigure25), because some models got a smaller R2 value than the
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ones comprising more than one variable and were therefore excludeah the network
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5.4.2 Model selection

In the cumulative networkthe modelingtool selected thehyperbolig linear,and exponential
decay models most frequently as cuariable models, whereasselectedthe Gaussian and the
guadraticmodel less frequentlyFigure28). The model for exponential increase as well as the
sigmoidal model fitted to none of the datasets be#&mong the composite model identified

the hyperbolic modeand the linear model mst frequentlyfor reflecting the influence of one

of the explanatory variables. Even thoutji®e modelingtool never choseghe sigmoidal model

for a onevariable model, it could best explain the influence of one explanatory variable in one
composite modelFor the composite modelshe modelingtool identified additive as well as
multiplicative parts with different weights and no clear pattefrable9).

When we run the model with singheariables models only, the hyperbolhe linear model and
exponential decay models were still the most frequently used models, but the difference to the
other models was not so clearly pronounc@egure27). As for the cumulative network, the
modelingtool never chose the sigmoidal and the model for exponential increase.

All of these observations referred to the best model selectioselizon the best AIC value. When
we applied the least square error, throdelingtool chose the linear model less frequently.
However, apart from this, the results were comparable.

25

15

frequency

10

- —

exponentialDC  gaussian hyperbola linear quadratic

model type

Figure27 Frequency of the determined best fitlj models (only including single models as potential
models)
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Figure28 Frequency of the determined best fitting models including composite and single models

5.4.3 Method comparison- cumulative and single models

Overall,the modelingtool identified 43targetsfor the network integrating cumulative effects,
whereasit only identified37 targets with the network based on onariable models.

A comparison of the result of the first scenario (oligotrophic scenario) with the referenaesval

set for the targets based on literature values showed that the estimated targets of the network

integrating multivariable models differed less from the reference values than the ones

calculated with the network based only on singkriable models.Aamparison between these

two types of network with regard to the results testing 100 pressure scenarios showed that most

results correlated with each other (sdable7 for those cases where the results differed from

each other). Thenodelingli 2 2t S&a0dAYF SR 3ASYySNIftte KAIKSNI G f dz
when the network model based on cumulative effects was run than for the network model
basedonsing Y2RSta 2yfed ¢KS WSTFSOGUADS ljdzr yidzy &AS
quickly with increasing stress intensity in both types of network models. For the targets
WYAONR LK@ (120SyiK2a o0A2YIaaQ>x wakz22id RSyaAixdeQs
observed intersections of the model results oéthoth types of network mode(3 able8). Thus,

it depended on the strength of the pressure which type of network niguiedicted stronger

effects.

We did not find a significant difference between the mean of the R? values of the two methods
for constructing the network modeF{gure29).
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Table7 Comparison of input variables for the network model including multivariable models and one
variables models affecting the same target and in the most right column Pearson correlation coefficient

between the network modls with regard to the target response for uniformly increasing pressure

scenarios
Pearson
correlation
Sources and models .
. . coefficient
used in network Sources and models used in for
model including network model with one Target name :
, . , uniformly
multi-variable variable models , ;
increasing
models
pressure
scenarios
. Chta in sediment
shoot density corresponding to
(Zostera nolt shoot density (linear) . P g 0.9501
_ microphytobenthos
(linear) .
biomass
. . shoot densit
velocity (hyperbola) | velocity (hyperbola) Y 0.9501

Zosteranoltii

Copper and time
(hyperbola and
hyperbola)

ametryn (exponential decay),
atrazine (exponential decay),
bromacil (exponential decay)
diuron (exponential decay),
hexazinone (Gaussian),
prometryn (Gaussian),
simazine (exponential decay)

Effective quantum
yield of photosystem
1]

velocity and time

phosphate uptake

(Gaussian and velocity (hyperbola) 0.9999
seagrass

hyperbola)

burial and seasonal sucrose

influence (linear seasonal influence (hyperbol{ concentration in 0.9980

and linear) seagras

135



Table8 Left column: Correlation between the cumulative model (including single and composite models)
with model based on single models only. Right column: Simulation of model results with increasing
pressureintensities (100 scenarios). dots: cumulative modektaal line: model based on only single
models

Correlation Model behavior under uniformly increasing
pressure situations
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Figure29 Comparison between the model bases single models only and the model based on all

cumulative effects included
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Themodel outcomeof the three scenarios reflectinglaw-pressurescenarig an intermediate
pressure scenario, ara highpressure scenario differed from each oth{€igure31, Figure32,

and Figure 33 - Figure 38). Moreover, we observed some differences between the model
outcomes based on the network model including cumulative effects opposed to the network
model excluding cumulative effec{figure31 and Figure32). Themean of the normalized

results2 ¥ G KS GF NBSG 3INRdzZLI W ¢rdaihNidiel includzigldumilsdive & I &

effectsin all three scenarigscompared to the model excluding cumulative effects. Moreover,
the outcome with respect to photosynthesis differed between the methods, with a lomesm

of the normalized resultir the reference scenario of the cumulative network model compared

to the model excluding cumulative effects. The mean of the values with regard to the chemical
composition decreased with increased stress intensity in both method options. In the target
ANR dzLJE W@PA Q> GKS YSIy @I fdzSa 6SNB ISYySNIffe
effects. However, in the network model excluding cumulative effects the difference of the two
stress scenarios to the reference scenarios was greater than in the model mgcludinulative
effects.

Even though we screened the literature specifically for interaction effects, only few datasets
were appropriate for the analysis and could be included into the cumulative network model.
Thus,mostmodels in the cumulative network metiwere singlevariable models and less than

a quarter of the models were compaosite models with two influencing varigBigsire30).

single models
41%

cumulative models
9%

Figure30 Frequency of model types
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Figure31 Calculated results of an intermediate scenario (yellow) and a-fpigbsure scenario (red) in
comparisorto a reference scenario with respect to the observation topics chemical compogjtiawth,
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Table 9 Cumulative effects.

Multiplicative versus additive weights

. : Weight for
Weight for S 2 Model part for | Weight g .
Model part for s ource - multiplicative
Target Source 1 additive additive source| model o
source 1 (and 3) combination of
model part 1 2 part 2
models
ammonium uptake . . .
um up velocity hyperbola 0.561 time linear 0 1
seagrass
Shoot
Eroded sediment Bed shear . .
linear 1 density hyperbola 1
mass stress
seagrass
Leaf abundance rate light hyperbola 0.9% velocity quadratic 0 1
Leaf lengthZ. marina| burial linear 0.98 time linear 0.109 1
Leaf lengthZ. noltii | burial sigmodial 1 time linear 1 1
Phosphate uptake | velocity gaussian 0 time hyperbola 0 1
Quantum yield copper hyperbola 0.981 time hyperbola 0.959 0
Sheath length burial linear 0.963 time linear 0
Seasonal
0.789 linear
S .
Herose : burial linear influence
concentration
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Figure33 Results for effects on the chemical composition based onitermediate scenario (scene 2)
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Figure34 Results for effects on growth variables basedthe intermediate scenario (scene 2) and the
high-pressurescerario (scene 3) with respect to a reference scenario

141



Phot

1.0

e -+ effective quantum yield of photosystem I

\ photosynthetic rate

09

relative effect in comparison to scene 1
08 0.7

04

scene

Figure35Results for effects on photosynthesis based on the intermediate scenario (scene 2) and the high
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Figure36 Results for effects on survival and necrosis based on the intermediate scenario (scene 2) and
the highpressure scenario (scene 3) with respect to a refereceaario
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Figure37 Results for effetson variables concerning vitality based on the intermediate scenario (2ene
and the highpressure scenario (scene 3) with respect i@ference scenario
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Figure38 Results for effects on biological variables based on ttegrimediate scenario (scene 2) and the
high-pressurescenario (scene 3) with respect to a reference scenario
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5.5 Discussion

The application of the method developed revealed the state of @afrtcumulative effects of
anthropogenic pressures and human activities on seagrasses. The generalized approach for the
analysis of cumulative effects in an automated fashion led to new insights of the nature of cumulative
effects indicating the relevance offect addition, multiplicative response and the magnitudes of the
contribution of different stressors to the observed effects.

5.5.1 Literature search

The literature search revealdtle most frequently studie@ffects and pressures. The results indicate

a strongrelevance of the pressures eutrophication, hydrodynamics, climate change and chemical
pollution for seagrass meadowshe online tool LIACAT with the inbiuBlankey diagrafhserved as a
suitable tool to save, structure and to present the literature dataaiconcise way, while providing
traceability.We identified knowledggapsfor pressures such as fisheries and the introduction of-non
indigenous speciesAlthough these impactslearly affectseagrass meadowsve only founda few
publications about thesdopics. Moreover, even though many relationships concerning chemical
pollution were applicable for the model, those comprised only few substances. Moreover, particularly
data for low concentrations and long exposure times were missing. The lack of #regesraffected

also the suitability for the test for correlations as the data were -naiformly distributed. Overall,

data about many theoretical possible effects were lacking and only a small percentage of datasets
comprised effects of influences of twor more stressors. One reason for that lied in the -pre
requirement that the dataset needed to contain different intensities of each of the influencing
stressors to be included in the model. Such datasets were tdpevever,we needed those for the
model tocapture the influence of stress intensity and thus to analyze if they had a linear dinean
influence. Moreover, we cannot not guarantee that all existing literature, which fulfilled the criteria,
was included in the model and the database, becausedid the literature search at different time
points during the last years. Therefore, e.g. some recent publications might be miEsinliterature
search revealed pressures, which affect the same taogétid not belong to the same dataset and
thus tothe same experimental setup.Would be interesting to figure out if interaction effects occur

for thesein experimental testsand to describe these mathematically. Thus, the literature search
provided inspiration for new research topics.

5.5.2 ACIM

The struture of themodelingtool with its special combination of automatic model selection, model
optimization, and generation of a network based literature datasets together with a link option to
an online literature database complemented other existing tdolsnetwork generation and model
development(e.g. Liu et al. 2008, Courtneynd BianconR016). Thereby the model has a focus on
applied nature conservation and environmental assessments.

It allowed comparing different datasets with respect to their potential cumulative effects by calculating
parameters indicating the nature and the strength of interactions. The application of the network for
the assessment of seagrass meadows revealed imsights concerning system related impacts.
Several drivers and a feedback loop for example indirectly influenced the predicted effect on
chlorophylta concentration in sediment, which reflected the microphytobenthos biomass. However,

21 https://kladia.info/klados/
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we need more data t@opulate the network. It is also important to identify between which environs

no direct relationship exist3.o build the networkywe couldonly usea subsetof existingdatabecause

the input variables should have different intensities. Additionally,gherequirement of an adjusted

R2 value of > 0.6 further excluded some models. This method discarded in some cases even complete
data sets, because none of the pselected models fulfilled this criterion fahem. Therefore, the
network created with ACIMyas less complex and had less relationships and inner nodes than the
network shown as Sankey diagram, which included all relationships reported regardless of these
requirements. This highlighted that many relationships are generally known, but are notiftalae,

at least not under the consideration of varying str@ggnsity and exposure time. The program (ACIM)
itself could handle a larger amount of datasets (about 100 or mdré¥. advantageous that the
modelingtool updates the network model by eating new models only for the newly added datasets
and loads the other models from a special folder. In general, the setup of the script enabled the
handling of many data files in a tinsaving manner by a decoupling of modetd network generation

and senario testing. Model optimization took the most time and we could not reduce it. Thus, if one
enters hundreds of new data sets to the same time, additional computational power could be useful.

We need more data to review and to improve the fittiof the models Morover, areview of the
models for plausibility of an expentould be usefulHowever, this should rather be the exception and
only be done for clearly implausible models to mitigate the integration of subjectivity in this method.
The advantagef a strictly automatic procedure was the strong reduction of-pssumptions and
subjectivity. The automated method triggered new insights about relationships and system behavior
and revealed data gaps, needed to understand the whole spectrum of thecguenic impact on
seagrass meadows.

For further developments, it would be helpful to integrate a unit conversion module based on agreed
standard units. HELCOM developed such for the Baltic Sea RépgHELCOM2017). For some
conversions, special method®ed to be developed for those with a similar meaning and effect but
0FaSR 2y RAFFSNBYU YSIFadiNBYSyidas gKAOK gSNBE yz2i
the magnitude of erosion was reported in the literature as loss of sedimennias wellas loss of

sediment mass. To calculate the mass lost due to erosion, it would be necessary to integrate additional
information such as sediment composition.

