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The assessment of the risk posed by invasive alien species (IAS) to the environment is a component of increasing
importance for Pest Risk Analysis. Standardized and comprehensive procedures to assess their impacts on eco-
system services have been developed only recently. The invasive apple snails (Pomacea canaliculata and P.
maculata) are used as a case study to demonstrate the application of an innovative procedure assessing the po-
tential impact of these species on shallow freshwater ecosystems with aquatic macrophytes in Europe. The
apple snail, Pomacea maculata, recently established in the Ebro delta in Spain resulting in a serious threat to
rice production andwetlands, having also a high risk to spread to other Europeanwetlands. Here, the population
abundance of apple snails is regarded as themaindriver of ecosystem change. The effects of ecosystem resistance,
resilience and pestmanagement on snail population abundance are estimated for the short (5 years) and the long
(30 years) term. Expert judgment was used to evaluate the impacts on selected ecosystem services in a worst-
case scenario. Our study shows that the combined effects of apple snails are estimated to have profound effects
on the ecosystem services provided by shallow, macrophyte-dominated ecosystems in Europe. This case study
illustrates that quantitative estimates of environmental impacts from different IAS are feasible and useful for de-
cision-makers and invasive species managers that have to balance costs of control efforts against environmental
and economic impacts of invasive species.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Biological invasions are frequently considered processes of ecologi-
cal disturbance (Turner, 2010) disrupting the structure of the communi-
ty, the population dynamics, and changing the resource availability or
the physical environment (Pickett and White, 1985). Disturbances
alter the state of an ecosystem and its trajectory; they are key drivers
of spatial and temporal heterogeneity (Turner, 2010). However, the ef-
fects of a well-established invasive alien species (IAS) in a new territory
itta.schrader@julius-kuehn.de
.leeuwen@ibv.uio.no
ontse.vila@ebd.csic.es (M. Vilà),
cannot solely be considered as a disturbance; due to the temporal per-
sistence of the IAS in the receiving environment their presence also rep-
resents a driver of ecosystem change. IAS are recognized among the five
most important direct or structural drivers of ecosystem change
(Henrichs et al., 2010; Tomich et al., 2010) and can affect the provision
of ecosystem services significantly.

Ecosystems provide important services to humans. Ecosystems ser-
vices (ES) are for example the provisioning of freshwater, food produc-
tion and genetic resources. IAS often disrupt or alter ES. To what extent
this might occur depends on the particular species and the ecosystem.
Therefore, it remains challenging to estimate the potential impact of
IAS on ES.

To make accurate management decisions regarding control of IAS, it
is necessary to assess their potential impact both for the short and the
long term. In this paper we demonstrate a novel procedure for the
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assessment of environmental impacts caused by IAS to provide required
information supporting decision making by the risk managers. The
method provides a comprehensive and integrated environmental risk
assessment (ERA) that is applicable to any kind of IAS by combining
the autecology of the species with the known functions of the invaded
ecosystem.

The method was developed according to the guidance document on
the ERA of the European Food Safety Authority (EFSA) in which the
framework for an ERAwas described in detail (EFSA, 2011). Themethod
was further developed and applied in Gilioli et al. (2014). Compared to
EFSA (2011) andGilioli et al. (2014), the approach proposed here repre-
sents a substantial improvement towards the applicability of a fully
quantitative approach to ERAbased on ES. There are twomain novelties.
First, the causal chain linking the IAS to the impact on ES has been fur-
ther clarified assigning the role of driving force modifying the ecosys-
tem traits involved in the ES to the population abundance of the IAS
and its spatial and temporal variability (Fig. 1). Second, an expert
knowledge elicitation (EKE) procedure (EFSA, 2014b) has been success-
fully applied to the estimation of the probability distributions of the pa-
rameters influencing the population pressure and the impact for the
selected relevant ES.

The aim of this paper is to illustrate this novel, standardized ap-
proach by a case study, assessing the potential impact of apple snails'
populations on a selected group of ES that are provided by shallow
freshwater ecosystems with aquatic macrophytes.

Apple snails of the genus Pomacea have recently established and
spread in Spain. Therefore, Europe was chosen as risk assessment area
for this study. The method itself is applicable to other regions– it is
only necessary to define the area for which the risk is assessed and to
have available the climatic conditions and the relevant habitats for
this area.

These snails are in the list of the 100 worst IAS in the world (see
Global Invasive Species Database, 2015) and are known to devastate
shallow freshwater ecosystems which provide important ES (Carlsson,
2006; Morrison and Hay, 2011). Therefore, they represent an ideal
case study for testing the ERA framework. We concentrate our assess-
ment on the island apple snail (previously identified as Pomacea
Fig. 1. Causal chain linking the changes in the Service Providing Unit to the impact on Ecosys
Pomacea spp. to the selected Ecosystem Services in Europe, as described in Section 3.2, in
representing an ecosystem service.
insularum (d'Orbigny, 1835) and now described as P. maculata), and
the channelled apple snail P. canaliculata (hereinafter referred to as
Pomacea spp. or the apple snail (s)). These two species are closely relat-
ed, have often been confounded and their population dynamics pattern
and potential impacts are similar (Hayes et al., 2012; Horgan et al.,
2014). These two species of apple snails are highly invasive outside
their native distribution range in South America. They are serious rice
pests (Joshi and Sebastian, 2006) and can have detrimental effects on
the flora and fauna of natural freshwater wetlands by causing drastic
declines in aquatic macrophytes (Carlsson et al., 2004). This is due to
their characteristics, such as diverse diet, high feeding and reproduction
rate, and the presence of specific adaptations like their capacity to
breathe with both lungs and gills. Furthermore, they can survive ad-
verse conditions by retreating into their shell and closing it firmly
with the operculum (Horgan et al., 2014). By this, predators are discour-
aged and the snails can hibernate or aestivate buried in mud within the
protective moisture of their shell for periods of up to eleven months
when their habitat dries out (Oya et al., 1987; Yusa et al., 2006).

