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Executive Summary

The main objective of this work is to assess tHéemint types of models, e.g. population models,
ecosystem models, chemical fate and transport repdebaccumulation models and food web
exposure models, from the thresholds perspectiti@study how an integrated fate and effect model
should be developed to consider the occurrenceowitg at which there is an abrupt change in an
ecosystem quality produced by a small change ierafironmental driver. The main objective is the
increased concern about preventing dramatic stetages in ecosystems and our modelling approach
should help in determining critical pollutant load$e focus of this study is on coastal ecosystems
which is the main focus of the IP Thresholds of immental sustainability. The results of this
analysis will then be incorporated in Stream 4 (Baresholds of contaminants) where specific studies
are being conducted and models developed. Two esamples have been studied: a stage based
population model and a continuous food-web modat #imulates a mesocosm experiment with the

fast addition of a contaminant.
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1. Introduction

Ecological Risk Assessment (ERA) can be definetttss process for systematically evaluating how
likely it is that adverse ecological effects maywarcas a result of exposure to one or more stressor
(U.S. EPA, 1998).

The idea of adopting ERA as a fundamental compoimetite management of ecosystems has gained
an increased recognition due to the fact that imigossible to eliminate all environmental effeofs
human activities and that decisions must be mad¢herbasis of incomplete data and incomplete
scientific knowledge (Suter, 1993). Therefore, st necessary to reach a compromise between
acceptable risks levels and the costs of redudieget risks. This becomes even more relevant when
different stressors, i.e. physical, chemical amaldgjical, are involved which is typically the caske
aquatic ecosystems.

The existence of several spatio-temporal scalemvéssessing the risks in ecosystems and several
levels of ecological organization from organismpgplation to food web, etc. provokes the existerfce o
a gap between what is feasible to measure andis/r@eresting to assess. Being organisms thestasie
unit to measure and ecosystem the relevant levepriatection. It is for this reason that models are
frequently used to fill this gap and provide meafih extrapolation across time, space and bioldgica
organization scales (Suter, 1993).

Concerning chemical stressors to aquatic ecosystem®phication and contamination with pollutants
have been subject to intensive modelling researahngl the past decades (Cloern, 2001).
Unfortunately, they have been mainly treated seéplrander the assumption that changes in trophic
state cause negligible feedback on the fate ofitaits and their effects, and that toxicity of cieah
produced negligible feedback on the physicochenpoatesses that determined the fate of pollutants
(Koelmanset al, 2001). Of course, these assumptions are notyalivae and it has been seen that
heavy metals (Sanders and Cibik, 1988, Kuwabkaid, 1989), chlorinated hydrocarbons as DDT and
PCBs (Mosseet al, 1972) and herbicides such as atrazine and diafohit selectively some species
of algae promoting population growth of the lessssttve taxa. Furthermore, nutrient enrichment sead
sometimes to enhanced accumulation of contamin@usnarsson and Skold, 1999) or may cause
dilution of contaminants, e.g. nutrient enhanceghlaproduction may cause change in the overall
toxicity by increased transformation of contamirsatmough algal metabolism (Breitbuggal, 1999).

The main objective of this work is to assess thHéeint types of models, e.g. population models,

ecosystem models, with and without spatial comptsjenhemical fate and transport models,

5
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bioaccumulation models and food web exposure mofttels the thresholds perspective; and to assess
how an integrated fate and effect model should deldped to consider the occurrence of points at
which there is an abrupt change in an ecosystenlityjyaroduced by a small change in an
environmental driver. The main objective is ther@ased concern about preventing dramatic state
changes in ecosystems and our modelling approamiicshelp in determining critical pollutant loads.
The focus of this study will be on coastal ecosystevhich is the main focus of the IP Thresholds of
environmental sustainability. The results of thmalgsis will then be incorporated in Stream 4 (S4:

Thresholds of contaminants) where specific studresbeing conducted and models developed.

2. Ecological Risk Assessment

In this Section we are going to provide a shortraesv of Ecological Risk Assessment (ERA). We
have followed closely the U.S. EPA (1998) docunmntGuidelines for Ecological Risk Assessment”.
Ecological risk assessment has three main phaaearthfollowed by risk management (see fig. 1):

- Problem formulationIn this phase it is necessary to select the ass®a# endpoints (defined as a

formal expression of the environmental value topbetected, Suter, 1989), develop the conceptual
model and prepare an analysis plan.

- Analysis In this phase two principal activities should barried out which are exposure and

ecological effects characterization. The first \atti describes the sources of stressors, their
environmental distribution and contact with ecobadi receptors, whereas ecological effects
characterization deals with the evaluation of swesesponse relationships, e.g. dose responsescurv
for a contaminant.

- Risk characterizationDuring this phase the ecological risks as wellttes confidence degree are

evaluated. However, risk assessment results havese tcombined with socio-economic and legal
aspects before decisions be taken.
Ecological risk assessments can be used to priediice effects or to evaluate effects caused bgst p

exposure or in a combined way. Afterwards, the rst&p is_risk managemerih case of adverse

effects measures to mitigate the risk are necesshiy should be carried out in parallel with a

monitoring plan to follow ecosystem recovery oassess if the ecological risk is being reduced.
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Ecological Risk Assessment

Problem
Formulation

\ 4
Analysis

Characterization
of ecological
effects

Characterization
of exposure

Risk
Characterization

\ 4

Risk
Management

Figure 1. The phases in Ecological Risk Assessimodified from US EPA 1998).

2.1. Problem formulation

This initial phase provides the foundation for drgire process. During this phase three essemtipt s
are required: Endpoints assessment, conceptuallmodanalysis plan (U.S. EPA, 1998).

- Endpoints assessment:

An assessment endpoint is a formal expression efetivironmental values to be protected (Suter,
1993). In order to define them it is necessant tiosidentify valued attributes of the environmeit
risk and to define these attributes in operatideains. Generally speaking, endpoints should have
biological as well as social relevance, a clearrajpenal definition and proven susceptibility toeth
contaminant as well as should be easily measurable.

However, sometimes assessment endpoints and meéasugpoints are not the same. Measurement
endpoints are generally values from toxicology, 86th LGy, or functions as dose-response, whereas
assessment endpoints generally refer to charaaterisf ecosystems defined over long temporal
scales, e.qg. fish population in a lake. Therefiiris, necessary to define in any ERA, if assessraadt

measured endpoints are different, a method to gotage from one to the other.
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Well selected assessment endpoints may be sensitigeveral identified stressors and therefore,
provide an opportunity to consider combined effelstghis case it is important that all the effecés

be expressed in the same units.

There are two statistical types of measurement@ntp(Suter, 1993): a/ those that prescribe allev
of effect by fitting a function relating the measdreffects to measurement of exposure (response-
dose). Normally only a particular level is usedy. &.Cso, LDsg (median lethal dose), B&(median
effective concentration), and kg (lethal threshold concentration); b/ those that¢ #@ased on
hypothesis testing. In this case, responses agxpesure concentrations are compared with a control
(unexposed) to test the null hypothesis that theythe same as the control responses, examples
include: NOEC (no observed effect concentratiom) BOEC (lowest observed effect concentration).

- Conceptual model:

A conceptual model is a written and/or visual repreation of predicted relationships between
ecological entities and the stressors to which thmy be exposed (U.S. EPA, 1998). In order to
develop a conceptual model it is necessary to ldeemation on existing stressors, potential expesu
and predicted effects on the assessment endpoints.

