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Abstract

Assessing and quantifying ecosystem vulnerabilityai key issue in site-specific ecotoxicologicak ris
assessment. In this paper, the concept of vulrdiyalparticularly referred to aquatic ecosystemgjefined.
Sensitivity to stressors, susceptibility for exp@sand recovery capability are described as comyooie
vulnerability of biological communities. The potetfor habitat changes must also be considered in
ecosystem vulnerability assessment. A proceduredbas the application of an ecosystem vulnerability
index is proposed. The method allows the assessaievitinerability of riverine ecosystems to mulépl
stressors. The procedure is applied to two rivatesgs in northern Italy: River Serio, subject tmisg
human pressure, and River Trebbia, in semi-natwatitions, as reference system. Macrozoobenthos is
chosen as the indicator community. The actual tyuali River Serio was evaluated as the result ef th
multiple stressor pressure on the reference syataines and limitations of the approach are disetiss

Keywords: Ecological vulnerability assessment, river ecosystemacrozoobenthos, river quality, multiple
stressors.

1 Introduction

Ecosystem vulnerability is an underdeveloped conicepcotoxicological risk assessment.

The objective of most procedures required by Eumopegulations on dangerous chemicals is assetfgng
risk for “general” European ecosystems. For examfae plant protection products, the objective bét
Pesticide Directive (Directive 91/414; EC 1991)tise placing of plant protection products on therke#
and, in this frame, assessing a potential dangefdocopean aquatic and terrestrial ecosystems FO@US
(FOrum for the Co-ordination of pesticide fate misdand their USe) group for pesticides developed a
number of standard scenarios, assumed as reprigentd different agronomic and environmental
characteristics of different European regions (FGCQ002). This approach allows assessing risk
considering different environmental scenarios, h@wemany characteristics of real ecosystems ate no
taken into account.

The recently approved REACHRégistration, Evaluation andAuthorisation of Chemicals, Regulation
1907/2006; EC 2006), establishing common rules“f@w” and “existing” chemicals, is based on a
Chemical Safety Report (CSR) describing exposuenaios that may vary from “generic” to “very
specific”. Exposure scenarios must include risk aggament measures that ensure that the risks fremst

of the substance are adequately controlled. Howesmvironmental risk assessment is based on the
comparison between a PEC and a PNEC, and the imtraditionally derived from laboratory toxicitgsts.
Extrapolation of laboratory standard tests to fe&lfsituation is hampered by lack of informatian &ite-
specific representative species, as well as foerawtions related to structure and functioning foé t
ecosystem (indirect effects, homeostatic capabilgégovery mechanisms, etc.). Therefore, in stahdak
assessment procedures the community charactea$tactual ecosystems are poorly considered,dflat
However, ecotoxicological risk assessment is noy aequired for general objectives, such as the
continental-scale regulation of chemical substan@é® scale of environmental management is usually
smaller and requires assessment on relatively smedigraphic units (hydrographic basins, local
administrative units, etc.), where site-specifip@aches are required for protecting specific estesys.
The responses of different ecosystems to a paatiatitessor may be very different. Therefore, imigtion

on the characteristics of potentially endangerexgstems is essential in site-specific risk assessm



Site-specific approaches are also required by thee\Framework Directive (WFD, Directive 2000/6@@ E
2000) asking for tools capable to describe andsastie site-specific ecological status of Europeater
bodies. The ecological status of aquatic ecosystenige result of natural environmental conditiamsl of
the pressure of anthropogenic stressors. The dmviaif ecosystem status from natural (reference)
conditions is a function of the intensity of st@ssand of ecosystem vulnerability. It follows tlaasessing
sensitivity and vulnerability of ecological systemmsa key issue in ecotoxicology. However, in spitehis
relevance, few examples of vulnerability assessrhamé been presented in the literature. A statbeofrt
overview is described by De Lange et al. (2010).

Ecological vulnerability must be assessed at diffehierarchical levels (population, community, ®tem,
landscape). Some definitions are given by De Laetgal. (2010). The problem is not easy; particylar
one considers that the responses of different ptipnks are generally different as a function ofestédnt
stressors. Moreover, ecosystem vulnerability carsidthe response at the community level. The
characteristics of a community are not merely thes ©f the characteristics of individual populatipns
structure and function of the community are alsgulated by emergent properties that are not easily
described and predicted from lower hierarchicaklevAccording to van Straalen (2003), the comnyuisit
the entity with the lower predictability, among tliEferent ecological hierarchical levels. Assegsin
ecosystem vulnerability represents a challengentmilern ecotoxicology.

In this paper, the concept of ecosystem vulnetgbib elaborated, with particular focus to aquatic
ecosystems. A numeric “Vulnerability index” is déaed, in order to evaluate the potential respafse
ecosystem features to multiple stressors.

The index has been applied to the case study ofritveo ecosystems subject to different levels afha
pressure. The response of the aquatic communitidis¢ussed as a function of their vulnerabilityrtaltiple
stressors.

2 Vulnerability of ecosystems:. definition and specific elements

Ecosystem vulnerability assessment is a complezgssothat needs a number of factors to be condidere
this paper, vulnerability is the set of propert@fsan ecosystem that determines its potential feindp
damaged by a specific stressor.

Each ecosystem consists of a community of spenigglin a specific biotope (characterised by itgno
physical, chemical, climatic, geographical and rhotpgical features). Therefore ecosystem vulneitgbil
assessment should comprise both community andabalsipects.

Both evaluations are closely related: if a stressorinduce relevant habitat changes, then thiklgesult in
direct or indirect disturbance of the biologicahwaunity, and vice versa.

