Aquat Sci (2012) 74:1-14
DOI 10.1007/s00027-011-0187-6

Aquatic Sciences

OVERVIEW

Slow, but steady: dispersal of freshwater molluscs

Heike Kappes - Peter Haase

Received: 14 September 2010/ Accepted: 1 February 2011/ Published online: 2 March 2011
© The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract Molluscs are the proverbial examples of slow
movement. In this review, dispersal distances and speed
were assessed from literature data. Active upstream
movement can occur both individually and in groups; and
depends on traits such as size, sex and reproductive status,
and on external factors such as flow velocity, temperature,
sediment structure, and food availability. The potential
for active dispersal follows the sequence Pulmonata >
Prosobranchia > Bivalvia, although data for Pulmonata
originated from short-term experiments that likely overes-
timated dispersal capabilities. Active upstream movement
may be 0.3 to 1.0 km per year for most snails and is
probably well below 0.1 km per year for bivalves. Natural
passive upstream dispersal increases the range 10-fold
(snails) to 100-fold (bivalves), and anthropogenic vectors
can increase upstream dispersal more than 100-fold (snails)
to 1000-fold (bivalves). Three km seems to be the maximal
within-stream distance at which many species display
regular population mixing, and at which re-colonisation or
successful restoration can be expected within 3—10 years.
Lateral dispersal between unconnected water bodies is
passive and mostly known from observational reports, but
potential distances depend on vectors, climate and geo-
morphology. In general, active dispersal seems insufficient
to furnish a compensatory mechanism, e.g., for the rate of
projected climate change. We provide an overview on
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dispersal strategies in the light of applied issues. More
rigorous field surveys and an integration of different
approaches (such as mark-recapture, genetic) to quantify
distances and probabilities of lateral dispersal are needed to
predict species distributions across space and time.

Keywords Biological invasion - Dispersal -
Global change - Mollusca - Species distribution
modelling (SDM) - Vector

Introduction

The Mollusca provide proverbial examples for “sluggish-
ness” and time-consuming movements “at a snail’s pace”.
However, snails and mussels do disperse. Some invasive
snails and mussels have even become notorious for their
rapid spread, and invasive molluscs can be found in the
marine, limnic and terrestrial realms. Molluscs thus pro-
vide a well-suited and relevant model group to study the
role of active and passive dispersal in hololimnic
macroinvertebrates.

Our review covers all freshwater species from both lotic
and lentic habitats. However, many studies on dispersal have
been performed in rivers, and some dispersal mechanisms
such as drift apply only to riverine systems. Riverine taxa can
display longitudinal dispersal by upstream or downstream
movements within a stream network, or lateral dispersal to a
neighbouring stream by movement across the terrestrial
matrix. In contrast, lake-dwelling species mainly show lat-
eral dispersal to neighbouring lakes.

Anthropogenic dispersal has allowed several freshwater
molluscs to cross biogeographic boundaries. Some of these
species, such as Potamopyrgus antipodarum (Gray) (Gas-
tropoda: Hydrobiidae) or Corbicula fluminea (O.F. Miiller)
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(Bivalvia: Corbiculidae), are highly invasive. Invasive
species can spread at comparatively high velocities within
catchments, but they also tend to cross regional watersheds.
This spread contrasts with shrinking ranges of some
indigenous species that display signs of population break-
downs (e.g., Neves et al. 1997; Kobialka et al. 2009).
Knowledge of dispersal capabilities is thus important both
for understanding (potential) invasiveness and for protect-
ing populations of sensitive indigenous species. Moreover,
knowledge of dispersal capabilities is needed for assessing
re-colonisation speed in stream restoration projects. Also,
knowledge of dispersal capabilities is essential for evalu-
ating gene flow and future distribution ranges in species
distribution modelling (SDM) under the framework of
global change, as recently shown for Radix balthica
(Lymnaeidae) (Cordellier and Pfenninger 2009).

Only a few reviews on dispersal include molluscs; even
then, molluscs are treated only marginally (e.g., Bilton
et al. 2001; Bohonak and Jenkins 2003; Holeck et al. 2004).
More specific contributions and reviews on molluscs dealt
with biogeographical aspects (Taylor 1988) and considered
specific taxonomic groups (Mackie 1979; Karatayev et al.
2007) or special modes of dispersal such as aerial dispersal
(Rees 1965; Wesselingh et al. 1999). To our knowledge, a
compilation and comparison of dispersal distances and
dispersal speeds, including results from genetic studies, has
not yet been performed. We are well aware that additional
records likely exist, especially in the so-called “grey lit-
erature”. Nevertheless, we feel that this general review
gives a good idea of average active and passive dispersal
ability of aquatic molluscs and of some factors that govern
it. We additionally analyse potential phylogenetic con-
straints or advantages in dispersal, and we indicate which
aspects of freshwater mollusc dispersal need more research
effort.

We address active and passive dispersal. Our focus is
on upstream dispersal, as it occurs against setbacks from
drift. Upstream dispersal thus provides an estimate of the
minimal dispersal potential, or the minimal active inva-
sion potential. We also give examples of passive
dispersal, both downstream by drift and upstream by
natural vectors such as fish, and by anthropogenic vec-
tors such as ships. Finally, we address lateral dispersal
by molluscs.

Active dispersal

Active dispersal of aquatic organisms can only occur in the
aquatic environment. Active movement depends on traits
such as the size, sex and reproductive status of individuals,
and on external factors such as flow velocity, water tem-
perature, sediment heterogeneity, and food availability.
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Individual and group dispersal can both occur. Because of
high natural heterogeneity and setbacks from drift, the
potential distance that can be travelled by a species is most
likely overrated by short-term experiments that usually
were performed under laboratory conditions (Fig. 1).
Taxonomic position likely affects dispersal capabilities.
However, we observed a taxonomic bias in the approaches
to assess dispersal velocity, with Pulmonata studied only
rarely (Fig. 1, Table 1). We therefore included some of our
own observations on pulmonates in order to fill this gap to
some extent (Table 2).

