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Combining direct and indirect impacts on ecosystem service loss associated
with infrastructure construction

LéaTardied”, Sébastien Roussée] John D. ThompsdnDorothée Labarragfielean-Michel Sallés

Abstract

The destruction of natural habitats and the aswatibbss of Ecosystem Services (ES) are rarely
jointly assessed and quantified in Environmentapdot Assessment (EIA). The objective of this
paper is to broaden the scope of terrestrial trams$pfrastructure project assessment by incorpagat
ES loss in a way that could enable more precisatifttation of ES loss. We first quantify how much
of each type of ES is generated by different landisun the absence of the infrastructure (baseline
conditions). We then estimate ES loss caused bgdtificture construction in a way that discrimisate
among different types of ES and among differenesypf losses because some ES, in addition to
losses that are directly proportional to the swfampacted, can show additional indirect losses
associated with landscape connectivity. In addjtime propose a method for assessing threshold
effects in particular ecosystem types that may lostrsensitive to their occurrence. Based on the
examination of part of a contemporary infrastruetproject, we compare implementation options to
provide an example of how choices can be improvedmapping ES loss associated with a
combination of direct and indirect impacts. Thisdciof analysis could be used more generally to
assess development projects simply by adjustindrémeework for analysis in relation to the type of
project and the ecosystems concerned.

Highlights:

» The loss of ecosystem services is rarely assessat/ironmental impact assessment
» We combine direct loss with indirect loss due tpatts on landscape connectivity

» We integrate potential threshold effects on ecesysdervices loss

» We compare implementation options to examine hawicgls can be improved

Keywords: Ecosystem services, environmental impact assessn@miscape connectivity, linear
infrastructure, threshold behavior.
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1. Introduction

Ecosystem Services (ES) are derived from the emabfunctioning of natural ecosystems and are
typically conceptualized as flows of goods and isew that benefit human societies (Bagstad, 2009;
Daly and Farley, 2003). Land use change assocwtachuman population growth, urban sprawl and
land development during the 2@entury continues to alter and destroy naturabgstems, with
consequent degradation of ecological processesaanever-increasing human footprint on natural
ecosystems across the Globe (Millennium ecosystmmsament, 2005; Sala et al, 2000; Sanderson et
al, 2002). There is thus increasing concern on Hioevimpacts of such activities on ecosystem
function affect the capacity of ecosystems to mie\ES to societies (Broekx et al, 2013; Geneletti,
2013; Honrado et al, 2013; Kumar et al, 2013; Hartdb et al, 2013). However, although
methodologies for the classification, quantificatiand valuation of ES are developing rapidly, most
studies are restricted to general evaluations gibmal or more global spatial scales and are rarely

directly integrated into the decision-making prasss(Laurans et al, 2013).

The evaluation of ES loss could be particularlyfuistor decision-making during the comparison of
alternative land development propositions. Curgentifter the regulatory avoidance of sites
designated for nature conservation, decisions dten omade on the basis of environmental
vulnerability, the technical aspects of the infrasture construction, security, and short-term
economic criteria based on technical costs (clgargtevation, house protection). In cases where
projects affect areas of less remarkable bioditserhhat do not contain the emblematic or protected
habitats and species that currently provide a Hasiavoiding, reducing or compensating effects of
development projects, such short-term economicergait are most often given priority over
environmental concerns. Assessing ES loss coukldahow for a broader identification of significant
environmental impacts (Landsberg et al, 2011) anddcthus improve efforts to inform decisions
among alternative projects for land-use planningisiens (Geneletti, 2011). All of this in an
administrative context in which project managerd developers are more and more constrained by

requirements to more fully integrate the largerdesaanvironmental dimensions of their projects,



without having at their disposition sufficientlyear and applicable tools to do so (Broekx et al,320
Geneletti, 2013). Identifying the loss of ES asated with land development is thus a major current
challenge to the improvement of terrestrial tramspofrastructure and environmental planning

(Geneletti, 2013; Kumar et al, 2013, Tardieu e2al,3).

The impacts of land conversion primarily concerrregluction of the surface areas of natural
ecosystems, due to their conversion into an adifisurface (Fahrig 2002; Geneletti, 2006), with
subsequent ES loss (Gascoigne et al, 2011; Kraited, 2001; Mendoza-Gonzalez et al, 2012).
However, although integrating ES loss associated development projects is a critical element in
the improvement of Environmental Impact AssessniEm), it is nevertheless a complicated task
that requires careful attention. It is now cleattthe area directly taken for roads and railwaysot a
reliable measure of the loss of natural habitae dlisturbance influence of infrastructures and rothe
development projects on surrounding wildlife, vedien, hydrology, and landscape go well beyond
the area that is physically occupied and can causater overall loss and degradation than that
incurred in the zone of presence of the infrastmec{Trocmé et al, 2002(S loss will thus depend on
the type of ecosystem, the spatial extent of ingpact different ecosystems and how impacts affect

spatial interactions among ecosystems and theipoaents.

As Mitchell et al. (2013) and Ng et al. (2013) haeeently discussed, landscape composition (the
spatial cover of land use types in a given ared)camfiguration (the pattern of different elements
landscape) can both affect the provision of ESeduk] indirect effects associated with modifications
to landscape connectivity, i.e., the flow and mogatof materials and organisms across a landscape
(Taylor et al, 1993) may impact on a range of ddf¢ ES (Table 1), making it possible that the
destruction of an ecosystem in an impact zone raage a decline in an ES provision by a landscape
element exterior to the zone. Hence, ES loss wdpehd on impacts to the ecological
interdependencies among the different elementslafidscape or territory (Thompson et al, 2011; Ng
et al, 2013). According to Mitchell et al. (2018gglecting this landscape connectivity can lead to

failure to properly quantify impacts on ecosysterviges. Indeed, disrupting landscape connectivity



can have as much effect on ES as direct impactseosurface of a particular ecosystem in the impact
zone (Gilbert-Norton et al, 2010; Mancebo-Quintahal, 2010). The challenge here is thus to provide
methods that integrate the differential responsecoiystems to loss in spatial cover and the iadire

impacts associated with loss in landscape conrigctiv

Tablel
Indirect effects on ecosystem function that maggtate into ecosystem service loss beyond a dirgzdct zone
due to landscape connectivity and interactionssacegological systems

Ecosystem Ecological functions References

Services

Freshwater Nutrient inputs and water flow from neighbouringéstrial Turner and Rabalais (2003)

supply ecosystems impact on water quality of rivers andagie Brauman et al (2007)
ecosystems Lalande (2013)

Barbier et al (2011)
King et al (2005)

Water flow  Disruption of river flows, sediment movement angalgtion Arthington et al (2009)
and flood Opperman et al (2010)
regulation Brauman et al (2007)

Pollination Pollination of agricultural crops bysects that require natural ~ Tscharntke and Brand|
areas around areas of cropland loss. Here, lanchdritve area (2004)
providing the ecosystem service, and not just thp tand itself, Kremen et al (2002)
provides the service because of movement of insadtnators, Nicholls et al (2001)

herbivores, and predators from patches of natwaitét to Brosi et al (2008)
adjacent agricultural fields Carré et al (2009)