The apple snail P.maculatahas been accidentally released in the Ebro
delta in Spain (Anon., 2011).There it has established viable populations
and is spreading, leading to significant damage to crops (Anon., 2011,
EFSA, 2012) and representing a serious threat for ES and biodiversity.
After its first outbreak reported in 2009, the snail, that was not known
to occur in Europe before, continues its invasion in the Ebro delta and
now also in Toll del Vidre, Arnes (Tarragona), despite mechanical and
chemical control measures, inundation of rice paddies with saline
water and other methods to eradicate or contain it in the rice paddies
(Anon., 2011, EFSA, 2012). Currently, the snail is present not only in
rice paddies, but also in some nearby wetlands, and it has been found
moving upwards along the Ebro river. The import and trade of apple
snails were banned by the European Union in 2012, but P. canaliculata,
and probably also P. maculata, are nevertheless still sold online for the
aquarium trade within the risk assessment area (Mazza et al., 2015).
Hence, there is great concern that the snail might establish in other
parts of Europe.

The aimof this paper is to provide a detailed estimation of the poten-
tial impact of the apple snail populations on a selected group of ES that
tem Services due to population pressure of the Invasive Alien Species. The risk posed by
the short term (S) and in the long term (L), is reported numerically beside each box
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are provided by shallow freshwater ecosystems with aquatic macro-
phytes. The assessment takes into account previously published infor-
mation on the snail biology and ecology of the two species, as well as
the environmental impact that the snails have caused elsewhere. Wet-
land ecologists participated in an expert knowledge elicitation proce-
dure to allow the estimation of the impacts on ES. The approach also
considers the uncertainties regarding the estimations of the impact.
The assessment was performed considering the worst case scenario
for the risk assessment area (defined as themaximumpopulation abun-
dancepotentially attained in Europe, that is 31.5 g/m2), and for the short
and the long term period (defined by the experts as 5 and 30 years after
establishment, respectively).

2. Methodology

The ERA presented in this paper is built on a scenario analysis (Gilioli
et al. 2014). The change in the ES provision level is assessed by collecting
the experts' judgment. The following provisioning ES were considered:
food, genetic resources, and freshwater (as water quality/quantity for
human consumption). As regulating and supporting ES, climate regula-
tion, water regulation/cycling/purification, erosion regulation, nutrient
cycling, photosynthesis and primary production of macrophytes were
assessed (MEA, 2003).

2.1. Scenario assumptions

2.1.1. Identification of the service providing unit
The impact of the snail is related to the environmental components

or units responsible for the genesis and regulation of the ES, the so-
called service-providing units (SPU, see Luck et al., 2003). The structural
and functional characteristics of the SPU represent the state of the sys-
tem before the invasion and allow defining the constraints and possibil-
ities of ecosystem change after invasion.

For the definition of the SPU, the homogeneity of the type of ES being
provided by the ecosystem is important, irrespective of the homogene-
ity of the environment containing the aquatic plants susceptible to at-
tack by the apple snail (mostly submersed and floating macrophytes).
This broad approachwill focus and speed up environmental risk assess-
ment of invasive species substantially regardless the identity of the in-
vader. Apple snails are essentially freshwater animals and their
reproductive habits (aerial egg-laying) and their dual respiration sys-
tem determine their preference for shallow and shoreline areas
(Seuffert and Martín, 2010, 2013). Here, a single SPU is considered to
be affected by Pomacea spp., i.e. shallow freshwater ecosystems, which
include wetlands, shallow lakes, river deltas and the littoral zone of
deeper lakes and rivers. Although shallow freshwater ecosystems can
be ecologically diverse, they share a homogeneous environment in
such away thatmacrophytes offer retention and processing of nutrients
and toxic substances, physical structure, habitat, refuge, food or sub-
strate for food and a substrate for spawning of invertebrates, fish and
amphibians (van Donk and van De Bund, 2002). Although rice fields
are also important for the provision of ES (Natuhara, 2013), these are
not included in the SPU. The interaction between the SPU and the culti-
vated areas however is taken into account in this assessment, regarding,
for example, the exchange of water and the movement of organisms.

2.1.2. Population pressure
The snail population abundance, expressed in terms of biomass per

area unit, in the area of potential establishment represents the popula-
tion pressure modifies the ecosystem structure and traits with effect on
the ES' level of provision.

A physiologically based demographic model had been developed for
the species P. canaliculata, since there is more bio-ecological informa-
tion available for this species (EFSA, 2013). The similarities in the biolo-
gy of P. canaliculata and P. maculata allow considering the population
abundance predicted by this model as an estimate of population
pressure of the two apple snails. Themodel describes the area of poten-
tial establishment of the apple snails in Europe and predicts the distri-
bution of their abundance as a function of spatial variation in the
environmental forcing variables. The availability of information on the
population abundance allows defining the areas in Europe where the
snail biomass (population pressure) reaches the highest levels. The
maximum biomass is estimated for the south-west of Spain where the
potential abundance reaches 31.5 g/m2 of wet weight of juveniles and
adults.

2.1.3. Scales of the analysis
The scenario analysis requires the definition of the spatial and the

temporal scale at which the assessment is performed. The definition of
the spatial and temporal scales depends on the objectives of the assess-
ment. The state and the dynamics of the recipient ecosystem are also
considered in the choice of these scales. Here, we have not defined a
spatial scale but have considered only the worst-case scenario for the
analysis. This scenario considers an ideal service-providing unit (SPU)
representing the ‘average condition’ of macrophyte dominated fresh-
water habitats in Europe that are most favourable for the apple snail
(i.e., where the snail biomass per area unit reaches the maximum
level or potential abundance, and where the highest environmental im-
pact is supposed to occur according to the information available fromal-
ready infested areas (e.g., Carlsson et al., 2004; Joshi and Sebastian,
2006). For the temporal scale, two time horizons have been selected:
short term (5 years after establishment) and long term (30 years after
establishment).