Crawling activity and rheotaxis

Crawling activity and direction are essential for active dis-
persal. However, habitat use and morphological constraints
influence crawling activity: potential activity is higher in the
freely crawling Gastropoda than in the sedentary, sediment-
burrowing Bivalvia (Fig. 1, Table 1). Indeed, among the
Unionidae, Pseudanodonta complanata (Rossmissler)
seemed to be stationary during a field survey in Finland
performed during the reproductive season in June and
August (Saarinen and Taskinen 2003). Mussels in the River
Spree only moved towards the shore, whereas no significant
upstream or downstream movement was detected (Schwalb
and Pusch 2007). Similarly, Anodontoides ferussacianus
(Lea) (Unionidae) and Sphaerium sp. (Sphaeriidae) moved
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Fig. 1 Estimated maximal potential yearly active dispersal distance
of molluscan taxonomic groups, presented for long (one week and
more) and short (minutes to a few days) time intervals. Data points
originate from sources in Table 1. To overcome the low availability of
data on Pulmonata, we added some of our own data (see Table 2).
Shared letters indicate a lack of significance using the Tukey HSD
test on the log-transformed data. Small circles indicate outliers
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Table 1 Compilation of the (partially recalculated) active dispersal rates from the literature survey

Species Family Sub-order m 1 m 2 Velocity [m/d] Source

Corbicula sp. Corbiculidae Biv in-stream long 3.20 Voelz et al. (1998)

Elliptio complanata Unionidae Biv in-lake long 0.01 Amyot and Downing (1998)
Elliptio complanata Unionidae Biv in-lake long 0.03 Amyot and Downing (1998)
Anodonta anatina Unionidae Biv in-stream long 0.02 Schwalb and Pusch (2007)
Unio sp. Unionidae Biv in-stream long 0.02 Schwalb and Pusch (2007)
Several species® Unionidae Biv lab, no current long 0.03 Allen and Vaughn (2009)
Pomacea paludosa Ampullaridae Pros in-lake long 2.00 Darby et al. (2002)
Pomacea paludosa Ampullaridae Pros in-lake long 6.00 Darby et al. (2002)
Potamopyrgus antipodarum Hydrobidae Pros in-lake long 1.00 Ribi (1986)

Potamopyrgus antipodarum Hydrobidae Pros in-stream long 0.66 Adam (1942)
Potamopyrgus antipodarum Hydrobidae Pros in-stream long 1.20 Haynes et al. (1985)
Neritina punctulata Neritidae Pros in-stream long 240 Pyron and Covich (2003)
Neritina punctulata Neritidae Pros in-stream long 7.40 Pyron and Covich (2003)
Neritina punctulata Neritidae Pros in-stream long 0.81 Pyron and Covich (2003)
Elimia sp. < 1 cm Pleuroceridae Pros in-stream long 0.00 Huryn and Denny (1997)
Elimia sp. > 1 cm Pleuroceridae Pros in-stream long 2.20 Huryn and Denny (1997)
Leptoxis carinata Pleuroceridae Pros in-stream long 0.02 Stewart (2007)

Leptoxis carinata Pleuroceridae Pros in-stream long 0.25 Stewart (2007)

Leptoxis carinata Pleuroceridae Pros in-stream long 0.84 Stewart (2007)

Leptoxis carinata Pleuroceridae Pros in-stream long 0.18 Stewart (2007)

Viviparus ater Viviparidae Pros in-lake long 1.00 Ribi (1986)

Bithynia tentaculata Bithyniidae Pros in-lake short 2.28 MacRae and Lepitzki (1994)
Bithynia tentaculata Bithyniidae Pros in-lake short 0.22 MacRae and Lepitzki (1994)
Potamopyrgus antipodarum Hydrobidae Pros lab, current short 7.20 Haynes et al. (1985)
Tarebia granifera Thiaridae Pros in-stream short 28.8 Snider and Gilliam (2008)
Tarebia granifera Thiaridae Pros in-stream short 57.6 Snider and Gilliam (2008)
Tarebia granifera Thiaridae Pros in-stream short 26.5 Snider and Gilliam (2008)
Tarebia granifera Thiaridae Pros in-stream short 1.00 Snider and Gilliam (2008)
Tarebia granifera Thiaridae Pros in-stream short 349 Snider and Gilliam (2008)
Viviparus ater Viviparidae Pros in-lake short 18.9 Ribi and Arter (1986)
Viviparus ater Viviparidae Pros in-lake short 9.80 Ribi and Arter (1986)
Campeloma decisum Viviparidae Pros in-stream short 8.00 Bovbjerg (1952)

Physa or Radix — Pulm lab, current short 43.0 Hoffman et al. (2006)
Physa or Radix - Pulm lab, current short 72.0 Hoffman et al. (2006)

Biv Bivalvia, Pros Prosobranchia, Pulm Pulmonata, m methodological annotations

* Actinonaias ligamentina, Amblema plicata, Fusconaia flava, and Obliquaria reflexa

equally with or against the water current at flow velocities
between 4 and 12 cm sec_l, but more than 65% were
indefinite in direction (Shelford 1914).

Individuals of Elliptio complanata (Lightfoot) moved up
to 3 cm d™ ', but mean distances exceeded 1 cm d~' only
during the spawning period (Amyot and Downing 1998).
Allen and Vaughn (2009) found that the average move-
ments of the North American species Actinonaias
ligamentina (Lamarck), Amblema plicata (Say), Fusconaia
flava (Rafinesque) and Obliquaria reflexa Rafinesque were
in the range of 10 to 30 cm during the 11 days of an

experiment, thus moving ca. 3 cm d™'. The average rate of
movement of the European species Unio tumidus Philips-
son, Unio pictorum (Linnaeus) and Amnodonta anatina
(Linnaeus) in the lowland River Spree (Germany) was only
11 &£ 15 cm per week, or 1.6 cm dfl, between May and
October (Schwalb and Pusch 2007). Total distances can be
roughly estimated from trails left in the sediment. Unio
pictorum and A. anatina from lake populations left trails
having an average length of up to ca. 1 meter or 2 meters,
respectively, during June and August 1996 (Saarinen and
Taskinen 2003).
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Table 2 Potential dispersal velocity, based on distances travelled in
one minute (i.e., according to short-time measurements) on a plain
surface without water current

