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† Background and Aims Riparian systems are prone to invasion by alien plant species. The spread of invasive riparian
plants may be facilitated by hydrochory, the transport of seeds by water, but while ecological studies have highlighted
the possible role of upstream source populations in the establishment and persistence of stands of invasive riparian
plant species, population genetic studies have as yet not fully addressed the potential role of hydrochoric dispersal in
such systems.
† Methods A population genetics approach based on a replicated bifurcate sampling design is used to test hypotheses
consistent with patterns of unidirectional, linear gene flow expected under hydrochoric dispersal of the invasive
riparian plant Impatiens glandulifera in two contrasting river systems.
† Key results A significant increase in levels of genetic diversity downstream was observed, consistent with the ac-
cumulation of propagules from upstream source populations, and strong evidence was found for organization of this
diversity between different tributaries, reflecting the dendritic organization of the river systems studied.
† Conclusions These findings indicate that hydrochory, rather than anthropogenic dispersal, is primarily responsible
for the spread of I. glandulifera in these river systems, and this is relevant to potential approaches to the control of
invasive riparian plant species.
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INTRODUCTION

The introduction of non-native species into new environments
represents one of the major threats to ecosystems and biodiversity
worldwide and is now ranked second only to habitat loss as a po-
tential cause of ecological catastrophe (Gurevitch and Padilla,
2004). Indeed, a review of recent animal extinctions found that
invasive species were responsible for .50 % of cases in which
the cause of extinction was known (Clavero and Garcı́a-
Berthou, 2005). Plant invasions can also be extremely detrimen-
tal and are usually associated with deliberate anthropogenic
introductions, including exotic ornamentals and feral crop
species (Pimentel et al., 2001; Weber, 2003). Problems asso-
ciated with the introduction of exotic plant species into new habi-
tats include hybridization with native species, impacts on
species–species interactions and alteration of soil chemistry
(Sakai et al., 2001; Tickner et al., 2001; Henderson et al.,
2006; Pearson, 2009), but the key detrimental effect is usually
the rapid formation of largely monospecific stands that reduce
biodiversity in impacted habitats (Cronk and Fuller, 2001; van
der Wal et al., 2008; Hejda et al., 2009). Invasive plant species
can often outcompete native species for a wide range of
resources, including light, nutrients and pollinators, and such
‘biotic homogenization’ has been implicated as a potential

causal factor in future mass extinction events (McKinney and
Lockwood, 1999).

Riparian systems are of particular ecological interest as they
encompass both terrestrial and freshwater habitats where bio-
diversity is maximal and important ecological, hydrological
and geomorphological processes occur (Tickner et al., 2001).
They are especially prone to invasion by exotic plant species as
their dynamic physical nature regularly provides suitable habi-
tats for colonizing species due to the periodic deposition of
nutrient-rich sediments and the creation of large areas with suf-
ficient space, light and moisture for the successful germination of
seedlings (Hupp and Osterkamp, 1996; Myers and Bazely,
2003). In addition to the impacts on native biodiversity men-
tioned above, invasive plants can also alter the geomorphologic-
al and hydrological aspects of riparian ecosystems (Tickner
et al., 2001). The establishment of dense populations of non-
native plants can significantly lower water-table levels with
serious consequences not only for the existing flora but also for
entire mesocosms (Loope et al., 1988; DiTomaso, 1998).
Newly established populations of invasive plant species may
also interfere with sediment distribution, leading to aggradation,
which in turn can radically alter the geomorphology of river
systems and may increase the risk of periodic flooding (Graf,
1982; Birkeland, 1996).

# The Author 2013. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

Annals of Botany 112: 1743–1750, 2013

doi:10.1093/aob/mct227, available online at www.aob.oxfordjournals.org

mailto:J.Provan@qub.ac.uk


Propagule pressure (in terms of seeds, fruits or vegetative frag-
ments) has been shown to be a major factor determining the suc-
cessful establishment and spread of invasive species (Lockwood
et al., 2005; Colautti et al., 2006; Martı́nez-Ghersa and Ghersa,
2006; Eschtruth and Battles, 2009; Simberloff, 2009). This is
particularly important in riparian systems, as propagules may
be transported longitudinally downstream via hydrochory, the
dispersal of seeds via water, potentially facilitating the spread
of invasive riparian plants (Burkart, 2001; Nakayama et al.,
2007; Tassin et al., 2007). Thus, the unidirectional, linear con-
nectivity between potentially suitable habitats may compound
the potential for invasion due to increased propagule pressure.
Ecological studies have highlighted the possible role of upstream
source populations in the establishment and persistence of stands
of invasive plant species in riparian habitats (e.g. Dawson and
Holland, 1999; Samuel and Kowarik, 2010). The occurrence of
such patterns of dispersal has implications for control strategies:
when downstream dispersal is a factor, eradication programmes
may be most efficient when they specifically target upstream
populations, thus reducing propagule pressure.