2.1 Community vulnerability

Vulnerability assessment of a biological commumityst start from the analysis of three charactessbf
the different populations:

e Susceptibility to exposure

» Sensitivity for a particular stressor

* Recovery potential at population and community leve

While species are the units that react first tostinessor on the basis of their specific traits,ithpact to the
community follows from population responses andhges in interspecific relations.

The final objective of environmental managemenpristecting structure and function of communitiesl an
ecosystems. Thus, the assessable characteristies biblogical community should not only comprise
population characteristics, but preferably alsdude emerging properties and relationships andant®sn
among populations that determine community functiond structure.

2.1.1 Susceptibility to exposure assessment

The Predicted Environmental Concentration (PECa igiven compartment (water, air, soil) is the most
frequently used exposure indicator in risk assestnie some cases, the time variability of the R&&y be
accounted for. Nevertheless species have intrittaits (behavioural, physiologic, metabolic, etbpit
determine the probability for exposure.



Stressors characterised by discontinuous exposwag have a fully different effect on organisms
continuously living in a given compartment in compan with species with a polymorphic life cycle,
changing living environment from one life stagatwther (e.g. aquatic larvae of insects).

Other behavioural factors may also be relevant) sscmobility, seasonal behavioural changes, dtsuéh
factors together determine the probability to b@omed to a stressor. At present, precise critena f
assessing and quantifying the susceptibility toosype have not been developed. A more detaileq stnd
physiological and behavioural traits relevant ifieslent exposure conditions would be necessary.

2.1.2 Sensitivity assessment

The sensitivity of different species in the comntyriould be represented in probabilistic terms gighe
Species Sensitivity Distribution (SSD) method (\&naalen and Denneman 1989; Posthuma et al. 2002).
Lack of experimental data on community speciescbel overcome trying to predict responses of difier
species to a specific stressor on the basis of sbohegical traits (Baird 2007). Another systempiedict
effects are QICAR (Quantitative Interspecific Cheahi Activity Relationships, Tremolada et al. 2004;
Dimitrov et al. 2000). However, in risk assessnyaacedures, the SSD approach is developed on gig ba
of data available in the literature on organismgresentative of a generic (aquatic or terrestrial)
environment. For site-specific sensitivity assesgm8SD may be applied to assess the potentidiytai
fraction of the community, but cannot predict tletual species at risk.

Secondly, the sensitivity of a community is notirape combination of the sensitivity of populatiodmn
important point is evaluation of emergent propsraed indirect effects, i.e., consequences ontsteiand

on functioning of the community determined by &litem of relationships between populations (contioeti
predation, etc) after a disturbance. On this topamsidered one of the more complex aspects of mode
ecotoxicology, only little methodology is presentediterature.

2.1.3 Recovery capability assessment

Sensitivity is an expression of resistance, butsdua& give any information about the response intifme
after exposure. The assessment of resiliencetheecapability of a system to return in the priststate of
structural and functional organization after areration induced by a stressor, is particularly inguat if
exposure is not continuous or not constant.

While functional recovery is due to feature of Wigole system, structural recovery depends on thibenece

of each population in the community. Populatiorokery depends on genotypic and phenotypic propgertie
of individuals (age, sex and biomass distributf@eundity, etc) and on collective species propsrfiaeta-
population structure, mobility, territoriality, ssanality, iteroparity, etc).

As for susceptibility to exposure, precise critdona quantitative assessment of recovery capgalaite not
available. However, for a qualitative preliminargsassment, some relevant traits are the reproductiv
capability, the biotic potential, the length of thife cycle, the capability for genetic, physiologand
behavioural adaptation.

2.2 Habitat vulnerability assessment

Ecosystem vulnerability assessment is the resulieprevious community vulnerability assessmenttae
habitat vulnerability. In this context, habitat mafability represents the intrinsic predispositifra biotope
to be altered by natural or anthropogenic stressorssidering both biotic and abiotic factors.

To assess habitat vulnerability, qualitative criteshould consider issues due to available spatectien,
structural and morphological changes, alteratioptgfsical and chemical conditions as well as modifon
of microclimate.



2.3 Vulnerability assessment and ecological quality

One of the requirements of the Water Frameworkddive is the assessment of reference conditiosdar
to classify ecological quality of water bodies. Aoting to the WFD (EC 2000) the ecological quatifya
water body is defined as follows:

» High ecological status: The values of the biologgpaality elements for the surface water body fle
those normally associated with that type understadied conditions and show no, or only very minor,
evidence of distortion.

» Good ecological status: The values of the bioldgizality elements for the surface water body type
show low levels of distortion resulting from humauotivity, but deviate only slightly from those
normally associated with the surface water bodg typder undisturbed conditions.

Therefore, high ecological status, representingréierence condition, is characteristic for a wdiedy
where human pressure is absent or negligible ambitiogical community is typical for pristine cations.
Structure and functions of such a community depamehatural environmental factors and are diffeiant
different typologies of water bodies. It followsathreference conditions must be described for ral t
different typologies of a water body and for thEedent European ecoregions.

The set up of water body typologies and the dédimibf reference conditions is one of the objedivé the
European Common Implementation Strategy for theeWtamework Directive. The definitions, methods,
principles and criteria to be used for establishiefgrence conditions for the various typologies #or
setting boundaries between high, good and modecategical status for inland surface waters areritssd

in a specific Guidance Document (EC 2003).