The complexity of the model was moderate. However, the management of the names of the sources
and fargets is a potential limitation of the model, when a large amount of datasets would be
integrated. Therefore, a prober management of environ names e.g. by grouping by theméy and
providing lists of namet® choose from, would be a helpful tool as the system grows.

5.5.3 Discussion of decisions made during the development of thedelingtool

To minimize potential problems for the target environs ariging to the mix of data sets dealing with
different speciesand to allow comparability between target topicsve applied a normalization
procedure based on optimum valu&s handle the different inputsHowever, n ecotoxicology, lethal
concentrations osubstances at which half of the individuals die (LC50) are @miynused to unify
stressor intensities (Hoekstra 1991). Thsuld have been another option to normalize the data. In
contrast, in biological assessmenexological quality ratiogalues are often used to normalize the

22

http://www.helcom.fi/Documents/Action%20areas/Monitoring%20@#h20assessment/Manuals%20and%20Guidelines/M
anual%20for%20Marine%20Monitoring%20in%20the%20COMBINE%20Programme%200f%20HELCOM.pdf
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effects of anthropogenic pressur@/FD 2000/60/ECwhich resemblgour normalization procedure
We chose to appla method similar to the lattebecauseit provides a more goabriented system
perspective We chose such a perspectivekeep in mind that the overall aim to protect seagsas
meadows not only means to prevesgagrass specié®m dying but also to protect the functions they
provide For the protection of seagrasses as habitatsitsmdssociated typical biodiversigometraits

of seagrassesre indispensable such as a @nt shoot density, which responds to increased
anthropogenic pressures.

Based on the concept of concentration addition (Folt et al. 1999, Backhaus and Faust 2012, Loewe et
al. 1927), we aggregated the results of different sabdels by summing them up aefault method

in the network model when no data about multiple stressor effects were availalle chose to
calculate the sunfior aggregation also because Vijver et al. 2011 found that thii®imost frequently
observationfor multiple pressuresn a neta-study for different taxa.However,this assumption
becomesless relevant and theincertainty of the model willdecrease when more data become
available If sufficient data about several influences are availatble,optimization procedure of the
modelingtool identifiesif an interaction occurs anwith which weight eachof the different sub
models contributes to the result Compared to other method§.3), we consider this as further
development of model generation in the context of conservation biology and environmental
assessments.

We propose to summarize the results of the network model by calculating the means for target groups
of effects or even to calilate an overall value for the impact on a habitat for a given scenario. This
way it would also be possible wonduct statistical tests about the significance between different
scenarios.However,there were not enough data availabte perform such a tst and to gain a
meaningful result, because many relationships remained unexplored.

Moreover, some of the targets belong to the same topic but may have different implisafidns is
particularly relevant in the target group comprising biological targatarge leaf could for example

on the one hand indicate a good overall condition of a plant or on the other hand be a result from a
high competition pressure affecting the overall condition of the plant and be a response td ke,

the grouping of tagets always needs careful consideration with respect to the research question
addressed with thenodelingtool.

In contrast to random forest models (Holon et al. 2018), the present model is a tool to explore
particularly the interlinked complexity betweenultiple anthropogenic pressures and the variety of
traits and characteristics of a habitat being affected by them. Moreotrex present model goes
beyond categorical results and estimates predicted effects as continuous numbers. However, the
present moel needs to be validated with data and should therefore rather be seen as a starting point
to give a first idea about potential cumulative impacts on seagrass meadows with a focus on ecological
relevance. The model should be continuously be fed with nesigims and new knowledge to
overcome the limitations of its current limited scope due to data gaps and relationships, which are not
yet understood.

The present model provides insightsttee influence of anthropogenic pressures independent of their
geogrghical distribution. We expeet that the entanglement of the pressure intensity from the
geographical distributiofincrease the understanding of the systemnd therefore focused on this.
However, wesuggest that nexthe geographical cumulative aspecthould be integrated. This
argument is particularly relevant for anthropogenic pressures with a i¢ggnsity but a local
distribution at crucial patches such as newly colonized patches with a low biomass and small area
covered with seagrasses. Such patelcan be of high relevance for the spread and thus the recovery
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of seagrass meadows. Theodelingtool is in its current state already applicable for a geographical
approach by using input data for pressure intensities with coordinatesmiduelingtool would then
calculate results for each geographical spot and the results could serve as input data for impact maps.

We constructed lhe modelingtool based on a selection @ommonly applied models in biology. The
modeling tool identified the best model ogl based on mathematical aspect/ith an increasing
amount of available data, the modeling tool might select in some cases other types of models as the
best model Adams et al. 2017 recently raised the question how abstract the selection of a best model
should be and compared arbitrary chosen parameters with biological meaningful parameters. They
concluded that the most useful models were those, which not only had a good fit to the data but also
had biological meaningful parameteis biological meaning dideither play a role for the best model
selection nor for the parameter definition. Therefore, it is particularly important to use the model only
within the range of the literature dataVe suspect that the consideration biblogical meaning for the
parameters would expand the scope of the model and refine the outpdams et al. 2017 presented

how a best model selection can be done both with consideration of statistical criteria as well as on the
WS asS 2F 20 GYIWWRANAT o2 { [I@NICHNHIE BrEmQdel dok theKeffect of
temperature on photosynthesis. For our model, we would need to develop such a method for each
relationship. This would be timeonsuming and reduce automatistout be feasible.

5.5.4 Frequency of models

The cleardominance of selected nelinear models suggested that such models aseful for the
description of effects caused by anthropogenic stressamsl thus need more attentionin
environmental assessment§/e could not explain the high frequency of thgperbdic models by
overfitting because they had the same number of parameters as the linear model. Hence, the solely
use of linear models would have oversimplified the response of seagrasses towards anthropogenic
pressures by the neglect of other potential mdsléloreover,the influence of exposure time wat
alwayslinear. This result was not surprising as acclimation processes play an important maeyn
response patterns and those are typically Aorear (Villazan et al. 2016)he fact thathe modeling

tool selectedseveral composite models over onariable models illustrated that the consideration of
several influencing factors increased the explanatory power of observations. Hence, the integration of
several influencing factors in risk analyse®l assessments mighhérease predictability of effects
caused by anthropogenic pressures. However, we need more data for further testing this hypothesis.

If the best model selection of the present paper would be correct, what would this mean from a
biological point of view? In a study dealing with foraging, Green and Myerson (19@&)rieted a
hyperbolicresponse & F2f f2gayY W! FT2Nl3IAy3 SYBANRBYYSYyd Aa 2
AYONBF&ASa Ay 6FAGAY3I (AYStngowilbwas depandnd onNtheid S 2 F
characteristics of a species environment as well as how that environment impacts individuals at
RATFSNBY(G adl3sSa Ay GKSANIfAFS KAaAG2NRQ YR KA3IK
I Y2 dzy (i Q @ ths théughe thidvguld mean that seagrasses were able to slow down the rate of
detrimental effects (in case of hyperboiiwodels for exposure time) or that they respondedy. with

defense mechanisms, adjusted dependent on the magnitude of the striesssity they were exposed

to. Opposed to thatto some types of anthropogenic pressussagrassesould not respond in such

a way andcould thus not mitigatehe effect rate cause by the anthropogenic pressure resulting in

the choice of an exponentialeday model instead of a hyperbolic one. Enzyme kinetics, which are
commonly described by the Michaelenten function, a special form of the hyperbolic model
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(MichaelisMenten 1913), also play a substantial role in response patterns and likely shaped the
response curve of some datasets.

We expected theselection of a Gaussian model for coppas copper is an essential metal aisd
needed in low concentrations for various biological processes, e.g. for plant gfbajdyer et al.
2017) However, themodelingtool chose in most cases the hyperbola, in three cdsesir models

and once the exponential decay modelr describing responses to coppeile assume that the
modeling tool did not select a Gaussian model because there was a lack of data forlover
concentrations of copper as the publications focused on the analysis of copper as a strikssase,
seagrasses have an optimum for veloci@®n the one handthey need low velocity so thawater
movements cannot flush awatheir roots on the other hand they needsome velocity for the
distribution of their seeds (RuMontoya et al. 2012). Hereghe modelingtool selected aGaussian
curveonly for one dataset, whereas it selected a hyperbola for most relationships involving velocity.
We assume tht the reason lies in the uneven distribution of velocity values covering more high than
low velocities.

Surprisingly, thenodelingtool selected @aussian model for the response to some herbicides and to
burial whenwe chosethe least square error as aethod. However, whenwve appliedthe AICthe
modelingtool selectedmore exponential decay modefor all herbicides indicating that overfitting
could have been an issue in these dataskfswever, for all these casgs needs to be considered if

the relevant range of stress intensities and exposure times was covéypdrt of a Gaussian curve
behaves nearly linear in a particular range and certain parts of the exponential decay model, the
hyperbolic model and the Gaussian model share a similar shapedopart where the response
variable decreases. Thus, answerthe question which model would be suited best to describe a
relationship with certaintydata for all characteristic parts of the modeded to be available

5.5.5 Additive and multiplicative interations

The analysis of the nature of cumulative effects did not show a general pattern for the combination of
influencing variables. We could not confirm the hypothesis that multiple stressors usually lead to
additive responses. Neither could we confirhat a multiplicative model would better suit response
patterns due to anthropogenic pressures. Instead, many relationships seemed to contribute with
different weights to the response. Moreover, the results indicated that a multiplicative part as well as
anadditive part could reflect response pattexrThis could mean that an interaction pertained in some
cases onhasa certain part of the amount of the stressor or that tirdependent influences on the
stressintensity such as defense mechanisms or-aetklerating processes only addressepart of

the stress the organism experienced.

5.5.6 Comparison between the network model including composite models and the
network model only comprising models with one influencing variable

Themodelingtool preferred multivariable models to ongariable models. We assume that the input

of more information improved the outcome of the model makihgiore redistic. However, it is not
possible to figure out if this assumption helde with the present tudy due to the lack of suitable

data for model validationA comparison of thenean of the adjustedR? valueshowedno significant
differencebetween the network model including composite models and those excluding composite
models. However, this does hprove a lack of a significant difference between these two model
setups. Instead, the clear dominance of single input models in the model setup allowing cumulative
models, could just as well be the explanation for a lack of significant difference betiveemean of
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adjusted R? values. As the number of publications dealing with cumulative effects increased during the
last years, this test should be repeated with more evenly distributed datasets.

The comparison of the network model including mukiriablemodels witha network modelonly
based on onevariable models revealed that the choice of method matt&rThere was a difference in

the response of some targets towards increasing pressure intensities with regard to the model
behavior as indicated by thiest of correlation as well as a difference in the magnitude of the predicted
effects on the targets.The difference between these two methods was in most cases dependent on
the stress intensitylt remains unclear, wich of the models providikresults that are more accurate
However,the resuls highlightd the relevance otumulative effects and questiongtie hypothesis

that effect addition is generally the best option poedict cumulativeeffects.

In conclusion, the assumption of linear effects thdt up without consideration of exposure time and
cumulative effects would oversimplify the complexity of the response of seagramsasds multiple
anthropogenic threats.

5.5.7 Uncertainty of the model

The comparison between the target values set as refereabges and the results of the first scenario
differed for some targets by more than 50%. The reason for that might be the different experimental
conditions applied for the different datasets used and the fact that in some experiments seagrasses
did not reah its fullcapacitiedn the datasets derived from publicatio(s.g.seagrasses did not reach

a survival of 100%Villanzan et al 2016hich was the valugve set as the reference target value).
Moreover, many linkages in the network model are unknoWe alsointegrated data ofdifferent

species of seagrasses in the model and some datasets were very sparse. Thus, there is some
uncertainty in the outcome ofthemodsp [ adGf &> WwaOSyINA2 2ySQ R2Sa
for all of the targets. Foexample, a lower nutrient availability will have rather a positive effect on
some targets and a negative on others. Instead of creating an optimum scenario for seagrasses, the
motivation for the reference scenario was to create a scenario with oligotoopbnditions and low
anthropogenic pressureg&specially for the biological targets, it is difficult to define reference values.