Species Family Shell size [mm] Velocity [m/day] n
Physa fontinalis Physidae 1.0 18.7 1
Physa fontinalis Physidae 1.1 £0.2 11.9 £ 6.5 7
Physa fontinalis Physidae 8.0=£09 19.7 + 20.8 7
Physa fontinalis Physidae 9.0 59.0 1
Physella acuta  Physidae 1.9 £ 0.7 18.0 £ 23.3 6
Physella acuta  Physidae 3.0 533 1
Physella acuta  Physidae 35 66.2 1
Physella acuta  Physidae 37+£09 34.6 + 26.1 7
Physella acuta  Physidae 6.0 44.6 1
Physella acuta  Physidae 73 £0.8 23.0 £ 17.8 6
Radix balthica Lymnaeidae 4.4 £+ 0.9 6.6 + 84 7
Radix balthica Lymnaeidae 5.0 18.7 1
Radix balthica Lymnaeidae 10.0 14.4 1
Radix balthica Lymnaeidae 10.8 + 1.6 43+ 5.1 7
Radix balthica Lymnaeidae 16.0 72.0 1
Radix balthica  Lymnaeidae 17.0 & 2.6 29.8 £ 30.1 7

n is the number of individuals. Measurements were performed in the
afternoon of June 28, 2010. Movement behaviour usually differed
strongly between individuals of a given aquarium (size classes were
reared separately) as indicated by the standard deviation. Food was
offered ad libitum

Higher dispersal rates have been found for Viviparus
ater (De Cristofori and Jan) (Viviparidae) and Potamo-
pyrgus antipodarum (Hydrobiidae), with diffusion rates of
approximately 1 m? d~! in Lake Zurich, Switzerland (Ribi
1986). Similarly, Bithynia tentaculata (Linnaeus) (Bithy-
niidae) showed no ontogenetic effect on movement rates in
pools (MacRae and Lepitzki 1994). This species can move
between 0.9 and 9.5 cm h™' (MacRae and Lepitzki 1994),
equivalent to a distance of up to 2.2 m d ™.

Significant upstream movements of gastropods have
been found in at least 10 families (Huryn and Denny 1997).
The most intriguing behaviour is that of freshwater nerites
(Neritidae). Neritidae in tropical and subtropical streams
display gregarious upstream migrations worldwide (Blanco
and Scatena 2005, and references therein). This behaviour
was first described for the tropical snail Neritina latissima
Broderip in a coastal stream in Costa Rica, where the
upstream migration of juveniles covered a stretch of stream
that exceeded 1 km in length (Schneider and Frost 1986).
Here, the colonisation cycle hypothesis (Miiller 1954)
seems applicable, as the post-metamorphosis life stage
clearly compensates for downstream drift of the pre-
metamorphosis life stage by upstream movement. How-
ever, the same phenomenon was observed in the directly
developing Cochliopina tryoniana (Pilsbry) (Hydrobiidae)
from the same coastal stream (Schneider and Lyons 1993).
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The size distribution of migrating and stationary snails
suggests that the migration takes more than one year for N.
latissima and probably less than one year for C. tryoniana
(Schneider and Lyons 1993).

In experiments, some specimens of the highly invasive
Potamopyrgus antipodarum (Hydrobiidae) crawled 15 cm
upstream in 30 min., equal to a hypothetical maximal
spread of 7.2 m d™', or 2.6 km yr~' (Haynes et al. 1985).
Distances were lower under field conditions. Haynes et al.
(1985) tested the dispersal of P. antipodarum in the River
Avon at a water current of about 17 cm sec™' and found
that on average it showed a positive rheotaxis. Two indi-
viduals moved upstream at a velocity of 1.1-1.2 m d™',
whereas two individuals found furthest downstream from
the release point were displaced 65 to 71 cm within 24
hours. At a longer time scale, P. antipodarum was found to
actively move 60 m upstream in three months (Adam
1942), equal to average movement of 66 cm d ™.

Responses to water current velocity

Rheotactic behaviour varies among species and also among
streams and seasons. Part of this spatiotemporal variation is
attributable to differences in runoff regimes. Upstream
migration can occur as a post-flood compensation response,
as found in Neritina virginea (Linnaeus) (Blanco and
Scatena 2005). Maximum upstream movement of Neritina
punctulata Lamarck was 2.4 m d~' following marking in
August when the discharge was stable for about two weeks,
and 74 m d™' in May when the discharge was strongly
fluctuating throughout the study period (Pyron and Covich
2003).

Individuals also respond directly to current velocity.
Hoffman et al. (2006) studied the response of a pulmonate
snail to water flow (called Physa sp. (Physidae) throughout
the text, but a photograph from the authors’ Fig. 1 shows a
lymnaeid, probably Radix sp.). The snail moved at a speed
exceeding 3 cm and 5 cm min~' at low and high current
velocities, respectively. At high water velocities, responses
of burrowing and nonburrowing species differ, as these
species do either avoid high water velocities or face the risk
of drifting. Goniobasis livescens (Menke) (Pleuroceridae)
and Campeloma subsolidum (Anthony) (Viviparidae) gen-
erally move against the water current at velocities between
4 and 12 cm sec™' (Shelford 1914). The riffle-inhabiting
G. livescens maintains positive rheotaxis, whereas the
pool-living C. subsolidum becomes inactive at water
velocities of 16-20 cm sec™' (Shelford 1914). Similarly,
the activity of Viviparus malleatus Reeve (Viviparidae)
may decline with increasing current in streams (Hutchinson
1947). At strong water flows between 16 and 20 cm sec” !,
activity levels of Anodontoides ferussacianus and Sphae-
rium sp. declined to zero (Shelford 1914), and Sphaerium
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burrowed when subjected to a water current. Similarly,
Potamopyrgus antipodarum tends to burrow in sediments
at high current velocities (Holomuzki and Biggs 1999).

Role of the sediment and additional stimuli

Rheotactic behaviour and net movement can be influenced
by sediment structure. Populations of Leptoxis carinata
(Bruguiere) (Pleuroceridae) moved upstream at an average
of 0.12 m d™' (max. 0.18 m d™") on rocky substrate, and
025md! (max. 0.84 m dfl) on sandy substrate (Stewart
2007). Hoffman et al. (2006) found that surface smoothness
resulted in an increased net upstream move, and that the
positive relationship between snail speed and water
velocity did not occur on the more structured surface.

An ontogenetic effect was observed in free-ranging Eli-
mia (Pleuroceridae). Only larger individuals showed
upstream movement with a maximum rate exceeding 200 m
over a 3-month period, or 2.2 m d_l, whereas small indi-
viduals below 1 cm shell size were stationary (Huryn and
Denny 1997). This apparent immobility of small individuals
probably results from their ability to hide in the sediment,
and it may have been influenced by additional stimuli. Size
differences in the movement behaviour of Tarebia granifera
(Lamarck) (Thiaridae) decreased with food availability: At
high food availability, individuals of all size classes moved
upstream together (Snider and Gillam 2008). The species
easily reached velocities of 2 m h_l, or48 md~".