Conceptual models have two main components: Riptmgsis and diagrams (U.S. EPA, 1998). Risk
hypothesis are assumptions about potential risksgessment endpoints, whereas conceptual model
diagrams represent visually the risk hypothesesic@utual models may miss sometimes important
relationships and therefore may misrepresent riBks. this reason ERA processes is normally an
iterative process in which the different stepsiamgroved as the information increases.

- Analysis plan:

This stage should identify the problem, establitidy boundaries, and determine necessary data
quality, quantity and applicability to the probldraing evaluated. Is in this part of the process tiek
hypothesis has to be evaluated to determine how @&he going to be assessed. The analysis plan
should include needed data and gaps with recomrtiendafor new data collection (if needed),
hypothesis prioritisation as a function of the leeé risk and confidence level expected from

management point of view.

This first phase is essential if we want to avegidal problems in ecological risk assessment sisch
the absence of clearly defined objectives, theafissndpoints that are difficult to measure and ssse
the failure to identify important risks or conclasiof no risk because the endpoint selected was not

susceptible to the stressor.
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2.2. Analysis phase

The objective of this phase is to determine orlide 8o predict the ecological responses of the eimtp
organisms as a function of the exposure conditidhg is not an easy task since in most of thes;ase
the source term (rate and the spatial and tempatérns of release of a chemical) are the major
source of uncertainty in ERA.

- Characterization of exposure:

The process of converting a source term into estisna@f contact with or doses to the selected
endpoints is called exposure assessment (Sute3).1#9requires that a model of the exposed
environment is developed that includes all relevaetia that are going to be in contact with the
endpoints.

Release
Characteristics of the pollutant
Characteristics of the environment

Transport and fate model

|

Expected Water
Concentration Sediment
m Other media
l Time

Exposure model

Dose

Time
Figure 2. Representation of the process of expastsessment (modified from Suter, 1993).

The objective on this phase is to move from datacbamical release, taking into account the

characteristics of the chemical (stressor) as agthe environment, to the concentration levellatkv
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the selected endpoint(s) are exposed. This is riymalled the exposure pathway. An important
consideration for chemicals is the assessment af fhartitioning in several media which depends
mainly on their physico-chemical properties as veslitheir bioavailability which is a measure of the
physicochemical access that a toxicant has to iledical processes of an organism. Furthermore,
certain chemicals may be able to bioaccumulateamégnificate through the food chain.

For some chemicals, secondary stressors, i.e. olig&s) biodegradation products or decomposition

products can alter the conclusions about risk begl tnay become of greater concern than the primary
stressor.

- Characterization of ecological effects:

Effects assessment is the process of determinmgetationship between exposure to the pollutadt an
its effects to the assessment endpoint(s) and heywdhange with varying pollutant levels.

The most simple and used approach, i.e. Dose-Respanalysis, consist on evaluating how the
response, e.g. mortality, growth, etc., evolvea asction of the dose.

100 4 _
‘ Nonlinear
response
3 \ |
o Linear
e responses
8_ 50 (V\_/ithout and
8 with threshold)
[
0K— f —
LC,,
+ \ Exposure

Hormetic response

Figure 3. General dose-response functions: a/ringth and without thresholds and nonlinear with
hormesis.

Normally, these effects are represented using thdian effects levels which are defined as those
observed in 50% of test organism exposed to a faoiiuWhen these effects are expressed in terms of
lethality or mortality, they are known as bfCif concentrations in diet or water are used, Dgd. if

doses (mg/Kg) are used. Other typical median effast on growth, B or EDso. Median effects are
associated with a time which is normally 24, 480736 hours.

10



THRESHOLDS DELIVERABLE 2.6.1

More complex relationships may be considered. kample, if we are interested at population level
rather than using single individuals, it is possibd develop response relationships at this |évei.
example, Lope®t al (2005) had studied the effects of a pesticidettfioearb) on the population
growth of Chironomus ripariusby adjusting a discrete population model (Lesliatnr, see Ch. 4)
based on the pesticide effects to each stage (&gga, pupa and adults). Whith this approach they
were able to obtain the response of the entire latipn as a function of the pesticide concentration
Figure 4 show these results. |A{population growth rate, eigenvalue of the Lesl@rix) values lower

than 1, the population will become extinct (see &$. 4).

14

12 -

08- -

A (population growth rate)

0 I I I I
0 20 40 60 80 100 120

concentration (ug L'1)

Figure 4. Effects of methiocarb concentrations @puyation growth rate oChironomus riparius
(Lopeset al., 2006).

2.3. Risk characterization

The integration of information concerning soura@gposure and effects is the last step in ERA. This
integration should allow to obtain an estimatehsf kevel of effects that will result from the expos
According to U.S. EPA (1998), it is composed of tsteps: Risk estimation and risk description.

- Risk estimation:

When integrating exposure and effects assessnmesmnecessary to express the effects using atfourt
dimensional state space (Suter,1993), whose dimesigiwo for exposure and two for effects) are:

1/ the concentration of the substance to whichrisgas are exposed;

2/ the duration of the exposure;

11
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3/ the proportion of the community responding;

4/ the severity of the effect.

Whereas in traditional human health risk assessieEnimportant parameter is the duration of the
exposure (dose rate x time), normally, in ERA itmsre important the duration of the effects to asse
how long an ecosystem is degraded. In additionsystem exposed for long periods may adapt to a
certain pollutant and biological effects may endole exposure disappear or may continue to occur
after the exposure ceases, because there areaymen other physical processes —e.g. resuspelmgion
storms -in the induction of the effects. Unfortuelgt there is no general theory of ecosystem respon
and recovery that may be used for evaluate suelctsff

Additional difficulties arise when answering thevegty of the effects. In this case, there are sve
graded scales such as (Dourson, 1986): no obseffext (NOE), no observed adverse effect, adverse
effects (e.g. metabolic and growth), death.

- Risk description:

The risk description must consider an evaluatiorthef lines of evidence for risk as well as their
evaluation and the assessment of the significahtteecadverse effects on the selected endpoinis. Th
evaluation should be easy to understand for theagems that should take the final decisions.

In this case also an overall degree of confidemceisk estimates should be included in the risk
assessment report.

2.4. Risk Management

Even though risk management can be carried oubwithisk analysis, the effectiveness of it depends
necessarily on the successful development of th& giecess. The ideal input from an ERA process to
risk managers would be setting criteria for thews#ible concentrations of a chemical in air, wagér,

and providing probability functions for unacceptabffects on the endpoint. This allows developing a
set of preventive and protective measures that@trever- or under-protective.

However, in addition to the ERA and human healtbat$ risk management should also consider other
aspects based on social, political, legal and eménconsiderations that are not provided by the ERA

process as well as other techniques not consideredst-benefit or risk-benefit analysis.

3. Ecological models and ecologic risk assessment

In a recent survey carried out by Fleegeal (2003) the effects of contaminants in aquaticsgstems

were divided in direct and indirect effects. Direftects from the release of a pollutant into amuat

12
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habitats vary with intensity and duration of expesand are frequently studied as a part of the
estimation of risk of a certain chemical and thelgsshment of a threshold value for its permissibl
concentrations. These studies are normally basethlworatory toxicity tests using model species
responses to a single contaminant exposure. Deféatts typically reduce organisms’ abundance, e.g.
increase of mortality, reduction of growth ratefecundity, etc. However, pollutants may have other
effects even on tolerant species by other ecolbgieghanisms, e.g. direct influences of contammmant
on predators can lead to cascading indirect effatt®sistant species in other trophic levels bgrialg
competitive interactions and therefore modifyingpstantially its abundance and dynamical behaviour.
Such effects are called indirect (or secondary}amomant effects (Flegget al, 2003) and sometimes
can be as or more significant that the direct @pgffects of a contaminant.