The vulnerability of the communities typical foretldifferent reference water bodies may be subsifnti
different in relation to different stress factoFr example, the reference community of a cold rteson
creek would be more vulnerable to oxygen depleitiocomparison with those typical for a warm lowland
river. Therefore, assessing the vulnerability éémrence communities to potential stressors woulcebevant

to attain WFD standards.

3 Methodological approach

In this paper, a method to assess river ecosystdrmenability is developed. As a first step, a gaher
framework provides a qualitative description of fitecesses involved in the assessment. In a setepda
preliminary quantitative scoring system is proposdtke method is based on a stepwise procedure agd m
be applied with different levels of detail, depergliupon the information available and on the rempaes
level of refinement.

Sep 1. Characterizing different river typologies, from spring to mouth
The first step of the procedure may be obtainedapglying the Huet model (Huet 1949), based on
hydromorphological features (slope, river widthatt divides rivers in 4 typology classes of watedyp
(from high mountain to lowland river). The Huet nebtias been applied for mapping pesticide riskahan
river basins (Sala and Vighi 2008).
A more detailed system of classification (RIVPAGSprovided by Wright et al. (2000). It is derivifdm
four predictors (latitude, longitude, drainage asea stream-channel slope).
The Annex Il of the WFD proposes a system based l@t of main features:

» Distance from spring (indicator of the extent otevebody)

* Morphology of riverbed

» Perennity and persistence of the flow

» Origin of water body

» Possible influence of watershed upstream

The WFD approach may lead to a large number oflogpes; a rationalization may be needed here for
practical purposes.

Among the three methods, the choice is relatedheoatvailability of hydromorphological data and ke t
required resolution.



Sep 2. Reference water body

The actual community of a polluted river has beaified as a result of the impact determined by one
multiple stressors over time. However, managemens & establish and protect the potentially highes
ecological quality. A suitable reference typologyniatural or semi-natural conditions is requiregéoform
vulnerability assessment. A proper selection oénexice river should consider several charactesiditie:
length, extent of watershed, geographical posigwerage flow rate, average slope, etc.

Sep 3. Characterizing biological communities

Each river segment (river typologies identifiedStep 1, from here indicated with r.s.), is chandotel by a
potential biological community. The River Continu@oncept (Vannote et al. 1980) suggests a theatetic
model where different species are distributed aseoutive Gaussian curves, the maxima coincidirt wi
optimum habitat conditions of the species.

The knowledge of some characteristics of a speeifimsystem allows focusing on the populations dnat
more representative or that play a determinant irolthe system (keystone species). This is a tentat
preliminary approach, because, up to date, moreiggreapproaches capable to characterize the whole
community are lacking.

Macrobenthos community is an excellent indicatowater quality. The EBI (Extended Biotic Index)oise

of the most common water quality indicator (Woodisvil964) routinely used since a long time in
monitoring campaign. Different taxa cover severgplic levels and some of their characteristicagiwity

to oxygen depletion as well as to some toxic chafsjetc.) are quite well known.

Sep 4. Characterizing stressors
Each event or process that can induce a changpe istriucture or functioning of a biological systemst be
considered a stressor. As vulnerability is not &sokute quality but is related to a particular stoe,
vulnerability assessment has to be consideredssirapecific. Within this paper, vulnerability issessed
for each single stressor, even if one must be athatecombined stressors and interactions amoergssirs
should be taken into account in a further develogroéthe procedure.
Characterization of possible stressors acting oosystems should be developed with a qualitative-
guantitative approach. That could be obtained ¥alg an adaptation of DPSIR, the causal framework f
describing the interactions between society andetironment adopted by the European Environment
Agency: Driving forces, Pressures, States, Imp&¢sponses. (EEA 2009). It has been chosen beocause
its proven appeal to policy makers (Stanners e2@0D.7) and applied at some extent in the WFD cantex
(Borja et al. 2006).
Starting point are the driving forces (D): urbagrieulture, industry, hydromorphological factorshers
(landfill, climate change, invasive species, efthese produce pressure (P) generating stressaest@bl
modify the state (S) of the water body. Impactigljelated to potential alteration due to the caration of
vulnerability and magnitude of stressors (as erglaiin par 4.6). Responses (R) have to be develbped
further phases of risk management and mitigation.
Every stressor must be considered individually. r@trization of potential stressors should take in
account:

» Variability in time (continuous, intermittent, pelsetc)

» Variability in space (point source, diffuse souribegd, mobile, etc)

* Typology (chemical, physical, biological, etc)

Sep 5. Evaluation of vulnerability

Evaluation of ecosystem vulnerability to a spedciti@ssor is performed according to the schemégoiré& 1.
Each component of vulnerability (sensitivity, reeoy capability, susceptibility to exposure and pttd for
habitat changes) is evaluated individually for epotential stressor.



Assessing Water Body (River) Typology
According to the requirements of the Water Framework Directive

l_ Identification of reference water body

Assessing structure and functions of potential biological
community as a function of River Typology

Assessing stress factors

- (toxic chemicals, BOD and oxygen depletion,
hydromorphological factors)

For not continuous
stress factors

A_\ssgs‘sing sensitivﬁty of Susceptibility of Potential for
individual populations Recov_e_ry harmful exposure habitat changes
capability
ﬂ Ecological, behavioural and
@ Recovery of individual life-cycle properties of Defining habitat
Defining populations individual populations structure of the river
Community sensitivity Recovery of community (rocky, gravel, sand,
functions plants, etc.) and
assessing vulnerability

Recovery of community Susceptibility of to changes

structure the community

L L |

‘ RIVER ECOSYSTEM VULNERABILITY

Figure 1 General scheme for river ecosystem vulnerabiliseasment. Left box is referring to community vultiiglity assessment,
while right box indicates habitat vulnerability assment. Both evaluations are closely related, astrassor acting on habitat could
have indirect effects on the community and vicesadgtong term impacts, De Lange et al. 2010). Wdnitews indicate most critical
issues arising at the change of scale from popmat community level.