We chose those valués reflect good conditions for seagrasses based on corresponding literiture.

the future, theoveralltargetfor the construction of scenarios, which regard to ecological assessments,
should generally rather mirrax healthy ecological balanteanto reflecta certain abundance of single
species orspecies groups. Given a higher data availabiiitg, apdication of biodiversity indicators

would be a good option to achieve this.

A validation of the model results is still pendifig.achievehis, it would be necessary to set up a large
scale experiment with multifactorial design and to test it with liten& datasetscomprising all
relevantrelationships. This was hpossible within the scope ofiy thesis due to time constrains as
well asdue tothe lack of corresponding facilitiés.general, the literature search showed that there is

a lack of data abduhe relationships between anthropogenic pressures and effects on seagrasses. In
particular, the number of different intensities and exposure times could improve the robustness of the
model. This might lead ta selection of different best models as wadl to different estimations for
parameter valuesompared to the estimated ones in our model r&urther, if sufficient data become
availablewe could set up separateetwork modek for different seagrass speciebhis way we could
identify potentialspeciesspecific cumulative effects. In the present studyr focus was on setting up

the structure of the network anave chosea broader perspective referring to effects on seagrasses in
general. To allow the consideration of a larger number of pressuresacrificedhe speciesspecific

view. Based on some literature (Boscutti et al. 2015, Burkholder 2007) we assume that pressures
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having an adverse effect on one seagrass species are likely are have adverse effects on other seagrass
species as wellVe argie that the addition of data from an additional species added information of
likely effects on seagrasses in genedalathilake and Costelle 204Bowedthis kind ofeffect. Their

model predicted besthe global distribution wherthey pooleddata from different seagrass species,
genera and families compared amnodel based on a distinction between species. A similar comparison

test should be performed with the present model as soon as enough data will be available to figure
out if this holdgrue also for our model focusing on cumulative effects.

Our model gives a good overview about the current knowledge about quantifiable cumulative effects
in seagrass meadows, but for the analysis of single effects, other models would be more usefyl as th
analyze these effects more in detail. For a detailed analysis of single influencing factors, well developed
detailed models such as MIREould be usedin the future, such models and the ACIM model could

be combined to generate very powerful, holisémd datadriven simulations of the effects of
anthropogenic pressures.

5.6 Conclusions

The overall aim was to develop a procedure to assess cumulative effects of anthropogenic pressures
on habitats quantitatively with a flexible method, which allows a contirsiupdate of results as soon

as new scientific insights become availabMe solved this by establishing a structure facilitating the
selfassembling of a network based on available datasets and statistical criteria.

¢KS NBadzZ Ga 27T akPlieditihSered Nildlgr Gover audiény/ dodiions, at the
absence of herbicides and without any sediment disposal, the conditansbe subptimal for
seagrasses. In particular, thealue set forvelocity in the reference scenariflecting common
conditions in the North Seded to severahormalized target valuebelow oneindicating negative
effects on seagrasseln the senario three, theincreased velocity enhanced the detrimental effects
of anthropogenicpressures. This was likely because theytlpaaffected the same targets as
anthropogenic pressures and due to interaction effects with thefrhe relevance of velocity for
seagrasses well known(Schanz and Asmus 2003, Ruiantoya et al. 2012, Villazan et al. 201Bhe
present model underlinehow strongly the effect is interwoven with other pressurédéith regard to
the management, this means that areas, in which seagrass is exposed to multiple anthropogenic
pressuresas well as tancreased velocity, need special emphasis.

The model setupsivery general anid applicabldor any habitat and species. There are no limitations

for this from a conceptual point of viewinstead, he use of the model is rather limited lgjata
availability restrictinghe ranges for themodelingsimulation. Further, so far,anfeedbackioopsare
included in the modelFeedback loops might though be important. We expect for example density
dependent effects in the field. At densities below 30%, the recovery potential of seagrasses is reduced,
whereas higher densities promote recove(iolch et al. 201, Kohlus 2008)In order to better
understand how different stressors act in concert, how they share the weight of relevance for certain
species or species groups, the gap between lab and field expets should be significantly be
reduced Here, we presented an approach for first quantitative estimations of cumulative effects based
on current knowledge. Now, more data are necessary to refine the model and to increase robustness
and reliability.

23 https://lwww.mikepoweredbydhi.com/

150



Themodelingtool is not only applicable for cumulative effects assessment of anthropogenic pressures,
but also usable to analyze any potential network structure consisting of relationships comprising
several influencing variables.
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6 General dscussion

6.1 Discussion of assumptions in cumulative effect®deling

Additive and multiplicative modslare often applied to predict cumulative effead$ anthropogenic
pressures on organismguantitatively. This is pdicularly the case in toxicologydowever, these
models do not always provide accurate predictions of observed effestgpredictions underor
overestimateobserved effects (synergistic or antagonistic effects) (e.g. Crain et al. 2008, Crofton et al.
2005, Coors et al. 2012, Faust et al. 2082ckhaus and Faust (2012) suggested choosing between an
additive and a multiplicative model based on the mechanism. However, this method is often not
applicable agn many cases no information about the mechanismavailable Based on the results of

my thesis largue thatcumulative effects, which are solely based on the additive or the multiplicative
model, are not sufficient for cumulative effects assessment arglainwhat would be necessary to
improve the pedictionsto mitigate overand underestimations of predicted effects

As shown by the literature research about general observations of cumulative effects (see
introduction) as well as by the data collected for the species model and the habitat modedgctitias
between stressors are common and frequently observed in experiments (reviewed in Holmstrup et al.
2010, Ban et al. 2014, Cote et al. 20tt6s thesi$. Theresults of the practical tests of the models for
blue mussels and for seagrass meadawdthe literature research of this thesiarther showed that
cumulative effects contribute substantially to observed and predicted eff¢ste literature and
results of chaptergl and5). Hence, interaction effects should be considered in cumulative effects
assessment.

| propose thabneshould acknowledge that the nature of interactions might change in dependency of
the intensity of the contributing stressors. This became evident in the ACIM model as well as in the
DEB modelsge chapterd and 5), which weredriven by experimental data derived from scientific
literature (e.g. Elliot et al. 1986, Fitzer et al. 2015). Neglecting this dependency can lead to seemingly
disaepancies of experimental results, where e.g. two stressors interact in one experimental setup
synergistically and in another antagonistically (see e.g. Elliot et al. 1986). Therefore, the dependency
of intensity d stressors on cumulative effects should kept in mind when interpreting categorized
interaction types as published by Crain et al. (2008).

The results of my thesis highlight that interaction effects are not static thatithey can behave
nonlinearly The comparison of the purely additive DEB model and the DEB model with integrated
interaction effectsshowedfor examplethat the cumulative effect of Pb on the organism was most of
the times higher than the predicted effect of Pb only, it in some ocasions it was the opposite
(see 4.4). Moreover, he ACIM modelevealedthat in some cases an additive part as well as a
multiplicative partwith a dependency of sessor intensities could best explain the literature data.
Possibly these interactions are characterized by dimxtwell as by indirect interaction effects
corresponding to the additive model and the multiplicative model. Further reseigrolecessary to
understand these patterns and to reveal the biological mechanism explaining these. The rethdts of
ACIM model also indicate that the relative contribution of stressors to an impact might matter. One
stressor might have a stronger effect on the organisentribute more to the overall effect on the
organism othas a severe effect on the organishan another one. One stressor might aiscrease

the effect of other stressors as my literature search indicated.

Thetwo developed models (chapterand5) allow to include these kinds of effts and can serve as
tools to analyzen which waymultiple stressors act in concert on an ecosystem component. However,
much more data of cumulative effects are needed andrtiaalels need to be tested more thoroughly
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with these. For this, interaction eftts shouldbe investigated experimentally for different stressor
intensities. This will help to understarttbw stressor intensities andatios of stressor intensities
influence cumulative effectsThe modelingtool ACIM offers a method to reveal such depencies
andis usableo analyze corresponding experimental data. Possibly, this thaynodelingtool might

in the future help to reveapatterns which are characteristic for certain ecosystem components or
special pressure combination8s many interaction effects occur on a molecular level, some species
independent mechanisms might lidentified and possibly aligned with specispecific characteristics
such as protein composition to derive speesgecific predictions.

The results othe analysis of cumulative effects seagrass meadowsghlight the relevance of time

for observed effects, which influenced the observed effect for seg@ngle stressors (see chaptr

In applied assessments, the importance of time is often neglected. Instead, LC50 values, which are in
most of the cases derived by shdéerm experiments with high concentrations play a major role in
practical assessments. Inrdeoast, Portner (2010) acknowledged the influence of time and proposed
to use the product of exposure time and stressor intensity to predict effects of any exposure time and
any stressor intensity. This might be an interim solution as long as not enopghireental data are
availableto identify a model for the influence of exposure timdowever, the interaction between
time and stress intensity might also be nlimear and these cases require a different kind of model to
predict effects. A notinear rehtionship could for example be expected due to acclioraprocesses
(compare chapter4). Moreover, the uptake rate of chemicals differs between high and low
concentations. Thus, tim@lependent effects need to be investigated with respect to stressor
intensities and experimental tests are needed to figure out what kind of influence exposure time has
on single stressor effects as well as on interaction effeliiese @apectsneed to beintegrated in
experimental setups as well as in cumulative effects assessineimcreasethe predictability of
cumulative effects substantially.

6.2 Comparison between the two model approaches

For the analysis otumulative effects of anthropogenic pressures on ecosystem componénts
developediwo methods one with a focus on species level (cumulative DEB model) and the other one
with a focus on habitat level (ACIM). Even though both methods address differeig tehbiological
organiation there are somesimilarities The conclusions of these comparisons result in ideas for
further developments and highlight what aspects are relevant when developing new models for
cumulativeeffects assessment.

The twoproposedmodels both allow the integration of interaction effects. However, the methods
applied for this differ from each other as well as the results. The whole organism responses predicted
by the cumulative DEB model indicated more severe effects for the téats#d whenl integrated
interactions into the model. In contrast, the results of ACIM showed that the strength of an effect
depends on the model applied as well as on the stress intensity of the test scenario. In some cases, the
effect of the model outpuexcluding composite models increased with increasing stress intensity and
the effect became more severe than for the model run including composite models. In othertbases,
model predictedthe opposite. Furthermore, for some observations, the integmat@f composite
models led to a more severe effect in all tested scenarios and vice versa. The resultSHgttine
effecttbf some stressors in the cumulative DEB model further indicated that sometimes the additive
modelpredicted stronger effects than fahe case when interactions where included. Thus, the results

of both models indicated that the inclusion or exclusion of interacétiacts does not determine the
strength of the effect alone and that the integration of interaction effedt®s not alwgs leadto a
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prediction of a strongeeffect compared to a model only including additive effects and vice versa. This
confirms that cumulative effects are hard to predasistated byDubé(2003. However, both methods
developed here for cumulative effectssessment offer options testimate cumulative effects based

on current knowledg@rovidingquantitative predictions for test scenarios.

Apart from interaction effects, the results of the thebkighlightsthat the exposure time plays a major

role for the strength of an effect. However, both models threat this aspect a bit differently: Whereas
the influence of exposure time is required in the cumulative DEB model as an input variable for the
single stressor model, this is not a precondition in ACIM. Hewén the cumulative DEB model the
influence of exposure time is generally not included for the calculation of the interaction factors,
whereas exposure timis integrated as a possibilefluence on the interaction effects in ACIM and is
included when enough data are available and the defined statistical requirements are fulfilled.
propose to also include thimfluence of the exposure timor interaction effectsin the cumulative
DEBmodel if corresponding data are available as the results of ACIM indicated that the exposure time
influencesnteraction effecs. However, the data applied in ACIM are sparse and it would be important
to entangle the influence of exposure time on the singtressors and on the interaction itself. To
reveal if the exposure time has an influenceaafinteraction and to understand if this influence can

be explained by the influence on the exposure time on single stressors as assumed in the cumulative
DEB modl, experiments with many different exposure timage neededand both models need tbe

tested with these data sets. Currently, in both models too few exposure times were tested and this
lead to some uncertainty in the model output. Actually, all modedutes referring to predictions
beyond the exposure times of the data included in the model should be interpreted with caution as
anymodelingin the future is risky and shoeterm effects might differ from longime effects.