Ecological models have become effective tools iauating direct and indirect effects, estimating an
to managing ecological risks (Bartell, 1996; Pasiat al, 2003). In addition, ecological models may
be applied to forecast future potential risks ore&timate risks when field experiments cannot be
performed, i.e. the release of a new chemical theoenvironment. They are useful tools for testing
alternative hypothesis or to reconstruct past 8doa where evidence of toxic exposure cannot be
demonstrated.

It is evident that there is no general methodolé@yquantifying ecological risk, since there wik b
always limitations to the amount of data we carmawbin terms of time, resources, and/or knowledge
(Pastoroket al, 2003). For these reasons, mathematical modeks bfsen been used in ERA. These
models may be divided in two general categoriestissical and mechanistic models (Suter, 1993).
Statistical models attempt to extract generalizetitom data using statistical techniques. A diatib
model has no underlying assumptions to explairotiservations in terms of cause-effect relationships
and therefore their use for extrapolation is alwgysstionable. On the contrary, mechanistic models
have as its objective to describe quantitativedy elationship between a phenomenon and its causes.
In this case parameters in a mechanistic model laagkear definition and could be, in principle,
obtained from experiments.

Mathematical models, once properly validated, ditfer possibilities to simulate process that wowdd n
be possible to measure in reality; to forecastréselts of different plausible scenarios; and ttyast
information about the global dynamic behaviourhef studied system which would be impossible from
any field experiment. These are the reasons focltiiey are used in ERA studies.

Concerning coastal (aquatic ecosystems), the mestltamodels of interest for risk assessment can be

divided into several classes (Koelmatsl, 2001):

13
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Eutrophication model (Cycling of nutrients and grewth of algae)
Contaminant fate model (describing the fate andridigion of contaminants in the aquatic
system)
Ecosystem model (feeding relationship, prey-predaamong the species in the aquatic
ecosystem)
Food chain bioaccumulation model (processes of atomant uptake, depuration and
transformation in aquatic organisms and pollutténatissfer through the food web)
Effect and impact model(s) that link bioaccumulatiand/or toxic effects and ecosystem
distribution at the level of ecosystem componeftss information is necessary to allow risk
assessment studies to be undertaken.

These modules should be linked through the follgwirocesses:
Cycling of organic carbon in the water column ahnel $ediment and the association of organic
contaminants with organic matter (Eutrophicatiom@minant fate)
Acute and chronic toxicity of contaminant, impacgzon the functioning of the food chain
components and transport and accumulation in thed fahain (Contaminant fate-
bioaccumulation/effects and impacts)

Bottom-up versus top-down control of food chaimusture (Eutrophication-Food Web)
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Figure 5. Models for ERA (Koelmaret al, 2001).
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3.1. Effect-load-sensitivity analyses — basic coms: the case of nutrients

Richard Vollenweider presented the first load medr phosphorus for lakes in the late 1960s
(Vollenweider, 1968). By means of mass-balanceutations and statistical regressions, he could
demonstrate that in many lakes, eutrophication ccdé reversed by reducing the input of total
phosphorus (TP) to the lakes so that the meandakeal concentrations of TP could be lowered.
Since then, many studies have demonstrated wherédlenweider approach can and cannot be used
(Schindler, 1977, 1978; Bierman, 1980; Chapra, 1980e Vollenweider model (and later versions,
such as OECD, 1982), and the analysis behind tilsid model, constitutes a fundamental base for
practically all environmental assessments of eticgtion for lakes. The interesting part, however,
not to predict a concentration of a chemical elentige a nutrient, but to predict ecological effect
related to nutrients (see fig. 6). It is eviderdttthe concentration of the nutrient can be infagshby
emissions from many types of sources, like poinrses (domestic sewage, industries and fish farms),
atmospheric deposition (to the water surface amdcdtchment area), internal loading (linked to
resuspension, diffusion, etc.) and, in estuariefipw from the sea and tributary input, where the
characteristics of the catchment, like bedrocksis,sdand use, etc., influence the nutrient

concentration in the coastal area.
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Figure 6. lllustration of the fundamental differenmetween dynamic, mass-balance models (fig. a) and
effect-load-sensitivity models (ELS) based on regiens (b) and ELS-models related to dynamic
foodweb models (c) and (d) how changes in the kiaal given time may cause different responses in
the aquatic foodweb in coastal systems of diffesem and form (coast 1 compared to coast 2). The
wheels indicate that by means of remedial measomesmay reduce the load variable in dynamic
models and the load and the sensitivity variabieSliS-models. Q = Water discharge’fime); G, =
concentration of substance in inflow (gJirC = concentration of substance in the systemY{gRseq=
sedimentation rate (1/time); V = volume3m

Differential equations are often used to quantifixés (g X /yr), amounts (g X) and concentratiogs (
X/m?) of all types of materials (such as toxins andiants), but not generally bioindicators such as
the Secchi depth, chlorophyll-a concentrations #rel oxygen saturation in the deep-water zone
(O,Sat) or other types of ecosystem effect varialfigs 7). Regressions based on empirical data are
often necessary to relate concentrations of chdsnicavater or sediments to OEVs. In theory, both
model approaches (see fig. 6a and b) may be usetthdoeffect-load-sensitivity analyses (ELS; see
Hakanson, 1999) provided that at least one op@tiodefined ecological effect variable relevant f
the load variables(s) in question is included ia thodel. Step b in fig. 6 illustrates a regression.

Ideally, the effect variable should express thedpotion or biomass of defined functional organisms
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(preferably fish at the top trophic level, see @), which characterize a given coastal system. 6d
illustrates schematically that two coastal areasligely to react differently to a change in thadoof
nutrients to the system. The classical approadm(fvollenweider, 1968) to carry out ELS-analysis is
to use dynamic mass-balance models to predict atrat®ns of nutrients and empirical models (like
regressions) to link these concentrations to measdata on the effect variables (see fig. 7). In
contexts of coastal management, one must gendoalpractical and economical reasons seek simpler
but relevant operational effect variables than itteal ones related to production or biomasses of
functional groups or species. The mean concentraifoa given toxic substance (or substances) in
predatory fish, the Secchi depth, the oxygen satuvaoncentration and chlorophyll-a concentrations

are examples of simple, operational effect vargble

Conditi ons i n the sea outs de the coast Popul ation, land use

Sub-model for inflow and Catchmet area sub-model
outflow \ /

Nutrient loading (TN and TP) and suspended pawteuinattrer (SPM) loading

N Handled by differential equations

[Mass-balance models for TN, TP and SPM
Inflow Outﬂow

ﬁ
Surface water
Deep water

Internal processes, sedimentation, resuspensipn,
diffusion, mixing, mineralisation

v J
/TN, TP and SPM concentNen handled by regressions
] Indicator 2, ;
indicator 1, Chlorophyli-a Iong Ici[grs?gturaﬁon in
Secchi depth from TN- & TP- r Y9
from SPM and salinity concentrations eep water

from SPM-sedimentati

Figure 7. Basic elements in Effect-Load-Sensiti(lsL.S) modelling for coastal water eutrophication
utilizing mass-balance modelling and regressiorlyaea relating nutrient concentrations to operaion
effect variables (Secchi depth, chlorophyll-a conictions and oxygen saturation in the deep-water
zone).