This study aims to test the hypothesis that hydrochory, or
water-mediated seed dispersal, is a key factor in the spread of
the invasive riparian plant species Impatiens glandulifera
(Himalayan balsam). The species was introduced into Britain
and Ireland as an ornamental in the 19th century and has subse-
quently become a naturalized invader. It is an annual herb which
can outcompete even hardy, well-established, native perennial
species in riparian habitats (Beerling and Perrins, 1993). Flowers
are self-compatible and protandrous, and are primarily polli-
nated by Diptera and Hymenoptera (Lopezaraiza-Mikel et al.,
2007). Individual plants produce around 500–5000 seeds and
short-distance dispersal (,5 m) occurs through explosive dehis-
cence, whereas long-distance dispersal is believed to occureither
anthropogenically or via hydrochory. To date, only a single
population genetic study of I. glandulifera has been published,
and this did not explicitly test hypotheses on hydrochoric disper-
sal (Walker et al., 2009). The two main hypotheses concerning
the role of hydrochory to be tested here are based on the patterns
of gene flow expected under a model of linear, unidirectional
gene flow. First, there is expected to be an increase in levels of
genetic diversity downstream due to the accumulation of propa-
gules from upstream source populations. Secondly, if hydro-
chory, rather than overland transport (anthropogenic or by
animals), is the major factor in the dispersal of seeds, populations
on different tributaries not linked by water flow will be more gen-
etically differentiated than populations from different areas of
the river which are linked by the flow of the river (i.e. above
and below a confluence in a bifurcate or dendritic network),
which in turn will be more genetically differentiated than popu-
lations from the same tributary. The first hypothesis has been
tested previously in several studies (e.g. Ritland, 1989; Gornall
et al., 1998; Russell et al., 1999; Lundqvist and Andersson, 2001;
Tero et al., 2003; Liu et al., 2006; Markwith and Scanlon, 2007;
Pollux et al., 2009; Honnay et al., 2010; Schleuning et al., 2011),
but no overall consensus has emerged. The second hypothesis,
however, has not been explicitly tested, as studies have not used a
bifurcate experimental design, and it has been suggested that the
dendritic organization of river systems should be taken into
account to gain further insights into the role of hydrochory in the
dispersal of riparian plants (Pollux et al., 2009).

MATERIALS AND METHODS

Experimental design, sampling and DNA extraction

To test the predictions of the hydrochory hypothesis, it was ne-
cessary to sample Impatiens grandulifera over entire river drain-
age basins (i.e. with river lengths of at least 25 km and with a
bifurcate organization). Replication involved studying popula-
tions in two contrasting river basins in Britain and Ireland
(Fig. 1). The Western Cleddau in Pembrokeshire, Wales, was
chosen based on data from the Joint Nature Conservation
Committee (www.jncc.gov.uk). The system has been designated
as a Special Area of Conservation (SAC), and is characterized by
Callitricho–Batrachion Type 4 (CB4) vegetation communities,
where I. glandulifera is a frequent alien (Hatton-Ellis and Grieve,
2003). The second river system selected was the Tempo/
Colebrooke river system in Co. Fermanagh, Northern Ireland,
and was chosen based on river vegetation survey records from
the Quercus Centre for Biodiversity and Conservation Biology
(www.quercus.ac.uk). The system is part of the Upper Lough
Erne river basin, a predominantly limestone catchment sur-
rounded by large, semi-natural alluvial forests. The exact age
of the study populations is unknown, but the species was not
recorded in either area prior to 1940 (Beerling and Perrins,
1993). Species occurrence data for both river systems was
obtained from the National Biodiversity Network Gateway
(www.nbn.org.uk) and surveys and sampling of both systems
were carried out during the summer of 2006. Nine and ten sites
representing populations from two upstream tributaries and
populations from below the point of the confluence of those tribu-
taries were sampled from the Western Cleddau and Tempo/
Colebrooke systems, respectively (Table 1). Geographical dis-
tances between sites were calculated using the ArcView GIS
system. Between 15 and 35 individuals per site were sampled
and DNA was extracted from individual leaves using the Qiagen
DNeasy Plant Mini system.