Other external and intrinsic factors also were reported to
affect dispersal rates. For instance, increased temperatures
resulted in increased movement rates in Bithynia tentaculata
(MacRae and Lepitzki 1994). Moreover, differences in
activity between sexes were shown for Viviparus ater (Ribi
and Arter 1986). In this species, the maximum movement
distance was 18.9 m d~! for males, and 9.8 m d~! for
females.

To sum up, a taxonomic bias in the approaches to
assessment of dispersal velocity limits straightforward
interpretation of the data. Active dispersal of smaller
mussels and pill clams (Sphaeriidae) still needs to be
assessed. Nevertheless, it seems reasonable to assume that
the potential active dispersal values range between 300 m
and 1 km yr~' for most snail taxa, whereas 100 m yr—'
may rarely be exceeded by (most) bivalves.

Passive dispersal

Reports on invasions by freshwater molluscs show that
active dispersal is only important at the local scale. The
high velocity of both downstream and upstream spread
after colonisation (IKSR 2002, Leuven et al. 2009) indi-
cates that freshwater molluscs, like other invading taxa,

readily use mechanisms other than active movement. Pas-
sive dispersal can be aquatic, i.e., within a stream, or extra-
aquatic when the individuals cross catchments. Passive
longitudinal dispersal may be directed downstream (by
drift or on vectors) or upstream (by vectors). Vectors for
instream passive dispersal may be natural (fish) or
anthropogenic (ships).

Passive aquatic dispersal
Larval downstream drift

Dispersal often is limited to specific life stages. Passive
dispersal by planktonic larvae is common in the marine
realm but not in freshwater environments. Larval drift has
been reported mainly from freshwater representatives of
predominantly marine families, such as the Neritidae and
Mpytilidae, but also in the Dreissenidae, a family that has
evolved comparatively recently (Morton 1970). Especially
in riverine systems, larvae may be washed downstream to
unsuitable zones. Later in the life cycle, the juveniles need
to compensate for drift. One of the few examples of larval
planktonic drift in freshwater systems is Neritina latissima.
This species was discussed above in the context of positive
rheotaxis.

However, passive dispersal by planktonic larvae also
occurs in some sedentary species. Passive dispersal of
planktonic larvae is regarded as the primary longitudinal
dispersal mechanism of Dreissenidae, such as Dreissena,
Congeria and Mytilopsis (Carlton 1993; Pathy and Mackie
1993; Gelembiuk et al. 2006), and Mytilidae such as
Limnoperna (Karatayev et al. 2007). The duration of the
larval stage of Dreissena polymorpha (Pallas) lasts from a
few days to a few weeks (Sprung 1993). During this time
span, larvae are prone to drift displacement to unsuitable
habitats or are easily transported in ballast water over long
distances. For example, the population genetic structure of
the invasive Dreissena bugensis Andrusov in the Volga
River indicates multiple long-distance dispersal events
(Therriault et al. 2005).

Because of the drift-prone planktonic stage, lake popu-
lations of Dreissena are considered to be an important
source of recruitment in lake-outlet streams (Cleven and
Frenzel 1993; Bobeldyk et al. 2005). However, larval
mortality before and during settlement can be high (Sprung
1989). Lucy et al. (2008) observed that most recruitment of
D. polymorpha in lake outlet rivers occurred in the first
2 km downstream from the lakes.

Post-larval downstream drift

Juveniles and adults can also use the water current for
passive downstream drift. In all likelihood, this is the most
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common dispersal mechanism. Some species even show
specific behavioural adaptations. The excretion of a single
long byssus or a mucous thread to increase drag forces and
facilitate passive dispersal during the post-larval phase has
been reported from small bivalve specimens (Sigurdsson
et al. 1976; Prezant and Chalermwat 1984; Dubois 1995).
At a later stage, byssal attachments such as those of Dre-
issena may break and allow the mussels to relocate
themselves (Ackerman et al. 1994).

Rafting on floating materials, including those from lake
outlets, is another mechanism producing downstream drift.
For example, an average daily influx of 2620 + 86 adult
Dreissena on floating macrophytes occurred in Christiana
Creek, southwest Michigan (Horvath and Lamberti 1997).
The authors observed that Vallisneria americana Michaux
accounted for 60% of floating plant biomass, but that for
morphological reasons it carried 90% of the Dreissena. On
average, adult Dreissena rafted with Vallisneria americana
for 333 m, but average distance varied between 260 and
430 m when discharge was 2.8 and 3.6 m® sec™', respec-
tively (Horvath and Lamberti 1997). Ten of the 250 plants
that were monitored floated for more than 800 meters
(Horvath and Lamberti 1997). Likewise, the snail Pot-
amopyrgus antipodarum often drifts along with floating
plant material (Ribi 1986). Another example of down-
stream drift in gastropods is the Bliss Rapids snail,
Taylorconcha serpenticola Hershler et al. (Hydrobiidae).
This species showed less population structure in the central
Snake River than in its spring tributaries (Liu and Hershler
2009). The authors concluded that this pattern is related to
downstream drift that can occasionally overcome barriers
such as dams.

Longitudinal dispersal with fish

Fish and birds are natural vectors that can enhance longi-
tudinal dispersal. Birds are also involved in lateral dispersal
between systems and will therefore be discussed later. Two
mechanisms of longitudinal transport by fish are possible:
fish may ingest molluscs, or the molluscs may actively
attach to the fish vector.

The strategy of actively attaching to fish is realised, for
example, in the parasitic stage of the life cycle of large
mussels. This strategy allows long-distance dispersal both
with and against the water current. In combination with
other life-history traits such as high propagule pressure,
large size and long life, large freshwater mussels such as
Unionidae and Margaritiferidae have a high potential for
invasiveness, that is, dispersal (Statzner et al. 2008).
Bivalves such as Amblema plicata (Unionidae) have a
comparatively weak population structure that indicates a
large effective population size and/or high dispersal
(Elderkin et al. 2007). Potential host fishes of A. plicata
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such as smallmouth bass Micropterus dolomeiu Lacepéde
(Centrarchidae) move up to 75 km (Lyons and Kanehl
2002). River fragmentation by dams for example affects
the migration of host fishes (Watters 1996; Dean et al.
2002, and references therein) and thus threatens Unionidae
because it reduces both habitat quality and dispersal.