Hunting Mammal movements disrupted by linear inftactures and other Fahrig and Rytwinski
factors associated with habitat fragmentation (2009)

Beier (1995)
Hilty et al (2006)

Fishing Commercial fisheries influenced by the amtivity of Meynecke et al (2008)
coastal marine ecosystems, freshwater fish populsiilepend on Holmlund and Hammer
river connectivity (1999)

Recreation Importance of landscape diversity, intgpan particular elements van der Zee (1990)

of a landscape that alter the whole landscape

In addition, species and ecosystems often neechemonin surface area to complete their ecological
functions. Indeed, when part of a habitat or arsgstem is lost due to development, species response
and ecosystem function may show a non-linear resptmland conversion due to threshold behavior
(Groffman et al. 2006; Lindenmayer and Luck 200%ratlian, 2001; Swift and Hannon, 2010). Such

threshold behavior is observed when the responsanogcological factor (individual behavior,
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abundance of a species, community compositionysters flows) shows a marked change in relation
to the amount of habitat in the landscape oncealls foelow a certain level. For example, the
abundance of a species in a landscape may desreaisesteeply with habitat loss once the amount of
remaining habitat falls below some proportion o thtal landscape area (Swift and Hannon 2010).
This proportion represents the threshold. Alsotdmms of landscape connectivity, if a particular
habitat patch plays a key role in movement patt@@@aff and Reinhard 2012), particularly for large
mammals (Forman and Deblinger, 1999; Hilty et 2D06), its loss may induce a threshold effect.
Likewise for recreation, the loss of a particularique landscape element may have a large effect

relative to its surface area.

The occurrence of such thresholds will depend am liology of the species (dispersal traits,
reproduction, and demography), the degree of halsital ecosystem fragmentation across the
landscape, and the scale of ecosystem functiomu(iPet al. 2000; Swift and Hannon 2010). As Poiani
et al. 2000 illustrate, for ecosystems with a higbkalised scale of function, even a small losthim
surface area is likely to cause a large loss isystem function. Since threshold levels are expette
vary by species, landscape type, and spatial st@eresults of one study do not necessarily apply
to other situations (Huggett, 2005; Lindenmayer badk, 2005; Lindenmayer et al., 2005), making it
difficult to integrate this concept into managemeetisions (Groffman et al 2006; Sudding and
Hobbs 2009). It is however clear that assessingati@m among ecosystems in their sensitivity to
threshold behavior is a major challenge to ourresfto assess ES loss associated with development

projects.

In this study, our overall objective is to test feasibility of assessing ES loss involved by défe

implementation options of a major linear infrasttwe development. Our applied framework focuses



on the comparison of ES loss for different routéiams for a high-speed rail projéd'n France. In
addition to accounting for direct losses of ES mion due to the conversion of ecosystems, we
integrate the possibility of indirect losses asatwi with landscape connectivity. We provide a
preliminary attempt to assess potentially non-limeaponses due to threshold effects. This allasvs u
to provide a broader and more comprehensive assessh ES loss both in terms of biophysical
guantities and economic values. The ES loss assessme propose can be adapted to the assessment
of different types of linear infrastructures (higiys, waterways) by adapting land takes to the local

ecological and landscape context.

In Section 2, we present the methodological optisesadopt in order to assess direct and indirect ES
loss. In Section 3, we present the results in asectudy of high-speed rail project implementation

We provide a discussion in Section 4 and a cormtuisi Section 5.
2. Methodological optionsand data collection

The general framework for analysis is displayedrigure 1 and the valuation steps adapted to the

infrastructure construction are described in thi®fdng sub-sections.

! We cannot disclose information on the case studytd contractual commitments WIEtGIS — Structures et
Environment



Tand use and land Idenﬁﬁcadon of the ES potentially Potential
cover data > supphec:) by the area and impacted presence
y the construction

Definition of the area of loss
Direct loss

Impact
characterisation

Indirect loss: landscape
connectivity, noise, visibility

Threshold behavior
v
Biophysical assessment
(baseline condition)
models, local Assessment of
representative E loss

data, proxies 5
Biophysical assessment Economic valuation
(with project)

—»| monetary terms for
E D each route alternative

Market prices or costs approaches
Production function, Benefit transfer

Fig. 1. Methodological framework summary

2.1 Identification of ecosystem services supplied by the study area

The definition of the study area, .i.the area potentially affected by the presendbd®iproject, must
have a boundary sufficiently large around the afishe route to take into account indirect effects
operating at a larger scale. In the preliminarysghef the project, the environmental analysis idena
to find contrasting route options. In this way, stedy area is large enough to allow studying key

effects, which will occur beyond the direct impa€the project.



The use of an accurate Land Use-Land Cover (LU@)Ibgy in the study area is an important step
(Bagstad, 2009). It depends on the geographical @ailable for the study site. Here, we use LULC

data using the Corine Biotope typology (with a scib,000).

For the classification of ES, we use a classifigasimilar to the one described in the first chapfe

the TEEB report (2010). It is difficult to be tdialexhaustive; hence, we could not include some
significant use values derived from freshwater fgioning, water treatment and aesthetic information
Still, these services are not totally overlookedhia analysis, as regulatory incidences evaluatoes
required in the EIA frameworkWe also ignored habitat services and soil fornmatimnsidered as
support services, to avoid double counting (fotanee the habitat service can be seen as a support
service supporting the required conditions for vg&ine flora and fauna to develop, hence the benefit
people service from this function is the use thtougcreation features). Finally, given that we
consider the net social loss, we took into accaunhy the ES that are not economically compensated
at other moments in the evaluation process. Hemeedid not consider the marketed ES related to
agricultural and forestry production whose losses aready taken into account as a cost (to the
producers and landowners) in the projelitstead, food and timber provisioning servicessaered

are only those associated with natural productsi@se mushrooms) and firewood.

Inference of ES from LULC typology was made in tways: first, based on literature that links

Corine Land Cover (2006) to ES (Burkhard et al,200GDD, 2010) and second, from studies that

2 For Freshwater services the French Water Law regurdetailed description of the impacts on aquates,
and a description of mitigation and maintenancesuess. For landscapes and aesthetic informatierath on
rural territory development requires an evaluatiéthe impact on landscape, and the prevision mddaaping
actions to restore the features. Environmentalenalbility regarding these services are thus alreadyped and
taken into account for the implantation option cleoi

# Compensation payments are paid to farmers anavemets in order to cover the loss of income (onkthsis
of the average marginal gains of the culture), fstertilization, loss of productivity of remairgncultures for
farmers and the loss of the land value (based mah ttaarket values), the land opportunity cost, are$ lof the
value of nearby lands for landowners.



document a particular relationship between a laodec type and an ES, e.g., flood protection

provided by inland natural wetlands. The typologyeloped for the study is presented in Table 2.