Fig. 6b gives the principles of an ELS-model illag¢d as a ELS-diagram. Environmental goals

(generally set by National Environmental ProtectAgencies) should concern the ecological effect
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variables and not the load variables, since one thedsame load may cause different effects in
ecosystems of different sensitivities. From thiggdam, important concepts like natural background
concentration and critical load can be scientificdefined (see Hakanson, 1999). When no pracicall
useful validated ELS-models are available, theiistg&xample room for speculations about cause and
effect, and about the best strategies to remedigiatic systems. In contexts of ELS-analyses, the
primary interest is not on site-specific conditiqfithe sampling bottle"), on the individual, organ

cell level, but at the ecosystem level. That perspe should be of main interest from a management
point of view where questions are posed concerttiagtatus of larger water bodies (ecosystems), and
the remedial actions that could be used in prattigeprove the conditions in such systems.

It should be stressed that ELS-analyses are ofafmedtal importance in water management and that
ELS-models are essential tools to examine consegsenf remedial measures that may influence a
target effect variable. One can reduce negativeystem effects of contaminants by reducing the load
to the system or by changing the sensitivity (fcaraple, by changing loading of nutrients to theegiv
coastal area). One cannot generally change thehoongtry of the coastal area, but coasts of difteren
size and form will react differently to remedial aseres and it is essential to know this so thatcame
have realistic expectations of the remedial measiarea given coast.

It is generally not possible to derive ELS-modelsicli apply with equal success to all types of
ecosystems. Therefore, the operational range, ¢ineanh, of the model must be explicitly given to
avoid abuse of the model for ecosystems for whiebas never intended to be used. If dynamic (time-
dependent) ELS-models can meet these requiremémty, would generally be preferable to
statistical/lempirical models because they can pewvbetter understanding of mechanisms and
processes.

3.2. Ecological models

Normally an eutrophication model plus a food webdelds considered a complete ecological model.
Models of aquatic ecosystems can be characterssatding to the types of processes they describe,
the level of disaggregation and the degree of giol detail. Furthermore from the point of view of
the type of equations used it is possible to dystish between:

A/ Continuous modelling approacWhich is mainly based on Lotka-Volterra type oy diferential
equations, Takeuchi (1996). The Lotka-Volterra eigma with diffusion can be described by:
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Ko+ ;aj %)+ D, (¥, - X)

dy o B 1)

ot y (F + j:l&j xy;)+Di(% - )

wherer; is the intrinsic growth rate for i-th species ahd A={a;} is the interaction matrix in patch X.
The D; are non-negative diffusion constants between ttehes for i-th species. The first equation
describes growth of i-th species in Patch X andsdeond in Patch Y. The first term in the right-than
sides in the two equations represent dynamics mvjpatches X and Y respectively, and the remaining
term express species dispersal between patchekisltype of approach the system is composed of
several subsystems (called patches) described tkai\olterra equations and the species are allowed
to disperse among the patches. Except some exarkptegn as diffusive instability or diffusion-
induced instability, a diffusion process generaliyds to promote stability in ecological systems,
Takeuchi (1996). Obviously, this modelling approasha crude simplification of reality and many
attempts have been carried out to improve the L¥ibléerra equations by introducing different kinds
of saturation functions, reproduction, mortalitic.€Bazykin, 1998).

B/ Discrete stage-based modelling approadime use of continuous ordinary differential eqoagi
ignore population structure by treating all indivads as identical. The existence of demographically
important differences among individuals is obviolatrix population models (Caswell, 1989)
integrate population dynamics and population stmecparticularly clearly and they are very useful
when the life cycle is described in terms of silesses or development stages, rather than ageslass
There are fundamentally two types of approaches,atie classified model and the stage classified
model. The first one assumes age-specific sunawndl fertility are sufficient to determine populatio
dynamics. On the other hand, if the vital rateseshejpon body size, and growth is sufficiently plasti
that individuals of the same age may differ ap@ielyi in size, then age will provide little infornna
about the fate of an individual. In the stage-bagpd of modelling the matriA, called Leslie matrix,
which describes the transformation of a populatiom time t to time t+1,

Nwa= A n 2)

has the following structure:
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P m .. m,
G P, O .. O

A= 0 G, P 0. O (3)
0 0 0. G, P

wheren, is a vector describing the population at eachestgimet, P; is the probability of surviving
and staying in stage G; is the probability of surviving and growing intlet next stage, and is the
maternity per fish per unit time (d)7 1,2,...,q BothP; andG; are functions of the survival probability,

pi, and the growth probability (Caswell, 1989):

R=pd-9) (4)
G =p>g (5)
where

p=€”" (6)
and

g= % @)

wherez is the daily instantaneous mortality rate (IMRYath is the duration (days) within theth
stage. Incorporation of interaction between speatedifferent stages can be easily done (Cushing,
1998; Zaldivar and Campolongo, 2000).

3.3. Contaminants fate and transport models

The aim of chemical fate and transport models igstimate the spatio-temporal distribution of a
contaminant in the environment. Normally, these el®@re based on the mass balance approach, i.e.
change = inputs — outputs * transformations, anusider the evolution of the pollutant and its
distribution between several compartments. An exanspgshown in fig. 8 (Dueet al, 2005; Carafet

al., 2006) where the main emphasis is on predictwager and sediment concentrations and where
historical concentrations in the sediment, atmospheoncentrations and watershed inputs act as
forcing to the model.

The term “compartment” refers to each phase in wkhe chemical may be present, e.g. dissolved and
particulate solids in the water, gas and aerosakghn the atmosphere, as well as to each element i
the food chain. However, fate and transport modeker partitioning between these phases but not

the effects of contaminants on predator-prey m@tathips or toxicity on the abundance of species.
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Figure 8. Fate and transport model processes anbemental compartments.

3.4. Food chain bioaccumulation/toxicity model

The main issue normally when introducing contamisan ecological models is to infer likely the
impact on the ecosystem and populations of thecte@ffects observed at the individual level.
Traditionally, mortality (survival rate) of organis has been used as the ecological effect of tokica
stress in risk assessment (Bartell, 1996; Logesal, 2005, a.0.) but other approaches have been
appeared recently. For example, Tanaka (2003) gezpthe application of population vulnerability
analysis (PVA) which consists on estimating thebpiulity of extinction by evaluating the adverse
effects of pollutant chemicals on the intrinsiceraf natural increase,(Ginzburget al, 1982).

Bartell (1999) has proposed an iterative procesanalyse ecosystem (population) response using
toxicological data. This approach is illustratedfig. 9. In this sense, the risk is evaluated as th
probability of detecting a specific change in amual integrated biomass of a population of interest
(O'Neil et al, 1982). In order to carry out this approach,sitnecessary to translate single-species
toxicity data to elements of an effects matrix whveill in turn modify growth rates, mortality, et

the modelled processes in the phytoplankton, zodpd@, bacteria, etc. modules contained in the
ecological model. This is a necessary step to lmdoxicological effects on single population
dynamics. Then this combined matrix effects is pomdl and the total effects at ecosystem level are
evaluated. Monte Carlo approach may also be us#usatevel to assess uncertainty not only in the

model equations but also in the environmental facto

21



THRESHOLDS DELIVERABLE 2.6.1
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Figure 9. Estimating the ecological risk for a givehemical exposure from toxicity data. The assay
simulations produce an effects matrix that modifggewth rates for populations in the food web

model. The population effects from several simaoladiare used in calculating the risk (modified from

Bartell, 1999).

3.5. Integrated models

Actually, there are several general models thattmen developed to cover several aspects of ERA:
ecosystem, fate and effects. Between them: QWASEk(@tative Water, Air, Sediment Interaction)
(Mackayet al, 1983); IFEM (Integrated Fate and Effects ModBBrtell et al, 1992); the AQUATOX
(Park et al, 1995) model, and the GEMCO (Generic Estuary NMdoe Contaminants) (WL Delft
Hydraulics, 2003).