Microsatellite genotyping

Individuals were genotyped at ten microsatellite loci, repre-
senting all the published markers available for I. glandulifera
(Provan et al., 2007; Walker et al., 2009) with the exception of
locus A2 from Walker et al. (2009), which regularly failed to
amplify in several populations, probably due to the presence of
null alleles. Loci IGNSSR103, IGNSSR105, IGNSSR106,
IGNSSR 210 and IGNSSR240 were genotyped following the
procedures described by Provan et al. (2007). For the remaining
five loci, forward primers were modified by the addition of a
19-bp M13 tail (5′-CACGACGTTGTAAAACGAC-3′) and
reverse primers were modified by the addition of a 7-bp tail
(5′-GTGTCTT-3′). PCR was carried out in a total volume of
10 mL containing 100 ng genomic DNA, 10 pmol PET-,
6-FAM- or HEX-labelled M13 primer, 1 pmol M13-tailed
forward primer, 10 pmol reverse primer, 1× PCR reaction
buffer, 200 mM each dNTP, 2.5 mM MgCl2 and 0.25 U GoTaq
Flexi DNA polymerase (Promega, Sunnyvale, CA). PCR
cycling conditions followed those given by Provan et al.
(2007) and Walker et al. (2009). Genotyping was carried out
on an AB3730xl capillary genotyping system. Allele sizes
were scored using LIZ-500 size standards and were checked by
comparison with previously sized control samples.
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Data analysis

GENEPOP (V3.4; Raymond and Rousset, 1995) was used to test
for linkage disequilibrium between nuclear loci. Levels of genetic
diversity measured as allelic richness (AR) and observed and
expected heterozygosity (HO and HE) were calculated using
the FSTAT software package (V2.9.3.2; Goudet, 2001) and the
ARLEQUIN software package (V3.01; Excoffier et al., 2005), re-
spectively. Inbreeding coefficients (FIS) were also calculated
using the FSTAT software package. To test the hypothesis that
genetic diversity increases downstream, a linear regression
analysis was carried out for both allelic richness and expected
heterozygosity against the distance downstream from the furthest
upstream population sampled in each system using the MedCalc
software package (V12.2.1; www.medcalc.org, Ostend,
Belgium). For both river systems, tributaries plus all sites down-
streamof theirconfluencewith the mainriverwereconsideredsep-
arately in each case (Upper Western Cleddau/Lower Western
Cleddau; Afon Anghol/Lower Western Cleddau; Tempo/Lower
Colebrooke; Upper Colebrooke/Lower Colebrooke).

Levels of population differentiation were calculated in the ana-
lysis of molecular variance (AMOVA) framework (Excoffier
et al., 1992) as pairwise FST values using the ARLEQUIN software
package. To test the hypothesis of patterns of differentiation
consistent with linear, unidirectional gene flow, populations on
different tributaries unlinked by water flow were classified as
‘unlinked’, whereas those from different areas of the river
which are linked by the flow of the river (i.e. above and below

a confluence) were defined as ‘linked’. Populations from the
same tributary were classed as ‘same’. The significance of differ-
ences between values for ‘unlinked’, ‘linked’ and ‘same’ groups
of populations was determined using the Student–Newman–
Keuls post hoc test implemented in the MedCalc software
package. Genetic structuring was also assessed at the individual
level using a Bayesian procedure implemented in the STRUCTURE

software package (V2.3.3; Pritchard et al., 2000). The program
was run using no prior knowledge and the admixture
ancestry model. For each river system, five independent runs
were carried out for each value of K, the number of genetic
clusters, up to K ¼ 9 (Western Cleddau) or K ¼ 10 (Tempo/
Colebrooke). Each Markov chain Monte Carlo analysis used a
burn-in period of 10 000 followed by a further 100 000 iterations.
The most likely value for K was estimated using the DK statistic
of Evanno et al. (2005) implemented in the STRUCTURE

HARVESTER software package (V0.6.1; Earl et al., 2012).