Table2
Classification of ES supplied and impacted for dacid cover type

This classification is set in relation to their @atial (@) or conditional ¢) presence or effects. Rows represent
the land-cover types present in the different raptons and columns represent the ES potentiaéigent and
potentially impacted by the project. Unshaded caomations of land cover types and ES represent thiese
incur only a direct loss. Shaded combinations ggmethose which incur indirect losses, over amu/atihose
due to a direct loss, as a result of a disruptiotandscape connectivity (see Table 1), which i ¢hse of
recreation (*) involves an impact on a particulamp of interest.

Provision Regulation Cultural
c IS S 5
c = (@]
o -(_E o} > % % _% = g E c E d<c
S ¢ 8|£e E 2 8 % g & 8|s¢ > o
f 8 2|85 O © T & 5 ® = | ® S E
e £ |1 282 = & g = 2 £ S| o = =
= z 9|-8 £ - 8B & 5§ 35 ©|lsg 2 i
= 5 ©£(<8 2 8 2 g g a <o|¢
@ - 0 @ 2= o =
| m
Land cover type
Non Marine | Water bodies ° o o o ° o
Water
Grassland Sclerophyllous ° ° e o© o ° o °
vegetation
Moors and ° . . . o o ° o .
heathlands
Transitional ° ° ° ° o o ° o °
woodland
shrubs
Natural ° . . ° o o . o .
grassland
Forest Broad-leaved ° ) e (0o o e o ° o o ) o °
forest
Coniferous ° ° e (0o o e o ° o o ° o °
forest
Mixed forest . ° e |0 o e o ° o o . o .
Wetland Alluvial forests ° e (o o e o o e o o ° o ° o
and thickets
Inland marshes ° . . o o ° o o ° o . o
Peatbogs ° ° e o o e o o ° o ° o
Wet grasslands ) ) e o o e o o ) o ° o
Cropland Pastures ° o o °
Annual and ° o o °
permanent crops
Fruit trees, olive ° o . o °
groves,
vineyards
Hedgerow Screenstrees | o ° ° o e ° o °
and hedges
Attribution of conditional presence for ES provisiand demando) was based on the followingir quality and local
climate regulation only for urban or periurban areas; and for heogsrsituated on the edge of a cultuféood
protection land cover types located in the floodplain ofver. Regulation of water flowonly if the wetland is related
to a river systemErosion preventiondepending on the slope, rainfall and soil erolitgbiconservation practices and
vegetation retention efficiencyPollination: for entomophilous crops needing insect pollinatigishing for wetlands
adjacent to a riveRecreationfor natural areas situated in the proximity tcits.
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To be considered as an ES, ecosystems should mefforctions that benefit human societies.
Whether or not a service is provided by an ecosystea type of land-use will depend on its spatial
characteristics and location, hence our classifindhtegrates a notion of conditionality on supahd
demand based on the location of an ecosystem @@ale 2). Presence can be directly deduced from
ecological modeling of the service, however someises are not assessed through models and so
assumptions of ES conditional presence have to Apdicitly defined. For instance, the flood
protection service is considered as being suppliely by forests and wetlands present in the
floodplain of a river threatening an inhabited z¢which itself benefits from the service); wherdaes
“recreation” service is considered as being demarmdy by ecosystems sufficiently close to an

urban area (Eade and Moran, 1994).

2.2 Characterisation of impacts on ecosystem services

Linear infrastructure construction can directlyirdtirectly affect ES supply. Identifying the ternéal
transport infrastructure influence area on ES us ttomplex. Whether or not we consider that the ES
loss is partial or total after the infrastructumnstruction, it is necessary to determine the sarfan
which this loss will occur. For some ES, the loas simply be assessed in relation to the surface
directly covered by the infrastructure, and fores#) due to an impact on landscape connectivity the
loss should be assessed for a surface that isegtbain the surface associated with the direct énpa
i.e., goes beyond the width of the infrastructlneis integration of indirect impacts is similar ttee
analysis proposed by Forman and Deblinger (200@) ddtermined an “effect zone” which is the area
over which significant ecological effects extengdred the infrastructure axis (see also: Trocmd, et a
2002). We thus constructed a typology of ES lodssequent to infrastructure construction which
integrates direct losses and indirect losses kkltdelandscape connectivity (Tables 1 and 2). To
illustrate the effect of an indirect impact on laodpe connectivity, Figure 2 represents the impact
extent of the infrastructure construction on gamecses. Hence, in this area the service of hunting

recreation can be presumed as a loss after thesinficture construction.
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Fig. 2. Representation of species habitats and migratorndors threatened by the infrastructure consimac

We also provide a preliminary attempt to integrétieeshold effects to evaluate how they may
potentially affect the outcome of ES provisioniddthough the concept of ecological thresholds has
generated much interest (see introduction), thetifieation of threshold behavior in natural system
and in particular the precise threshold levels theth ecological systems onto different trajecoise
limited. Most evidence (see review by Swift and Ham 2010) concerns threshold responses in terms
of species loss from fragmented animal communitvégch can show threshold behavior once the
cover of a given habitat declines below 10 to 3@¥dlcover in some cases (Andrén 1995) or even
below 50% in species whose movement may incur hightality rates (Flather and Bevers 2002).
Some ecosystems, with a highly localised scaleun€tfon, may be particularly prone to threshold
effects, and even a small initial loss in the stefarea of the ecosystem may cause a large loss in
ecosystem function. This articularly the case for ecosystems with a loedliscale of functioning

such as inland marshes, water bodies and peat Wwbgd) mediate water flow regulation and quality

12



(Poiani et al 2000; Muradian, 2001). Indeed, fremawregulation may more generally be affected by

threshold effects associated with land use transitions (King et al, 2005).

To integrate potential threshold behavior into analysis, two types of loss are considered. Foresom
ecosystems, i.einland marshes, water bodies and peat bogs, wsideyed a total loss of services
such as the provision of freshwater, the regulatiowater flow, flood prevention and waste treatinen
regardless of the area of these ecosystems tldlirieistly impacted. This can be justified by thetfac
that infrastructure construction on such areas imilblve wetland drainage and evidence of a greatly
extended effect of this type of impact has beenatestnated (Findlay and Bourdages, 20B6rman

and Deblinger, 2000Seiler, 2002). For other ecosystem types that $trtinese services, but which
probably function on a larger scale, we considé¢nationce 50% of the ecosystem surface is impacted
then a threshold behavior may occur with a totaklof ES provision. This ratio of change can be
modified according to the characteristics of ectisys present in a given study area. A representatio

of this effect is given in Figure 3.
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Reguation of water flows
M(euros/ha)
Impact of the entire ecosystem

Impact of the ecosystem in the 100m bandi

Wet grasslands

Fig. 3. Representation of direct and indirect ES lossnmer grasslands due to a threshold behavior assompti

The different patches of wet grasslands are coresiidas impacted in different ways: the patch catotadly

impacted because more the 50% of its surface amm@nverted (dark orange) or the loss may be ldvtibethe
100m buffer zone because less than 50% of itscideea is converted.