A simple scoring system from 0 to 3 has been dpesldo estimate the influence that a potentiaksste
can produce on a given component of the vulnetglfiliable 1). Note that vulnerability is positivelglated
to exposure susceptibility, sensitivity, and hatddéeration, while recovery capability contributesersely.

Table 1 Scores attributed to the components of ecosysténerability.

Scores  Influenceon Se, Su, HA* Influence on R*

0 No influence High influence

1 Low influence Medium influence
2 Medium influence Low influence

3 High influence No influence

*Se: Sensitivity; Su: Susceptibility of exposure;Recovery capability; HA: Habitat alteration.

A vulnerability assessment on a certain communég to cope with a lack of information at community
level, so an expert judgment is required to pro\adgynthetic assessment on the community derivad fr
exiting literature and data at population levelmgodetails on the procedure used for the scorinthén
present case study are described in section 4.5.

Scores are used as inputs for the developmenedbtlowing “Vulnerability index”:

Where:
V« = Vulnerability of ecosystem to stressor X
Sg = Score attributed to the influence of the stre¥son the Sensitivity of the community

Su, = Score attributed to the influence of the swe3son the Susceptibility to exposure



Ry = Score attributed to the influence of the streXsto Recovery capability
HA,= Score attributed to the influence of the stre¥son the Habitat Alteration

The index ranges from O (ecosystem not vulnerablsttessor) to 12 (ecosystem highly vulnerable to
stressor). Community vulnerability is expressedtbg first term of the index, while the second term
expresses habitat vulnerability. Ecosystem vulnbtyaderives from the sum of these two components.

The equation assumes that community vulnerabiliyies linearly with sensitivity (Se) and with
susceptibility to exposure (Su), because theseh@elements that determine the immediate respoihae
community to a stressor. Resilience could mitigateration caused by the stressor, but only inrgédo
timescale. That is why R parameter could nevergotinzero community vulnerability values if Se &b
are not null. When susceptibility to exposure ons#ivity is zero, community vulnerability is nuénd
ecosystem vulnerability is only determined by hatbihanges. When recovery capability is zero, conityu
vulnerability is highest, as a function of Se amd S

Most ecosystems are potentially affected by sevemalultaneous stressors, acting separately or in
interaction. The index should be applied to alldtressors identified in the river, according te likt of Step

4. An example of multistress vulnerability scheraesliown in Table 2. The table is a simplificatidrthae
potential stressors corresponding to differentguress. For example urban sewage may contain a mwhbe
toxic chemical(pharmaceuticals, detergents, etn.this assessment, only the major stressors haea b
considered.

According to the DPSIR scheme, the impact (l) is tombination of ecosystem vulnerability and the
magnitude of the hazard produced by the streséar probability of impact determines the risk.

Table 2 Example of application of vulnerability assessntena real ecosystem. Only the main stressors hege bonsidered. The
empty boxes should be filled according to the sgpsystem of Table 1. The output of this schema list of scores indicating
ecosystem vulnerability referred to each stressosidered.

Ecosystem Vulner ability

Community Vulner ability Habitat Vulnerability
Driving force Pressure State Susceptibility to exposure Sensitivit);s:;;\)/iﬁg Poflrt]ggt:;?]bitat
Urban Urban sewage Oxygen depletion
Industrial Wastewater Chemical PEC
Agricultural (crop) Pesticide Chemical PEC
Agricultural (animal farms)  Manure Oxygen depletion

Hydromorphological Flow rate alteration  Reductiorflofv




4 Application to case study (River Serio - River Trebbia)

The method was applied to two river systems ofhmesrt Italy: River Serio, subject to high pressumanrf
multiple stress factors, and River Trebbia, in seatural conditions, assumed as reference systém. T
vulnerability assessment procedure was appliedhé¢ontacrobenthos community of River Trebbia, while
macrobenthos of River Serio has been assumed asghiéing community as a consequence of the pressu
of multiple stressors.

4.1 Characterizing different river typologies, from spring to mouth

According to the Annex Il of WFD, five differentver typologies have been identified from springnouth

on the basis of some hydrological and morpholodieature. So, the water bodies were divided inte fi
river segments (r.s.) which have been consideredpacable in the two rivers (Figure 2). Each r.s.
corresponds to a sector of the watershed.

Trebbia River

Serio River

Figure 1 Identification of 5 river segments related to watedy typologies on River Serio and River Trebbiarfrgpring to mouth.

4.2 Finding reference water body

The two rivers are in the same climatic area, asenparable for morphological and hydrological
characteristics (Table 1 Appendix 1) and a comparable sequence of ecosystem typoloarebe identified:
both originate in mountains, flow through hills atieén, for a large extent, in the Po Valley. Batlers
belong to the Po basin, and that makes them coligaggen on a geographical point of view (Figure 2)

On the contrary, human pressure is extremely differRiver Serio is subject to relevant urban, stdal
and agricultural emissions. Moreover, water usediectric power production and agriculture irrigati
poses serious flow rate problems. River Trebbiggnts a low human pressure and it is still in seabiral
conditions. The watershed is considered of highinaht/alue as confirmed by the presence of a Sii# (3
Community Interest) from Perino to Bobbio, in rZ. Therefore, River Trebbia has been chosen as a
reference system.