RESULTS

Two to eight alleles were detected across all populations studied
at each of the ten microsatellite loci analysed and no evidence of
linkage disequilibrium was detected. All loci were variable in
each river system. Mean within-population values for allelic
richness (AR) averaged over all loci ranged from 1.358 (SHM
population) to 2.027 (PG population) in the Western Cleddau
system, and from 1.500 (CFG population) to 2.525 (BDB
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FI G. 1. Maps showing locations of populations sampled in this study. Left, Western Cleddau; right, Tempo/Colebrooke. Population codes are given in Table 1. Pie
charts indicate probability of assignment of individuals to one of K ¼ 4 (Western Cleddau) or K ¼ 3 (Tempo/Colebrooke) genetic clusters based on the STRUCTURE

analysis (see Materials and methods). Red circles in the Tempo/Colebrooke system indicate areas surveyed but where no I. glandulifera was found. For clarity,
only tributaries sampled or surveyed are shown.

Love et al. — Hydrochoric gene flow in Impatiens glandulifera 1745

http://www.medcalc.org


population) in the Tempo/Colebrooke system. Mean levels of
expected heterozygosity averaged over all loci ranged from
0.118 (SHM population) to 0.408 (WH population) in the
Western Cleddau system, and from 0.194 (CFG population) to
0.328 (MAG population) in the Tempo/Colebrooke system.
Values of FIS ranged from –0.500 (SHM population) to 0.267
(SCB population) in the Western Cleddau system, and from
–0.211 (DRD population) to 0.410 (BYB population) in the
Tempo/Colebrooke system (Table 1). The regression analyses
indicated a significant downstream increase in allelic richness
in both systems and a significant downstream increase in
expected heterozygosity in all courses except the Upper
Colebrooke/Lower Colebrooke (Table 2).

Population-pairwise FST values (see Supplementary Data
Table S1) in the Western Cleddau system ranged from zero
(PF-WHK) to 0.560 (PF-SHM). In the Tempo/Colebrooke
system, values ranged from zero (DRD-CFG and TLY-MAG)
to 0.536 (DRD-ARD). In both systems, the Student–
Newman–Keuls post hoc test indicated significant (P , 0.05)
differences between population-pairwise FST values for
‘unlinked’, ‘linked’ and ‘same’ groups in the Western Cleddau
system. In the Tempo/Colebrooke system, the mean population-
pairwise FST between ‘unlinked’ tributaries was significantly
higher (P , 0.05) than that for both the ‘linked’ and the ‘same’
groups. Although the mean population-pairwise FST between
‘linked’ tributaries was higher than that between populations
on the same tributary, this difference was not significant
(Fig. 2). This organization of genetic variation between tributar-
ies was further highlighted by the STRUCTURE analysis, which
identified K ¼ 4 and K ¼ 3 as the most likely numbers of
genetic clusters for the Western Cleddau and Tempo/
Colebrooke systems, respectively (Fig. 1). In the Western
Cleddau, individuals from the WH population, a population iso-
lated from the main river system for .20 years (see Discussion),
were almost exclusively assigned to a single cluster, depicted in
red, which was present at low frequency elsewhere in the system.
The remaining two populations from the Upper Western Cleddau
(PF and WHK) were associated with the two clusters indicated in
blue and light green. Individuals from both populations on the
Afon Anghol tributary (LN and SHM) were generally assigned
to a fourth genetic cluster, depicted in yellow. Populations down-
stream of the confluence of the two tributaries were associated to
a greater or lesser degree with combinations of the yellow, blue
and light green clusters. In the Tempo/Colebrooke system,
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TABLE 2. Regression analyses of levels of genetic diversity vs.
distance downstream from uppermost population

Tributaries

AR HE

R2 P R2 P

Upper Western Cleddau/Lower
Western Cleddau

0.657 0.025* 0.945 ,0.001***

Afon Anghol/Lower Western
Cleddau

0.739 0.014* 0.909 0.002**

Tempo/Lower Colebrooke 0.771 0.025* 0.772 0.025*
Upper Colebrooke/Lower Colebrooke 0.583 0.039* 0.252 n.s.

AR, allelic richness; HE, expected heterozygosity. *P , 0.05; **P , 0.01;
***P , 0.001.
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individuals from three of the four Tempo populations (DRD,
CFG and KYB) were almost exclusively assigned to a single
genetic cluster depicted in light blue, which was almost com-
pletely absent elsewhere in the system. Individuals from the
remaining population on this tributary (BYB) and those from
the populations on the Upper Colebrooke (ASH, TLY, ARD,
LMB and MAG) and the sole population below the confluence
(BDB) were primarily assigned to one of two clusters, depicted
in light yellow and dark green.