Outdoor recreation (picnic, ride, hike, etc) isatjgular case, because the service is not nedgssar
directly connected to an ecological function. ledir loss can occur due to the integrity of the
landscape, which is lost even when only a smak &eémpacted at a particular point of interest. In
addition, infrastructure visibility may cause adosf landscape interest, and noise disturbance can
cause the loss of the service over an extended(@adde 2). The impact on a recreational area will

thus depend on its distance from the infrastructure
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2.3 Biophysical measurement of ecosystem service loss and economic values associated

We illustrate our approach in a study area conckbyean infrastructure project in France that ceess

a principally rural territory with and natural asdmi-natural areas. The data were collected in the
following ways. The biophysical and economic valpes biome were selected where possible from

the study site area. If no data were available,applied benefit transfer from other French case

studies or from European countries with similamelie, vegetation and socioeconomic characteristics.
We selected economic values per biome based orcaapt@d economic valuation method: market

prices, replacement costs, avoided costs, damage. €onally, we used present values standardized i

euros for the year 2010 (i.e., we deflated with gemeral index of consumer prices published by

public statistics (INSEE)). For each service, wecdibe the method to value the loss that is the

difference in biophysical units and the economislassociated between the baseline condition and

the condition with project.
Provision of picking products

For wild foods(berries, flowers, mushrooms, chestnuts) produgetbiests, we chose to retain the
reference value given by Chevassus-au-Louis €2@09), that is 15 €/halyear. This value has been
retained after the survey conducted by the Frenelistry in 2002 to evaluate the amount picking
food for auto consumption (MAP/IEN, 2006). They fouthat for the year 2002 12.6 thousand tons of
mushrooms for self-consumption were collected,tdotisand tons of fruits, and 330 tons of flowers.
For hedgerow berry production is estimated apprasty at 1kg/km/year and multiplied by their

average berries market price (10 €/kg). We estiteteservice at approximately 10 €/km/year.
Raw material provisioning

For forests, we assessed the average productidmeptare of firewood by using the average firewood
consumption in France (19 Mm3/year, INSEE survey) the surface covered by forests in France (16
Mha, IGN, 2012) giving an average consumption d61ni/ha. For hedges, we relied on surveyed

data from hedge shredding sites (4 to*fkm/year; AILE, 2009). We monetized firewood acdogd

15



to the estimation made by Montagné and Niedzwi@@®9) for the value of non-marketed firewood

at 10.3 €/m

For fodder provisioning we relied on the averageuah production of dry matter per hectare supplied
by unseeded grasslands (1.5t/ha) and wetland$ @} i France (AGRESTE-agricultural statistics,
2010; CGDD, 2011). To monetize the service we uBedaverage fodder market price (representing
the fodder savings), ranging from 55 to 110 €/tdndy matter (CGDD, 2011). This value is
equivalent to the price for putting at disposaloafertilized grassland (100 €/ha/year). For wetkn
we chose to evaluate the service with the highesket price, 110 €/ ton of dry matter because &lue

founded in the literature are much higher (306 g according to de Groot et al, 2012).

Air quality regulation

Urban and peri-urban forests contribute to air fmaiion by filtering or eliminating a number of
pollutants and particles. They consequently couteilio the environmental quality maintenance and
human health (McPherson et al, 1997). The gas rahigvprimarily done by absorption via leaf
stomata, though some gases are removed by thes’ptantace (Lovett et al, 1994). Trees also allow
the partial interception of suspended particlespated into the tree or retained on the plant sarfa
and then either re-suspended in the atmospherdedasf by rain, or released into the ground with
leaf fall (Nowak et al, 2006). The principal poluts are: CO (carbon monoxide), nitrogen dioxide
(NOy,), O; (0zone), particulate matter less thanub® (PM10) and sulfur dioxide (S We relied on
the Lovett (1994) model based on deposition vejoaitd local pollutant concentration to determine
the amount of pollutant removed by peri-urban faréis on study area. To monetize the service we
transferred the damage cost value for a marginiltmm change per ton of pollutant (for pollutants
for which the threshold is beyond the regulatorgaamtration limit) in order to value the cost imts

of impacts on health, crops and materials. (Brifpartment for Environment, Food and Rural

Affairs (DEFRA) (Watkiss et al, 2006). Values ariated at 1.1 €/kg for NO55 €/kg for PM10 and

1.9 €/kg for SQ (Watkiss et al, 2006).
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Local climate regulation

The local climate regulation service is supplietigh two phenomena. The first is the cooling effec
supplied by urban and peri-urban forests by redusotar radiation, enhancing evapotranspiration and
providing shade. We assessed this service by tisegvoided air conditioning cost (i.e., the redlice
annual energy demand) due to the presence of ddoast that reduces energy demand for cooling
from 2 to 7% / year (McPherson et al, 1997). Ainditioning costs in France are about 14 € /
households / year (INSEE, national statistics) eatmate the avoided cost at about 0.63 €/ houdehol

/year, and the value is calculated for househotalddying urban forests.

Hedges also supply a local climate regulation serwhen they are situated on the edge of a culture
by providing a windbreak. Here, the net effect loélter on crop yield is positive, and the sheltered
area (horizontal distance perpendicular to the éedgroughly proportional to hedge height (Vigetk

al. (2003). It is assumed that the protection aaupin an area 15 to 20 times the hedge heighdrior
average height of about 3 meters and the prodtctwithis surface can be increased by between 5%
and 30% compared to a situation without hedgesnd@eaet al, 2004; Kort, 1988). We chose to
monetize the service by approximating the producgain value of the crop adjacent to the hedge. We
considered crop yield per hectare cultivated ingtuely area according to the AGRESTE-agricultural
statistics (2010) and multiplied it by their pridaghe market (excluding subventions and intermiedi
inputs values). We then produced an average valuarinual crops (ranging from [11-66] €/ha/year
for zone 1 and to [13-78] €/halyear for zone 2y duse we lacked data on the location of particular

crops at a given location.

Global climate regulation

The service is assessed as the carbon storageeskrss due to soil sealing, (term used by Hicla,et
2002) and the carbon stock released because dfectien (what would have been gained if the stock
had remained in the soil during the period instehfleing released). The assessment was made as
described in Tardieu et al. (2013). The biophysioas was calculated by assuming that the actual

stock is in equilibrium in order to avoid any cambsequestration overestimate. The data of soail
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organic carbon and above ground and below grougdtadon carbon stock per ecosystem type were
summed to assess the overall carbon stock reledgeanonetize the stock by using the opportunity
cost of meeting mitigation policy goals in termsaufsts and efficiency (Chevassus-au-Louis et al,

2009; Quinet et al, 2009).
Flood protection

Forests intercept periodical heavy rainfall, thusventing rivers from flooding. This service is
measured through the maximal potential intercepdiaring the largest rainfall event in the year (Bia
et al, 2010). The maximum potential interceptiam iff) can be estimated by summing the rate of
canopy interception (C), litter (L) and soil (S}emtion, where C depends primarily on forest type a
the amount of the largest rainfall event, L depemadghe forest type as well as the thickness of the
litter layer, and S depends principally on the $otgpe and soil depth. The service is valued liygus
replacement costs that is the annual amortizatieh @f a reservoir. According to Guinaudeau (2009),

if we apply an amortization cost of 4% over 25 ge#ne cost returns are (0.3-0.4) €/m3/year.