The ecological status of River Serio is changedesinlong time: the communities present now inrier
are derived from pristine natural communities #taduld be similar to those of River Trebbia.

The aim of this case study is to assess vulnetahifi the macrobenthos communities of River Trepbia
assumed as the potential pristine communities wéRserio, toward effective stressors acting (at thave



been acting) on the riverine system. The comparisith the present community of River Serio would
provide an example of the changes likely to oceua &unction of vulnerability and of intensity dfessors.

2.4.3 Community characterization

Monitoring data on macrobenthos community (EBI tdfxled Biotic Index - values, presence of different
taxa, number of systematic groups for each taxamg lbeen obtained from ARPA (Agenzia Regionale per
la Protezione dell’Ambiente - Regional Environméfeotection Agency) Emilia Romagna and Provingia d
Genova for river Trebbia, from ARPA Lombardia and\ncia di Bergamo for River Serio (ARPA 2009;
Provincia di Bergamo 2001; Provincia di Genova 200@&ta refer to 11 sampling stations on River brab
and 7 sampling stations on River Serio, coverihgdahtified r.s. (Figure 3). In both rivers morrittg data
were available for 9 sampling years (from 2000@068). No time trends were observed, so the compaosit
of macrobenthos reported in Table 3, representplsi@rithmetical averages of abundance of systemati
groups for each taxon in the 9 sampling years.



Table 3 Composition of macrobenthos communities of eacbrisegment (r.s.) of River Trebbia and River &ddumber of systematic units (S.U.) for each taamnreported. For River Serio records
of 3 stations belonging to segment 3 have beendegmrated because a clear gradient is presens &systematic units consider even minor groupsemorted in the table.

RIVER TREBBIA

r.s.  Plecoptera Ephemeroptera Tricoptera Coleoptera Odonata Diptera Crustacea* Gasteropoda Oligochaeta Tricladae Heteroptera S.U. EBI

1 4.3 8 5.2 2.2 0 7.3 0 1 1.7 0.3 0 30 10.5

2 3 4.7 4.1 2.5 0.5 5.6 0.3(0.0; 0.3) 0.3 2 1 0.1 24 10.6

3 2.3 5 2.8 1.8 1.1 4.3 0.1(0.0; 0.1) 0.1 1.4 0.6 0.3 19.7 9.1

4 2.2 5.5 3.1 2 0.9 4.4 0.4 (0.0; 0.4) 0 1.2 0.5 0 204 95

5 1.5 4.4 1.3 0.7 0.3 2.8 0.5(0.0; 0.5) 0.1 1.2 0 0 13 7.9

RIVER SERIO

1 3 2 2 3 0 3 0 1 2 1 0 17 10

2 2 3 0 5 0 1 0 0 0 14 8
1.2 2.1 1.6 0.4 0 3.1 0 0.6 1 0 0 10 6.9

3 0 1.1 0 2.2 0 0.8 1.1 0 1 62 4.7
0 1.3 0 2 0 1.1 1.1 0 0.9 6.4 4.9
0 1 0 1.8 0.1 (0.1;0.0) 0.3 1.3 0.1 0.7 53 .2 4

5 0 1 0.7 0.2 0.2 1.4 1.4 (0.8;0.6) 15 1 0.3 1.4 9 5.8

* numbers in brackets are the systematic unitss#ililae and Gammaridae respectively.



Trebbia River Serio River

Piacenza Valbondione

rs.1

Pieve Dugliara l
r.s.5

Travo Albino (§ Cene

Ponte Nossa

Seriate
Bobbio

Valsigiara

r.s.5

Casale Cremasco

Montodine

Torriglia orriglia

Figure 3 Position of the different macrozoobenthos sampditagions on both rivers.

4.4 Stressor characterization

Five drivers have been considered: Urban, IndustAgricultural (crop), Agricultural (animal farms)
Hydromorphological. For Urban and Agricultural (aal farms), the combined action of organic sewage
and related solid suspended matter has been cosgideor the Industrial driver, only generic toycof
chemical substances has been considered. For Agraucrop), only toxicity of plant protection gaucts
(especially insecticides) have been considered. Hydromorphological driver is referring to flow eat
alteration (reduction of natural flow, no considena have been made about increase of natural flow)
Urban, Industrial and Agricultural (animal farmspduce continuous stressors, while Hydromorphokdgic
and Agricultural (crop) produce discontinuous stoes. All driving forces listed in Table 2 are et with
different intensity, in River Serio.

4.5 Evaluating vulnerability

For each r.s., the vulnerability of the referenoemunity to the five stressor clusters, listed able 2, has
been assessed according to the vulnerability infleguation 2.1 (Table 4).

1% segment. Two third of the reference community (Table 3)épresented by taxa particularly sensitive to
the oxygen concentration, so the community is lyigkinsitive to “urban” and “animal farms”. Suscbibitiy

to exposure is highest because urban and animmatfaastewaters are always present during the yehr a
could affect each part of the river ecosystemukrtiice on recovery is high as these stressors at@wous,

S0 recovery cannot occur. Habitat could be sigaifity altered by solid particulate matter in a riygology
where sediment is usually poor.

As for “industrial” stressor, sensitivity to toxieput should be relevant but not very high, as adgaumber

of non-arthropods, relatively resistant to toxiewticals, is present. Furthermore no sensitive acesins are
present. No habitat alteration should be produced.

Agricultural stressors are discontinuous, so sudubfy to exposure is lower than others stressarsl
recovery is possible. All species considered aseattierized by r-strategy with high reproductivéeptial,

so recovery capability is high. Solid depositiongucing habitat alteration is possible.