The mechanism of dispersal by fish via ingestion and
defecation has been reported for several mollusc taxa. This
internal transport can occur in some freshwater fishes such
as Coregonus pidschian (Gmelin) and C. nasus (Pallas)
(Coregonidae) (Brown 2007) that ingested freshwater
snails of the family Valvatidae (identified species: Valvata
sincera Say) and pill clams (identified species: Pisidium
idahoensis Roper) in high numbers, and many individuals
survived (Brown 2007). The two fishes also ingested
Lymnaeidae (identified species: Lymnaea atkaensis Dall),
but only one individual was found alive (Brown 2007).
Bondesen and Kaiser (1949) report that Potamopyrgus
antipodarum can endure gut passage in Salmo trutta Lin-
naeus (Salmonidae) or Perca fluviatilis Linnaeus
(Percidae). Haynes et al. (1985) experimentally tested the
viability of P. antipodarum following gut passage in On-
corhynchus mykiss (Walbaum) (Salmonidae). The authors
found that the species can survive six hours in rainbow
trout guts, and that the snails often release offspring within
24 hours following gut passage. A laboratory experi-
ment with the marine snail Hydrobia spp. (Hydrobiidae)
consumed by juvenile Platichthys flesus (Linnaeus) (Pleu-
ronectidae) at different temperatures revealed that the
snails had survival rates between 46 to 92% (Aarnio and
Bonsdorff 1997). Bivalves and Prosobranchia, which can
seal the aperture of the shell with the operculum, are thus
more likely to survive the gut conditions in fish and to be
spread than are freshwater Pulmonata. Nevertheless, the
distances of longitudinal transport in fishes depend on fish
movement between ingestion and defecation. This factor
still needs to be quantified.

Indirect evidence about postingestion dispersal distances
comes from studies on invaders and genetic population
structuring. Voelz et al. (1998) assume that fish were
involved in the upstream movement of Corbicula that
occurred at an average of 1.2 km yr™', equalling about
3.2 m d_l, in a protected area in South Carolina. The snail
Valvata utahensis Call (Valvatidae) showed no significant
population structure at a scale of 3 km, whereas it displayed
isolation-by-distance unrelated to connectivity at larger
scales (Miller et al. 2006). The authors argue that the pattern
possibly originates from the combined effects of different
modes of dispersal, such as active upstream movement,
passive downstream drift, and accidental transport by vec-
tors. Indeed, naturally occurring passive longitudinal
dispersal probably increases the velocity of upstream
movement of snails 10-fold (Fig. 2). Another genetic survey
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Fig. 2 Summary of annual distances that can be travelled upstream
by freshwater molluscs with high (dark grey), moderate (light grey)
and low (dotted lines) probability, either actively or by means of
passive transport with natural or anthropogenic vectors. We acknowl-
edge that these results are preliminary: the data base is relatively

furnished evidence for a rather restricted longitudinal
exchange that may also be affected by landscape character-
istics (Hughes 2007). Because active movements can be
enhanced by passive drift, it may be assumed that potential
downstream dispersal distances are rarely limited. However,
more genetic studies are needed to assess the distances over
which population mixing can take place.

Anthropogenic longitudinal dispersal

Attachment to vectors is highly effective when it involves
fast-moving anthropogenic vectors. These vectors can tra-
vel along artificial waterways and thus further enhance
dispersal by establishing longitudinal connectedness.
Attachment via byssus threads typically occurs in the Dre-
issenidae and Mytilidae. A drydock survey revealed that a
large proportion of the ships that reach the upper Rhine
River from distant locations such as the Danube basin carry
both attached D. polymorpha and the recent invader D.
bugensis (Mayer et al. 2009). Once a new catchment has
been entered, dispersal rates can be as high as 199 km yr~'
or 276 km yr~', as was observed during the invasion
of European waterways by Dreissena polymorpha and
Corbicula fluminea, respectively (Leuven et al. 2009).
However, field observations on spread may be deceptive if
invaders can be confused with resident species, as is the
case for the Dreissenidae. For example, field surveys in the
Volga River basin suggested that Dreissena bugensis was
introduced to the middle reach somewhat before 1992 and
thereafter spread quickly over distances of several hun-
dred km, both upstream and downstream (Orlova et al.
2004). In contrast, a genetic survey on the same populations

10 100 1000 km / yr.
maximum

small, and not much is known about probabilities for the different
taxonomic groups. The mean and maximum velocity of climate
change in the temperate zone under the A1B emissions scenario (from
Loarie 2009) is given for comparison

indicates multiple long-range introductions (Therriault et al.
2005). A revision of archived material revealed that at least
three locations of the lower stretch were already settled in
the early 1980s, but that the shells were misidentified as D.
polymorpha (Zhulidov et al. 2005).

Attachment of juveniles to floating material or to other
vectors via a mucous thread has been found for Corbicula
(Dubois 1995). As a result, Corbicula rapidly spreads in
rivers with ship traffic. For example, Corbicula fluminea
was first noted in the Mittellandkanal waterway in Ger-
many close to its connection to the Elbe River in 1994
(Grabow and Martens 1995). By 1999, it had crossed the
border to the Czech Republic (Beran 2006a, and references
therein); i.e., it dispersed at least 340 km upstream within
six years (about 57 km yr~', or 155 m d™'). Between 1999
and 2003, upstream dispersal slowed down, but the upper
distribution border in the Elbe River moved upstream for
another 83 km (on average 17 km yr~', or 45 md™")
(Beran 2006a).

Passive dispersal associated with anthropogenic vectors
such as ships can easily exceed active dispersal by as much
as 100-fold (snails) to 1000-fold (bivalves), i.e., successful
passive upstream dispersal readily occurs across (average)
distances of 30-100 km yr~' (Fig. 2). Exceptions can
occur in taxa such as Dreissena that can attach rather firmly
to ships and thus disperse even further up- and downstream
in shorter time intervals.