Wetlands situated in the floodplain of a river deadxcess water to spread out over a wide areagluri
a flood event, which reduces the speed and volumeurmoff, thus limiting or preventing flood
damage. Here, the economic valuation relies on flietransfer from French avoided flooding
damages costs studies (Agence de I'Eau Adour-Gard?®09; Cachard-berger, 2000; Laurans et al,

1996; Laurans and Argaud, 1999).
Water flow regulation

Wetlands act like sponges or reservoirs, mitigaflogds but also supporting river flows during the

low water period. In the absence of local datalenduantification of this service, assumptions are
made to estimate the volume of water involved is ffhenomenon. Based on a French study in a
similar area (Agence de I'Eau Adour-Garonne, 200@), estimated volumes between 5,000 and
10,000 m3/ha for the years when low water flow eafghment occurs (approximately every 5 years).

We valued this service with a replacement cost oteth which the value of the service represents the
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expenses necessary to replace the ecological fundthe cost of destocking to support low water by
the major French electric company (Electricité danEe (EDF)) is about 0.0406 €/m3. The service is

then evaluated at 61 €/ha/year, and is appliedettands directly related to a river system.
Erosion prevention

The erosion prevention service estimates the whifita landscape and particularly of vegetation to
retain soil. The service is typically calculatedaafunction of vegetation cover, topography and soi
erodability, integrated in the Universal Soil Lasguation (USLE), which is the most often used
(Crossman et al, 2013; Wishmeier and Smith, 19%&).used the InVES'Tsoftware model (Kareiva

et al, 2011), ran with and without the infrastruettio calculate avoided erosion due to vegetation
retention between both land uses. The service easebn as a maintenance of arable land, and to
value it we used the replacement cost value giyebhdonard (2009) which varies between 10 and 15

€/ton.
Pollination

Most fruits, vegetables and oilseed crops are dim@non pollination services performed by
pollinators (Klein et al, 2007). Using the InVESTode! for crop pollination, we calculated a score of
pollinator abundance for each cell according to dkailability of nest sites and floral resources
supplied by the landscape and the average disteagsled by different pollinators’ species (Kareiv

et al, 2011). Flower resources in nearby cellggaren more weight than distant cells, accordinth®
species’ average foraging range and an exponald@akase with distance. To take into account the
“demand” that is agricultural covers needing peltion, the abundance score is summed for cells

surrounding agricultural covers giving more weightnearby cells (decreasing exponentially with

* Integrated Valuation of Environmental Service adfrdde-offs (INVEST) developed by the Natural Cdpita
Project:http://www.naturalcapitalproject.org/INVEST.html
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distance). Data were collected from literature @ev{Londsorf et al, 2009) and readapted to the area
according to expert opinion. The result is finadlyscore ranging from 0 to 1 combining pollinators
“supply” (abundance) and “demand” for the agricidticovers. We consider that the contribution of
pollinators to crop yield is about 10% (Gallai £t2D09), then to monetize the service we multiply
pollination score (from 0-1), to 10% of the averagep production value in the area (AGRESTE
agricultural statistics (2010), excluding subsidiesl intermediate inputs values). The values g cro
productions calculated for the local climate regataare then used again here, and are about ba9 €/
for orchards, and about 24 €/halyear, and 27 &ha/for annual crops respectively for Zone 1 and
Zone 2. For comparison the values proposed by tlev&ssus-Au-Louis (2009) report were ranging
from [60-80] €/hal/year. We ran the model with andhaut the infrastructure to assess the loss

associated with its construction.

Biological control

Natural control of plant pests is supplied by malifyerent species, including birds, bats, spiders,
beetles, mantises and flies (TEEB, 2010). Thisiserinvolves two types of benefits: in the short-
term, it suppresses pest damage and improves yaabdsin the long-term it maintains an ecological
equilibrium that prevents herbivorous insects froeaching pest status (TEEB, 2010). Data on
populations of biological control agents are lirditeut the trend of this service is presumed to be
negative owing to habitat conversion. Even thoulgh telationship between densities of natural
enemies and the biological control services theyipe is not likely to be linear, we relied on bfine
transfer given the lack of data. Values for grasddaand fruit trees, vineyards, and olive groveseewe
derived from the study of Brenner-Guillermo et(@007) for Spain that is 24 €/hal/year. For forests,
the economic value of the service is derived freplacement costs in Sweden (Hougner et al, 2006)
and avoided costs in China (Xue and Tisdell, 2G01¢stimate the service at 169 €/halyear for the
year 2010. Finally, the value for wetlands was tasethe study of Everard and Jevons (2010) in the
UK, who assumed that biological control accountsafgart of crop yields and valued the service at

134 €/halyear.
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Recreation

We dissociated fishing and hunting recreation frmore general outdoor recreation, because both
services are considered to be related to suitabfglspace (habitats and migration) for animald an

thus require a different form of analysis.

General outdoor recreation

Outdoor recreation is evaluated principally witmégt transfer weighted by the location of the maku

or semi-natural site: proximity to a city, city sjzabundance of similar sites in the study area, or
recognized, or at less than 100m from the site, &auristic area (or containing cycling routes,egre

routes, or horse riding routes, outdoor recreaggquipment).

For grassland, we used the value proposed in det@taal (2012), that is 19 €/ha/year. We applied
the value only to grassland identified as a toigrigtea and situated at less than 2 km from annurba

area.

For forests, we relied on the reference value megoby Chevassus-au-Louis et al. (2009) of
200€/halyear, which corresponds to the total exgirecurred in terms of travel costs (for an averag
of 18 trips per year at roughly 4.5€ per trip) wit/spect to the entire French forest area (about 58
trips/ha/year). A multiplying factor is applied, sisggested by the same report, according to thestfor
accessibility, proximity from urban areas and alanu# in the landscape. These different criteri& wil

impact the number of trips. The multiplying factare defined as follow:

0 : private forests;

— 1 : public forests > 20 km from an agglomeratior2(s000 inhabitants);

— 2 : public forests < 20 km from an agglomeratior2(s000 inhabitants);

— 3 : public forests < 20 km from an agglomeratioBd&,000 inhabitants);

— 4 : peri-urban forests < 20 km from an agglomera{® 200,000 inhabitants with other forest

cover in the sector);
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— 5 : peri-urban forests < 20 km from an agglomera{® 200 000 inhabitants and if it is the

only forest in the area);

The estimated value varies from 0 to 1,000 €/ha/yéar comparison, the value given by Groot et al.

(2012) is about 698 €/halyear.