DISCUSSION

Although our study revealed low levels of genetic variation,
which is characteristic of the founder effects often associated
with invasions, they confirm our hypotheses concerning increas-
ing genetic variation downstream and structuring of genetic diver-
sity between tributaries, which are indicative of hydrochoric seed
dispersal. Water-mediated dispersal and the subsequent establish-
ment of new individuals and populations of riparian plant species
is the end result of a combination of factors including fertilization,
seed production, transport and germination. Population genetic
approaches can provide an overview of the integrated end result
of all these processes and thus offer valuable insights into the
spread, persistence and management of invasive riparian plants.
The observed patterns of genetic variation within and between
the populations analysed in the present study suggest that hydro-
chory, rather than anthropogenic dispersal, is primarily respon-
sible for the spread of I. glandulifera in the Western Cleddau
and Tempo/Colebrooke river systems. Hydrogeomorphology of
rivers was also found to influence patterns of dispersal. The
implications of these findings are relevant to concepts of disper-
sal in riparian plants in general, and to possible modes of spread
and potential approaches to the control of invasive riparian plant
species.

Evidence for hydrochoric dispersal

Previous molecular genetic studies of the potential role of
hydrochoric dispersal in riparian plants have been somewhat
equivocal, with some (Gornall et al., 1998; Lundqvist and
Andersson, 2001; Chen et al., 2009; Pollux et al., 2009;
Schleuning et al., 2011) reporting the expected increase in

genetic diversity downstream and others (Russell et al., 1999;
Markwith and Scanlon, 2007; Prentis and Mather, 2007;
Honnay et al., 2010) finding no clear evidence for hydrochory.
Here, the significant downstream increase in genetic diversity
coupled with the structuring of this diversity between tributaries
indicates a major role for hydrochory in the dispersal of
I. glandulifera seeds. Although the biparentally inherited
nuclear markers used to estimate levels of dispersal would also
reflect the effects of pollen flow, the effects of downstream
seed movement are still evident. The seeds of I. glandulifera
are negatively buoyant, but they may still be dispersed by cur-
rents of fast-flowing water (Beerling and Perrins, 1993).
Furthermore, laboratory and field observations have shown that
intact seed pods of I. glandulifera can float for several days and
that ‘sprung’ pods sometimes retain seeds and thus might also
provide a vector for downstream seed dispersal (H. M. Love
et al., unpubl. res.). It has been suggested that this dependence
on water courses for long-distance dispersal has most likely
limited I. glandulifera primarily to riparian habitats in its inva-
sive range (Pyšek and Prach, 1993) and a logistic regression ana-
lysis at both national and regional levels in England found a
correlation between the presence of the species and the abun-
dance of rivers (Collingham et al., 2000).

Further evidence for hydrochoric dispersal can be seen in the
organization of genetic variation by tributaries. The pairwise
FST values and the results of the STRUCTURE analysis show that
gene flow tends to occur primarily between populations within
tributaries and, to a lesser degree, between populations on
linked tributaries, with little dispersal between unlinked tributar-
ies. Although geographically proximal populations are expected
to be genetically similar under a simple, unrestricted two-
dimensional model of gene flow, the KYB (Tempo) and MAG
(Upper Colebrooke) populations, which are ,1 km apart but
on two unlinked tributaries, exhibit a pairwise FST value of
0.393 (P , 0.0001), whereas the KYB and DRD populations
on the same tributary (Tempo) are separated by 8 km but
exhibit a pairwise FST value of only 0.002 (n.s.; P ¼ 0.315).
More random patterns of gene flow such as anthropogenic trans-
portof seeds, i.e. not restricted tounidirectional dispersalbetween
populations linked by watercourses, would be unlikely to give rise
to such a pattern of structuring. The only previous study on the
population genetics of I. glandulifera did not explicitly aim to
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test the role of hydrochory in the dispersal of the species but,
nevertheless, noted that the average population-pairwise FST

within catchments in north-eastern England was significantly
lower than the average value between catchments (Walker
et al., 2009). Pollination by bees is important for I. glandulifera
(Thijs et al., 2012), but because bees are central-place foragers,
and must return to their nest after feeding, movement between
forage resources is constrained and the resulting pollen-mediated
gene flow is normally over short distances (R. J. Paxton, Martin-
Luther-Universität, Germany, pers. comm.).