Similarly, in both models mgndatafrom studies using high stress levalsre included despite the
aimto preferably use data with a long exposure time aather low stress intensitiesThe reason is
that such data are rarely availabds such experiments require more resourcéarther, a test with

high stress increases the likelihood to get significant results, whichsrallyeasier to publishl(in

and Chu 2018 However, the predictability of effects outside the range of tested stress intensities is
limited and if there is a bigap between experimental setups and field conditiaghis may lead to
severe problems and unrealistic predictions. This is particularly a problem wapplying such
predictions for assessments. Therefore, more data are needed for lower stress inteasitidonger
exposure times.

WhereasACIMis purely data driven anbas nobiologicalmechanismincluded the cumulative DEB
modelischaracterized by a fixed set of equations describing different biological processes. The method
applied in ACIM has the wantage that many datasetare applicableas long as they fulfill the
predefined criteria whereas in the cumulative DEB mpdatasets of single stressors need to be
measured for different stressor intensities and exposure times. Moreover, for the curelBEB
model, information about DEB parameters need to be available. For species, for which these data are
not available, such a cumulative effects assessment cannot be conducted without deriving these data
with experiments andnodelingprocedures requirig a lot of resources. On the other hand, results
from DEB models are due to the uniform structure more comparable with each other. Furthermore,
the analyses of parameters and the results give indications for possible general response patterns
related to abiological meaning angossibly inspiréo test correspondindypothess experimentally

One example in the test run with the blue mussel is the difference of the parameter for acclimation
between essential and neassential metals. In contrast, the parameters optimized with ACIM are
rather abstract and are not directly related linked to #@lbgical meaning. Howeveglso the
parameters describing the relative contribution of a stressor to the overall effeay lead to
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hypotheses of molecular processes, which can then be further investigated. For example, a parameter
indicating only multiptative interactiongoints todirect interactions whereas a parameter value of

zero for the multiplicative part of the model and positive weighing factors indicating an additive
interactionpointsto different molecular pathways of the two stressose¢2.1.6 2.1.7and Backhaus

and Faust 2012)The DEB model does not providag kind of information.The lack of biological
meaning alignedo the other parameter values derived by timodelingwith ACIMis in a wayan
advantage as the abstract nature provides some openness for relevant aspects. In contrast, the general
shape of he model for the response pattern for the single stressor model is relatively fikésl.
freedom bears the risk of wrong models, which are determined with ACIM: Some models might explain
the data very well butack a biologicaxplanation. A reasorfortKk S OK2A OS 2F G(KS WoSa
be for example an outlier, which occurred due to a rare event and special conditions, which were
irrelevant for the question investigatedhis raises the question if it would be better to apply a model
where we know théiological meaning of every parameter or if the application of a method as applied

in ACIM would be more appropriate for cumulative effects assessment. From my point of view, we
need both approaches. It is important to utilize as much data as possigkt tengood overview dhe

current knowledgeand to get a first impression of relationships occurring in an ecological network,
which is affected by anthropogenic pressures. On the other h#ni important to aim at an
understanding of the relationshipand to try to align general biological meanings for parameters.
Further, it is an advantage to have a fixed frame for models describing the effects of anthropogenic
stressors on ecosystem components and for the most relevant biological processes toeprovid
comparability between different ecosystem components. However, this is only po#fsgléicient

data about those processes are available. ACIM provides a good possibility to not only provide a picture
of the state of knowledge and first results ligtalso applicabl@as a method to set up the basic frame

for a model describing the effects of anthropogenic stressors on a habitat because itigdaatif
knownrelevant processes.

In both models, onlguantifiableeffectsare considered. Thimaylead to some bias as the relevance

of certain influences might have already been observed but not yet quantified. The matrix, applied in
the DEB model providing a color code is very useful for these cases as it summarizes for which
interaction effects beween the stressors information is available, what kind of interactions were
observed so farand thus should be usesbmplementary to the quantitative models.

Both models suffer from uncertainty when data are extracted from figures, which can be inaccurat
especially when many observations are presented in one figuraddition, the application of a log
scale for the presentation leado inaccurate data extractiarOne alternative iso derive data from
RFEGI LER2NIFfa T2 NPRMGAEA ItLiddsd phsiitieito/cantadutmidKdirectly and
ask them to provide data, but thigs potentiallytime-consuming. For the tests of the models, |
extracted data with the freeware tool WebPlotDigitiZeras this is alwaygossible This way | could
appy the same method for all datasets.

For none of the models | conducted a quantitative uncertainty assessnhetily calculatedhe
percentage of unknown interaction effects of the matfor the cumulative DEB moddhsead, |
described the uncertaiies qualitatively. As both models are relatively complex, a quantitative
uncertainty assessment is not trividdecauseuncertainty arises at very different levelBherefore, it

24 https://lwww.pangaea.de/
25 https://automeris.io/WebPlotDigitizer/
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would require a development of special method to assesslequately The development of such
methods should be considerddr further developments of the methods.

6.3 Combining the cumulative DEB model and ACIM

Even though both models address different levels of biological organization, a combination of both
models is conceable to gain the advantages of both model types. As described above, the exposure
time is not yet consideredor interaction effectsin the cumulative DEB model. However, if
corresponding data become available, thasmbe analyed with ACIM and includedith the derived
parameter values into the cumulative DEB model for the description of an interaction between two
stressorslt is possible to compareorrespondingesultswith the current model setup and this way
evaluate if the consideration of the eapure time for each of the stressors would correlate with the
influence of exposure time derived from a comdahdataset with both stressors.

Converselyit is possible to integrate theutputs of the DEB model into ACIM as input values for
species interations. For example, species usihtytilus edulisas food sources can be affected by
changes of released gamets or an altered growtMegfilus edulis The altered food availability may
further alter the sensitivity of the predator to some anthropogenic gmares.This way itwould be
possible to include the results of several cumulative DEB models for different species. However, it is
important that the stress scenarios in the DEB model and the ACIM model are in this case the same to
provide consistency tlmughout the larger ecosystem model.

6.4 Applicability of the concept

The overall concepis applicablefor environmental assessments, for management, and for the
planning of new research projecth.is applicableto fulfil the requirement of the MSFD to analy
cumulative effects with regard to the MSFD descriptqiilodiversity, for which the status of different
ecosystem components including species and habitats need to be assessed. However, the cumulative
assessment cannot replace other assessments ofsthtus of ecosystem components because the
cumulative assessment is associated with a high uncertainty due to lack of knowledge for many
theoretical possible interactions. Nevertheless, the assessment of cumulative effagisontribute

to the understanding of the reasons for a certain status and give hints for the contribution of single
pressura on the overall impact on the ecosystem components. This is a useful information for the
management of the species and for the demisof prioritization of measurefor improvingthe status

of an ecosystem componerit is further possible to runhe models based on different input values

for the stressors corresponding to different degreepossiblereductions of anthropogenic preares

This wayone cancalculate how the different management options might improve the situatiban
ecosystem component. Moreovert is possible to identifyareas of concern for the ecosystem
componentsby comparingdifferent monitoring stations witheach other. These areas might need
special attention and a focused management to improve the environmental status. On the other hand
the identification of areaswhere the cumulative pressures are comparably low and which might serve
as refugee habitatss also possible

The matrixgivesa broad overview of the current state of the art for interaction effects. Becauss of it
flexible structure, iis not only applicablér descriptor 1 but also for other descriptors. For example,
the matrix estimats can be used to given impression how different anthropogenic pressures
influence the effects of eutrophication (MSFD descriptor 5). The ntaghights als&nowledge gaps
andis therefore usefulfor the planning of new research projects focusing onititeractions, which
cannot yet be quantified or about which utterly nothing is known yet. The LIACAT further provides a
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framework and a structure to sort and to visualize the current state of the art. The grouped Sankey
diagramreveals forexample not onlythe known relationships but also giwan impression of the
amount of literature data available about each of the relationships.

All of the methods described above can be lifted to a geographical perspective as described in chapter
2. Such a geographicperspectiveis useful for marine spatial planninddarine spatial planning
requiresthe ecosystenbased approacimcludingalso the assessment of cumulative effedt&E( COM
2018 Altvater et al. 201p Cumulative assessments based on the spatial analysekfferent
ecosystem componentais well as an analysis of the cumulative impacts due to all occurring
anthropogenic presses reveal for example in which areas additionally human activéresnost
critical for the environment. The tested methods for cumulative effects assessarentot only
applicable for the assessmenttbie impact based on measured data but aleptesting ofscenarios.
Thus, if the pressures related to a certain projsath as the planning of an offshore windfarm are
known, the input valuefor the model shoulde altered correspondingly arttlis way it is possible to
calculateat which spatial spot the impact is predicted as a minimwithh respect to the cumulative
impact.

Thematrix as well as ACIEre applicable foalmost any ecosystem component. In contrast, the DEB
model in its current form is specialized for the blue muségilus edulisNeverthelessan adjustment

of the model for other specieis possible If the biology is relatively similathis requiresonly little
changes of the DEB parameter values and the application of corresponding other input values based
on a literature research about the sensitivity of the species towards environmental parameters and
anthropogenic pressures. | tried this for the introduced oy€ieassostrea gigaand compare the

model results for these two specidss way Also for many other species, only few adjustments of the
model would be necessarpEB parameter values arewavailable for many species. However, as
shown by Lorena et a. 2010, dynamic energy budgeteling of e.g. microalgae requires the
consideration of special processaberefore such a DEB modeéliffers to a larger degree from the
standard DEB model anHus also from the DEB model fditilus edulis Hence, the more the biology

and the physiological processes differ fraviytilus edulis the more effortis necessary to adjust the
model accordingly. On the other hand, DEB models for different kinds okspeeiavailable already
andthese modelsare applicable for cumulative assessments wbempleted by thenodule for single
stressor responses and the module for integrating interaction effébite analysis ofumulative
effects ofnumerous species and habitats to provide input for a comprehensive geographical analysis
was not possible within the context of the PhD due to time limitations and are a proposal for the future.
It is also unclear how much resources will be available toedgot such analyses for regional
assessments. As an alternative, intermediate solution, | propose to calculate a Bidgtebased on

a matrix analysiswhich isintegratedin the framing toolLiACAT. This will provide a first impression
about the cumulaive effects

Finally yet importantly, any model is dependent on its input values and the reliability of it fixed
characterizing parameters. This applies also for the models proposed in this thesis and limits its
interpretability correspondingly.

6.5 Outlook

The models proposed can be further developed by linking them more strongly to environmental
processes and biologiceiteractions. The results of the DEB model can for example be used as input
values for a population model. This way, for example also dethsggndent effects can be integrated.

Further, the outpts of DEB models are suitable as input values for food web models, because both
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types of models use carbon as the main element for the calculations. There is already some experience
about linking DE#nodels to ecological models. Similarities and differenbetween the ERSEM
(European Regional Seas Ecosystem Model) and DEB models have been analyzed (Marques et al. 2014)
and a model has been set up between ERSEM and a DEB model (Saraiva 2014). BMife&R&s

on the microbial food web and its biogeochemistra link between DEB models with food web models

of larger organisms should work equally well. In order to reach that, cumulative DEB models need to

be developed at least for the most importamod web elementsi-or such a model, further, active and

passive model movements of species would need to be considdviedeover, anthropogenic
pressures such as hazardous substances might be drifted away due to currents and sediment
movements Those aspéds need to be taken into account as well.

Another possible further development is the application of traits in ecosystem models. ACIM as well
as the DEB models provide information about altered traits a responsdo the influence of
anthropogenic presges. In ACIMthese changes of traitsould beinputs for further processes. This
way, ACIMs applicablas a kind of ecosystem model itself. However, the information about traits can
also be extracted and used as input values for other models with sasgahension. Spatial data can

be easily generated by ACIM by addingrcinate data to scene numbers.

The models also foster experimental researiths possible to test theesults of the models under
controlled experimental conditions in mesocosm esipents to figure out if the model predictions
reflect the observations. Further, the overall concept together with the single methods reveal possible
missing links for a comprehensive understanding of the response of ecosystem components to
anthropogenicpressures. The results provided by ACIM further gave insight to the relevance of
exposure time and the patterns of interactions. This might motivate to explore the response of some
more exposure times and stressor intensities to be able to test relatipadheyond linearity. The
identified type of model for arelationship might also lead to further questions about the processes
determining the observed pattern, and trigger experiments on the molecular tevBhd possible
explanations.