Wetlands were selected when they were specificdéptified as a touristic site. We applied a mean
value to the selected wetlands from the Brandef €2006) meta-analysis based on 89 studies, ghat i
469 €/halyear. The value assigned to the wetlanteadon is also attributed to water bodies as

proposed by Brander et al. (2006) for inland wetkan

Finally for the recreation value of agriculturakas, we relied on the mean value 29.8 €/ha/yeadbas
on two contingent evaluations for UK and USA (AeaiFarizo et al. 1999 and Bergstrom et al.

1985).

Fishing recreation

For fishing, we used national statistics (AGRESTEt®Y survey) which estimated this ES at between
170 and 337 €/halyear. For water bodies, we cakdilthe value of this ES based on the number
fishing permits sold in the study area in the y2@t1, and the surface occupied by watercourses and
water bodies. We obtained a value of 125 €/ha/f@athe eastern part of the study area, and 186
€/halyear for the western part. For comparisonvdlees used by other authors range from is 76
€/halyear (de Groot 2012) to 353 €/ha/year (Brardex, 2006) and from (80; 120) €/ha/year in 15

French Studies reported by CGDD (2010).

Hunting recreation

To model the loss of this service we used the Qpt® software for large mammals, a spatial
analysis tool designed to predict and visualizeetifiects of implementing a linear infrastructureonp
wildlife habitats (see Baghli and Thiévent, 201Q@ptiflux® uses data on ecological requirement of

particular animal species (preferential habitatde rin the species ecology, feeding, breeding,
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migration, etc.) and resistance coefficient of ldr@dscape. The calculation is made before and after
the infrastructure construction to assess the @fskabitat and its effect on movement for game
provisioning. To evaluate the benefit loss, i.be toss of territory for hunting permits, we ushd t
reference value of 62 €/halyear proposed by Chasems-Louis et al. (2009). This value represents
the total expenses realized by hunters over tla $orface area where hunting permits are delivered

in France.

2.4 Assessment of loss
Based on these considerations, the annual vayef(ES loss ESL for each route option of the

infrastructure is as follows:
VEESL) = ) > D(LCK) X v(ES) X P(ESi) + ) )" 1(LC) X V(ES) X p(ES)
L L

In this equationD(LCy;) is the area considered as directly impacted foh dand cover typé (i=
1,...., 17)and ES typ&k (k= 1,..., 15) depending on the land take we consid@mnd take is about
100m around the infrastructure axis, the surfadaegbeonverted into a fenced surface and it is
consequently lost as a natural habitat for plamd animals (Seiler 2002). If all the associated
features, such as verges, embankments, slopegyjtiarking places, and service stations etc. are
included, the total area designated for transolikely to be several times larger than the laaidet
surfacev(ES;) is the annual economic value per biophysical fomiES typek supplied by land cover
typei, andp(ES) is the biophysical value per unit area for ES tggenerated by land cover type
I(LCy) represents thampact zone not comprising the zones directly inpady in a linear manner,
that is indirectly. This parameter is declined hreke ways. First](LCy) can be the impact on
ecosystem functions which depend on a minimum &oed&S supply (threshold effect). The area
considered as impacted is either (a) the entirgystem area for any impact on sensitive ecosystems
(e.g., inland marshes, water bodies and peatbogsioa some ES, and for other ecosystems if 50% or
more of the ecosystem area is impacted (direct tahsrwise) as in Figure 3econd I(LCy)

integrates the impact dandscape connectivity, i.e., an area considerdukbig lost for ES provision
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in the area (outside of the area of direct impaetisich suffers a loss of landscape connectivity.
Finally, I(LCy) represents an impact on a point of interest, eegreational sites, the area of loss

considered is contained in the area corresponditigetarea of exposure to noise and visibility.

3. Reaults

Our study considers different route options in #z@oes crossed by a high-speed rail project in feranc
The route options were chosen because they are thosvhich a choice had been made during the
environmental studies and for which discriminatongeria to make the choice were lacking. The first
zone has three alternative routes (routes 1.1,ah&,1.3), the second zone two alternative routes
(routes 2.1 and 2.2). The first zone is charaaedrizy agricultural plains and a medium sized urban
area surrounded by a forested belt. The secondiga@racterized by a more important relief, field
separated by hedges, plateaus, and several staaldl iwetlands (Figure 4). The longest route isgout

1.3 for the first zone, and route 2.2 for the selcoone.

90% -

. ~—  mBarelands

80% 4 m Urban and industrial areas
Green urban areas
70% - Screen trees
m Fruit tress, olive groves, vineyards
60% -
Annual and permanent crops
50% - m Pastures
= Alluvial forests and thickets
40% 1 m Wet grasslands
30% - m Broad-leaved forest
= Natural grassland
20% - Sclerophyllous vegetation
m Water course
10% - .
m Water bodies

O% = T
Route 1.1 Route 1.2 Route 1.3 Route 2.1 Route 2.5

100% T - ]

Per centage of the cover concerned by theroute option

Fig. 4. Share of ecosystem impacted by different routeoogt{with a 100m land take assumption)
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The route options produce different ES losses @ éhl

Table 4

Annual economic loss per service and per routeongth Euro 2010) (shaded cells highlight the léastacting
routes)

ZONE 1 ZONE 2
Route 1.1 Route 1.2 Route 1.3 Route 2.1 teRaa

5 Picking products 1119 1295 806 1262 1746

2 Raw materials 1953 1662 2348 6 050 8 244

o

o Total 3072 2 958 3154 7312 9 990
Air quality 90 014 112 092 36 362 - -
Local climate 1426 1188 1164 1778 1737

s Global climate 107 936 109 862 106 956 a3y 187 611

% Flood protection * 1577 1902 1310 870 1203

(O]

X  water flow regulation * - - 604 1588 2544
Erosion prevention 17 600 8 750 4 450 16 775 16 375
Pollination * 3658 3363 3354 28 359 5188
Biological control 10 182 11934 6 837 7 986 14 832

Total 232 394 249 092 161 037 195 026 0 4

‘®  Recreation * 10 194 10271 19 625 18 068 19 060

% Fishing recreation * 16 95 957 4 457 7 004

O
Hunting recreation * 36 227 30 820 43 481 20929 6 530

Total 46 437 41 186 64 064 43 454 42 594
Length (km) 20 20 22 21 23
Annual loss per route 281903 293 235 228 254 245 793 282073
alternative
Loss per km 13 957 14 651 10 217 11 935 12 465

* Service with an indirect supplementary loss cdaséd

For zone 1, the least impacting route is routg(th@ slightly longest route) followed by route lahd

the most impacting route is route 1.2. This remitains the same when the global climate regulation
service (the most valued service) is not assessgdvhen we assess the result per kilometre. This is
an important result because it means that the &irmgaite is not automatically the one that produces
the most significant loss in ES. For provisioniregvices, route 1.2 has a slightly lower impact than
the others, primarily because this is the routecivieast affects natural grasslands that provide

fodder. The analysis gives however a lower impagato these services compared to the regulation
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and cultural services. For regulation servicesterdu3 is the least impacting route for all ecosyst
services, except for water flow regulation becaitige the only route option that crosses wetlands
related to a water system. This result was to lpeerd since route 1.3 is the one that contains the
least natural and semi-natural ecosystems. Airityualresponsible for a large part of the totauea

a result that can be explained by the fact thafiiteetwo routes cross an important amount of peri
urban forests (which are important elements of B#3. However, regarding cultural services, route
1.3 involves the highest loss, due to its high iobhpan landscape connectivity. Overall, for zone 1,
route 1.3 represents the best choice for the mante of the majority of ES, leading to an annual

loss of approximately 228,000 Euros (in Euro20%bjiJe route 1.2 involves a loss of 293,000 Euros.

