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Introduction

Biological invasions of freshwater habitats are due to the accidental or deliberate
introduction of organisms associated to aquaculture, sports fishing, passive trans-
port by vessels, ornamental uses and man-made canals and corridors. In European
freshwater habitats, about 296 species of alien invertebrate, mostly crustaceans, and

136 species of alien fish have been introduced (Gherardi et al. 2009). Inland surface
waters have also been invaded by 444 species of alien plant (Lambdon et al. 2008).
Fish have attracted most attention and the majority of these have originated from
Asia, North America or within Europe (e.g. from southern to northern countries).
Many aquatic alien species are widely distributed in Europe: the brook trout
Salvelinus fontinalis in 26 countries; the crayfish Pacifastacus leniusculus in 25;
the zebra mussel Dreissena polymorpha in 22. Among plants, the Canadian pond-
weed Elodea canadensis is the most widespread, being present in 36 countries
(http://www.europe-aliens.org/).

Alien species invading freshwater systems are causing loss and degradation on
all levels of biological organization from genes to populations and with cascading
effects to entire ecosystems. One of the best-known European examples of genetic
loss is the hybridisation between the native rare white-headed duck Oxyura leuco-
cephala and the American ruddy-duck O. jamaicensis, the hybrids of which are
very aggressive (Mufioz-Fuentes et al. 2007). Hybridization between native and
alien species is occurring in other taxa such as plants (Spartina), crayfish
(Orconectes), snails (Melanoides) and fish (Salmo). Invasions can also cause synergic
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changes in nutrient cycling as well as habitat modification and alteration of hydrologic
regimes. To cite a couple of examples, the red swamp crayfish Procambarus clarkii
is usually the largest invertebrate in the invaded habitats and often exists in high
densities; P. clarkii is an engineer species as its omnivory causes changes in carbon
and nutrient pools and fluxes (Gherardi 2007). The coypu, Myocastor coypu,
strongly disturbs the vegetation dynamics in freshwater habitats through grazing,
and their burrowing activity can undermine riverbanks (Bertolino and Genovesi

2007). At the regional scale, invasions are causing the homogenisation of the flora
and fauna. For example, in the last century, the fish fauna in the Iberian Peninsula
river basins has increased in similarity by 17% compared to its native situation
(Clavero and Garcia-Berthou 2006).

Many alien species are causing socioeconomic impacts by interfering with water
and fishery production, with commercial, industrial or even recreation activities
(Vila et al. in press). Aquatic plants forming thick floating carpets exclude the
opportunity for angling, and interfere with navigation. Control of Eichhornia cras-
sipes in the Guadiana river in Spain has cost 6.7 M€ in 1 year (Andreu et al. 2009).
Invading aquatic molluscs also interfere with above-mentioned leisure activities,
fouling fishing and pipe industry equipment. For example, agencies and individuals
have spent about $1 billion over a decade mitigating the zebra mussel in the USA
and the losses due to fish introductions (mostly freshwater) amount to $5.4 billion
(Pimentel et al. 2005).

Strategies to overcome the impacts of invasions can be categorized as prevention,
early detection, direct management and restoration. Prevention and early detection
are recommended as the best strategy, as they promote a rapid response to invasion.
Direct management by removing, controlling or containing alien species is very
expensive and is mostly unsuccessful, especially when the introduced species is
well established and widely distributed (Hobbs and Humphries 1995). Finally,
active or passive restoration after invader removal needs to be assessed for the
purposes of adaptive management. In all these strategies monitoring plays an essential
role both from the applied point of view and for understanding the invasion process.
In this chapter we discuss the reasons for monitoring invasive species beyond their
use as ecological indicators, and offer some guidance on the design of appropriate
long-term monitoring schemes.