The more data areentered into the database and the more analyses will be run, the higher the
likelihood that general patterns of responses to anthropogenic pressures will be revealed. The results
of the cumulative DEB model for example indicated that there is possiblffesedi response to
essential metals than to neessential metals. This negtb be tested experimentally. To the same
time, an understanding of general patterns such as this, might improve our understanding and the
predictability of likely responses to #mopogenic pressures without the need to test all possible
combinations. Models, which link a biological meaning to parameteesadvantageous for that.

Major questiors, which arose from the literature research and the analyses of the dizai#t withthe
dynamics of interaction effects. Experimental tests might reveal possibly turning points for a switch
between a synergistic and an antagonistic interaction in dependency of stressor intensities and
exposure times. The identification of the correspondiigesholds for such turning pointgould also
berelevart for environmental management.

With regard to the application of the general concept and the models, more ecosystem components
need to be analyzed and literature need to be continuously updatedvilduid foster the integration

of the results in environmental assessments, the consideration in management plans and for marine
spatial planning. In the futuré might further be possible to integrate the results of ACIM, cumulative
DEB models and matgs into existing approaches for cumulative effects assessment such as the Baltic

26 https://lwww.pml.ac.ukModeling at_ PML/Models/ERSEM
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Sea Impact Index (HELCOM 2018) based on Halpern et al. (2008). Moreover, the overall concept
provides a technical frameworlapplicable with a few adjustmenfer the general rtworks needed

for the BowTie analysi, a methodproposed by an OSPAR grdop cumulative effects ssessment

in the North Sea, which links human activities amthropogenic pressures to effects on ecosystem
components Thererby, iconsides possible ritigation actiondo the same time

6.6 Conclusions

)l

The application of an online literature databadaACAYallowsreproducibility, comparability
and transparencyf cumulative effects assessmenas itcombinestools for data extractions,
visualization of literature data and integrated mosleThereby, thditerature based analysis
of cumulativeeffects on habitats and speciean betraced to the original literature sources
so that the user can retrace the predure. The concept for cumulative effects assessment was
adapted in a way that allowed the applicationexistingmonitoring data as input data for the
models by applying temporal arsbatial interpolation methods.

Two unifying schemes were identified fmesent cumulative effects: A matrix showing all
relevant interactions and providing a general cumulative index value and Sankey diagrams
showing the pathways from human activities to effects on ecosystem components. Both
methods also provide an overview the state of the art.

The results of the cumulative DEB model focusing on effects of anthropogenic pressures on
species level showed a difference between a reference scenario and a scenario including
anthropogenic effects. Thereby, it mattered if intetian effects between stressors were
included into the model or if a simple additive approach was applied.

The matrix, which was applied as a preparation for the cumulative DEB model, showed which
kinds of cumulative effects likely occurred during the stydyiod. The results showed a
reduced growth, impacts on reproduction including a delayed maturation, delays of spawning
events and reduced reserve biomass due to the anthropogenic pressures throughout the life
cycle of Mytilus edulis Cumulative effects annected with acidification, increased
temperature, increased copper and increased zinc concentration contributed most to the
overall cumulative effeabn Mytilus edulis

The method developed for the assessment of cumulative effects on habitats predibtetsa
effects under increasing pressure scenarios for different response variables. Thereby, the
model predicted different outcomes depending on the @amn exclusion of composite models
comprising two or more influencing variables tq&in response vaables.

It was not possible to answehe guestionwhether additive or multiplicative effects occur
more frequently in seagrass meadows with certainty because too few data were available
representing the influence of at least two different stressors. Howelar the datasets
available in most cases an additive part as well as a multiplicative part of interaction
contributed to the overall observed effect according to the model results. Most composite
models consisted of an influence of exposure time andsstintensity.

27 https://oap.ospar.org/en/ospatassessments/intermediatassessmen017/chapter6-ecosystermassessmenbutlook-

developingapproachcumul/
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Appendices

7.1 Appendiceshapter4

7.1.1 Ciriteria for the selection of literature data

Criteria for the selection of data sets from scientific literaturenfmdelingthe effect of single stressors
(part of the DEBnodel)

These minimum requirements needed to be fulfilled for the integrationtefdture data:

1
1

The data describe effects of the selected stressorMgtilus edulis

Different exposure times and stressor intensities were tested

The following criteria were used to choose between different data sets. The data set, which fulfilled
the criteria best, was selected:

)l

= =4 =4 =2

The experimental conditions such as salinity and pH resembled the corsditionmon in the
southern North Sea.

Certain quality standards were fulfilled (e.g. provision of statistical data).
Data from peefreviewed journals weresed preferentially.
The model species were collected in the North Sea.

Accessibility of the paper through online accessibility, services of the University of Oldenburg,
the University of Hamburg or by direct contact to the authors.

To select values fgrarameters and for equations for the for the DEBdel the following criteria were
applied:

)l

Mytilus eduliswas the model organism.

1 Publications providing many DifpBrameter values and equations were preferred over

publications containing only a few parateevalues.

The experimental conditions such as salinity and pH resembled the conditions common in the
southern North Sea.

Peerreviewed journals were used preferentially.
The model species were preferentially collected in the North Sea.

Accessibility oftie paper through online accessibility, services of the University of Oldenburg,
the University of Hamburg or contact to the authors.

For the selection of literature sources for deriving equations describing interactions between stressors,
the following citeria were applied:

1 The model species wadytilus edulis
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The publication dealt either with an interagti between two stressors andytilus edulisor
with an interaction between two stressors in the water or in the sediment affeddgtlus
edulis

Datawere available for the effect of a single stressor as well as data about the combination
effect of two stressors.

The experimental conditions such as salinity and pH resembled the conditions common in the
southern North Sea.

Certain quality standards wefalfilled (e.g. provision of statistical data).
Peerreviewed journals were used preferentially.

Accessibility of the paper through online accessibility, services of the University of Oldenburg,
the University of Hamburg or contact to the authors.

During the literature research, it turned out that the nature of interactions is sometimes dependent
on the intensities of each of the stressors as well as on the ratio of the two stressor intensities to each
other and it became hard to choose which datachoose to calculate the interaction factor. To resolve
this problem,| defined additional criteria for the selection of literature:

f
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Preferably data of an experiment are used with a ratio of the stressor intensities that
resembled the conditions of the enario tested.

If this criterion is fulfilled equally good, in several datasets the concentrations of the single
stressors were compared to the concentrations of the test scenario. However, in case of a
short exposure time (<14 days) and relatively low amirations, the next tested
concentrations is to be used because an interaction effect may not show under these
conditions although it could in nature, where the organisms are exposed for long time periods.
| refer here to the thesis by Pdrtner (2010), avielated exposure time and concentration to
each other to explain the magnitude of observed effects and transfer this thought for
interaction effects.

If several datasets exist, that resemble in the stressor intensities and their ratios of stressors
intensities to each other, further criteria to select one publication were a preferentially long
exposure time and a good fit of experimental conditions with the test scenario.

If all these criteria equal each other, a mean is calculated to derive the intendeittor.

Whole animal responses are favored to molecular responses as they are considered to give a
better overall impression of the health of the organism.

Datasets with significant interactions were preferentially used.



7.1.2 Information of interactions used in the DEB model

Tablel0 Models used for the interactions

Influence Influenced Formula/ method for the calculation of the interaction Statistical values Source comment
stressor factor
Increased Cu | Increased Cd OF 6 "qpRE § ©OYDE 08 0QQ na Elliot et al.
concentration | concentration TTUYQE QA 0'QQ e 1986
Increased Zn | Increased Cd OF 6 "qpRE 8§ ©OYDE Q8 0QQ na Elliot et al.
concentration | concentration TTYQE QA 0'QQ e 1986
After transformation of the data, the data were pre The f |
treated and afterwards the interaction factors for the € cj’”T‘“ 3
different pH values were calculated with the formula was derive
.. o based on an
Increased Cd e & o RE 0 00 YDE "Qa 0°QQ George analysis of the
Ot 0 QWwo—]————= 2
Decreased pH concentration YQe "Qa 0'QQ R®0.44 1983 literature data.
Then derivation of the relationship between pH value an More _
interaction factor, resulting in the equation information
v % o s below
0 0 QO T XAp 0L Wa P& p ¢

In the experiment, George tested how much percent of the Cd concentration was bound to granules and to metallothiongliFfimeasnvironment with
isolated tertiary lysosomes fromdytilus eduliskidneys. In the experiments abounteraction effects, the influence of pH was tested for values between-7
8.08. Data for the binding of Cd to granules and metallothionein provided in the corresponding figures. Applicatiorats:thbalpercentage of Cd boun
compared to the bindig at a pH of 7.5 was plotted for the different pH values and a linear model was fitted to the data points based on thelgtaolEde
pooling of the data resulted in a worse R? value compared to a separate fitting of the datasets but was thoughtrteefietiean overall relationship

independent of the measured effect. The binding of Cd is a positive effect. Thus, the data were transformed accordifulaevihg logic: The smaller the
pH value the less Cd is bound. Therefore, the adverse effeatyo€d effect would increase by the difference between the Cd bound at pH 7.5 comparg
the Cd bound at the reduced pH. The data calculated this way for the different pH values, representing the combinedeféeated to calculate the
interaction factor.
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pH valuedependent interaction factor
influence of pH on binding of Cd !

£ 120 09 y =-0.1476x + 1.2212
kS = R2 =0.4424
o THImEE o
QT ' G 0.7
ES 80 ° < 06
o _cg 60 ® Cdboundto _5 05
T4 ° granules 5
S - 40 ° Cd bound to c 04
S c metallothionein 203
5 o 20 . o ® both data sets £ 02
oL o ©® .
< 0 ® 0.1
2 3 4 5 6 7 8 0
pH 2 3 4 5 6 7 8
pH
After transformation of the data, the data were pre
treated and afterwards the interaction factors for the
different temperature values were calculated with the
formula
Of & Qw(’b\g\ G OOY®E "Qa '0'QQ SSE: 0.00108, The formula
Altered Increased Cd Ve Qo 00l Rsquare: 0.9938, Fischer \évzssegeéxi\?,
temperature concentration| Then the derivation of the relationship between Adjusted Rsquare: 0.969, | 1986 analvsis of the
temperature and interaction factor was performed, lit ¥[ dat
resulting in the equation RMSE: 0.03287 lterature data
08 0 "QOIPE ® NCZ®  HOZW ATZ® U
with p1 = 2.6445, p2 =0.001708, p3 = 0.04012, p4-=
0.3779,p5=1.23

In the experiment the condition index Mytilus eduliswas tested for temperatures between 5 and 25°C at a Cd concentration of 1ug/L and lasted for
8 weeks. As the condition index is a positive effect the data were transformed and normalised with the highest CI at tha optiperature at
approximatey 7.3 °C. The relative differences between the highest Cl and the CI at different temperatures were added to 1 (optintuenearection
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factor was calculated with the formula stated above. In a second step, the calculated interaction factors wekggdainst the different temperature
values and a formula for describing the relationship between the temperature and the Cl derived with the cftool of matlab.

influence of temperature on the
condition index

05

0.4

* InteractFFischer vs. TempValuesFischer86
palynaminal fit with degree 4

25 el
) k
< 20 2
£ g
c 15 E Ll
S
= 10
c
8 5 01
0
0 5 10 15 20 25 30 |
temperature in°C ;
5 10 15 20 25
TempValuesFischer86
Increased Cd | Increased Cu OF & "qpRE § ©ONDE 08 0QQ Elliot et al.
concentration | concentration TTY0E QA 0°QQ 1986
Increased Zn | Increased Cu OF & "qpRE § ©ONDE 08 0QQ Elliot et al.
concentration | concentration TTY0E QA 0°QQ 1986
First the interaction factors for the different pH values
were calculated with the formula SSE: 0.02485 The formula
D& G OO YWE "Qa 0'QQ : , i
Increased Cu 08 0 QHBE D2 2T 2 Rsquare: 0.9734 Akberali et | W3S derived
Altered pH . Y'Q¢ "Qa '0'QQ _ based on an
concentration o _ _ Adjusted Rsquare: 0.9557 al. 1985 analysis of the
Then the derivation of the relationship between i
RMSE: 0.09101 literature data

temperature and interaction factor was performed,
resulting in the equation
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‘0t 0 "o P8I G X
P g ATDH XD N OL O