Hydromorphological issues are generally relatedlde rate alteration producing a reduction of habit
Habitat reduction should have species-specificcesfehat could be related to life stage of indiaidu Those
effects may affect the population density and neadIto further complication. However, at this stage
considered a generic effect on all macrobenthas tax

Moreover, reduced dilution increases the conceatrabf toxic substances. Richness of species ig thi
segment requires a large number of different hihiteo influence of habitat reduction is very high.
Susceptibility to exposure has been evaluatedtamiediate because it depends on the relation batte



distribution of critical flow over the year and theowing rate of singles populations. This kindstessor is
discontinuous, so recovery is possible.

2" segment. Community and habitat are substantially the samehe first segment, so vulnerability is
always the same.

3 segment. The number of total systematic units in this segnias been reduced by one third (from 30 to
less than 20), so habitat requirements should dhecesl. Furthermore the river became wider and despe
alteration in flow rate should have less influenoethe community.

4™ segment. The presence of crustaceans (particularly Gammeyidhcreases sensitivity to agricultural
stressor (particularly to insecticides) from 2 to Habitat alteration produced by urban or agricaku
activities reduces its influence since natural gaof sediments increases a lot.

5™ segment. Sensitivity to urban and animal farms drivers disties as the number of systematic units
particularly sensitive to oxygen depletion decreg&tecoptera, Tricoptera, Ephemeroptera).

Since the total number of species decreases, éhility of habitat is required while river inishsegment
has the biggest average flow rate. So influencgadér flow alteration on the habitat vulnerabilitycreases.

4.6 Validation of vulnerability assessment through macrobenthos data

The effect of actual stressors present in each eegwf River Serio related to the vulnerability the
reference communities determined on River Trebbable 4) can be checked by examining the present
macrobenthos community of Serio. A quantificatidrih® magnitude of the actual stressor is needehlisn
phase.

Agriculture (crop) - The intensity of the stressor has been estimzdtulilating the agricultural surface. Land
use is reported in Table 5 and is divided in filasses: agriculture (all permanent and non permameps);
industry (industrial, commercial, and handicraftiates); urban; other - possible stressors (h@$pi
mining, road and infrastructure, airport); othere-stressors (forest, uncultivated, grassland, owend

In Serio watershed, crops are mainly corn and atbezals. So, the main stressors are: pesticidémeaaly
herbicides) and manure/fertilizer that may afféet bxygen demand. ¥yppendix 1 the maps of land use and
the number of agricultural enterprises for eachrrsegment are presented.

Agriculture (animal farms) - Animal farms are present in each river segmaautticularly in segments three
and four. Figure 4 shows the animal farm densikpressed as number of farms per’kin each river
segment of River Serio. The main stressor coulthbeelease of organic matter, in the form of manand
the related increase in oxygen demand.

Urban - The magnitude of the stressor is related tototed population present in the watershed (411,217
inhabitants). In Figure 4 the distribution of pogitidn density for each segment of the river is shdgwen if
wastewater treatments plants are present, a relegsidual organic load has to be taken into actcotn
precise quantification is difficult.

Industrial - Industrial wastewater quality is a function oflustrial typology. In the Serio watershed, 24,3 %
of the enterprises are in construction sector, 28,lare retailers (shops and wholesale), 16,2 % are
manufacturing, mainly textile, activities. Bppendix 1, the distribution of industrial activities is raped.
Therefore, in the watershed the main industriadsstor may derive from manufacturing activities. The
density of manufacturing activities in each watedsliportion is shown in Figure 4, the distributidnadi
activities is provided in Figure 2 éippendix 1.



Table 4 Vulnerability assessment for each river segmentesauth kind of driver.

River segment 1 River segment 2 River segment 3 verRiegment 4 River segment 5
Stressor Drivers  Su Se R HA V Su Se R HA V Su Se RHA V Su SeR HA V Su SeR HA V

Urban 3 302 1123 302 1123 302 113 301103 2017
Industrial 3 200 6 32006 3 2006 3 2006 3 2006
Agricultural (crop) 2 2 32 3 2 2 3 2 3 2 2 32 3 2 331 3 2 331 3
Agricultural (farm) 3 3 02 11 3 3 0 2 11 3 3 0 2 11 3 3 0 1 10 3 2 0 1 7
Hydromorphological 2 0 3 3 3 2 0 3 3 3 2 0 3 2 2 2 032 2 2 0311

Table5 Land use of the watershed of different segmenRidr Serio. “Other - possible stressors” are lasés that could hypothetically cause impacts tmihat considered in this paper.

Rs1 Rs 2 Rs 3 Rs 4 Rs 55
Area(ha) % Area(ha) % Area(ha) % Area(ha) % Area(ha) %
Agriculture 0.3 0.01 5 0.03 435 1.25 18399 64.66 10385 53.18
Industry 0 0 6 0.04 705 2.03 1905 6.69 555 2.84
Urban 32 0.54 176  1.12 2308 6.64 3547 12.47 1588 8.13

Other - Poss. Stres. 1 0.01 3 0.02 169 0.49 818 2.88 193 0.99
Other - No Stressor 5966  99.45 15534 98.8 31151 89.6 3785 13.3 6808 34.86
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Figure 4 Density (number/ki) of manufacturing activities, animal farms (lefage) and population (right scale) referred to each
River Serio segment.