2.1.4. State and reactions of the receiving ecosystem
The assessment of the environmental consequences of Pomacea spp.

induced transformation of shallow freshwater, macrophyte-dominated
ecosystems in Europemust address the interaction between the invader
and the receiving communities and ecosystems. The impact of the apple
snail can bemodified ormitigated by the changes in the community and
the ecosystem functioning of the recipient ecosystem. The apple snail
population pressure may change over time depending on three factors
which are a) the ecosystem's resistance, i.e. the capability of the ecosys-
tem to remain relatively functionally intact despite the disturbance
from Pomacea herbivory, b) the ecosystem's resilience, i.e. the capability
of an ecosystem to return to its original state, as well as c) the pest man-
agement. For the scenario analysis specific assumptions (see below and
Section 2.2.2) were made on the effects of these three factors.

We derived the realized biomass from the potential abundance esti-
mated by means of the population dynamics model. The latter is com-
puted multiplying the value of the potential biomass by coefficients
defined here as scaling factors. These scaling factors (ranging from 1,
no effect, to 0, maximum effect) take into account the effects of resis-
tance, resilience and management as a reaction of the receiving ecosys-
tem or to the implementation pest control measures which
consequently reduce the potential biomass to the realized biomass.
The values of the scaling factors are estimated by means of an expert
judgment elicitation procedure as described below.

The effects of resistance, resilience and management over time re-
quire the consideration of different scenarioswith respect to the tempo-
ral scale. Two temporal horizons have been taken into account. In
5 years after establishment, the population dynamics of the snail should
reach their maximum level in themost favourable conditions in Europe
and are mainly influenced by the resistance of the receiving environ-
ment, and by the containment and eradication efforts. Thirty years
after establishment the resilience e.g. occurrence or dominance of
apple snail-resistant macrophytes (Morrison and Hay, 2011; Wong et
al., 2010) is supposed to play a more important role, as well control by
predators and other natural enemies which need to adapt to the pres-
ence of the exotic apple snail (Yamanishi et al., 2012; Yusa et al.,
2006). More specific management measures are required and thus con-
sidered. General changes in climate (e.g., water temperatures and



4 G. Gilioli et al. / Environmental Impact Assessment Review 65 (2017) 1–11
frequency of droughts) and wetland habitats that are not related to the
invasion have not been considered in the 30-year assessment scenario.

2.2. The collection of expert judgments

The assessment of the impacts of apple snails on ES was done by a
panel of five experts with knowledge of the biology and ecology of the
apple snails and of the ecology ofmacrophyte dominated shallow fresh-
water ecosystems. They were consulted to obtain information on the
impact on the ES subject to assessment and on the scaling factors. The
experts were supported by guidelines presenting the information nec-
essary to perform the assessment based on the EFSAGuidance on Expert
Knowledge Elicitation in Food and Feed Safety Risk Assessment (EFSA,
2014b). Two rounds of consultation were performed. In the first round
the experts individually provided probability distribution for each of
the scaling factors and ES to be assessed, and supported their estima-
tions by explanations and references. Results of the first round were
made available to all the experts. In the second round, starting from
the results obtain in the first turn of consultation a common discussion
allowed to obtain an agreed distribution for each of the assessed scaling
factors and ES.

In the following subsections we present the rating system adopted
in this study to perform the assessment (see also EFSA, 2014a). The rat-
ing system follows the scheme suggested in the PLH ERA guidance
(EFSA, 2011).

2.2.1. Impact on ecosystem services
The impact on (ES)was evaluated through a discrete probability dis-

tribution estimating the percentage of reduction in the level of provision
of the assessed ES, for both the short and the long term. Five different
categories of impact (minimal, minor, moderate, major and massive)
have been considered. Each category of impact is defined by an interval
of percentage of reduction of the ES as indicated in Table 1.

For each ES the experts had to provide the probability distribution of
the reduction in ES provision level, as indicated in Table 1. The values p1,
p2, p3, p4, p5 (representing the probability of the corresponding impact)
must be non-negative and such that p1 + p2 + p3 + p4 + p5 = 1.

As representative point for each interval of percentage reduction, the
mid-point of the interval has been chosen (Table 1) and used to calcu-
late the risk for an ES. The risk associatedwith ES iwas calculated as fol-
lows (EFSA, 2011).

Ri ¼ 0:025 p2 þ 0:125 p3 þ 0:35 p4 þ 0:75 p5:

Finally, the risk can be categorised, and five classes have been con-
sidered (Table 1).

A common distribution of the impact for each ES starting from ex-
pert judgments has been derived by the following procedure. The re-
duction in each ES provision was evaluated by K experts. Let denote
by {p1k,p2k,p3k,p4k,p5k} the probability distribution of the kth expert. The
probability distributions given by all the experts were combined using
a mixture distribution (see Johnson et al., 1992, p. 53) that weights
Table 1
Ratings of reduction in ecosystem services provision level (i.e., Impact) and representative
points (defined as mid-points) for each interval; probability assigned to each of the five
ratings, and categories for the risk.

Rating

Minimal Minor Moderate Major Massive

Impact Zero or
negligible

]0%, 5%] ]5%, 20%] ]20%, 50%] ]50%, 100%]

Representative
point

0 0.025 0.125 0.35 0.75

Probability p1 p2 p3 p4 p5
Risk Zero or

negligible
]0, 0.05] ]0.05, 0.20] ]0.20, 0.50] ]0.50, 1]
the evaluation of the different experts. A final distribution was obtained
(Table 2), where wk are weights satisfying the following properties.

wkN0 k ¼ 1;2;…;K and ∑
K

k¼1
wk ¼ 1:

In the present study, the expert judgments were equally weighted,
then wk = 1/K.

The final risk was calculated on the mixture distribution that takes
into account all the experts evaluations.

Experts' evaluations are subject to uncertainty. To assess the uncer-
tainty associated with the evaluation of the impact on an ES the Shan-
non entropy (Shannon, 1948) has been used as proposed in EFSA
(2011).

Ui ¼ −∑
5

j¼1
pj log pj

� �
:

Variable Ui was normalised with respect to its maximum, that is
log(J).

U�
i ¼

Ui

log Jð Þ :

The uncertainties Ui
∗ can be categorised, and three classes have been

considered (Table 3).