Akberali et al. 1985 observed the uptake of Cu at different pH values between 5.4 and 8. The uptake of Cu decreaseshsiitlg ipler Even though Cu is
needed in small concentrations, here the uptake of Cu is interpreted as a negative effectebbeagifigh concentrations of Cu are considered.

influence of pH on the uptake of Cu - | s |
12
10 08
S
O 8 5
o E‘ 06
g
I s
o 4 Zgap
=)
2
O 02r
5.4 5.9 6.4 6.9 7.4 7.9 8.4
pH L
5.5 6 6.5 o 7 7.5 8
First the interaction factors for the different temperature
values were calculated with the formula
08 6 0oRs a:f gé %ﬂzﬁofg‘go Q0 SSE: 0.1383 The formula
Rsquare: 0.9966 i was derived
:ncreasetd Increas:adt_Cu Then the derivation of the relationship between .q N:u?o%ga ®! | based on an
emperature | concentration) 4o mperature and interaction factor was performed, Adjusted Rsquare: 0.9932 &' analysis of the
resulting in the equation RMSE: 0.3719 literature data
"0¢ 0 "Qoxad vV o °
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Mubiana et al. 2007 measured the uptake rate of Cu at three different temperatures. The uptake rate decreased with ineraasiregure. The uptake

rate was differed significantly between the different temperatures. As described above, the uptake of Cu is seen as an agletedsie éff the comparably
high concentrations, which are relevant in the model. The best fit for the model was an exponentidlappdeaching an uptake rate of zero. An optimun
value for the uptake rate was defined as the uptake rate at 26°C as this represented the lowest uptake rate in the expadrittentvater at the monitorin
station usually does not reach a higher water memature. This optimum value for the uptake rate was treated like an effect of a single stressor and ug
way to calculate the interaction factor. This procedure is justified by the fact that no uptake would take place withQut iaryre water. Thefore, the
uptake itself is an effect due to the presence of Cu.

06

05

04r

03[

Cu_uptake

02r

01r

Cu_uptake vs. temperature
general model exponential

01—

interaction_factor
i

* interaction_faclor vs. temperature | |
general model exponential

0 5 10 15 20 25 30 35 40 10 15 20 25
lemperalure temperalure
Increased Cd | Increased Pb Of de)g 4 OOY®E "Qa '0'QQ
concentration | concentration TTYQE QA 0'Q0
First the interaction factors for the different pH values The formula
Increased Pb | Were calculated with the formula Han Zhae | was derived
Alterered pH concentration s e R2:0.9789 Xiang et al. | based on an
08 & 05DE 0(“03"0‘ Wms QO‘ o0Q 2013 analysis of the
YQe ‘Qa 0°QQ literature data
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Then the derivation of the relationship between pH and
interaction factor was performed, resulting the equation

"0¢ 0 "Q @ v TP 'OL O & G8Q ¢

Han ZhaeXiang investigated how the pH value influenced the mortality due to Pb pollution. As a pH value of 8.1 is consideretrtaubefopMytilus
edulis the mortality at a pH value of 8.2 in the experiment, which is closest to this value was gbervakie for mortality without additional influence of

temperature and interaction factor was performed,
resulting in the equation

"0¢ 0 "QIEHAP YOp 'Q & AT 1T TT p

pH.
Effect of pH on the mortality at 30 mg/L Pb pH-dependent interaction factor
90 1.2
80 o
o 70 S y =-0.4506x + 3.752
Z 60 808 R2 = 0.9789
250 S 06
T 40 S
S 30 S 0.4
20 y =-19.703x + 207.8 £ 02
10 R2 = 0.9789 '
0 0
6 6.5 7 75 8 8.5 6 6.5 7 7.5 8 8.5
pH pH
First the interaction factors for the different pH values
were calculated with the formula
08 & "0pRE § OODIWE 106 000 The formula
Increased Increased Pb T YQE Qa 0°QQ _ Mubiana et | as derived
. o ) ) Rz 0.9874 based on an
temperature | concentration| Then the derivation of the relationship between al. 2007

analyss of the
literature data
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Mubiana et al. observed the uptake of Pb at different temperatures. In contrast to Cu, the uptake rate for Pb increageztasiting temperature. The
uptake rate was calculated for°@ representing the coldest watesmperature possible and used as a proxy for the likely effect of Pb alone without an
acceleration due to increased temperature.

increased Pb uptake rate with increased

temperature dependent interaction factor

Temp 6
1.6 5
o 14 S
T2 a4
o
g 1 5 3
S 08 = y = 0.1881x + 0.0001
206 y = 0.0443x + 0.2353 S5 R? =0.9874
I R2=0.9874 =
a 04 =
5 1
0.2
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
temperature in°C temperature in°C
Increased Cd | Increased Zn e BE G OOTY®E Q0 0QQ Vercauteren
. : 0t 0 "VOWO—Cimr and Blust
concentration | concentration Y'Q¢ "Qa 0'QQ 1999
Increased Cu | Increased Zn 08 b Qwﬁog ¢ © 0" V@E & '0Q'Q Elliot et al.
concentration | concentration TTYQE QA 0'QQ 1986
. . . . . R2: 0.9962,
First calculation of interaction factors fordtdifferent pH
Increased Zn | values with Adj. R?: 0.9953, George
Decreased pH : e
concentration e s e WE G OOTYE QO 0OQQ SSE: 0.00532, 1983
0t 0 "Qwwo ~V0E 04 000
RMSE: 0.02579
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Then derivation of the relationship between pH value ar
interaction factor, resulting in the equation

08 00 v T T X
p o8tcp T ADTPp& xP nOLOAG

See method description for the influence of pH on the effect of Cd. The same procedure was followed for the influenciéeatsZR@wever, only data for
the binding of granulewere available.

Influence of pH on binding of Zn e [T oo s |

8 120 0.9 > pHOnIntfactZnGeorge 1983 1

]

o < 0.8

E ™~ 100

o 071

o B

Q= 80 =06

> =

c J (%os

g2

SE

8 o 40 =R

28

0.2
33 20
o o 0.1
@]
NS 0 al .
S 25 45 6.5 85 S
5] 35 4 4.5 5 5.5 6 6.5 i 7.5
p H pHvaluesGeorge1983
After transformation of the data, the data were pre he f |
treated and afterwards the interaction factors for the SSE: 0.02375 The (;)rmu g
Increased Increased zn | different temperature values were calculated with the . 07042 Cotter et al. \t/)vas derlve
: -square: 0. ased on an

temperature | concentration| formula g 1982

- - : analysis of the
NE A G OTTYIE "Qd 0O Adjusted Rsquare: 0.5885 i
0¢ o Qw(f,% awo ¢ Qu 000 J d literature data

Y'Qe "Qa 0'QQ RMSE: 0.1541
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Then the derivation of the relationship between
temperature and interaction factor was performed,
resulting in the equation

"0¢ 0 "QOTBOTI p ¢Tp Qa4 §

Cotter et al. 1982 investigated the influence of temperature on the condition index and on mortality under different incZemeacentrations (0.3ng/L
and 1mg/L). An influence of temperature was indicated by the experiment witigZn/L with regard to the condition index and by the experiment with
mussels from the field with an increased Zn concentration in the body when thes veanperature was increased up to 3C.

Because the experiment for the observation of the condition index lasted longela§is) and the temperature values were more comparable to field
conditions than in the experiment testing the mortality at vergthtemperature values between 29.7 and €], the data for the condition index were
chosen. A high condition index represents a positive observation. Therefore, data were transformed so that they presadvedsareffect. First, the data
were normalizedvith the best condition index in the experiment and then the difference between the normalized highest condition index 1§ an
normalized measured condition index at the two increased temperatures was calculated and added to 1. Based on thetieeviateeaction factors were
calculated and the relationship between temperature and interaction fastodeled.

7

*  condition_index vs. temperature
genreral model Power1 08

* interaction_factor vs. temperature | |
genreral model Power1

70

60 -

condition_index
interaction_factor

30

20

0.1
\

10 16 20 25 5 10 15 20 25 30
temperature temperature
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Increased Zn
concentration

Increased
temperature

First calculation of interaction factors for the different Zn

concentrations with
OF b "0C wsn G OOTY®E "Qa '0'QQ
€0 W6 "Y'OE Q8 000

Then derivation of the relationship between the Zn
concentration and interaction factor, resulting in the
equation

08 0 QWP T AE TN CAPE MBI T O p

R2: 0.9875

Cotter et al.
1982

The formula
was derived
based on an
analysis of the
literature data

Cotter et al. 1982 tested in a shedgrm experiment how blue mussels responded to increased temperatures and increased Zn concentrations in the
To extract the influence of Zn ohe effect of increased temperature, first the difference between the mortality at 29.7°C and the mortality at 31°C wa
calculated for each of the tested Zn concentrations. The difference between the observed mortality values at the two tem@peres pldted against the

increased Zn concentrations and described by a formula.

influence of Zn on effect of a temperature
increase 2.5

increased mortality
= N w N al (e}
o o o o o o

o

200 400

15

0.5

interaction factor
=

y = 8E05% - 0.0442x + 17.053
R2=0.9875

-0.5

600 800 1000 1200

Zn in pg/L

200 400

Zndependence of the interaction factor

y = 5E06% - 0.0026x + 0.0031
R2=0.9875

600 800 1000

Zn conc in ug/L

1200
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Tablel1 Effects of single stressors with regard to DEB processes or variables.

motility,

1986

tested separately

Pressure/ Observed effect Literature notes Affected
stressor process/
corresponding
variable in
DEB model
Cu Decreased scope for | Anderlini 1992 | Mixture of Ag, Cu, | growth
growth Pb, and Zn
Stress response Radlowska and | Single stressors and| energy
(induction of heat Pempowiak mixture of Cd, Pb,
shock protein 70, 2002 and Cu
which is energetically
costly)
Mortality, Han et al. 2014 | Single stressor and il energy
metallotheonein combination with
production (which is reduced pH,
energetically costly), Shandong province,
decreased China
phagocytosis
Inhibitory effect on Akberali et al. | Effect of single reproduction
sperm and egg 1985 stressors and in
respiration combination with
reduced pH
Increased cytotoxicity | Traore et al. Chemical mixture of | -
of the algal toxin 1999 the metals AlCu, Pb,
okadaic acid Hg and Cd
Decreased growth, Grout and Field study growth
condition index and | Levings 2000 (transplantation
increased mortality study), elevated
concentrations of Cu
(main cause for the
effect)
Decreased growth Stromgren 1982| Effect of metalgZn, | growth
Hg, Cu, Pb, Ni and
Cd) tested separately
Mortality of larvae Wisely and Blick Effects of metals (Hg reproduction
1967 Cu and Zn) tested
separately
Decreased sperm Earnshaw et al. | Effect of Cu and Zn | reproducion

Decreased heart an | Grace and filtration rate
filtration rate Gainly 1987
Decreased survival Sunila 1981 Effect of Cu and Cd | Data used to

rate, behaviour

tested separately

model the
exposure
time- and
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response,
byssogenesis

intensity
dependency of
the mussel as
response to
Cu

increased heat shock
protein induction,
reduced scope for
growth

Inhibition of embryo | Beiras and The experiment was| reproduction
development Albentosa 2004 | conducted with
Mytilus
galloprovincialis
effects of Pb, Zn, Cd
Cu and Hg were
analysed separately.
An additive model
could explairthe
combined effects of
Cu and Zn.
Reduced filtration rate| Abel 1976 Filtration rate
Cd Stress response Radlowska and | Single test and energy
(induction of heat Pempowiak mixturof Cd, Pb, and
shock protein 70, 2002 Cu
which is energetically
costly)
Mortality, Han et al. 2014 | Single stressor and i| energy
metallotheonein combination with
production (which is reduced pH,
energetically costly), Shandong province,
decreased China
phagocytosis
Increased cytotoxicity | Traoreet al. Chemical mixture of | -
of the algal toxin 1999 the metals Al, Cu, Pk
okadaic acid Hg and Cd
Decreased growth Stromgren 1982| Effect of metals (Zn,| growth
Hg, Cu, Pb, Ni and
Cd) tested separately
Adverse effects on Lehnberg and Mussels from the Growth,
development, growth | Theedk 1979 Baltic Sea, interactiv{ development,
and mortality of larvae effects with salinity | reproduction
and temperature
Increased respiration | Tedengren et al| Shortterm effect. Respiration,
rate, increased 1999 Respiration could energy,
excretion rate, also become growth

depressed at greater
intensities or at
longer exposure time
as shown for other
mussels