Hydromorphological - Water flow reduction is a known problem affegtiall length of River Serio.
Nevertheless, only a qualitative description oftdriver has been provided, since no sound datatabo
natural flow rate have been found. Water flow altien is due to water withdrawals: 3 withdrawale ar
recorded in first r.s., 2 in the second, 19 intthied, 2 in the fourth and 4 in the fifth. Upstredumtil r.s. 3)
withdrawals are due to hydropower production, stews returned downstream. From the second pars of

3 withdrawals are due to irrigation, so water i$ murned to the river. Major water flow alteraticegards
some parts of r.s. 4, that are often dry for sdwveags a year. R.s. 5 shows less alteration becafutee
presence of some tributaries and springs.

To confirm the suitability of River Trebbia as demnce river, in Table 6, the number and typology
discharge points of the river are reported. Inlzattg in the watershed are 24500. 90% of the hoidshoe

connected to wastewater treatment plants. Conagleritotal amount of 44 industrial discharge poititsy

are mainly in the last segment of the river. Aditizte is present especially in the plain area {eeldo river

segment 5). It must be noted that tierS. probably suffers for some flow alteration daewater use in
agriculture. So its use as reference system cailglipstionable.

Table 6 Number of discharge points, per typology, in thverisegments of Trebbia (modified from ARPA 2008).

Total number of Number of urban Number of industrial
discharge points discharge points discharge points
Rs 1land 2 174 174 0
Rs 3 41 40 1
Rs 4 62 44 18
Rs 5 51 26 25

To get a semi-quantitative description of the istgnof stressors, a scoring system, functionathis
particular case study is shown in Table 7. Theisgaosystem (with the exception of hydromorpholobica
stressor) was built on the basis of qualitativeeoketions of minimum and maximum values on a Ewiape
scale for each parameter.



Table 7 Categorization of stressor indicators. Edge valuesamprised in the major class. Classes 4 andhydrbmorphological
stressor consider minimum flow requirements (MFRihaslast trigger.

0 1 2 3 4 5
Percentage of agricultural land use 0 -5 5-15 15-25 25-50 50-75 >75
Animal farms density (farm/Kf) 0-1 1-2 2-3 3-4 4-5 >5
Population density (inhabitants/ém 0-100 100-500  500-1000 1000-2500 2500-5000  >5000
Manufacturing activities / K 0-3 3-7 7-10 10-20 20-60 >60
Flow rate variation (%) 0-10 10-20 20-40 40-60 60-MFR >MFR

Table 8 shows the application of the scoring sydtethe different river segments of River Seriooi8ty of
flow rate changes is based on qualitative inforamtas no quantitative data have been found.

Table 8 Magnitude of stressors in River Serio for each rsggment.

Urban — population density (inhabitants/Rm

Industrial - (manufacturing activities / K&n

Agriculture- percentage of agricultural land use

Agriculture- Animal farms density (farm/kf)
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Flow rate variation (%)

The combination of vulnerability related to eachtemtial stressor and the magnitude of the stressors
(considering the actual watershed conditions) lkeadn evaluation of the potential alteration of aumal
community in the river. This procedure was proposegerform a preliminary validation of the pressht
methodology. Therefore, vulnerability scores (Tab)emay be multiplied times the stressor magnitude
scores (Table 8), giving the results reported ibl@®. This table gives a semi-quantitative indaraof the
level of possible alteration produced by actuasstors on pristine macrobenthos community. A sumilof
potential alteration for each river segment is aégurted, in order to give an indication of theat@ressure

on the river segment. However, the total value rbestaken with care, because effects of differgessors
may not be additive.

By comparing community data in River Serio with ghoof River Trebbia (Table 3) and with potential
alteration assessment (Table 9), the following cemisican be made.

Table 9 Potential alteration in each River Serio segment.

1 2 3 4 5
0 11 30 7
0 6 12 6
Agricultural (crop) 0 0 10 10
Agricultural (farms) 11 33 40 14
Hydromorphological 12 9 6 10 2
Total 12 20 56 102 39

Urban

0
Industrial 0
0
0

River segment 1. The community appeared in good quality, as irtditdy the high value of EBI and the
presence of sensitive species. However a decrelsystematic units, in comparison with reference
community may be related to a non-specific streds@r flow rate alteration.



River segment 2. Further reduction of systematic units and decred&BI value could be related to oxygen
depletion due to the presence of animal farms.

River segment 3. This segment was represented by three samghitigrss. However, the first one should be
assumed as representative of conditions closest®r.In the other stations the quality of macrobes
community substantially changed. All taxa particlylssensitive to oxygen concentration disappeared o
reduced significantly while systematic units ofatkaxa remained more or less constant. This réuiitell
with the assessed influence of animal farms andrustressor.

River segment 4. The community showed the biggest alteration wetipect to the reference. The number of
total systematic units decreased, reaching thedblegel of the entire river. EBI score was alse libwest.

All the stressors reached the biggest score ingbggnent and each could have important effectshen t
community. Crustaceans appeared in this sectigresented only by Asellidae, while in the reference
community Gammaridae were also present. It is wodting that Asellidae are very resistant to tayiaf
some chemicals (e.g. insecticides) while Gammaridaextremely sensitive (Bonzini et al. 2008; Sdlal.
2012).

River segment 5. The quality of the community in this segment rigpioved, as indicated by the slight
increase of EBI and of the number of systematitsumais well as by the presence of some sensitimgpgr
(Tricoptera, Gammaridae). Indeed, potential altenasubstantially decreases for almost all stresaad is
even lower than in segment 3. However, it shoulddiesidered that the river represents a continsanthe
guality of this segment may be influenced by they\mad quality of the previous one.