Invasive Species as Ecological Indicators

One of the conceptual challenges of invasion biology is to understand whether
invasive species are a driver of biodiversity loss or a consequence of other mecha-
nisms of environmental degradation such as habitat loss or pollution (Didham et al.
2005). In practical terms, however, both cases are good reasons to monitor invasive
species. An increase in the abundance and occupancy of invasive species can be
indicative of environmental degradation (Kennard et al. 2005). Many freshwater
fish species that are invasive in Europe, such as common carp Cyprinus carpio,



mosquitofish Gambusia holbrooki or the pumpkinseed sunfish Lepomis gibbosus,
are so called “tolerant’ species, i.e. species sensitive “to any common impact related
to altered flow regime, nutrient regime, habitat structure and water chemistry” (Pont
et al. 2006). Therefore, the presence, increase in abundance or the area of occupa-
tion of these species will be indicative of environmental degradation. At the same
time, these invasive species can also have direct ecosystem effects and conse-
quences for biodiversity, although these are less well known. For instance, the com-
mon carp decreases the abundance of macrophytes directly by uprooting them and
indirectly by increasing water turbidity (Lougheed et al. 1998), and the mosqui-
tofish has been directly linked to the decline of native fishes and amphibians
(Alcaraz et al. 2008). Therefore, monitoring invasive species is a good tool both for
detecting other drivers of environmental degradation and for understanding their
direct impacts on biodiversity and ecosystem processes.

Another good reason to choose invasive species as target species for monitoring
is that introduced populations are generally of no conservation value — but rather the
opposite. To study or monitor dangerous chemical substances such as pesticides or
heavy metals, which is mandatory according to several European laws, freshwater
organisms (often fish) need to be sacrificed. To this end, it is of less ethical concern
and more practical to use invasive rather than native species. This explains why
many invasive species such as mosquitofish (Mulvey et al. 1995), common carp
(Solé et al. 2003) or zebra mussel Dreissena polymorpha (Chevreuili et al. 1996) are
among the most studied in aquatic toxicology and water pollution monitoring.

Other Reasons for Monitoring Invasive Species

Although invasive species monitoring is quite developed in North America
(Table 10.1), and some European countries such as France or the UK have com-
prehensive monitoring schemes for water quality, fish populations and water pol-
lutants, specific programs for invasive species in Europe are less established. For
example, recently, in the UK the Department for Environment, Food and Rural
Affairs (DEFRA 2008), has acknowledged that despite the comprehensive moni-
toring schemes in the UK, these are inadequate for invasive species and has
identified the development of detection and monitoring mechanisms as a key
objective of its invasive species strategy. The European Water Framework
Directive (DIRECTIVE 2000/60/EC) also establishes that all countries will rou-
tinely have to monitor biological quality elements (algae, invertebrates and fish)
with standard methods in most water bodies in order to achieve a good ecological
status. As such, this Directive could provide an excellent tool for assessing the
status of invasive species and understanding their impacts. Long-term monitoring
of biological invasions, that integrates information before, during and after an
invasion provides valuable information for both managers and scientists. Some of
the basic and applied uses of monitoring programs on biological invasions could
be summarized as follows.



Table 10.1 Worldwide examples of regional monitoring programs for freshwater invasive species

Name, Country and Internet link

Target invasive species

Objective

Invasive Plant Inventory, Monitoring and Mapping
Protocol,

U.S.D.A. Forest Service, USA, 1

Pennsylvania Aquatic Invasive Species Monitoring
Squad

Pennsylania State, USA, 2

Aquatic Invasive Species Network,

Citizen Lake Monitoring Network
Wisconsin state, USA, 3

Dofana Biological Station, Spain, 4

Wiltshire River Monitoring Scheme
Wiltshire,
England, UK, 5

Aquatic and terrestrial invasive plant
species

Zebra mussel (Dreissena polymorpha)

Quagga mussel (D. rostriformis bugensis)
Eurasian water-milfoil (Myriophyllum
spicatum)
Curly-leaf pondweed (Potamogeton crispus)
Purple loosestrife (Lythrum salicaria)
Jellyfish (Craspedacusta sowerbyi) Zebra
mussel (Dreissena polymorpha) Chinese
mystery snail (Bellamya japonica) Banded
mystery snail (Viviparus georgianus) Rusty
crayfish (Orconectes rusticus)
Mosquito fern (Azolla filiculoides)
Red swamp crayfish (Procambarus clarkii)
Red-eared slider (Trachemys scripta elegans)
Giant hogweed (Heracleum mantegazzium)
Himalayan balsam (Impatiens glandulifera)
Japanese knotweed (Fallopia japonica)
Signal crayfish (Pacifastacus leniusculus)
Brown rat (Rattus norvegicus)
American mink (Mustela vison)