Passive extra-aquatic dispersal

Dispersal to unconnected habitats is also referred to as
lateral dispersal, and lateral dispersal usually is extra-
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aquatic via terrestrial or aerial vectors that overcome the
lack of physical connectedness. Thus, the pattern of dis-
persal often seems to be best described as a kind of passive
jump dispersal involving long-range events over the bor-
ders of catchments (Wilson et al. 1999). There are many
examples of passive lateral dispersal, and it is well known
that molluscs can be transported by biotic vectors such as
insects, birds, mammals (including man) and by abiotic
vectors such as tornadoes (Rees 1965 and references
therein; Johnson and Carlton 1996; Wilson et al. 1999,
Green and Figuerola 2005 and references therein). During
recent millennia, lateral dispersal also occurred along
anthropogenic trade routes. Many aquatic molluscs have
profited from human activities such as aquarium trade
(Madsen and Frandsen 1989), trade in wetland vegetation
(Beran 2006b), and transport by ships (Holeck et al. 2004).
The deliberate or unintended transport of individuals has
significantly accelerated the dispersal rates and has even
globalised the distribution of several mollusc species dur-
ing recent centuries (Madsen and Frandsen 1989; Rahel
2002; Holeck et al. 2004; Gutiérrez-Gregoric and Vogler
2010).

Constraints on extra-aquatic dispersal

The effectiveness of transport by extra-aquatic vectors is
constrained by environmental factors that differ between the
aquatic and terrestrial realm. Some factors affect the dis-
perser, whereas others affect the vector. Climate influences
the distances that can be travelled, as temperature and
humidity have an effect on extra-aquatic survival times.
Overland dispersal distances thus probably differ between
seasons. For example, relocation of endangered mussels
should be performed in cooler seasons to reduce mortality, as
was found for the North American unionid Amblema plicata
(Waller et al. 1995) and the South American hyriid Diplodon
chilensis (Gray) (Peredo et al. 2006). Half of air-exposed
Corbicula specimens survive 10 to 14 days at 15°C, but only
3 days at 25°C, or 1 day at 35°C (Byrne et al. 1988). Ricc-
iardi et al. (1995) found that 73.3 and 40.0% of air-exposed
large-sized individuals of Dreissena polymorpha and D.
bugensis, respectively, survive for 10 days at 10°C and 95%
RH. Both species can disperse overland in summer (20°C,
50% RH), so long as air exposure does not exceed three days
(Ricciardi et al. 1995).

Short or circumvented phases of extra-aquatic transport
thus cause the highly successful lateral spread that involves
humans. Ballast water is considered to be the main route of
introduction and subsequent spread of invaders such as D.
bugensis (bij de Vaate 2010). Examples such as the intro-
duction of the freshwater snail Potamopyrgus antipodarum
(Hydrobiidae) from northern New Zealand to the UK
(Stidler et al. 2005) via ships over a distance of more than
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18,200 km underline the importance of ballast water
transport for dispersal of aquatic organisms.

Also, vector behaviour and habitat preferences influence
lateral dispersal patterns. The geomorphology of the
landscape modifies passive dispersal capabilities. Lateral
dispersal seems easier in the lowlands than in mountainous
upstream systems (Hughes 2007), probably because
mountainous terrain interacts with the movements of vec-
tors and the dispersers must therefore remain longer on the
vector before reaching a suitable habitat. Terrestrial vectors
probably only act at a regional scale, whereas aerial vectors
and anthropogenic aid offer basically unlimited opportu-
nities for dispersal.

Transport by terrestrial vectors

Molluscs that live in shallow waters are likely to achieve
contact with potential terrestrial vectors. These molluscs
may display some behaviour that results in active attach-
ment, or they may be accidentally transported along with
substrate such as mud. Active attachment has been reported
from some bivalves, including Unio. For example, these
organisms sometimes appear actively involved in attach-
ment to the hooks of anglers (Darwin 1882). Observations on
dispersal capacities of small-sized Sphaeriidae (e.g., the
genera Sphaerium, Musculium, Pisidium) are usually limited
to lateral dispersal between isolated water bodies (Maguire
Jr. 1963). Pond-dwelling amphibians such as newts and
salamanders (Darwin 1882; Davis and Gilhen 1982), frogs
(Darwin 1882) or toads (e.g., Kwet 1995) can carry Sphae-
riidae on their toes. The attachment of bivalves is more
common where clam densities are high (Wood et al. 2008).
Attachment by bivalves usually damages the toes of the
amphibians or birds, or the legs of insects (Darwin 1882;
Green and Figuerola 2005; Wood et al. 2008). Often, the toes
of the amphibians fall off and the clam is released (Wood
et al. 2008). Yet, amphibians are only involved in dispersal
on a local scale.

Transport in mud on European wild boar (Sus scrofa)
has been proposed as a dispersal mechanism for the spring
snail Bythinella dunkeri (Frauenfeld) (Hydrobiidae) that is
endemic in parts of the German lower mountain ranges
(Groh and Fuchs 1988). Similar mechanisms may apply to
other spring snails. Worthington Wilmer et al. (2008)
found for the Australian spring snail Fonscochlea accepta
Ponder et al. (Hydrobiidae) that dispersal occurs at two
scales: <300 m via active movement through habitat
connections, or >3 km via some animal vector.

Anthropogenic terrestrial transport of molluscs is com-
mon. For example, lateral dispersal patterns of Dreissena
in lakes in Wisconsin were more closely predicted by
patterns of recreational boater activity than by a simple
diffusion model (Buchan and Padilla 1999). The
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probability of successful lateral colonisation by Dreissena
thus increases disproportionally with habitat size, so that
unconnected lakes over 100 ha face an increased risk of
invasion (Strayer 1991; Karataev and Burlakova 1995;
Kraft and Johnson 2000). In contrast, naturally occurring
lateral dispersal of Dreissena tends to be uncommon
(Johnson and Carlton 1996, and references therein).

Transport by aerial vectors

Aerial dispersal can be completely accidental, such as in
the case of tornadoes (Rees 1965 and references therein), or
it may be preceded by an attachment to a winged vector
such as large insects or birds. Among the large insects are
the predaceous diving beetles (Dytiscidae), considered to
be good dispersers (Darwin 1882). Species such as
Sphaerium corneum (Linnaeus) (Sphaeriidae) have been
observed to be attached for up to six days on legs of Dy-
tiscus marginalis (Linnaeus) (Darwin 1882). The snails
Laevapex fuscus (Adams) and Ferrissia parallelus (Hal-
demann) have been found on the wings of “Dinutes”
(invalid genus name, probably Dineutus, Gyrinidae) and
Dytiscus (Dytiscidae), respectively (Johnson 1904).