- QWASI

QWASI is a fugacity-based well-mixed compartmemtalss balance model also referred as multimedia
fate model. These models have been classified diogpto their complexity in fourth levels: Level |
(closed system, equilibrium between compartmendsieaction), Level 1l (steady-state open system,
equilibrium reached at constant emission rate timaand advection included), Level Il (steadytsta
compartments not at equilibrium, inter-media tramsformulations), Level IV (unsteady state version

of Level Ill). These models have been extensivalgdiin the field of environmental fate assessment
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for a large number of chemicals and several integarion exercises have been carried out (Costan
al. 1995; Leip and Lammel, 2004, a.0.)

- IFEM Model

This model is the integration of the fates of arbosamodel (FOAM) (Bartell et al., 1981) with a
general ecological model that takes into accouirthgay producers (phytoplankton, periphyton and
rooted macrophytes), and consumers (zooplanktamhigeinsects, other benthic invertebrates —e.qg.
clams-, pelagic omnivorous fish and a benthic tetrious fish). Figure 10 shows schematic flow
diagram of the aquatic ecosystem model, as weth@asood web structure and the imposed seasonal
patterns of light, temperature and nutrients.

Light Temperature

zzzzzz

Nutrients

Omnivorous fish

Fscivorous fish

. Predation

0{\
E\j
Grazing Q

Predation -~

Benthic insect

,»4 q ¥

etritus | . 4
< Benthic invertebrate

Figure 10. Schematic illustration of the typicaluatic ecosystem showing the food web structure,
trophic relations and the imposed seasonal patfiight, temperature and nutrients (Bartedlal,
1992).

IFEM calculates the uptake, metabolism and effettaccumulated pollutant on aquatic ecosystems.
The main chemical processes that are taken intouatdanclude: volatilization, photolysis, sorption
and desorption. Even though, it was originally deped for PAHS, it has been extended to deal with
other families of toxicants (Bartedt al 1999 and 2000).
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-AQUATOX

The main objective of AQUATOX (US EPA, 2000) ispmovide a realistic estimation of the fate and
effects of pollutants in aquatic ecosystems. It basn designed to represent the average daily
conditions in a well-mixed aquatic system (0D) dd for systems that exhibit stratification. It
considers several trophic levels, including attaclaad planktonic algae and submerged aquatic
vegetation, invertebrates, and forage, bottom-fegednd game fish (fig. 11).

The fate model includes partitioning among orgasissuspended and sedimented detritus, suspended
and sedimented inorganic sediments and water; iNmddion; hydrolysis; photolysis; ionization; and
microbial degradation.

The model has been implemented for streams, siwatky ponds, lakes and reservoirs.

A

;

———_71_"‘—\—\__\_\_\-

(7 Sediment
~__surficlal, burfed -

L

Figure 11. Conceptual model of the ecosystem repted by AQUATOX (US EPA, 2000).

-GEMCO

The GEMCO, born from collaboration between WL Deéffgdraulics (NL), Ifremer (FR) and IVM
(NL), was designed to determine the sediment artérw@ncentrations as well as the concentrations
and fluxes of contaminants through the differemels in a schematic food web, see fig. 12. Spagiall
this program was developed to simulate transitiomaters and adjacent coastal waters, therefore
sediments are taken into account. Estuaries were cgéssified according to their shape, tidal range
and fresh water input in order to derive the sglidistribution. Two types of generic food web have
been included: a pelagic and a benthic food weh wipelagic fish (sea bass) and a benthic fish (fla

fish) as top predators, respectively.
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Figure 12. Overview of the GEMCO structure.

As all these models, as input it requires the mloyshemical properties of the contaminant (e.g.
molecular mass, organic carbon partition coeffigiétenry coefficient, etc.), the emission data .(e.g
concentration in the river, atmospheric load, pa@otirces, etc.) and the estuary characteristigs (e.
river discharge, estuary dimensions, tidal chareties, water temperature, etc.).

The model was validated in Scheldt and Seine asti@lcoizeauet al, 2001) using metals (Cd, Cu)

and organic pollutants (Atrazine, Lindane and PCBSs)

4. Modelling toxic effects in a stage-based population
model

As stated previously, one of the mairoblems in ERA is how to use the data normallyawted from
individual responses, such as survival, or growthassess the impacts at the level or population or
ecosystem. It is clear that the ecological relegaocthese data sets is low. However, if these data
could be incorporated, through modelling approactegopulation models then we could assess the
problems at a more relevant scale.

One solution to this problem is to use discretdagioal models based on a Leslie matrix combined
with mathematical modelling of important biologicarocesses. These processes are normally
simulated using the theory of Dynamic Energy Budd&iboijman, 1993). Furthermore, several Leslie
matrices can be combined to develop an ecosystedeln{@aldivar and Campolongo, 2000) and
therefore toxic effects introduced at populatiorelecan be extended to ecosystem level.

In this report we discuss an approach developed. @yeset al, 2005 forC. riparius which is a non-
biting midge with a life-cycle that comprises aqoatages (eggs, larva and pupae) and aerial ones
(adults).
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4.1. Population dynamics model o€. riparius and response to Methiocarb

In this model the Leslie matrix A, eq. 3, is a 17xhatrix which coincides with the total duration of
the C. ripariuslife cycle. Therefore the probability of survivigd staying in stages set to zero, i.e.

P; = 0. Furthermore, only adults (latest stage) répce and hence, the fecundity for the earlier stage
is also set to zero, i.ep=...=M =0 andmy;= 208.1 (Lopeet al, 2005).

The probability of surviving and growing into thext stageG;, is dependent on the stage and the
concentration of the chemical, (mg L™). In this way results from several bioassays erpamts on
eggs, larva, pupa and adults can be incorporatedatly to have a population response for a specifi
chemical (Methiocarb, carbamate pesticide usedyiic@ture). The equations for each stage can be
written as (Lopegt al., 2005):

- Eggs (2 days) and Larval stage 1 (2 days):

G, =s 1+exp@) 8)
exp@) + expp>C)

with s=0.836, a=8.478 and b=0.499 (Lopesl, 2005).
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Figure 13. Response of each stage to Methiocarteotration.

- Larval stages 2 (2days), 3 (3 days) and 4 (6yS)da

26



THRESHOLDS DELIVERABLE 2.6.1

In this case DEBtox models were used. In this aggrdhe uptake of the compound is assumed to be
proportional to its concentration in the solutiavhereas its elimination proportional to that in the
body. This lead to a linear ordinary differentiguation that can be solved analytically and by &mp
manipulation leads to the following expression (asieig that there is a concentratidieC below
which there are no effects on the survival of thgaaism during the bioassays):

If C<NEGC

G =exptm)
Else
G, = exp - m +--Cexp & )1- expt &)l k (C- NEG) (©)

wherem is the natural mortalityk is the killing rate andbis the elimination rate. Table 1 summarises

the parameters estimated frriparius

Table 1. Estimated parameters for each stage (Letps 2005).

G

Stage m NEG Ki :
L, Gs-Gs 0.051 | 3.7307 | 0.023| 3.474
L3 Gr-Go 0.038 236 0.014 3.171
La G10-G1s 0.033 255 0.022 4.234
- Pupa (0.5 days):
G, =s 1+exp@) (10)
exp@) +expb>C)
with s=1.0, a=8.749 and b=0.282 (Lomsl, 2005).
As the pupa stage last less than one@ays calculated as:
G =G5 G, (12)

Figure 13 shows the effects of methiocarb at etates It should be noticed that whereas larvalestag
L, and Pupa are predominantly planktonic, sl and L they live in the sediments.