Abundance and spread of invasive species;
early detection and expansion

Abundance and spread of invasive mussels;
early detection and expansion

Abundance and spread of invasive species;
early detection and expansion

Abundance and spread; early detection and
expansion

Early detection and expansion



Zebra mussel monitoring, Catalan Water Agency and Zebra mussel (Dreissena polymorpha)
Hydrographic Confederation of the Ebro, Spain, 6 & 7
Delivering Alien Species Inventories for Europe, Europe, 8 Freshwater species

Early detection and expansion

Distribution and abundance of invasive
species

1. http://www.wilderness.net/toolboxes/documents/invasive/FS_Inventory&Map_Guide.pdf

2 http://www.pserie.psu.edu/seagrant/zm/monitor/MonitoringManual2008.pdf

3. http://dnr.wi.gov/lakes/clmn/

4 http://icts.ebd.csic.es

5. http://wsbrc.wiltshirewildlife.org.uk/RecordingSchemes/RiverMonitoring/Page Template.aspx
6. http://oph.chebro.essDOCUMENTACION/Calidad/mejillon/en_inicio.htm

7. http://aca-web.gencat.cat/aca/appmanager/aca/aca?_nfpb=true&_pagel abel=P1230354461208201714706

8. http://www.europe-aliens.org
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Early Warning System

Taxonomic monitoring programs conducted by experts can detect the presence of
alien species. For this purpose, an ad-hoc list of potential alien species to survey
would increase the survey efficiency. Such a list is usually based on alien species
present in nearby habitats or on alien species common in similar habitat types.
Updating this list and training non-expert manager teams in species identification
allows for early detection of alien species while conducting other routinely field
surveys not necessarily related to invasions.

Early detection of new foci of invasion is extremely useful for management, as
eradication at this stage is usually non-expensive and feasible. Invasion prevention
programs should be linked to monitoring the putative vectors of transport and intro-
duction such as vessel traffic, fishing activities and other anthropogenic impacts
that can influence alien propagule pressure. For this reason it is extremely useful to
know for each sampling locality its connection to nearby water bodies through
piping, canals or natural corridors. The benefits of connecting invader and vector
monitoring include that it might prevent the arrival of invaders by interfering with
transport vectors.

Dynamics of Biological Invasions

Spread rates of biological invasions are poorly known in freshwater habitats compared
to marine and terrestrial environments. To date, reconstructions of the spreading of
invaders have mostly been inferred from chronosequence analyses of snapshots of
the presence of the invader in different locations. Surveillance can provide a time
series of invaded and non-invaded sites to demonstrate the spread of the invader in
real time, determining the metapopulation dynamics, identifying species con-
straints, detecting boom and bust cycles and time-lags between appearance and
establishment, etc.

Linking Invasions to Impacts and Habitat Resistance to Invasion

Probably one of the longest surveillance programs assessing the effects of an
invader on community structure is the zebra mussel project that has been conducted
for more than 60 yr in freshwater areas in the former Soviet Union (Karatayev et al.
1997). Quantifying the presence and abundance of invader and native species in
conjunction with measuring water quality, disturbance level, habitat type, etc.
allows for establishing correlations between the invasion degree, food-web alterations
and environmental changes. Although such observational analysis does not demon-
strate causality, as symptoms of invasion can be confounded by impacts, they are



the baseline data from which to establish a hypothesis that can be tested by designing
specific manipulative experiments.

Identification of Synergies with Environmental Global Change

Global change components (i.e. increased greenhouse gas emissions, climate
change, water eutrophication, changes in land use, biotic homogenization) have
typically been studied and managed in isolation. However, there are more and more
examples indicating that water warming, increased hypoxia, altered flow regimes,
higher salinity and changes in reservoir habitat temperatures can change invasion
patterns (Rahel and Olden 2008). Monitoring the presence/absence and abundance
of target invaders in combination with spatially-explicit information on CO, and
CH, fluxes, climate parameters, nutrient loading and land use changes can be used
to predict changes in invasion dynamics with environmental change (Lee et al.
2008) and make possible an appropriate management response.