2.2.2. Scaling factors
For each of the scaling factors (resistance, resilience and manage-

ment) the experts were asked to provide a 95% confidence interval of
the mean value previously fixed on the basis of discussion between ex-
perts. In other words, they had to indicate an interval in which the scal-
ing factor falls with 95% probability.

The experts' evaluations were then combined to obtain a single 95%
confidence interval for the mean of each scaling factor. The scaling fac-
tor is a variable ranging between 0 and 1. A typical distribution to
model the behaviour of variables taking values in the interval [0,1] is
the beta distribution (Johnson et al., 1992, p. 210). The estimated
mean and 95% confidence interval allows obtaining the parameters of
the beta distribution for the corresponding scaling factor. This can be
done for all the experts. All the beta distributions obtained for a fixed
scaling factor were combined in a mixture distribution. From this final
distribution a single 95% confidence interval has been obtained for the
scaling factor that summarizes all the experts' evaluations.

3. Results and discussion

3.1. Scaling factors

3.1.1. Resistance
Herbivory by Pomacea spp. has been shown to induce a shift from

clear water and macrophyte dominance towards turbid waters, in-
creased nutrient concentrations and phytoplankton dominance
(Carlsson et al., 2004). These effects of the snail invasion are similar to
the already ongoing effects of eutrophication inmany Europeanwaters.
Due to large-scale eutrophication over the last 200 years in Europe,
many shallow freshwater, macrophyte-dominated ecosystems in Eu-
rope have become less resistant to further disturbance (de Nie, 1987;
Sand-Jensen et al., 2000). In addition, European macrophytes lack a
co-evolutionary history with Pomacea spp., and should therefore have
a higher susceptibility to snail herbivory thanmacrophytes in the native
range of Pomacea spp. (Morrison andHay, 2011). On the short term, it is
unlikely that natural enemies (in particular avian species breeding in
the Ebro delta, for instance the glossy ibis (Plegadis falcinellus) and the
yellow-legged gull (Larus michahellis)) will be able prevent the snail's
population establishment and growth. For these reasons, ecosystem



Table 2
Probability distribution of the kth expert (k = 1,2,...K), and mixture distribution obtained combining the evaluations of the different experts.

Rating

Minimal Minor Moderate Major Massive

Reduction Zero or negligible ]0%, 5%] ]5%, 20%] ]20%, 50%] ]50%, 100%]
Probability p1

k p2
k p3

k p4
k p5

k

Mixture ∑K
k¼1 wkpk1 ∑K

k¼1 wkpk2 ∑K
k¼1 wkpk3 ∑K

k¼1 wkpk4 ∑K
k¼1 wkpk5

Table 4
Mean values and confidence intervals (CI) of the scaling factors for the ecosystem's resis-
tance and resilience and the pest management as well the population abundance of the
snails for the short and the long term used in the assessment of the snails' impacts on eco-
system services.

Short term: 5 years Long term: 30 years

Mean scaling factors
Resistance (RS) 0.90 (CI [0.8242;0.9758]a) 1.00

5G. Gilioli et al. / Environmental Impact Assessment Review 65 (2017) 1–11
resistance to a Pomacea spp. invasion is expected to be very low in Eu-
rope for both the short and long term. The estimated values of the resis-
tance parameter are 0.9 for the short term and 1.0 for the long term. This
means that we expect a population abundance of 90% of the maximum
expected abundance after 5 years and of 100% of the maximum abun-
dance after 30 years (Table 4).

3.1.2. Resilience
The resilience of the freshwater ecosystems may increase over time.

On the short term, natural enemies are not expected to play an impor-
tant role, but in the long term several natural enemy species may start
to use and even specialise on Pomacea spp. as a new abundantly avail-
able food source (Carlsson et al., 2009). On longer terms, non-palatable
macrophytes may become dominant due to differential herbivory by
the snails (Horgan et al., 2014;Meza-Lopez and Siemann, 2015).We ex-
pect reductions in many fish and bird species as a response to the de-
cline in macrophytes in the systems, which would further reduce the
important predators of Pomacea spp. as a secondary result of Pomacea
spp. herbivory. The estimated values of the resilience parameter are
0.95 for the short term and 0.5 for the long term. Thismeans thatwe ex-
pect a population abundance of snails of 95% of the maximum expected
abundance after 5 years and, due to effects of resilience, of 50% of the
maximum abundance after 30 years (Table 4).

3.1.3. Management
Management has the potential to lower the apple snail population

abundance and spread but some management methods may also
cause an additional impact on the environment. Risk reduction options
that are applied to rice fields may cause negative environmental effects
on the adjacent and connected natural systems (assessed here as the
SPU), for example:

(1) Keeping rice paddies dry for a long period (Wada, 2004). This
might negatively influence rice paddy biodiversity, in particular
soil biodiversity and birds visiting the rice ecosystem.

(2) Burning vegetation and removal of plants along river banks of
rice fields to prevent egg laying and survival of snails. This will
have a negative effect on flora and fauna of river ecosystems
when applied on a large scale and over several years.

(3) Treating rice paddies with saponins, lime and saline water. This
could result in negative effects on both the rice and the natural
SPU ecosystems (Anon., 2011, EFSA, 2012), however, these ef-
fects have found to be transient by Joshi et al. (2008).

Because of the proximity of the rice paddies and the natural ecosys-
tems all the risk reduction optionsmentioned under 1–3 above seem to
result in serious negative effects on the SPU and, therefore, should not
be used. Some other methods to control apple snails in rice paddies
Table 3
Categories for the uncertainty.

Rating

Low Medium High

Uncertainty ]0, 0.33] ]0.33, 0.67] ]0.67, 1]
might also be used in the SPU, e.g. hand or mechanical collection of
snails and installation of snail traps, though it is as yet unknown how
snail traps affect other biota. The negative effects of control measures
aimed at apple snails are expected to be only a fraction of the negative
environmental effects caused by other management methods used to
control pests, diseases and weeds in rice production areas. Available in-
formation on the control of rice pests suggests that the currentmethods
used to control the apple snail might result in only minor additional
negative effects (EFSA, 2012; Joshi et al., 2008). The biotic resistance to-
wards the apple snail by local predators or competitors may be en-
hanced by preserving the natural complexity of microhabitats or by
introducing modifications that reduce the availability of refuges for
the apple snail. As investigated by Hara et al. (2015), the semi-natural
and natural canals have a lower probability of containing waterweed
than the artificial canals. The variousmicrohabitats of the natural canals
are known to maintain a greater number of animal species such as the
removal of aquatic plants like waterweed that functions as a shelter
for apple snails.