The effects of the contaminant at the populatioellean now be quantified as a function of bioassay
data on each stage using the first eigenvalyeof the Leslie matrix (Caswell, 1989) also caltbeé
population growth rate. If1is lower than one the population will become extigeceater than one the
population will increase exponentially and with rreovalue it will maintain without growing. As can
be seen in fig. 4 in the absence of methiocarbpihyeulation growth rate is around 1.28 which

corresponds to a daily increase of 28% in absefq@enlators, i.e. bioassays experiments. As we

27



THRESHOLDS DELIVERABLE 2.6.1

increase the concentration of methiocarb this vdkmreases until a threshold (extinction), in tase
a point of non-return, value of approx. 22mg L™* where it crosses the one line. Figure 14 shows the

simulation at this concentration. As can be seerptipulation show a cyclic behaviour.

250 T T

200 R -

150 H -

100 B

NC individuals at each stage

time (day)

Figure 14. Dynamic simulation of the population®friparius at each stage with a concentration of
methiocarb of 22.7fg L™ which gives d » 1.

In this model, the effects of temperature and fawdilability are not taken into account but thep ca
easily be incorporated as in Zaldiwaral (2003) for clams or as in Snat al (2006) forC. volutator

(a marine amphipod used in sediments bioassays).

4.2. Uncertainty analysis in the point of non retun

As mentioned above, the valle 1 may be considered as a point of non-return ferGhriparius
population. This value corresponds to a concenmaif 22.72ng L™ of methiocarb. In order to study
the uncertainty of this value based on the unaastaf the experimental results during the analpdis
the toxicity experiment for each stage of theieddycle, we have run approx. 70000 Monte Carlo
simulations changing the 16 parameters accordinig the associated errors (Lopstsal,, 2005). The

results shown that the point of non return variesf19.1 to 24.7g L™ of methiocarb.
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Figure 15. Realisation of 30000 runs on the effe€tsethiocarb concentrations on population growth
rate ofChironomus ripariusas a function of the uncertainty in the experirakregsults.

5. Modelling toxic effects in a foodweb model

This model has been developed with the idea ofyama mesocosm experiments that have been
conducted by NERI. Therefore, a general model le@ lmdapted for simulating the effects of a pulse

of a contaminant on an ecosystem that has zooplaras the top predator.

A4

Phytoplankton > Zooplankton
A

A

Nutrients in
water column | <€4—

Bacteria
A |

Detritus

Figure 16. Simplified flow diagram in an aquatiosgstem (modified from Mosekilde,1996).
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5.1. Ecological model

A schematic flow diagram of an aquatic ecosystesummarised in Fig. 16. Besides the presence of
available nutrients in the water columN)( the models normally account for phytoplanktd?), (
zooplankton Z). In addition the model contains the so calledraob@l loop, which accounts for the
mineralization of dead organic mater, called desr®), performed by the bacteri8)( In the original
model (Mosekilde 1996), fish and nutrient in theliseents were also included but for our final
objectives, which are to simulate mesocosms exjgsisn (Hjorthet al, 2006) on nutrient and
contaminant enrichment, we have not taken into @ticthese compartments. The model assumes that
the Redfield molar ratio is conserved, i.e. C:N:P6:16: 1.

The ordinary differential equations may be written

dP N P YeotYe

— =c(t)P -Z ’ - t,P-rP 12

o ()/%PN+KP /%ZP+KZ P (12)

% = ﬂan P YP,O +YP + B YB,O +YB + D YD,O +YD

dt ‘2 P+K, 2 B+K, 2 D+K, 2 (13)
-t,2-rZ

dB D B YeotVYs

— =B 1- a)- Z : -t,B- rB 14

ai /%BD+KB( ) WMB+KZ B (14)

aN =aBm, - c(t)Pm, +r(C - N) (15)

dt P D+Kg PN+K, '

dD D YootYp D

— =t ,P+t,Z+t,B-Z : -B

d ° 0 °F ,sz+KZ 2 ,mBD+KB (16)
-bD- rD

In this model an annual sine function is used tecdbe the variation in energy input (light and
temperature) to the system:

t- 80

— +1 17
365 (17

c(t) = % sin 2p

The specific growth rates follow the Monod equat{donod, 1950) modified for taking into account

the case that there is more than one prey. Inctse, the growth rate becomes the sum of n terms of

Monod type, one term for each of the n preys sgdtiat the considered predator eats. Each of these

terms is weighted so the i-th contribution reads:
S Yoty

A 18
TSk 2 18)
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with Y, = S,/ S and Yo = constant. Here§ is the biomass of the i-th preys; andK are the

i=1
maximal specific growth rate and the half-saturattmnstant. The paramet€y defines the optimal
fraction of the predator’s diet deriving from pref/specied, andY; measures the actual value of this
fraction. Moreovera is the mineralization part of the bacterial uptai¢he sedimentation ratg;the
mineralization rates the rate of dilutionC; the inlet concentration of nutrients.is the mortality rate.
Yp, Ys andYp describe the composition of the zooplankton diet.
Figure 17 shows an example of a simulation run Kogeone year after the model has reached steady
state using parameters from Table 2. As can betbéehighly idealised model is able to reproduoe t
phytoplankton spring bloom immediately followed &y increase in zooplankton population, which in
turn depletes the phytoplankton population. A dethianalysis on attractors, bifurcation points and

influence of different parameters on the model dyieebehaviour can be found in Mosekilde (1996).

Concentration

| | | |
0 50 100 150 200 250 300 350
time (day)

Figure 17. Simulated annual variations of the cartmpants in the model.
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Table 2. Base case parameters for the aquatic €eosy

parameter |unit value parameter | unit value
hp day" 2.5 ts day” 0.9
.z day’ |05 a - 0.33
Mg day’ 2.9 b day* 0.009
Kp mgL' [0.6 r day* 0.0035
Kz mgL' [0.6 C mg L' [2.0

Ks mgL' [0.2 Y0 - 0.85
Ip day'l 0.12 YB,O - 0.05

t; day” 0.14 Yoo - 0.1

5.2. Fate model

In order to evaluate contaminant exposure in thiem@lumn a 0D fate model has been developed, i.e.
well-mixed water column, no spatial distributiorhelfate model consists of a dynamic mass balance
model for calculating pollutant concentrationshe tvater column. The model is based on Faeteal.,
(1999) and it has been applied to DDT (Dwral, 2005) in lake Maggiore and to s-triazines (Caraf
et al, 2006) - coupled with a 3D model- in Sacca di@lagoon. As we are interested in simulating
mesocosm experiments all the part related to sedsrieave been cancelled. as well the atmospheric
exchanges.