5 Discussion and conclusions

As highlighted by De Lange et al. (2010) there lack of methods for assessing and quantifying ystem
vulnerability to human stressors, suitable to beduis site-specific ecotoxicological risk assessmeéhis
paper describes a first vulnerability indexing neetfior the aquatic environment, suitable to asdéferent
stressors likely to occur in riverine ecosystenmsspite of some simplifications, the applicationtbé
method to a case study seems to provide satisfgsigts. The composition of the community of Rigerio
fits quite well with the predictions possible or thasis of the vulnerability of the reference comityuand

of the intensity of stressors. However, it must uralerlined that the described procedure represents
preliminary proposal that need to be refined angrowed and needs additional information for a bette
guantitative estimation of the data to be usech@éassessment. An overview of the major needs fwem
knowledge and information and of some conceptuaitacks is given below.

1. All indicators based on scoring systems and symtlagorithms suffer for a large margin of subjeityi
and arbitrariness. Moreover, some of the assumpt@md comments have been based on “expert
judgements” of the authors and not on more ordesfied evaluation approaches. The effectiveness a
reliability of the vulnerability index of equatidhl, as well as of the whole procedure, must bielatsd
and calibrated through the application on manyrotigeiatic ecosystems with different characteristiod
typologies. Moreover, some more scientifically-lwhpeocedures should be developed for the comparison
of the structure of biological communities, in arde evaluate the significance of some observed
changes.

2. The sensitivity of taxa to different stressors leeg point for estimating the sensitivity of thenmmunity.

For the macrobenthos community, this is well kndamoxygen content and some reliable information is
available for some toxic chemicals, such as somseciicide classes (Bonzini et al. 2008; Sala et al.
2012). In this paper, the sensitivity to insectsichas been applied in general to toxic chemitialeas
been an arbitrary choice, due to the need to afhyidyprocedure without sound scientific information
available. More information is needed for a sourteree-based knowledge on species sensitivity
distribution to different stressors in aquatic commities.

3. Community vulnerability assessment has been méiased on considerations on individual populations,
in particular on these populations that are sigaiit for a given stressor. However, most critisalies
arise moving from population to community level.rFwone of the three considered components,
community properties could be inferred from the safrgingle population features. Emergent properties



and indirect effects, due to complex relationshipsveen different species in ecosystems, prevenigh
of a reductionist approach in this phase. It i©gmized that, up to date, our descriptive and ptizei
capability of ecological hierarchical levels is tlogvest at the community level (van Straalen 20U8k
implementation of tools capable to provide integdatesponses at the community levels is a challearge
ecotoxicology in the next future.

4. Interaction must be taken into account not onlthatpopulation-community level, but also at thessor
level. Even if some pragmatic approaches can beoged for mixtures of toxicants (Verro et al. 2009)
the interaction of multiple stressors (physicalerdical, etc.) is far to be additive. More knowledge
needed for assessing cumulative effect of mulspiessors.

5. All simplified approaches like those described ahquesume that the response of bio-ecologicdienti
(individuals, populations communities) to a stres$ollows a continuous trend (linear, logistic,
exponential, etc.). However, discontinuous resperae possible. For example, the Rivet Hypothesis
(Ehrlich and Ehrlich 1981) presumes that each tisa species affects ecosystem integrity to a small
extent; if too many rivets are lost, the systemlapsles. This confirms our lack of knowledge on
community functioning.

6. Other approximations are referred to the spec#igecstudy. The description of driving forces, piess
and stressors has been strongly simplified. Fomela for industry only chemical toxicity has been
considered, whilst industrial pressure may be exdg variable as a function of industrial typolodis
kind of detail requires a more careful assessmefnal use and of activities in the watershed thas
not the objective of this paper.

In spite of all these drawbacks, the method repitesen attempt to estimate and to express in datdnt
(numeric) terms a property of ecosystems extrememportant for environmental protection and
management, frequently overlooked risk assessmeoégures.

Vulnerability assessment may also allow a bettéiniien of Environmental Quality Standards of chieais

in surface water, as required by the WFD.

Comprehensive vulnerability assessment has toitédk@ccount all the potential stressors that neagin the
water body as WFD addresses the potential ecologaia of all toxic chemicals. The proposed method
allows considering the relative importance of agkdnstressor and the potential magnitude of thepbexn
system of different stressors considering spatitdreéntiation.

Indeed, environmental risk assessment in the comEXVFD is based on two assumptions: ecosystem
sensitivity depends on the most sensitive speaielspaiotecting ecosystem structure protects communit
function (EC 2003).

Three main categories of effect could be taken amwount for freshwater ecosystems: effect on etesy
structure, ecosystem function, aesthetic and ecmneatues. Therefore, ecological protection goagehto

be fixed in order to guarantee also ecosystemaas\provided by the aquatic ecosystems.

Furthermore, sustainability of freshwater ecosystenvolve not only their ecological properties lalgo
their economic and social function and imply alke need of assigning to ecological vulnerability an
assessment of economic and social issues, relatedosystem capability of providing ecosystem sewvi
and their related economic and social values (BetcK. 2006).

The ecosystem services and values assessmenter@peeselevant tool for addressing risk management.
According to Brock et al. (2006), the following émgical impacts may be considered important from a
scientific and stakeholder point of view: decremskiodiversity; impact on ecosystem functioningcrease

in perceived aesthetic value and functionality tonans. The same authors also underline the relewainc
spatio-temporal differentiation in ecological pitten goals and propose the harmonisation of tfferdint
scientific approaches for ecotoxicological riskesssnent adopted in guidance documents. A differoti

in the protection level of aquatic habitats, redate the level of vulnerability, may contribute domore
focused risk assessment that takes into accouneiped difference in functionality and intrinsiclva of
surface water.
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