For zone 2, the least impacting route is route ®Hich causes an annual loss of 245,000 eurose(rout
2.2 involves a loss of 282,000 euros 2010). Thsslltés also true for the loss per kilometre. Trhoiste
alternative contains less natural and semi natecabystems (grasslands, forests and wetlands) than
the other route options. This trade-off only chanfyg erosion prevention, pollination and for hagti
recreation services. This can be explained bydbethat route 2.1 crosses more croplands thatreequ
pollination services (particularly fruits treeslashmore nesting habitats in its proximity and has a
greater effect on landscape connectivity than r@ue(a negative effect that can be reduced by the
construction of wildlife passageways). Overall,teof.1 has the least impact in zone 2, howeveast h

a greater impact on landscape connectivity, raifieggquestion of the relative importance of différe

ecosystem services.

We also tested different ways of assessing eftbetsimpinge on the alternatives ranking of diffare
route options. First, the effects of a change mallase land cover data was tested by assessihgsthe
with a less precise typology, i.e., Corine Land €ofat a scale of 1:25000). Using these data we
observed a very similar ranking of route optiongetation to ES loss, but also conduce a global
underestimation of the loss, ranging from 2-20%g(Feé 5) less loss than with the more precise land
cover data. The ES underestimated with the CoraredLCover classification (picking products, raw

materials, local climate, water flows, fishing regtion) concern very small areas that were not
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detected with this less precise classification. v@osely, an overestimation is made by estimatireg th
erosion prevention service with Corine Land Coviris can be explained by the fact that Corine
Land Cover considers larger areas supplying theha8 the Corine biotope classification, and the
service is thus overestimated (This result has bé&nobserved in the study conducted by Kandziora
et al, 2013). Then we can see that using a moreisgraypology is particularly meaningful in
estimating raw materials service, local climateutation service, water flows, fishing recreation, o

pollination service.
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Fig. 5. Differences between an estimation of ES loss vhiehGorine Biotope Classification (scale 1:5000) and
Corine Land Cover data (scale 1:25000) for the fiehe

For the sensitivity to mean values, we tested tfeetof assessing the ES loss with the lower value

terms of combination of the lower biophysical vakmd economic value, and the higher value we
observed (see Table 5). This analysis produceddhee trade-off for all type of services with route
1.3 (zone 1) and route 2.1 (zone 2) being the lieasacting routes for the provision and regulation
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ES, and the most impacting route for recreatiore @halysis of the overall annual loss (for every

services) and the loss per kilometre gives the samidng for lower and higher values for estimates.

Table 5: Ranking sensitivity to mean values: annual losswigtimates are made with the lower combination
and higher combination of biophysical and econovalces(shaded cells highlight the least impacting routes)

Zonel
Route 1.1 Route 1.2 Route 1.3
Low value High value Low value High value Low value High value
Annual loss 225 276 453 775 235323 3@ 173 858 423 923
Route lenght (km) 20.20 20.20 20.01 20.01 22.34 22.34
Annual loss/km 11152 22 464 11 760 003 7782 18 976
Zone2
Route 2.1 Route 2.2
Low value High value Low value High value
Annual loss 229 807 471 680 248 145 525971
Route lenght (km) 21.59 21.59 22.63 22.6
Annual loss/km 10 644 21 847 10 965 23 242

4. Discussion

In this study we provide an examination of how t@tify both direct and indirect impacts on ES
provision for different options associated with inglantation of a linear infrastructure. Except fo
the flood protection service, the ES analyzed haee not currently integrated into environmental
impact assessment. Our study thus provides aaliaitiempt to integrate such services. In addiven

do so in a way which points out the necessity stiiininating and combining impacts which may
have a direct effect on ecological function (andstiES) or an indirect effect because of impacts on
landscape connectivity if the infrastructure creadebarrier or impacts habitats that have ecolbgica
interactions with other landscape elements. Finpally provide a preliminary illustration of how to
integrate the fact that both direct and indirecpacts may be associated with a form of threshold
behavior in ecosystem function. The results of study are discussed in terms of the relevance of

such information for EIA, consultation with the geal public and informing stakeholders.

4.1 L andscape connectivity
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Few studies have developed conceptual or theorétamaeworks to link landscape connectivity with
the provision of ecosystem services (Mitchell e2@13). There are two important points here. First,
is necessary to identify what types of connectiviight affect ecosystem service provision. Second,
the possible mechanisms by which connectivity migfiect ecosystem service provision, either
directly and indirectly have rarely been explicittientified or measured. This distinction is im@ot
because loss of connectivity can affect ecosystawice provision directly by impeding movement of
organisms and matter through a landscape, butralgectly by altering levels of biodiversity and

ecosystem function in different but interdependeets.

In the examination of the different route optioitsappears that the area of loss considered can be
critical in the analysis. By taking into accoung timdirect effects of infrastructure construction S
supply, the ranking of alternative routes in temhglirect losses alone is changed for some services
(particularly for flood protection and hunting reation). Indeed, the route option (2.1) that in¢bes
lowest loss of ES in relation to direct surfaceséssin zone 2 is the option that incurs the gre&dss

on landscape connectivity. For the flood protectsemnvice, the tradeoff consistently changes when
only direct impacts are considered; the overalstléapacting route option (route 1.3) is the option
with the highest direct impacts. Overall, such gemmay cause between 10 and 80% of differences
depending on the ES. This highlights the importaotedentifying the extent to which indirect
impacts can cause ES loss due to the importanttefta landscape connectivity. This result may be
even more critical if particular habitats that arpacted play a key role in movement patterns (Gaaf
and Reinhard 2012), particularly for the movemafitrge mammals (Forman and Deblinger, 1999;

Hilty et al, 2006) or species that incur high disa¢ mortality (Flather and Bevers 2002).

As Kettunen and ten Brink (2006, page 19) wrotdaliitat alteration and destruction appear to be
the most common direct reasons behind the lossicafiiersity and related ecosystem services.
Additionally, over-extraction of resources, polartiand eutrophication, and changes in ecosystem
species composition (introduction of invasive alggpecies) have often contributed to the "loss

Further, ten Brink et al. (2008) argue that belowegain level, areas of habitat will not sustasntain
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species, with a consequent loss in terms of garadadility, diversity and migration paths. This is

related to the fact that ES that depend on lan@scapnectivity, which can be greatly affected by
fragmentation due to linear infrastructures (seeti@e 2.3). Terrestrial transport infrastructure
construction can involve all of the drivers of losited here. Hence, the consideration of indirect
impacts on the ecosystem functions that maintairs&iply at a “desired level” is an important but

difficult question, which has to be studied in aterdisciplinary perspective (Groffman et al, 2006)

Finally, it should be noted that we based our stalgross impacts, i.e., we did not take into antou
mitigation measures such as wildlife passagewayss TS because at this stage of the project
(comparison of route alternatives), we cannot iflerwhere or how many passageways will be
implemented. We examined the introduction of a pgeway for the route option 1.3 (zone 1). The
passageway was placed at the location which ma&snihe restoration of an ecological corridor
(determined by Optiflux). This resulted in a redoigtof ES loss amounting to around 17,000 euros, a
considerable reduction in loss for the recreatiervise. Hence, once the location of passageways is

known it should be integrated into the analysithefES loss.