Based on the information presented above and on expert estimates,
the effect of management measures on reduction of potential snail bio-
mass in freshwater wetlands is estimated to be low in the short term
and moderate in the long term. The estimated values of the manage-
ment parameter are 0.99 for the short term and 0.8 for the long term.
This means that we expect a population abundance of 99% of the maxi-
mum expected abundance after 5 years and of 80% of the maximum
abundance after 30 years (Table 4).
3.1.4. Combination of the scaling factors
The scaling factors have been estimated in the two time horizons.

The product of the coefficients for resilience, resistance and manage-
ment assumes the value of 0.84 for the short term and 0.40 for the
long term (Table 4). This means that we expect a population abundance
of snails of 84% of themaximum expected abundance of 31.5 g/m2 after
5 years (corresponding to 26.5 g/m2) and, due to the effects of the scal-
ing factors, of 40% of themaximumpopulation abundance after 30 years
(corresponding to 12.6 g/m2).
Resilience (RL) 0.95 (CI [0.9021;0.9979]a) 0.50 (CI [0.3593;0.6407]a)
Management (MN) 0.99 (CI [0.9563;1]a) 0.80 (CI [0.6607;0.9393]a)
RS × RL × MN 0.84 0.40
Abundance
Maximum potential
abundance

31.5 g/m2 31.5 g/m2

Maximum realized
abundance

26.5 g/m2 (normalised to the
maximum = 0.84)

12.6 g/m2 (normalised to the
maximum = 0.40)

a 95% Confidence interval for the mean of the scaling factor.
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3.2. Impact on ecosystem services

3.2.1. Food
The expected effects of increased snail biomass on food production

(i.e. less amounts of food being available) are rated to be moderate to
major (Fig. 2), both in the short term and in the long term. The reduction
is predicted to increase somewhat in the long term even though we ex-
pect a lower realized snail abundance due to increased resilience since
many fish and bird species are long-lived and the long-term effects of
Fig. 2. Probability distribution (obtained as mixture distribution of experts evaluations) and as
experte estimates were performed based on the worst-case scenario (maximum realized snail
lowered production of offspring should therefore be more pronounced
than the effects on individuals.

The Europeanwetlands are often highly productive and some of this
natural production is used for human consumption. Fish and birds are
mainly used for consumption, but also other organisms, for example
freshwater crayfish, may also be important food locally. The functions
and qualities of these habitats are further crucial to other food produc-
tion such as livestock production (easily accessible drinking water of
good quality) and aquaculture in both freshwater and coastal areas.
sociated uncertainty of the reduction in the provision level of the ecosystem services. The
s biomass) in the short and long term.
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Pomacea spp. herbivory is expected to affect several ecosystem traits
that in turn affect food production. Fish, bird and crayfish production
is directly affected since many fish, bird and crayfish species include
macrophytes as an important component in their diet, or consume the
invertebrates that thrive in the macrophytes (Hansson et al., 2010;
Kaenel et al., 1998).

Many fish species use the vegetated shallows seasonally for repro-
duction and as nurseries for juvenile fish, and most waterfowl species
forage in these areas. The abundance and diversity of macrophytes af-
fect fish production in several ways, including reduced availability of
the preferred spawning substrate and thus reduced production of off-
spring (Wychera et al., 1993), less shelter frompredators and lower sur-
vival rates when the fish larvae emerge from the eggs (Zohary and
Ostrovsky, 2011). These negative effects on several fish and bird species
may be very pronounced. Loss of foraging areas negatively affects bird
recruitment at a larger scale. It has been demonstrated in long term
studies that several waterfowl species adjust their migratory routes
and actively avoid lakes with low macrophyte coverage (Hansson et
al., 2010). Following the introduction of invasive and voraciously her-
bivorous crayfish (Procambarus clarkii), in a lake in Spain, the sharp re-
ductions in macrophytes lead to rapid and secondary declines in
phytophagous birds and 75% losses in duck species (Rodríguez et al.,
2005). P. clarkii removes all macrophytes and has disrupting effects on
freshwater ecosystems. However, this species also eats snails (Klose
and Cooper, 2012), including apple snails, so herbivorous crayfish to
some extend control apple snail biomass, but at the cost of having large-
ly similar effects on freshwater ecosystems.

The highest impact on food production, however, is if herbivory by
apple snails induces an ecosystem shift from clear water and macro-
phyte dominance towards turbidwaters and increased nutrient concen-
trations and phytoplankton dominance. It has previously been
demonstrated that reductions in macrophyte abundance and macro-
phyte species diversity that have resulted from eutrophication have in-
duced large shifts in European fish communities (Wolter et al., 2000).
Furthermore, in waters that receive high nutrient loads, herbivory en-
hanced eutrophication may result in extensive fish kills at the end of
the summer growing season from the deoxygenation that arises from
the decomposition of dead algae (e.g. Søndergaard et al., 1999). In-
creased deposition of dead algae on spawning sites may also reduce lit-
toral fish populations by suffocating incubating eggs. In the worst case
scenario, the systems get dominated by blooming, toxic phytoplankton
that are directly harmful for birds, mammals and fish and consequently,
all food production.

There are several uncertainties to take into consideration when esti-
mating the negative effects of Pomacea spp. on food production. The ex-
pected shifts in fish towards less predatory, phytophilic fish species
(Wolter et al., 2000) and bird communities towards less waterfowl spe-
cies that are herbivores, invertebrate, or fish feeders (Hansson et al.,
2010) may be compensated partially by increases in other fish or bird
species. It is, for example, likely that cyprinid fish species and omnivo-
rous waterfowl will increase (Hansson et al., 2010; Wolter et al.,
2000). It is uncertain, however, to which extent this would happen.
From a food production perspective such “compensation” may still be
problematic since cyprinids generally are of less commercial value
than piscivorous fish. In addition, a dominance of cyprinids accentuates
eutrophication due to their promotion of algal production both by their
consumption of zooplankton and by their resuspension of the nutrients
in the sediments (Meijer, 2000).