178



decreased clearance | Mubiana and Effect of chemical Clearance
rate, respiration rate, | Blust2007 mixture of Cd, Cu, C{ rate,
and scope for gnth and increased respiration
temperature rate, growth
Decreased survival Sunila 1981 Effect of Cu and Cd | Data usedo
rate, behaviour tested separately model the
response, exposure
byssogenesis time- and
intensity

dependency of
the mussel as
response to
Cd

Immunological Sheir et al. 2013 growth
response, growth
Adverse effects on thg Fraser et al. Serotonin regulates | reproduction
serotonin system 2018 sexual
differentiation,
gameteproduction
and spawning
Inhibition of embryo | Beiras and The experiment was| reproduction
development Albentosa 2004 | conducted with
Mytilus
galloprovincialis
effects of Pb, Zn, Cd
Cu and Hg were
analysed separately
mortality Ashanullal976 | Effects of Zn and Cd| mortality
were analysed
separately
Pb Stress response Radlowska and | Single test and energy
(induction of heat Pempowiak mixturof Cd, Pb, and
shock protein 70, 2002 Cu
which is energetically
costly)
Mortality, Han et al. 2014 | Single stressor and il Energy,

metallotheonein
production (which is

combination with
reduced pH,

mortality can
be

energetically costly), Shandong province, | incorporated

decreased China ina

phagocytosis population
model

Increased cytotoxicity | Traae et al. Chemical mixture of | -

of the algal toxin 1999 the metals Al, Cu, Pk

okadaic acid Hg and Cd

Decreased growth Stréomgren 1982 Effect of metals (Zn, | growth

Hg, Cu, Pb, Ni and

Cd) tested separately
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Scope for growth

Anderlini 1992

Mixture of Ag, CuPb
and Zn, New Zealan

growth

Adverse effects on the
serotonin system

Fraser et al.
2018

Serotonin regulates
sexual
differentiation,
gamete production
and spawning

reproduction

Toxicity to embryos

Nadella et al.
2013

The experiment was
conducted with
Mytilus trossulusand
M. galloprovincialis
effects of Pb and Zn
were analysed
seperately

reproduction

Inhibition of embryo
development

Beiras and
Albentosa 2004

The experiment was
conducted with
Mytilus
galloprovincialis
effects of Pb, Zn, Cd
Cu and Hgvere
analysed separately

reproduction

Zn

Inhibitory effect on
sperm and egg
respiration

Akberali et al.
1985

Effect of single
stressors alone (02,
Cu, Zn, pH), in
combination with
reduced pH no
difference in effect
compared to the
effect of the metal
alone

reproduction

Decreased sperm
motility,

Earnshaw et al
1986

Effect of Cu and Zn
tested separately

reproduction

Inhibition of embryo
development

Beiras and
Albentosa 2004

The experiment was
conducted with
Mytilus
galloprovincialis
effects of PbzZn, Cd,
Cu and Hg were
analysed separately

reproduction

Decreased
mitochondrial
respiration

Akberali nd
Earnshaw 1982

energy

Adverse effects on the
embryogenesis
success

Beiras and
Albentosa 2004

Effects of single
stressors as well as
combinations. An
additive model could
explain the
combined effects of
Cu and ZnGalician

reproduction
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coast.Mytilus
galloprovincialisvas
used as model

organism
Adverse effects on Hietanen et al. | Experiments were | Respiration,
byssal attachment, 1988 conducted with energy
acute inflammaory Mytilus eduligrom
reaction in the gills, the Baltic Sea
dilation of branchial
veins, swollen
postlateral cells,
necrosis of hemocyteg
decreased opening
response of the shells
Abnormal Nadella et al. Experiments reproduction
development of 2013 conducted with
embryos Mytilus

galloprovincialisand

Mytilus trossolus
Decreased growth Stromgren Effect of metals (Zn,| growth

1982 Hg, Cu, Pb, Ni and

Cd) tested separately

Mortality of larvae Wisely and Blick Effects of metals (Hg reproduction
1967 Cu and Zn) tested

separately
Effects on respiration| Hanna et al. Experiments Growth
(increased after 2013 conducted with
exposure), decreased Mytilus
growth, decreased galloprovincialis
survival
Reduction of valve Fdil et al. 2006 | Effects of metals (Cu Filtration rate
movement (reduced Hg, Cd, Zn) tested
opening time) separately,

experiments

conducted with

Mytilus

galloprovincialis
Reduced filtration rate| Abel 1976 Filtration rate
Increased condition | Fischer 1986 Interactive effect growth
index with increased with Cd as the
temperature, process of binding C
mortality in soft tissues is

accelerated with

increased

temperature
Effects on Lehnberg and | Mussels from the Growth,
development, growth | Theede 1979 Baltic Sea, interactiv{ development,
and mortality of larvae reproduction
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effects with salinity
and Cd

Temperature

Increased heart rate | Bakhmet 2017 Metabolic
and oxygen rates
consumption with
increasedemperature
Metabolic depression | Lesser 2016 Effects of the Metabolic
stressors rates
temperature and
acidification
analysed separately
and in combination
Reduced clearance | Tateda et al. Experiments Clearance
rate, adverse effects | 2015 conducted with rate, growth

of elevated
temperature on
growth energy balance

Mytilus
galloprovincialis

Temperature
dependent metabolic
rate

Thyrring et al
2015

Metabolic
rates

Glycogen storage

Fearman and

Experiments

Production of

tissue and Moltschaniwskyj conducted with gametes
gametogenis 2010 Mytilus
temperature galloprovincialis
dependen
Percentage of Riba et al. 2016 | Effect of reduced pH| reproduction
unfertilized eggs and metal mixture
(Cr, Ni, Cu, Zn, Cd,
and Pb) at pH less
than 6.5, Bay of
Cadiz
Inhibitory effect on Akberali et al. | Effect of reduced pH| reproduction
sperm and egg 1985 alone, more adverse
respiration effect in combination
with Cu
Inhibition of egg Riba et al. 2016 | Mytilus edulis reproduction
fertilisation effects of pHalone
and in combination
with metals tested.
Acidity increased the
concentrations of Cu
Zn Cd and Pb but
were less available
for organisms
pH Metabolic depression | Lesser 2016 Effects of the Metabolic
stressors rates
temperature and
acidification
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analysed sparately
and in combination

Altered metabolism | Zittier et al. Metabolic
2015 rates

Decreased calcificatio| Li et al. 2015 Interactive effects Energy
rate, induced with temperature,
expression of energeticallycostly
biomineralization process
related genes

02 Reduced condition Fischer 1986 Mussels from Kieler | growth

index at low oxygen
levels

Forde
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Tablel? Literature data used to characterize the singteessor model (optimization process)

Experimentaldata sets for Literature and | Observed effect | Exposure | range

estimating the parameters notes time

Cd Sunila et al. survival 21 days 0-25000
1981 Mo/l

Cu Sunila et al. survival 21 days 0-5000
1981 Mo/l

Pb SchulzBlades survival 130 days | 0-5000
1972 Mo/l

Zn Hietanen et al. | survival 41 days 0-100000
1988 po/L

pH Bamber et al. survival 31 days 5.86.6
1990

02 Wang and growth 10 days 0.68.7
Widdows 1991 mg/L

Temperature Widdows 1973, | oxygen 21 days 1025 °C

consumption rate

Tablel3 Stressorspecific parameters used for the single stressor model

Parameter | stressor Value/ model Literature and notes
Growth rate 0.848 Van der Veer et al. 2006
Uptake rate | Cd 0.578 Wang and Fischer 1997, value for
mussels of 2.5 cm length used
Cu 0.2921 Calculated based on Adema 1981 and
van Haren et al 1990
Pb 0.132 Mubiana and Blust 2007, mean of
uptake rate at 6°C and 16°C
Zn 1.464 Wang and Fischer 1997, value for
mussels of 2.5 cm length used
Efflux rate | Cd 0.0324 Wang and Fischer 1997, value for
mussels of 2.5 cm length used
Cu 0.0990 Calculated based on Adema 1981 and
Van Haren et al 1990
Pb 0.013 SchulzBaldes 1974
Zn 0.0141 Wang and Fischer 1997, value for

mussels of 2.5 cm length used
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Tolerance
value

(transition
threshold)

Cd

16.91 po/g

growth inhibition after 9 days of
exposure at 5 ug/L (Stréomgren 1982),
Increased heart rate at 10 pg/L
(Bakhmet et al. 2013), corresponding
internal concentration calculated with
uptake model based on concentratiam
Strdmgren 1982

Cu

2.37 pg/g

3 pg/L , Growth inhibition after 12 days
(Stromgren 1982), Long term growth
experiment (21 months) effect at 10
pg/L (Calabrese 1984), corresponding
internal concentration calculated with
uptake model based on concentratidm
Stromgren 1982

Pb

8.16 ug/g

ZhaoXiang Han et al. 2013

Zn

227 pg/g

10 pg/L , growth inhibition after 22 day
of exposure (Stréomgren 1982),
corresponding internal concentration
calculated with uptake model based on
concentration in Stromgren 1982,
internal concentrations measured in th
south eastern North Sea: between abo
75 and 245 pg/g (Borchardt et al. 1988

pH

7.7 (lower limit)

lower limit: reduced shell increment,
altered respiration rates, energy loss b
increased excretion (Thomsen and
Melzner 2010)

02

6 mg/L (lower limit)

decreased respiration rate (Tang and
Riisgard 2018)

Temperature

25°C (upper limit)

upper limit: MO2, oxygen consumption
rate (Zittier et al.2015) , lower limit:
several years with winters with long
periods of icecover (Witte et al. 2013),
lower limit could not be integrated in
the model

Optimum

metals

It is assumed that the amount of certai
metals needed (e.g. for enzyme
synthesis compared to the
concentrations tested here igegligibly
small. Therefore, theptimum
concentration of all metals is assumed
to be zero for all chosen metals.

pH

8.1

Heinemann et al. 2012

02

9.29

Fischer 1986

Temperature

15.8

LauzonGuay et al. 2006

Growth rate

0.848

Van der Veer et al. 2006
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Uptake rate

Cd

0.578

Wang and Fischer 1997, value for
mussels of 2.5 cm length used

Cu

0.2921

Calculated based on Adema 1981 and
van Haren et al 1990

Pb

0.132

Mubiana et al. 2007, mean of uptake
rate at 6°C and 16°C

Zn

1.464

Wang and Fischer 1997, value for
mussels of 2.5 cm length used

Efflux rate

Cd

0.0324

Wang and Fischer 1997, value for
mussels of 2.5 cm length used

Cu

0.0990

Calculated based on Adema 1981 and
van Haren et al 1990

Pb

0.013

SchulzBaldes 1974

Zn

0.0141

Wang and Fischer 1997, value for
mussels of 2.5 cm length used

Tolerance
value

(transition
threshold)

Cd

16.91 pog/g

growth inhibition after 9 days of
exposure at 5 ug/L (Stréomgren 1982),
Increased heart rate at 10 ug/L
(Bakhmet et al. 2013y 0rresponding
internal concentration calculated with
uptake model based on concentration
Stromgren 1982

Cu

2.37 ugl/g

3 ug/L , Growth inhibition after 12 days
(Strémgren 1982), Long term growth
experiment (21 months) effect at 10
Hg/L (Calabres&984), corresponding
internal concentration calculated with
uptake model based on concentration
Stromgren 1982

Pb

8.16 ug/g

ZhaoXiang Han et al. 2013

Zn

227 pglg

10 pg/L , growth inhibition after 22 day
of exposure (Stromgren 1982),
correspondingnternal concentration
calculated with uptake model based on
concentration in Stromgren 1982,
internal concentrations measured in th
south eastern North Sea: between abo
75 and 245 pg/g (Borchardt et al. 1988

pH

7.7 (lower limit)

lower limit: reducedshell increment,
altered respiration rates, energy loss b
increased excretion (Thomsen and
Melzner 2010)
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02

6 mg/L (lower limit)

decreased respiration rate (Tang and
Riisgard 2018)

Temperature

25°C (upper limit)

upper limit: MO2, oxygen consumption
rate (Zittier et al.2015) , lower limit:
several years with winters with long
periods of ice cover (Witte et al. 2013),
lower limit could not be integrated in
the model

Optimum metals

It is assumed that the amount of certai
metals needed (e.g., fomeyme
synthesis compared to the
concentrations tested here isegligibly
small. Therefore, the optimum
concentration of all metals is assumed
to be zero for all chosen metals.

pH

8.1

Heinemann et al. 2012

02

9.29

Fischer 1986

Temperature

15.8

LauzorGuay et al. 2006

Tablel4 DEBparameter values used for the main DEBdel

DEB parameter Unit Value Source note

Structural mass at birth mol C 3.3x10 Van der Veer et al.