4.2 Threshold behavior

By testing the effects of incorporating a scenaniowvhich small scale ecosystems show a rapid
threshold behavior in terms of the loss of ES duditect and indirect impacts we illustrate, alleia
preliminary fashion, a means of adopting a precaatiy approach, determined by the risk of loss. It

a preliminary and precautionary approach becausdrtie level of the threshold and the associated
external cost are not precisely known (Perrings RBadrce, 1994; Huggett 2005; Lindenmayer and

Luck 2005).

Many simulations have suggested that increasirngnfemtation effects at low levels of habitat can
produce threshold relationships with habitat prépor King et al (2005) show threshold relationship

between watershed land cover and the conditioreais ecosystems. Partial correlation analysis of
land-cover percentages revealed that simple ctiwetadescribed relationships that could not be

separated from the effects of other land-coversela®r relationships that changed substantiallynwhe
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the influences of other land-cover classes werendahkto account. Further analyses revealed that
spatial arrangement of land cover, as measuredday buffers and distance weighting, influenced the
amount of developed land, resulting in a thresholthnge in macroinvertebrate-assemblage
composition. Sudding and Hobbs (2009) illustratd #n essential part of the decision-making process
is evaluating the evidence for, and the uncertaoftythreshold behavior in a given management
situation. Although it might be impossible to rigasly test many of the assumptions of threshold
models, we suggest the need for an increased empmragheir potential occurrence. Reviews of this
issue (Swift and Hannon 2010) indicate that threkhmodel are highly applicable in managed
systems and that human-impacted habitats can beyparly susceptible to threshold shifts. However,
it is likely that not all systems exhibit threshalgnamics and that there are both costs and bgnefit
their incorporation in management frameworks. Diesiie difficulty of rigorous testing of theoretica
assumptions of threshold models in applied settitigsory is beginning to provide tools for the
evaluation of evidence and the uncertainty of tmols behavior in a given management situation
(Sudding and Hobbs 2009). The study of criticalesfwolds in landscape ecology raises many
guestions, which remain for future research inti@hato their generality and how commonly they

occur, their causes, and their precise impacts getit@005, Lindenmayer and Luck 2005).

4.3 Stakeholder consultation

Examined in the light of results used for the ch@mong different route options, our results itaist

a certain degree of coherence with stakeholderceboiFor zone 1, and at the beginning of the
process, the majority of the stakeholders retaitieel route option 1.2 based on technical
characteristics. However, the EIA showed that r&iwas the most favourable with regards to all
environmental issues. This is in accordance with @sults in terms of ES loss based on the

assumptions used for the analysis.

For zone 2, the first route option involves passimear a relatively large provincial town, thus
engendering noise effects and other nuisancesstwhilite 2 engenders more environmental effects, a

result confirmed by the assessment of ES loss. Memvén zone 2, our results also showed that route
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2, in addition to a significant environmental impaanvolves a more important loss of the recreation
services currently supplied to urban areas by iceeieosystems, an impact which is not integrated in
the absence of an assessment of ES loss. Henttés itase study and for both zones, integrating ES
loss can provide novel and complementary infornmatior assessing environmental impact and

decision making.

4.4 Limitsto the quantification of ES

In the absence of site-specific valuation data @lied, for some ES, on the benefit transfer method.
This method uses economic information collectedafgiven area (study site) at a given time to make
inferences on environmental goods and serviceddifferent location (application site or policyesjt
and at a different time but for the same ecosydtgra. This approach has been criticised because it
relies on a number of assumptions concerning thevalgnce among ES supply and value at different
sites. For example, Eigenbrod (2010) suggestghieadrrors associated with ES mapping based on the
benefit transfer method are likely to be high, fiity because of generalization errors. These ®rror
can be attributed to the extrapolation of econovaities between sites that may be very different in
terms of their social, demographic or economic extst Indeed, different sites can have different
markets; hence prices and substitute price relsttips will vary (Loomis and Rosenberg, 2006). In
addition, inconsistency of biophysical measures magerate large errors when translating across
sites (Bateman et al, 2006). We thus recognize ttimtresults based on a benefit transfer method
should be interpreted with caution, and we haveimized as much as possible the generalization
error by adapting values to the local context bywgigs much local information as possible. In this
respect, we used areas to provide data that mosthlve French or other European studies or
countries classified as high income countries at pfithe OECD, and with high a density of

population by the World Bank.

5. Conclusions

32



ES losses are currently poorly assessed and vatuedonetary terms in ElAs for infrastructure
construction. Our study identifies four criticaégs for the integration of ES loss into EIA of lne
infrastructure projects: (i) the identification @btential ES supplied and impacted in a given
landscape, (ii) the identification of the area & IBss and in particular its direct or indirect rctwer,
(i) the biophysical assessment and economic Vioaof the loss, and (iv) the mapping and

calculation of ES loss for different route optionrder to compare them.

In our study we produced a classification in whi€h loss may result from both direct and indirect
(landscape connectivity) impacts on ecosystem fonctn addition, because ecological thresholds
may be crossed for ES supply when even a smallgbah ecosystem is converted into an artificial
surface we provide a precautionary, and preliminartegration of the possibility of such threshold
behavior in relation to the scale of ecosystemtions. In any assessment of ES supply and loss it i
becoming clear, despite the context-dependenceuadf behavior, that some consideration of such
threshold behavior in ecosystem function shouldirtbegrated into the assessment of ES loss. In
addition to identifying the key aspects of ecogysstructure and function that influence ES provisio
and how impacts may directly or indirectly impacbgystem function and ES provision, identifying

whether the factors and their interactions exhifbishold responses is also important.

Our study thus provides an original attempt to bemathe scope of terrestrial transport infrastmgctu

project evaluation by incorporating ES loss intmare global consideration of environmental losses.
The different options assessed in our study progideexample of how decision-making regarding
route selection can be improved by mapping ES [Dsis. type of analysis may provide a more precise
evaluation of the socio-economic implications & #nvironmental impact of infrastructure projects
on a landscape scale, allowing for more efficiesrnitml of natural capital loss. This may also allow
decision-makers to confront costs linked to ES kasshe more traditionally quantified benefits of

such project in terms of time gains. This kind oélgsis could be used more generally to assesarline
infrastructure projects simply by adjusting thenfeavork in relation to the types of project and

ecosystems that are concerned.
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