3.2.2. Genetic resources
Genetic resources include the genes and genetic information used

for animal and plant breeding and biotechnology (MEA, 2003). Increas-
ing biomass of the apple snail is predicted to have amajor tomassive ef-
fect on genetic resources in the short term, and amajor effect on genetic
resources in the long term (Fig. 2). We forecast twomain processes that
will generate reductions in genetic resources with increasing
abundance of Pomacea spp.; the first is through reductions in, or losses
of, aquatic species populations, the second, through a reduced connec-
tivity (increased isolation) between these shrinking populations. A
drastic reduction in, or local or regional losses of, several macrophyte
species populations, of course, constitutes a direct loss of genetic diver-
sity and a loss of local or regional genetic adaptations. These reductions
inmacrophytes then induce secondary reductions in genetic diversity in
the populations (or local or regional losses) of several groups of organ-
isms that depend on macrophytes at any life stage. Increasingly smaller
and more isolated populations of several species inevitably lead to loss
in low frequency alleles, lowering the species' ability to adapt to chang-
ing environments (Jump et al., 2009). In recent years, the importance of
bird-mediated dispersal of aquatic organisms in gene transport be-
tween aquatic populations has been increasingly acknowledged
(Amezaga et al., 2002; Lurz et al., 2002; van Leeuwen et al., 2012; van
Leeuwen et al., 2013). However, since many species of waterfowl
avoid waterbodies with low macrophyte coverage (Hansson et al.,
2004), herbivory by apple snails may further weaken connectivity be-
tween aquatic populations and further impacts regional genetic diversi-
ty negatively (Amezaga et al., 2002).

The uncertainties for these predictions are medium and relate in
particular to difficulties in predicting the future development and pres-
ence of species ability to live in habitats with a reduced abundance of
macrophytes. An increase in non-palatable plants and an increase in
predation of apple snails could increase bird mediated dispersal of or-
ganisms and lower the impact in the long term.

3.2.3. Freshwater
The effects of Pomacea on water quantity in wetlands, rivers and

lakes are not expected to be very important. However, the retention
time of water at larger geographic scales is expected to decrease slightly
if macrophytes decline, because beds of aquatic plants physically im-
pede water movement and increase the water holding capacity of the
landscape.

The reduction in water quality, though, is expected to be massive
both in the short term and in the long term (Fig. 2), especially in shal-
low,macrophyte dominated systems. Species rich and abundantmacro-
phyte communities' play a key role in nutrient cycling, act as important
natural biofilters and ensure a base level of water quality even at high
nutrient loads (Carlsson, 2006; Petr, 2000). The most serious conse-
quence on water quality occurs when the aquatic ecosystems that al-
ready receive high nutrient loads are pushed towards a turbid water
state with dominance of planktonic algae. When the macrophytes are
reduced drastically, it is no longer possible to remove nutrients or
toxic heavymetals from the systemby harvestingmacrophytes. Current
efforts to decrease nutrient inputs to freshwater systems through im-
proved wastewater treatment and changed farming practices will also
be less effective in achieving clear water and (returning) macrophyte
dominance if the re-emerging macrophytes again are consumed by
Pomacea spp. as has been suggested for North American wetlands by
Burlakova et al. (2009). Likewise, efforts to restoremacrophyte commu-
nities in North-western Europe are now jeopardized when the emerg-
ing macrophytes are rapidly consumed by the invasive crayfish
Procambarus clarkii (van Der Wal et al., 2013).

The uncertainty of these ratings is in the medium range and relates
to the presence of other factors than macrophytes that also influence
water quality such as the magnitude and type of nutrient load, water
depth, sediment composition and several other factors. The impact of
Pomacea spp. on water quality, should, for example, be greater in wet-
lands, compared to larger, deeper lakes where macrophytes only are
present in a small fraction of the total water volume.

3.2.4. Climate regulation
The effects of Pomacea spp. on climate regulation in the short and

long term are concentrated in the moderate/minor range (Fig. 2). Wet-
lands and lakes are both sinks (through carbon assimilation and
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retention) and sources (through methane (CH4) and nitrogen dioxide
(N2O) release) of gases that affect climate regulation. Freshwater snails
have been shown to promotemethane release fromwetlands (Xu et al.,
2014). A recent meta-analysis shows that emissions of both the green-
house gases CH4 and N2O is significantly lower in areas with abundant
macrophytes compared to open water areas. Increasing biomass of
Pomacea spp. will instead reduce macrophytes, and therefore decrease
carbon assimilation and retention and increase emissions of the green-
house gases CH4 and N2O.

The uncertainty of these ratings is in the medium range and relates
to difficulties in predicting the possible long-term increase in non-palat-
able macrophytes and the uncertainties about the relative importance
of macrophytes for climate regulation in deeper lakes compared to the
well-known role played by macrophytes in wetlands.

3.2.5. Water regulation/cycling/purification
The effects of Pomacea on water runoff, flooding and aquifer re-

charge are expected to be less important than the effects on the
ecosystem's capacity to filter and purify chemical waste, and organic
pollution since macrophytes are vital in all these processes, as men-
tioned earlier. The anticipated effects of an increasing apple snail abun-
dance on water purification are described in detail in the previous
Section 3.2.3 “Freshwater”. In the short term we expect a major reduc-
tion in these purification processes. In the long term, a less dramatic re-
duction (moderate to major) is predicted since an increase in non-
palatablemacrophytesmay offer some compensation for the loss of pal-
atable macrophytes (Fig. 2).

The uncertainty for the short term is medium but it is high for the
long term since a shift towards phytoplankton dominance hampers an
increase also in the non-palatable macrophytes. This scenario does not
allow the purification processes to be restored. Increased predation on
Pomacea spp. by native predators may regulate the invasive population
at levels where plant recovery is possible.