The mass balance equations for the total concentrat the water column can be written as (Fadey
al., 1999):

Vdd_ci.r :Qin >Cin - Qout >CT - W XA% >q‘n>G+Wu XA% MMy >G§ed
_ ASXFW/S_'_ASXFA/W +A%deep_ kN )Cdiss_ Fuptake

(19)

The first and second term of tiles represent the mass rate of chemical flowing imtd aut of the
system; the third term represents the chemicalfloss the water column by settling; the fourth term
represents the rate of chemical gain from resuspenthe fifth term represents diffusive exchange
between dissolved concentrations in the water col@amd pore (interstitial) waters; the sixth term
represents the transfer of chemical across thevatier interface; the seventh term represents et in
by wet and dry deposition; the eigth term represténginsformation losses from the water column, e.g.
by UV degradation; and the last term representsdinéaminant uptake by biota. In this case, tlaeee

no inputs and outputs and theref@g=Q,.,=0. A pulse of contaminant is simulated by chandimg
initial conditions at a certain time during the siation. Furthermore, resuspension, diffusive ergea

with the sediments and atmosphere as well as veetigndeposition have been cancelled.
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In this case Pyrene in the water column can beldd/into two main components related to their fates

and transport routes: dissolved and particulageCj. = C** +CP°° + CP", Particulate bound Pyrene

is subject to sedimentation. A general approacddscribe the particle affinity is by means of the

partition coefficientky (m® ngdw™) which is defined as the ratio between the pasdteuand the

dissolved phases as:

Kq = c% (20)

whereasC***is the dissolved concentration (ng*frand G(ng ng™) is the ratio between the particulate

concentration@"®", ng m°) and the suspended particulate matter conceniratimass dry weight per

volume (n, mgdw ni®):
C pant

- m

G

(21)

Furthermore, the dissolved phase can be distribbesdieen free chemical and chemical bound to
dissolved organic carbo(QC). Also in this case a partitioning equilibriumagbnship is assumed:

_cP¢/pboc
KDOC - Cdiss

Similar approach can be made for the sedimentsa{€ar al, 2006) between dissolved (interstitial or

(22)

pore water) and particulate concentrations.
It is possible to express the concentration in gdse for the water column and for the sedimend, a

function of the total concentration and the equilibn partition relationships (Farlest al, 1999):

Cdiss = C:T

23

f+F XK o XDOC+K, >m (23)

CDOC — KDOC xDOC ><:T (24)
f+F XKoo XDOC+K, xm

part — Kd >q‘n>(:T (25)

f+F XK o XDOC+ K, xm
where the water porositf/=1.

Normally, in fate and transport of organic contaamts modelsKy is considered to be a function of the
fraction of organic carbon for suspended solidsedimentsfoc, and the organic-carbon partition

coefficient,Koc:

Ky = foc XKoc (26)

33



THRESHOLDS DELIVERABLE 2.6.1

Values ofKpoc can be approximated &ioc values (Karickhoffet al, 1979; Schwarzenbacdt al,
2003). According to Chioat al (1998) for PAHsKoc can be obtained as:

logK,. =logK,, - 021 (27)

Even though air-water and sediment-water exchazage,dry and wet deposition have not been taken
into account for the present model, they have hmmameterised for Pyrene to be included in the
general model under development (Juratal, 2006).

Air-Water Exchange

The air-water flux £, ng.m?.s?) assuming equilibrium between the two phaseseatrtterface i)

is given by (Westertergt al, 1984) as:

1 1w
FAA/W - +_—

kG ><|<GL kL KGL

_ C diss (28)

where C%* and C*" are the gas-phase and the dissolved (liquid) curatéions of A (ng/r),
respectivelyKe. is the dimensionless gas-liquid distribution ciméght, K., =C../C}, , which may
be calculated from the Henry's law constant usiqg: = H/(RxT), andks andk_ are the air-water

mass transfer coefficients (m/s).

Mass transfer coefficient: Liquid side

In this work we have used a recent correlation kgexl by Nightingaleet al, (2000) that has been
employed to estimate the global dynamics and safilagganic pollutants by Daclet al (2002). This

correlation can be written as:

k. =6.667x0"uy, +1.6944407u2 (29)

wherek_ is given in m/s. In order to correct for a diffiete&Schmidt number$c= 777D xr ) one has to

modify the value as follows:

-05
Sc,

L Lnorm GT.O

(30)

The liquid phase diffusion coefficients are caltethas a function of temperature and water visgosit
following the correlation proposed by Wilke and @941955) as:

D, (m?/s)=a T/ m, (31)
with aq equal to 6.780 for Pyrene.

Mass transfer coefficient: Gas side
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Similarly, several correlations, using water vapdaboratory and field experiments, have been
developed to estimate the gas phase mass trams&f#icent (m/s). In this case the normalised value
refers to the mass transfer coefficient for watdrich may be correlated as a function of wind speed
like follows (Schwarzenbactt al, 2003):

kH° =2x03u,, +3%0°3 (32)
G 10

and then

ke =ki©(Df/Ds0)™ (33)

whereDg refers to the diffusion coefficients of the chenhiaad water in the gas phase (air). The gas
phase diffusion coefficient as a function of tengbere has been calculated using the empirical

correlation developed by Fullet al (1966):
Do (M?/s) =a =T (34)
For the case of water, and pyrene the values &8710°, 2.69510"°, respectively.
The Henry’s law constant
The temperature dependence of the Henry’s law aohstin be expressed as:

B

logH = A, - - (35)

T
The following values foAy andBy has been usedy = 9.17,By = 2475, for pyrene (Paasiviré al
1999).

Dry and wet deposition

The dry deposition flu? (ng.m?.s?) may be estimated from the particle depositiomeigy (vd, m/s)
and the micropollutant concentration in the aerpéaise (ng/f) as (Swackhamest al, 1999):

Fl =Cn, (36)

Normal values for particle deposition velocity fakes and coastal areas usually range from™1t@0
8.10° m/s (Nho-Kimet al, 2004). In this work we have used 2°19/s as in Shawat al, (1997).

Wet deposition,F¥ may be calculated (Swackhametr al, 1999; Van Ryet al., 2000) from the
precipitation rateRr, m/s) and the micropollutant concentration in raater (ng/m3) as:

Fu =CRmPr (37)

The sum of both contributions constitutes the t&ffffin Eq. (19). Concentrations in air (gas + aerosol
phases) were obtained from concentrations in rainguthe approach proposed by Juratial (2004,
2005).

Sediment deposition: Settling
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As summarised by Hawley (1982), observed data ceitkfor settling velocities of lacustrine and
marine particles show velocities up to one ordemafynitude higher than using the Stokes’ velocity.
Normally empirical values are used in simulatioograms. In this work we have used the value of
3.87.10° m/s proposed by Carrer et al. (2000) for Venicgotm. Using this value and the
concentration in the particulate phase, it is fnedb calculate the settling flux (ngas™) as:

[ sediment _ w, »C Part (38)

Sediments-Water Exchange

Concerning only the sediment-water diffusive transioefficient, Di Torcet al. (1981) concluded that
the main resistance to mass transfer lies in tigrsnt and that it is possible to write:

k, =22X0°F MW %3 (39)

for ks in m/s. A typical order of magnitude flyis then about 1.2.10-8 —1.2.10-7 m/s.

Chemical and biological loss rate

The half-life € 5) is the time required for pollutant concentrattorbe reduced by half due to physical
and chemical processes, including transformatiomstdegradation products. It is estimated usirgy th
assumption of first-order kinetics. Estimationgpgfene half life show a wide range of value, fraewf
days to more than one year, depending on the emaeatal conditions as well as on the
presence/absence of bacteria (Heitkagh@ml 1988; Tamet al, 2003; Greenfield and Davis, 2004;
a.0.). A value ok = 1.157107(s?) was selected.

Biota uptake
The uptake by biota is proportional to the dissdlfraction and given by the following equation:

FUPEe = (PP +Z %k} + BV xC™ (40)

5.3. Bioaccumulation model

For simplicity, let us assume a certain contaminbmthis case we have taken a PAH, pyrene, because
it has been investigated within the ThresholdsgmtojHowever, the model is quite general and can be
extended to other contaminants. The concentrafiélyene in the dissolved phase is calculated using
Eq. (23) after solving the ordinary differentialuadgion (Eq. 19) that gives the total concentratiothe
water column.

The accumulation and depuration of a contaminayre(e),Cj (ng/kg), by the i-th population may be
modeled according to the following equations (Daehsal, 1999; Del Vento and Dachs, 2002;
Berrojalbizet al, 2006).