Attachment to birds strongly enhances the dispersal
range of molluscs. The presence and density of migratory
birds significantly influences the distribution and diversity
of wetland invertebrates (Green and Figuerola 2005 and
references therein). The mechanisms related to mollusc
dispersal are internal and external transport. Internal
transport has been reported only rarely. Juvenile Sphae-
rildae can survive ingestion by diving ducks (Mackie
1979). Similarly, a small proportion of snail eggs can
survive gut passage in the waterfowl Anas platyrhynchos
Linnaeus and Charadrius vociferus Linnaeus (Malone
1965). They can thus be transported across watersheds.
Considerable evidence exists for external transport. Roscoe
(1955) found immature individuals of the genera Physa,
Lymnaea and Helisoma attached to the feathers of a White-
faced Glossy Ibis (Plegadis mexicana (Gmelin)) in Utah.
The potential duration of external transport of snails is
12-20 h (Darwin 1859, chapter XIII), or about 10 km, as
estimated from experiments with simulated flights with
juveniles of the lymnaeids Lymnaea stagnalis (Linnaeus)
and Stagnicola elodes (Say) and the planorbid Helisoma
trivolvis (Say) (Boag 1986). A specimen of Elliptio com-
planata (Lightfoot) (Unionidae) was found attached to a
toe of the duck Anas discors Linnaeus (Anatidae) (Darwin
1878).

Rare instances of long-distance dispersal with successful
colonisation of the new habitat show that this phenomenon
can occur over “unlimited” distances. Terrestrial snails of
the genus Balea furnish an extreme example. Possibly,
birds have spread these snails back and forth across the mid

Atlantic from island to island over distances of ca.
9000 km (Gittenberger et al. 2006). Some aquatic molluscs
have also colonised these islands, however. Nevertheless,
successful establishment after extreme but natural long-
distance transport, e.g., to the Hawaiian Islands, probably
only occurs at a frequency of 1-4 events per million years
per site (e.g., Cowie and Holland 2006).

Dispersal put into practice

The integration of dispersal strategies and capacities may
be useful in applications. Such integration can, for
example, be implemented in generalised metrics in order
to assess local or regional capacities for re-colonisation
that can translate into restoration success, to compile a
list of species expected to colonise new habitats within a
given time scale, or to support predictions of connec-
tivity in landscape planning. This approach might also be
helpful when integrated in species distribution modelling
(SDM) to predict climate-change driven shifts in species
ranges.

However, assessment and quantification of dispersal
capability are difficult because the hypothetical dispersal
capability may not reflect actual dispersal (Hughes 2007).
Because dispersal can most easily be tracked in invasive
species, more is known about the dispersal capability of
invasive species than that of native species. Additionally,
there can be large intraspecific variation in dispersal
(Stevens et al. 2010). We thus used general patterns on
interrelations of habitat use and morphology with dispersal
processes in a simplified classification scheme derived
from the Euro-limpacs database (Euro-limpacs Consortium
2009). The Euro-limpacs database has free web access and
provides autecological data for all freshwater taxa of Eur-
ope. So far, this database does not include entries on
dissemination strategies and dispersal capacities of the
Mollusca. Two main pathways for dispersal were proposed
in the Euro-limpacs database, namely aquatic and aerial.
We added another pathway, namely “terrestrial”, for spe-
cies that can be dispersed by terrestrial stages of
amphibians or by wild boar. All pathways were subdivided
into active and passive dispersal. The result was a total of
six categories (Table 3).

Based on generalisations from our review, it is possible
to assign dispersal strategies to taxa that have not been
studied so far, but that share morphological and ecological
traits with species mentioned above. Passive transport in
water is a universal means of dispersal. Nevertheless, some
of the categories generally do not apply. Aquatic molluscs
do not actively move through terrestrial habitats, terrestrial
species do not actively disperse through water, and mol-
luscs do not fly.
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Table 3 Dissemination strategies and potential dispersal capacities for freshwater molluscs from Germany, extrapolated from the data reported in the

review
n  Taxon Dissemination strategy Dapacity Comments
agp aqa tep tea aep aea hig low unk
Shallow habitats: springs, wetlands etc.
HYDROBIIDAE 5  Taxa, subfamily Horatiinae ? ? ? 0o 0 1 Groundwater
6 Bythinella taxa 05 ? 05 0 05 0 1 Crenal
SPHAERIIDAE 6  Pisidium species” 1 05 05 0 05 0 1 Statzner et al. (2008)
1 Musculium lacustre 1 05 05 0 05 O 1
1 Sphaerium nucleus 1 05 05 0 05 0 1 Statzner et al. (2008)
LYMNAEIDAE 1 Galba truncatula 1 1 ? 0 05 0 1
Shallow to intermediate habitats: wadable streams, ditches, littoral zones
ACROLOXIDAE 1 Acroloxus lacustris 1 1 ? 0O 05 0 1
BITHYNIIDAE 2 Bithynia species 1 1 ? 0 05 0 1
HYDROBIIDAE 1 Marstoniopsis scholtzi 1 1 ? 0 05 0 1
1 Emmericia patula 1 1 ? 0 05 0 1 Introduced
LYMNAEIDAE 1 Lymnaea stagnalis 1 1 ? 0 1 0 1 Usually among first colonizers
12 species 1 1 ? 0 05 O 1
MARGARITIFERIDAE |  Margaritifera margaritifera 1 05 ? 0 ? 0 1 Statzner et al. (2008)
PHYSIDAE 2 Aplexa and Physa 1 1 ? 0 05 0 1
2 Physella species 1 1 ? 0 05 0 1 Invasive
PLANORBIDAE 8  Anisus and Planorbis species 1 1 ? 0 05 0 1
1 Bathyomphalus contortus 1 1 ? 0 05 0 1
1 Ferrissia clessiniana 1 1 ? 0O 05 0 1 Invasive
1 Gyraulus parvus 1 1 ? 0 05 0 1 Invasive
1 Gyraulus chinensis 1 1 ? 0 05 0 1 Introduced
6 Gyraulus species (native) 1 1 ? 0O 05 0 1
2 Hippeutis and Segmentina 1 1 ? 0 05 0 1
1 Menetus dilatatus 1 1 ? 0 05 0 1 Introduced
1 Planorbarius corneus 1 1 ? 0O 05 0 1
1 Planorbella anceps 1 1 ? 0O 05 0 1 Introduced
SPHAERIIDAE 8  Pisidium speciesb 1 05 ? 0 05 0 1 Statzner et al. (2008)
2 Sphaerium corneum, S. ovale 1 05 ? 0 05 0 1 Statzner et al. (2008)
THIARIDAE 1 Melanoides tuberculatus 1 1 ? 0 05 0 1 Introduced, T + !
UNIONIDAE 14 taxa (species and ssp.) 1 05 ? 0 05 0 1 Statzner et al. (2008)
VALVATIDAE 7  taxa (species and ssp.) 1 1 ? 0 05 0 1
Intermediate to large habitats: rivers, large lakes, waterway channels
CORBICULIDAE 2 Corbicula species 1 1 ? 0 05 0 1 Invasive, Statzner et al. (2008)
DREISSENIDAE 2 Dreissena species 1 ? ? 0 05 0 1 Invasive, Statzner et al. (2008)
HYDROBIIDAE 1 Lithoglyphus naticoides 1 1 ? 0 ? 0 1 Statzner et al. (2008)
1 Potamopyrgus antipodarum 1 1 ? 0 05 0 1 Invasive
NERITIDAE 6  Theodoxus taxa 1 1 ? 0o ? 0 1
PLANORBIDAE 1 Ancylus fluviatilis 1 1 ? 0 ? 0 1
SPHAERIIDAE 1 Musculium transversum 1 05 ? 0 ? 0 1 Introduced
5 Pisidium species® 1 05 ? 0 ? 0 1 Statzner et al. (2008)
2 Sphaerium rivicola, S. solidum 1 05 ? 0 ? 0 1 Statzner et al. (2008)
VIVIPARIDAE 4 Viviparus species 1 1 ? 0 05 0 1 Statzner et al. (2008)