3.2.6. Erosion regulation
The reduction in erosion regulation as a result of Pomacea spp. is ex-

pected to be betweenmoderate andmajor in the short term and slightly
more moderate thanmajor in the long term (Fig. 2) since an increase in
non-palatable macrophytes may offer some compensation for the loss
of root area in palatable macrophytes. Macrophytes have a strong effect
on erosion in fluvial water systems since they stabilize the sediments
with their roots and impede water velocity, and therefore, increase sed-
imentation (Madsen et al. 2001). Macrophytes are further light-limited
and grow predominantly in the shallow littoral zone close to the shore
or river bank in deeper systems. If they are consumed, we expect not
only increased erosion of river sediments but also increased erosion of
the river bank itself. Both sources of erosion will increase nutrient and
sediment loads transported to downstream systems and finally, coastal
areas. This effect should be less pronounced in lakes and wetlands than
in rivers, but drastic declines inmacrophytes should increase bothwind
andwave erosion at the shoreline of lakes andwetlandswhen thewater
velocity and waves are no longer impeded by beds of macrophytes.

The uncertainty of these predictions is high and relates to the earlier
mentioned increased resilience and rebound of macrophytes.

3.2.7. Nutrient cycling
The effects of Pomacea spp. on nutrient cycling are predicted to be

major to massive in the short term (Fig. 2). A shift from macrophyte
dominance to phytoplankton dominance reduces nutrient burial in
the sediments, may induce anoxia at the sediment surface, with subse-
quent release of phosphorus, and increase resuspension of sediments.
As mentioned earlier, this internal load of phosphorous may be far
greater than the external load of phosphorous (Istanovics et al., 2004).
This may cause a release of large quantities of phosphorus and nitrogen
to downstream aquatic ecosystems, causing increased eutrophication
and coastal hypoxia.
Macrophytes assimilate nitrogen, phosphorus and heavy metals di-
rectly, impede water movement and increase sedimentation of parti-
cle-bound substances, which allows nutrients and harmful substances
to be processed, or buried permanently, in the sediment. They further
reduce nitrogen levels by providing a huge substrate for periphytic
algae that host denitrifying bacteria that transform nitrate to N2 gas,
which leaves thewater. They further remove phosphorus by facilitating
processes such as sorption, precipitation, direct uptake and peat/soil ac-
cretion (Vymazal, 2007). Their nutrient cycling and shading of sunlight
also hampers phytoplankton growth and, subsequently, prevents the
development of harmful and extremely costly toxic algal blooms
(Pretty et al., 2003). If the water flow is less impeded by macrophytes,
sedimentation is decreased and the sediments become less stable and
more easily re-suspended by water and wind movements (Koch,
2001). Declines in macrophytes typically lead to subsequent increases
in phytoplankton concentrations (Scheffer et al., 1993) and decaying
phytoplankton consumes large amounts of oxygen.When the sediment
surface becomes anoxic, phosphorus is no longer chemically bound to
the sediment and instead released to the water column, promoting
new algal blooms, this internal load of phosphorous may be far greater
than the external load of phosphorous (Istanovics et al., 2004). This is a
major concern since eutrophication, as mentioned earlier, of many
freshwater systems in Europe is an ongoing process due to increased ae-
rial deposition of nutrients, waste water input and run-off from
fertilised farmlands.

Uncertainty in the short term ismedium. In the long termwe still ex-
pect a major effect with medium uncertainty on nutrient cycling but
again an increase of non-palatable macrophytes could offer some com-
pensation for the loss of palatable macrophytes.

3.2.8. Photosynthesis and primary production of macrophytes
The reduction in primary production and photosynthesis by macro-

phytes due to Pomacea is predicted to be massive in the short term and
major in the long term (since some non-palatable macrophyte species
may increase), both rated with medium uncertainty (Fig. 2).

3.3. Overall impact on ecosystem services

Table 5 summarizes the risk and uncertainty for the selected ecosys-
tem services. The risk of invasive apple snails for genetic resources and
climate regulation ismoderate in both the short and the long terms. The
risk for food production is moderate in the short term, but it becomes
major in the long term. The risk for water regulation and erosion regu-
lation ismajor in both the short and the long terms. The risk for nutrient
cycling, photosynthesis and primary production of macrophytes is mas-
sive in the shorter, but declines to major in the long term. Finally, the
risk for freshwater is massive in both the short and the long terms.

4. Conclusions

Our study illustrates the use of a risk assessment method based on
an improved version of the method proposed in Gilioli et al. 2014 to es-
timate the potential impact of an invasive population on a selected
group of ES. Depending on the scope and the conditions of the assess-
ment, one or more SPU can be assessed, and the assessment can be tai-
lored to the needs of the riskmanagers, thus, thismethod can be used to
produce focused and time-efficient risk assessments' of IASwith known
ecology and biology by identifying a SPU that provide ES that will be
effected by the invader.

By considering a (in this case single) In this case study, a single SPU
was considered, for which we merged wetlands, shallow lakes, river
deltas and the littoral zone of deeper lakes and rivers, to estimate envi-
ronmental impacts of an invading species for a broad range of freshwa-
ter ecosystems.

Merging the different habitats to one SPUwas possible since aquatic
macrophytes are the key elements in freshwater ecosystem structure



Table 5
Risk and uncertainty for ecosystem services.