- For producers (phytoplankton):
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dC _
dtp = kup >CS§H - kdp >(:p (41)

wherek, (m*kgd™®) andkg (d?) are the uptake and depuration rate constants.

- For consumers (zooplankton and bacteria):

dc, _
dt

wherek, (m*kghd™?) , ke (d) andky, (d') are the grazing, egestion and metabolization catestants.

kZxCls, +kixC, - kixC, - k2>C, - kZ>C, (42)

Bacteria feed on detritus. Therefore it is necgsgaconsider also the concentration in the paldieu
phase (Detritus, see Eqg. 16). The rate constaet$ insthe model are given in Table 3, phytoplankton
data was taken from Del Vento and Dachs (2002), redse zooplankton data was provided in

Berrojalbizet al (2006). No data was found for bacteria.

2 =0, K3, - K, - kG, - K, @3)
Table 3. Constants used for the bioaccumulationehod
Species uptake depuration | grazing | egestion| metabolism
Phytoplankton 40.4 0.58 - - -
Zooplankton | 219.31 354.56 226.67 0.13 0.44
Bacteria 219.31 354.56 226.67 0.13 0.44

Figure 18. Dose-response curves for phytoplank®dnzooplankton (Z) and bacteria (B) for pyrene.
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5.4. Toxic effects model
Mortality of the different components of the tropHood chain has been modeled based on dose-
response data for phytoplankton from Grae al. (2005) and Djomoet al. (2004) and from

zooplankton fromhttp://www.pesticideinfo.org/No data has been found for bacteria, therefoee th

toxicity data have been assumed low and comparaitireunicellular species in the above mentioned

database. In this model the dose-response efiautsbeen simulated using the Weibull equation:

f(x) =1- expl exp@, + g, 10g,, X)] (44)

Table 4 shows the fitted parameters, whereas 8gsHows the calculated curves for phytoplankton,
zooplankton and bacteria.

Table 4. Parameters for the Pyrene dose-responsgdun in the model.

Parameter  Phytoplanktor] Zooplanktori | Bacterid
o} -9.072 -10.442 -15.8486
a2 5.143 5.143 5.143

Yrom Groteet al (2005)%rom http://www.pesticideinfo.org{Daphnia Magna, E 91.02ng/L) ;*No data found

In the model, the mortality of the ecological modelchanged as a function of the concentration of
contaminant by adding to the mortality ratethe induced pyrene mortality as given by Eq. (43)
addition this mortality term produces an increas¢he detritus fraction and therefore a changdén t

distribution of the contaminant between dissolved particulate phases.

5.5. Simulated Results

Due to the fact that we are interested in simufptiresocosm experiments, the model was tested for a
pulse addition of pyrene following the experimentahditions described by Hjortt al (2006) and
Dahlléf and Hjorth (2006). In order to let the emgical model reach the final attractor, which is in
these conditions a limit cycle, the system was &bed during four years and then a pulse of pyrene
was added to the 3%ank at day 0, 80, 160, 240 and 320 of the foyeifr. Figures 19-23 show the
simulated results for the ecosystem as well agligteibution of contaminants between the species an
the fate of pyrene. As can be seen the short téiente change with the time of introduction and are
more pronounced in the zooplankton than in the ggiginkton, even though there is a factor of two on
EGCso. This is a typical example of indirect effectsamntaminants. In all the cases, the perturbation
does not change the attractor of the system aed afiransient phase that can last more than care ye

the system returns to the original attractor.
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Figure 24 shows in detail the variation of concatidins of contaminant distributed in each spedss.
can be seen, the concentration in bacteria incseas®e rapidly due to the fact that they feed on
detritus and pyrene tend to be attached to paatieuhatter. However as particulate matter setttels a
the first peak of mortality has finished the cortcation in bacteria decreases faster than in
phytoplankton and zooplankton. However, as saidreefwe have not been able to find data on
bacteria toxicity to pyrene, nor in uptake, deporaetc. rates. Therefore, these first results hate
been validated.

The next step will be to fit the model with mesaoodata on pyrene effects and then to validate it by

proposing new experiments.
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Figure 19. Simulated results of a pulse injectibPwene in a mesocosm experiment at the beginning
of the fourth year. a/ Phytoplankton (P), zooplank(Z) and Bacteria (B) biomasses; b/ Nutrient (N)
and Detritus (D) concentrations; ¢/ Contaminantcemtrations in Phytoplankton, zooplankton and
Bacteria; d/ Total concentration of Pyrene in water
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Figure 20. Simulated results of a pulse injectibPyrene in a mesocosm experiment 80 days after the
beginning of the fourth year. a/ Phytoplankton (B)pplankton (Z) and Bacteria (B) biomasses; b/
Nutrient (N) and Detritus (D) concentrations; c/ nfaminant concentrations in Phytoplankton,
zooplankton and Bacteria; d/ Total concentratioRwfene in water.
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Figure 21. Simulated results of a pulse injectibiPgrene in a mesocosm experiment 160 days after
the beginning of the fourth year. a/ Phytoplankt®h zooplankton (Z) and Bacteria (B) biomasses; b/
Nutrient (N) and Detritus (D) concentrations; c/ ntaminant concentrations in Phytoplankton,

zooplankton and Bacteria; d/ Total concentratioRwfene in water.

42



THRESHOLDS DELIVERABLE 2.6.1

Figure 22. Simulated results of a pulse injectibiP@rene in a mesocosm experiment 240 days after
the beginning of the fourth year. a/ Phytoplankt®h zooplankton (Z) and Bacteria (B) biomasses; b/
Nutrient (N) and Detritus (D) concentrations; c/ ntaminant concentrations in Phytoplankton,

zooplankton and Bacteria; d/ Total concentratioRwfene in water.
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Figure 23. Simulated results of a pulse injectibiPgrene in a mesocosm experiment 320 days after
the beginning of the fourth year. a/ Phytoplankt®h zooplankton (Z) and Bacteria (B) biomasses; b/
Nutrient (N) and Detritus (D) concentrations; c/ nfaminant concentrations in Phytoplankton,

zooplankton and Bacteria; d/ Total concentratioRwfene in water.
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Figure 24. Simulated concentrations of pyrene igt@blankton (P), zooplankton (Z) and bacteria (B).
Detall of fig. 23c.

6. Conclusions

Integrated models are essential tools to move fthen effects of toxic chemicals on individual
organisms to the ecological significance of thesmasared effects. This is an important and needed
step in ecological risk assessment, since manadestrategies and measures are taken based on the
ecosystem level. Furthermore, models allow to catrly at the ecosystem level, the uncertainty and
sensitivity analysis and are able to assess seaspaicts related with contaminant release thahetre
easy to study experimentally.

The introduction of toxic effects in ecological net&lis more direct in stage-based models since it i
only necessary to modify the probabilities of sualito the next stage and/or those of survivahia t
same stage. These values as it can be seen in €n be expressed directly as a function of the
concentration of a contaminant. Furthermore, @lisays possible to link several populations and to
create a food web stage-based model as in ZaldivdrCampolongo (2000). On the contrary, the
introduction of toxic effects on continuous foodlwmodels present several problems, since the values
are not easily translated into mortality.

In any case this is a complementary approach tystive complex interactions between ecosystem
components and to assess the secondary effectbraaty linked with toxicity. This is evident ihé

food web model where zooplankton is more affecheh tphytoplankton even though their sensitivity
to the toxic compound in lower by a factor of twihis may be explained by the low growth rate

values assigned in the model and therefore loregavering times.
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