agp aquatic, passive; aqa aquatic, active; tep terrestrial, passive; tea terrestrial, active; aep aerial, passive; aea aerial, active; hig high; unk unknown.
0 does not apply; 0.5 probability low, or, if active, only at low speed; I applies; ? needs further clarification; 7'+ high temperature demand

& Pisidium casertanum casertanum, Pisidium globulare, Pisidium obtusale, Pisidium personatum, Pisidium pseudosphaerium, Pisidium subtruncatum

Pisidium conventus, Pisidium hibernicum, Pisidium lilljeborgii, Pisidium milium, Pisidium moitessierianum, Pisidium nitidum, Pisidium pulchellum,

Pisidium tenuilineatum;

¢ Pisidium amnicum, Pisidium casertanum ponderosum, Pisidium crassum, Pisidium henslowanum, Pisidium supinum
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The values in Table 3 provide estimates that are open to
(regionalised) fine tuning once the relative importance of
the dispersal strategies of native taxa has been studied in
detail. As a general pattern, the main pathways of dispersal
are habitat specific (Table 3): the probability of encoun-
tering terrestrial vectors can be assumed to decrease from
the interface between aquatic and terrestrial habitats to
deep water, and contact with waterfowl occurs predomi-
nantly in the littoral zone of larger water bodies. Still, the
use of some strategies by some species is unclear. For
example, is aerial dispersal a factor for spreading of Pi-
sidium species that live in large rivers and lakes and if so,
under which circumstances do these species meet potential
vectors? Also, are there terrestrial vectors for littoral snail
species?

Future efforts

Our review illustrates that preferences for study of Bivalvia,
Prosobranchia or Pulmonata have resulted in a lack of sound
knowledge about phylogenetic constraints on active dis-
persal ability (compare Fig. 1). Laboratory experiments are
needed, and there is certainly a need for vigorous field studies
and in-stream experiments under different environmental
conditions, including capture-mark-recapture studies with
physical labels or stable isotopes. It may be highly beneficial
to cover several higher taxa using the same study approach.
As only a subset of all taxa can be studied, it seems best to
relate dispersal distances and probabilities to traits such as
ability for aestivation, reproductive strategy, and clutch size
in a way similar to the approach to estimating invasibility
that was used by Statzner et al. (2008).

Passive dispersal is the main long-range dissemination
strategy of the Mollusca. Our ability to assessment dis-
persal capacities is constrained, however, and attempts to
quantify passive dispersal have been restricted to invasive
bivalves and to anthropogenic vectors such as ships. The
suitability and capacity of natural vectors to connect pop-
ulations along streams and across catchments, and the role
of mollusc density and behaviour versus vector density
have not been analysed. Because of uncertainties con-
cerning the source of laterally spreading individuals and
the sporadic nature of reports on lateral dispersal, an
assessment of distance-related probabilities of reaching
other streams within or across catchments is hardly possi-
ble. Genetic surveys, e.g., with microsatellite markers, can
help elucidate the distance at which genetic exchange
occurs along both the longitudinal and lateral axes.

Our review suggests that populations usually need to
occur within the same stream, probably at a distance
of <3 km, to allow population mixing and successful
re-colonisation of restored stream sections within 3—10 years.

Hence, the “Field of Dreams Hypothesis”, stating that if
habitats are restored, they will be re-colonised by target
species may not be rejected per se. However, “habitat”
needs to be understood as the spatio-temporal setting of
structural and physicochemical properties along with the
integration of the restoration site in the landscape in a
topographic (geomorphology, land use) sense and in terms
of population exchange. Also, expectations concerning the
time frame for re-colonisation should not be too narrow.
We hypothesise that widely distributed euryecious or
invasive species that are already present in a catchment
have a higher probability of colonising newly created
habitats than rare or patchily distributed species that need
to disperse laterally over the terrestrial matrix. Lowlands
may have a higher lateral connectivity than do mountain-
ous areas (Hughes 2007), but this fact does not imply that
rare species can return more easily. It thus may be neces-
sary to initiate aided migration, provided that the
physicochemical and structural properties of the restored
location meet the demands of target species.

The results presented in this review indicate that active
dispersal capacity is insufficient to follow the projected
velocity of climate change. For example, the average
velocity of the isotherms is assumed to be 0.35 km per year
in the temperate zone, with local speeds of up to 10 km per
year (Loarie et al. 2009). Isotherms will generally move
laterally, not longitudinally, over many rivers and catch-
ments. Consequently, molluscs will depend strongly on
passive dispersal. To define species distribution models
(SDMs) that include genuine, realistic dispersal kernels, a
joint effort is needed to quantify lateral dispersal proba-
bilities from physiological studies on survival under
terrestrial conditions, from indications of past dispersal
probabilities based on population genetics, and from
assessments of the suitability and behaviour of vectors
under past, recent and future environmental scenarios.
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