Ecosystem service

Short term Long term

Risk Uncertainty Risk Uncertainty

Value Category Value Category Value Category Value Category

Food 0.19 Moderate 0.66 Medium 0.21 Major 0.59 Medium
Genetic resources 0.17 Moderate 0.64 Medium 0.15 Moderate 0.66 Medium
Freshwater 0.58 Massive 0.51 Medium 0.51 Massive 0.64 Medium
Climate regulation 0.11 Moderate 0.59 Medium 0.10 Moderate 0.59 Medium
Water regulation/cycling/purification 0.36 Major 0.64 Medium 0.25 Major 0.80 High
Erosion regulation 0.27 Major 0.74 High 0.24 Major 0.80 High
Nutrient cycling 0.51 Massive 0.42 Medium 0.43 Major 0.64 Medium
Photosynthesis and primary production of macrophytes 0.63 Massive 0.38 Medium 0.43 Major 0.64 Medium
Overall 0.35 Major 0.57 Medium 0.29 Major 0.67 Medium
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and functioning (Jeppesen et al., 1998a, 1998b). Carlsson et al. (2004)
have previously demonstrated that the invasion by Pomacea
canaliculata in Asian wetlands dramatically reduces both the species
richness and the abundance ofmacrophytes. Apart from apple snails' in-
vasion, these reductions are also being observed as a general trend in
freshwater habitats in Europe and may generate fundamental reduc-
tions (or even losses) in the structure and functions of freshwater hab-
itats in Europe, and subsequently, reductions (or even losses) in the
ecosystem services these habitats provide. At high Pomacea spp. abun-
dance the risk of an ecosystem shift from clear water and macrophyte
dominance towards turbid waters and phytoplankton dominance is of
major concern since such ecosystem shifts are not easily reversible
(Scheffer et al., 1993). The recolonization potential of macrophytes in
turbid, phytoplankton dominated waters is very low and remaining
apple snails, which are able to persist using quite diverse trophic re-
sources other that macrophytes (Saveanu and Martín, 2015), will
make this undesirable shift even less reversible by consuming the few
macrophytes that do recolonize.

Our case study clearly shows that an unhalted spread of Pomacea
spp. in Europe has a drastic potential impact on several important ES
that are provided by a wide range of freshwater habitats in Europe. Al-
though the risks for genetic resources and climate regulation are esti-
mated to be moderate, we expect a massive impact on freshwater
quality, and major impacts on erosion regulation, nutrient cycling and
primary production of macrophytes, as well as on food production in
the long term. In the worst case scenario, the overall effect of the snail
invasion on the shallow freshwater ecosystems of southern Europe is
major on the ecosystem services both in the short and in the long
terms (see Table 1).

Our predictions of risks for ecosystem services include specific un-
certainties for each ecosystem service. There is, however, a general un-
certainty that underlies all predictions, namely, whether there are
macrophyte species non-palatable to the apple snail in the assessment
area (i.e. those species with high contents of phenolic compounds and
relatively low contents of nutrients (low C/N ratio) (Qiu et al., 2011;
Wong et al., 2010). If so, these may increase when palatable species de-
crease and offer some compensation for the loss of palatable macro-
phytes and of the structures and functions that these macrophytes
used to provide. Although such a shift in macrophyte dominance is dif-
ficult to forecast, there are several reasons to believe that this compen-
sation will be insufficient.

European macrophytes lack a co-evolutionary history with Pomacea
spp. and previous studies suggest that thismay give a high susceptibility
to snail herbivory. Apple snails prefer naive North American macro-
phytes that have not been previously exposed to Pomacea spp. herbivo-
ry to South American macrophytes that have coevolved with apple
snails, since the North American macrophytes lack the chemical and
physical defenses that deter the snails (Morrison and Hay, 2011). A
shift towards phytoplankton dominance may further hamper an in-
crease in the non-palatable macrophytes as these become light-limited.
It has been demonstrated that someof the less palatable plants aremore
easily consumed by Pomacea spp. when in a decaying state (Qiu et al.,
2011), which could accelerate the increase in apple snail populations
and the eradication of macrophytes communities. On the other hand,
predation on apple snails by native predatorsmay become an important
factor in the long term that regulates the snail populations at a level
where recovery of macrophytes is possible. For all the above reasons,
we expect compensation by non-palatable plants to be low and difficult
to forecast. This adds a general uncertainty to our predictions.

In this paper the proposed method has been applied to the worst
case scenario, which corresponds to a specific SPU with optimal biotic
and abiotic environmental conditions allowing the population to reach
themaximum abundance. Despite the uncertainty and variability relat-
ed to the complexity that underlie ecosystem processes, the approach
we propose allows the assessment of impacts of an IAS at ecosystem
level for all suitable habitats in a large risk assessment area, i.e. Europe,
and at different level of population abundance. Themethod allows pro-
ducing maps of the impact based on of the expected distribution of the
population abundance of the IAS as provided by a population dynamic s
model, and considering the distribution of the suitable habitats, each
characterized by site-specific environmental conditions. The availability
of functions relating the impact of the IAS to the population abundance
can support the translation of the spatial pattern of population abun-
dance into spatial pattern of environmental risk.

The approach identifies areas where researchwould be necessary to
increase knowledge on the species and its impacts. In some cases there
is a lack of knowledge in the relationships linkingpopulation abundance
and the ecosystem traits related to the provision of ES. The definition of
the clusters interpreting the functional relationship between ecosystem
traits and services is often themost difficult passage in the application of
the assessment scheme we propose. Long term studies on invasion im-
pact are also important in understanding the role of ecosystem resil-
ience, and in setting the scaling factors the approach requires to
estimate the temporal pattern of the environmental risk. In our case
study, for example,more knowledge is neededonhowpalatable various
macrophytes are to apple snails to better estimate which macrophytes
species might be resilient to the herbivory and may remain in infested
freshwater areas. Furthermore, knowledge is needed on the different
dispersal modes of Pomacea spp., the possibility for rapid co-evolution
between the snails and macrophytes, and the response of predators to
the presence of the snails.

Quantitative estimates of environmental impacts are urgently need-
ed for decisionmakers and invasive speciesmanagers that are facingde-
cisionswhere they have toweigh the cost of large scale control efforts of
an invader against its environmental and economic impact. The pro-
posed framework allows generating comparable and reproducible re-
sults and enables the assessment of overall environmental risk caused
by any kind of IAS. The procedure based on expert knowledge elicitation
provides a cost-efficient synthesis of the available data and information
and produces scenario-based projection of the impact at the selected
level of spatial and temporal resolution. The proposed assessment
scheme is also a powerful tool in selecting potential IAS for the
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European black list that is requested by the European invasive species
directive (EU, 2014).
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