Assessment of Habitat Restoration After Direct Management

Removal of an invader from an ecosystem represents a grand experiment testing the
effect of a particular species on ecosystem processes. However, as removal usually
requires some level of disturbance, we need long-term surveillance to avoid confusing
recovery after invasion with habitat succession. Monitoring restoration should not
only assess whether the population of the invader has been reduced but also if popu-
lations of native species have increased. Monitoring restoration is essential for
adaptive management to set priorities among invaders, locations, timings and control
treatments. Adaptive management may also be needed if the risk of invasion
changes through time.

Reinforcement of Public Outreach and Environmental Education

Well-established long-term monitoring programs are based on standardised protocols.
These protocols are sometimes inspired by common national or international initiatives,
and allow partnership building and cooperation between agencies. This can provide
an opportunity for replication and more powerful analysis. It can also offer the
opportunity for rapidly training new professionals and for engaging non-experts in
monitoring activities, therefore increasing the number of habitats sampled, resam-
pling priority habitats or increasing the frequency of sampling (see several examples
in Table 10.1). Monitoring programs can also be integrated into outreach conservation



programs through education in summer schools, volunteer activities in natural
areas, on-line education programs, etc.

Designing an Appropriate Monitoring Scheme

Obviously, the complexity of long-term monitoring programs will largely depend
upon the taxa and the characteristics of the habitats. In many freshwater systems,
such as large lakes and marshes, traditional field-based monitoring presents several
challenges including inaccessibility to areas for sampling, temporal changes, and
expensive equipment. Invasion by floating aquatic plants into huge areas best exem-
plifies this situation. The fern Azolla filiculoides is intermittently invading large
areas of marsh in the Dofiana National Park (Spain), an area very difficult to map
due to its large size (25,000 ha). Recently, remote sensing by Landsat images has
been used to identify the extent of A. filiculoides invasion and to detect seasonal and
annual variability (Diaz-Delgado et al. 2008, Chapter 31 in this volume). However,
to ascertain that the satellite multispectral imagery distinguishes between A. filicu-
loides and other vegetation such as sedges, ground-truthing by horse riding and
aerial photograph analysis has been necessary.

Timing is also crucial both for monitoring and for management. Fish sampling,
often by electrofishing, can be constrained by weather conditions or high flows.
Fish populations are usually sampled during the same season each year, often in
summer, to ensure the comparability of samples. Species-specific ecological fea-
tures should be used to inform the sampling design: e.g. sampling for zebra mussel
larvae is limited to the reproductive season (spring and summer); small organisms
with shorter generation times (e.g. algae or invertebrates) should be sampled more
often to detect early foci.

The methodology will also depend on whether the goal is to detect established
invaders or to provide an early detection system. For example, early detection of the
zebra mussel should focus on sampling the water column for the presence of larvae,
rather than using fouling panels to count attached mussels. Taking reference sam-
ples of the first record is extremely important to provide a good estimation of the
minimum residence time since introduction.

However, all of these monitoring and surveillance schemes are of little use if the
data are not archived properly and cannot be easily retrieved in a “user-friendly”
way. Whenever possible, the data should be integrated in larger biodiversity data-
bases and information systems, preferably on the Internet.

Conclusions

Giving the unprecedented rate of introductions in freshwater ecosystems, monitoring
should play a central role in the early detection of invaders and enabling a rapid
management response. Furthermore, monitoring alien species in freshwater habitats



allows us to explore the extent, dynamics, impacts and drivers of invasions. In order
to relate invasion to impact and ecosystem vulnerability to invasion, the monitoring
should be integrated with measurements of other physical, chemical and biological
variables in the system. This information can also be related to spatially explicit
GIS techniques to investigate the interactions with other drivers of global environ-
mental change. As monitoring requires us to ascertain the extent of compliance
with a pre-determined standard, it is as important to establish surveillance programs
in locations where the invader is present as it is where it is absent, or across locations
with a gradient of invader abundance. Scientifically, datasets accumulated by sur-
veillance and monitoring are an important source of information valuable for
answering many scientific questions, which can not be tackled by standard short-
term research projects and limited scientific man-power.
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