(MVO]) 2006

Initial reserve mass at Mol G 1.48 x 16° | Van der Veer et al.

optimalfood conditions 2006

(IMEQ])

Maturity at birth (Ep) J 2.99x 10° | Saraiva et al. 2012 | Cumulative
Maturity at
birth (MPy) =
Eib/ Me

Maturity at puberty (k&) J 1.58x 1¢ | Saraiva et al. 2012 | Cumulative
Maturity at
puberty
(MPy) = Ep
He

Bivalve structure and dw/cm? 0.2 Rosland et al. 2009

reserve specific density (d

Bivalve reserve chemical | Joule mot 6.97 x 10 | Saraiva et al. 2012

potential (L&)

Bivalve reserve/ structure | gaw mol? 25.22 Saraiva et al. 2012

relative molecular biomass

(W)

Shape coefficienty no unit 0.297 Saraiva et al 2011a
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Energy conductance Y Cmd 0.056 Saraiva et al 2011a
Allocation fraction to none 0.67 Saraiva et al 2011a
growth and somatic
maintenance (kap)
Volumespecific somatic | J dtecm® 11.6 Saraiva et al 2011a
maintenance [pwm])
Specific costs for structure, J cni 5993 Saraiva et al 2011a
(EG)
Maximum surface area m3d?* cm? 0.096 Saraiva et al. 2011b
specific clearance rate
(CRm)
Algal maximum surface | mol Ct cm 4.8x 10* Rosland et al. 2009
area specific filtration rate
JXiFm
Algal binding probability | no unit 0.9 Value changed from
pxil 0.4 in Saraiva et al.
2011a
Algal maximum ingestion | mol C & 1.3x 1¢ Saraiva et al. 2011a
rate Jxilm
Algal nitrogen:carbon ratiol mol N moftC | 0.1509 Calculated
(nxiN) from
Redfield
Ratio
Algal phosphor: carbon mol P mofC | 0.0094 Calculated
ratio (nxiP) from
Redfield
Ratio
Chemical composition of | mol P mofC | 0.006 Saraiva et al. 2012
bivalve reserve/ structure
for P (9
Chemical composition of | mol N mof'C | 0.18 Saraiva et al. 2012
bivalve resrve/ structure
for N (neN)
Reserve fraction in algal | No unit 0.5 Saraiva et al. 2012
mass (fE)
Yield coefficient of reserve mol Emol'C’ | 0.75 Saraiva et al. 2012
in algal structure &%)
Reference temperat@ Kelvin 293 Van der Veer et al.
(Tref) 2006
Arrhenius temperature @ | Kelvin 7022 Van der Veer et al.
2006
Lower temperature Kelvin 275 Van der Veer et al.

boundary range (J

2006
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Upper temperature Kelvin 296 Van der Veer et al.

boundary range () 2006

Arrhenius temperatures fol Kelvin 45430 Van der Veer et al.
rate of decrease at lower 2006

boundaries (4)

Arrhenius temperatures fol Kelvin 31376 Van der Veer et al.
rate of decrease at upper 2006

boundaries (A1)

Spawning period @Rwn days 1 Saraiva et al.2012
Minumum temperature for| Kelvin 282.6 Hummel et al. 1989
spawning (Jpawn

Reproduction efficiency No unit 0.95 Kooijmann 2010
(KR

Gonadesomatic ratioto | mol &moltC | 0.2 Saraiva et al.2012
spawn (GSiawn)

Reproduction #iciency No unit 0.95 Kooijmann 2010
(KR

Tablel5 Environmental data used for the test of the model

Forcing variables | Unit Source Additional modelingprocedure
Temperature Kelvin HAMSOM model, ZMAW None additional
Carbon content of | C m?® NLWKN data set from Interpolation in Matlab (interpl,
phytoplankton monitoring program, pchip)
AquaEcology
Metals Cu, Cd, Pb,| ug L* NLWKN Interpolation inMatlab (interpl,
Zn pchip)
pH No unit | NLWKN Interpolation in Matlab (interpl,
pchip)
02 mg L NLWKN Interpolation in Matlab (interpl,
pchip)

Table16 Cumulative percent change between the contrahd the stresscenarios

Cumulative percent change Control vs Control vs Additive
additive scenario | cumulative scenario| scenario vs
cumulative

scenario

Bivalve structural mass (y -52.54 -63.405 -22.892
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Bivalve reserve biomass gM -52.437 -67.373 -31.402
Bivalve maturityinvestment (M) -16.334 -36.752 -24.405
Bivalve reproduction buffer (M -52.351 -51.472 1.8444
Gamets produced -58.183 -71.914 -32.836
Size -20.236 -26.979 -8.4529

Start value analysis

Beta

Test of ten start values between 0 and 1 (equdistributed) with all possible combinations with the
other parameters
1000

900

BOO

Voo

800

500

400 1

300 r

200 -

100

0 ==

Figure39 Result of the parameter optimization for beta

C Final StartValue: 0.025

Mu

Test of ten start values between 0 and 50 (equally distributed) withostsible combinations with
the other parameters
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Figure40 Result of the parameter optimization for mu

C Final StartValue: 2.5

Alpha

Test of ten start values between 0 and 1 (equally distributed) with all possible combinaditbrtsie
other parameters
700 T T T T T T T T

300

200 -

100 -

0.5 0.6 0.7 0.8 0.9 1

Figure41 Result for the parameter optimization for alpha

C Final StartValue: 0.0025

Cd

Beta: start value: 0.002.

191



final: 0.0016
Mu: start value: 0.002
Final: 0.0051
Alpha: startvalue: 0.002
Final: 0.9999

Mean error: 13.1004

Mean relative error: 0.1631
Standard deviation: 17.6009
Relative standard deviation: 0.2712
Standard error: 1.2508

Exitflag: 2
Number of iterations: 57
Algorithm: interiorpoint

Hexp

100 100 100 100 100

100 100 100 100

100 100 100 100 93
140 140 140 140 ol
100 100 a9 100 88

100 100 100 100 100
100 100 100 100 100

140 140 aa aa 8o
100 100 a9 a9 g2
100 100 a9 g 80
100 100 a5 a7 &0
140 140 aa a7 47
100 100 a9 a7 21
100 100 a9 a7 12
100 100 a5 S0 10
140 140 98 8o 4
100 100 98 85 T
100 a9 a9 g2 5
100 98 a5 82 4
140 98 98 81 2
100 98 98 81 2
100 98 a7 80 1
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Hmod

100
100

100
100
140

100
100
140
100

100
100
140
100

100
100
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Figure42 Dose response curves for different exposure times (model and literature data points) for Cd effects on
Mytilus edulis

Beta: start value: 0.002
final: 0.0520
Mu: start value: 0.002
Final: 0.0006
Alpha: start value: 0.002
Final: 1.733965

Mean error: 7.8574

Mean relative error: 0.1143
Standard deviation: 9.1868

Relative standard deviation: 0.1876
Standard error: 0.6529
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Figure43 Dose response curves for different exposure times (model and literature data points) for Cu effects on
Mytilus edulis

Pb
Beta: start value: 0.002
final: 0.0001
Mu: start value: 0.002
Final: 0.0009
Alpha: start value: 0.002
Final: 0.9999

Mean error: 7.1549

Mean relative error: 0.0454
Standard deviation: 8.3190
Relative standard deviation: 0.0549
Standard error: 1.1117

197



Exitflag: 1
Number of iterations: 16
Algorithm: interiorpoint
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Figure44 Dose response curves for different exposure times (model and literature data points) for Pb effects on
Mytilus edulis

Zn
Beta: start value: 0.002
final: 1.309e05
Mu: startvalue: 0.002
Final: 49.9763
Alpha: start value: 0.002
Final: 9.9867®7

Mean error: 4.5701

Mean relative error: 0.0682
Standard deviation: 5.5831
Relative standard deviation: 0.1095
Standard error: 0.4859
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Algorithm: interiorpoint
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Figure45 Dose response curves for different exposure times (model and literature data points) for Zn effects on
Mytilus edulis

Temp

Beta: start value: 0.002
final: 0.0443
Mu: start value: 0.002
Final: 45.6804
Alpha: start value: 0.002
Final: 0.9966

Mean error: 11.5074

Mean relative error: 0.0747
Standard deviation: 14.2911
Relative standard deviation: 0.0937
Standard error3.1956

Exitflag: 2
Number of iterations: 52

Algorithm: interiorpoint
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Figure46 Response curves for altered temperature values and different exposure times (model and literature
data points) for effects oMytilus edulis
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pH

Beta: start value: 0.002
final: 0.1952
Mu: start value: 0.002
Final: 0.0019
Alpha: start value: 0.002
Final: 8.54486

Mean error: 15.1712

Mean relative error: 0.1651
Standard deviation: 14.9605
Relative standard devia@in: 0.2627
Standard error: 1.9992

Exitflag: 2

Number of iterations: 123

Algorithm: interiorpoint
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Figure47 Response curves for altered pH values and different exposure times (model and literature data points)
for effects onMytilus edulis

oxygen

Beta: start value: 0.002
final: 0.0210
Mu: start value: 0.002
Final: 0.0196
Alpha: startvalue: 0.002
Final: 0.5083

Mean error: 2.0293

Mean relative error: 0.0109
Standard deviation: 3.7613
Relative standard deviation: 0.0209

Standard error: 0.7678

Exitflag: 2
Number of iterations: 118

Algorithm: interiorpoint
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Figure48 Response curves for altered oxygen concentrations and different exposure times (model and literature
data points) for effects oMytilus edulis
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Figure50 Measured Cu concentration (monitoring program) and interpolated values
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Figure51 Measured Pb concentration (monitoringggram) and interpolated values
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Figure52 Measured Zn concentration (monitoring program) and interpolated values
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Figure53 Measured oxygen concentration (monitoring program) and interpolated valuesdmtwune 2000
and Dec 2002
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Figure54 Measured oxygen concentration (monitoring program) and interpolated values between 2005 and
2010
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Figureb5 Measured pH values (monitoring program) and interpolated values
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Figure56 Temperature data frolrtHAMSOM model
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Figure57 Indicator of stress foMytilus edulis (eCd) due to increased Cd concentrations alone (black line) and
with the influences of other stressors on Cd stress (eCdCum)
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Figure58 Exanple for temporal dynamic interactions @ontrast to static interaction factors
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Figure59 Indicator of stress foMytilus edulis(eCu) due to increased Cu concentrations alone (black line) and
with the influences of other stressors on Cu stress (eCuCum)
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Figure60 Indicator of stresgor Mytilus edulis(ePb) due to increased Pb concentrations alone (black line) and
with the influences of other stressors on Pb stress (ePbCum)
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Figure61 Indicator of stress foMytilus edulisieZn) due to increased Zn concenteais alone (black line) and
with the influences of other stressors on Zn stress (eZnCum)
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Figure62 Indicator of stress foMytilus edulisdue to increased temperature alone (black line) and with the
influences of other stressomn temperature stress (here only Zn)
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Figure63 Comparison of the concentrations of Cd and Cu atrtfeaitoring station W1 aNorderney between
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Figure64 Comparison of the concentrations of Cd and Zn at the monitoring station W1 at Norderney between
2005 and 2@0
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Figure65 Development of the reproduction buffdrased on the model considering cumulative interactions
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Figure66 Development of the reproduction buffer based on the modskuming only additive effects and
neglectingcumulative interactions.
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Figure67 Development of theeserve biomasbased on the model considering cumulative interactions.

Figure68 Development of theeserve biomasbased orthe model assuming only additive effects and neglecting
cumulative interactions.
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