The role of hydrochory in shaping patterns of genetic diversity
in I. glandulifera is particularly apparent in the STRUCTURE ana-
lysis of the Western Cleddau system. Populations from the two
upstream tributaries are associated with four genetic clusters,
which are rarely shared across the two tributaries. Populations
below the confluence of the two, however, show evidence of ad-
mixture of three of these clusters, reflecting gene flow from the
two separate upstream tributaries, and it has been shown that
CB4 river systems, like the Western Cleddau (see Methods),
are often characterized by recolonization from upstream source
populations (Hatton-Ellis and Grieve, 2003). The WH popula-
tion at the upstream extent of the Upper Western Cleddau
consists almost exclusively of individuals associated with the
remaining genetic cluster, which is only represented at extremely
low frequencies across the remainder of the system. Interviews
with local residents and gardeners confirmed that the WH popu-
lation was planted next to a garden pond which had been dammed
off from the main river 22 years earlier. Thus, the genetic dis-
tinctness of the WH population reflects its lack of any aquatic
connection to the remaining populations, further indicating the
importance of hydrochory in gene flow and dispersal in
I. glandulifera.

The assignment of individuals from the BYB population on
the Tempo river to genetic clusters associated with the
Colebrooke system highlights the importance of the hydrogeo-
morphology of individual river systems and tributaries in hydro-
choric dispersal. This population is situated near the confluence
of the Tempo and the much larger Colebrooke river, but the dis-
tance from the point of confluence (approx. 100 m) means that
backing up of water from the larger tributary is unlikely to
account for the observed pattern of gene flow that contradicts
the expected linear, unidirectional movement of propagules.
The region is prone to flooding, however, and this is most
likely responsible for the observed gene flow between the two
tributaries at this point. Previous genetic (Jacquemyn et al.,
2006) and ecological (Boedeltje et al., 2004; Gurnell et al.,
2008; Moggridge and Gurnell, 2009) studies have indicated the
importance of periodic flooding events in the dispersal of ripar-
ian plants, including invasive species (Truscott et al., 2006). The
low levels of assignment of individuals to the light blue cluster in
the downstream BDB population indicates that dispersal is also
limited from the Tempo into the much larger Colebrook water-
course, further confirming the role of hydrological factors.

Although the results of this studystronglysupport hydrochoric
downstream dispersal of I. glandulifera, it should be borne in
mind that there are several other potential, non-exclusive pro-
cesses that could also shape the observed pattern of genetic diver-
sity in the river systems studied. First, lower upstream genetic
diversity could result from founder effects as a result of human-
mediated dispersal, as human population densities tend to be

higher in the lower reaches of river systems. This, however,
would not necessarily lead to the observed structuring of diver-
sity between tributaries, as human-mediated dispersal would
be equally likely between tributaries. Secondly, the distribution
of genetic diversity might reflect a series of garden escapes,
although this would not explain the increase in genetic diversity
downstream. Finally, increased habitat heterogeneity down-
stream might lead to relaxed selection pressures, thus supporting
a wider range of genotypes (Ward and Stanford, 1995). Despite
these possibilities, hydrochoric dispersal would appear to be by
far the most parsimonious explanation for the observed distribu-
tion of genetic diversity in populations of I. glandulifera in both
river systems.

In the majority of angiosperm species, including I. glandulifera
(van Went, 1984), the plastid genome is transmitted uniparen-
tally via the female parent and thus molecular markers specific
to the plastid genome can provide valuable insights into seed-
mediated gene flow, including hydrochory (McCauley, 1995).
In the present study, we hoped to be able to dissect the effects
of pollen and seed flow by comparing patterns of genetic vari-
ation in nuclear and plastid markers. Eight chloroplast microsat-
ellite markers were developed and utilized for this study, but
failed to display any polymorphism (data not shown). Given
that such markers represent the most variable regions of the
plastid genome (reviewed by Provan et al., 2001; Ebert and
Peakall, 2009), this lack of cytoplasmic variation, coupled with
the low levels of diversity found at the nuclear loci analysed in
the present study, suggests that I. glandulifera populations in
Britain and Ireland have a narrow genetic base and is consistent
with a limited number of introductions. Furthermore, it suggests
that large-scale sequencing of the plastid genome of I. glandulifera
for single nucleotide polymorphisms (SNPs) may be necessary to
develop seed-specific markers for the further study of hydrochory
in this species.

Implications for control of invasive riparian plant species

The primary point of control with respect to invasive species is
to prevent introduction from the native range, but for already
established populations, knowledge of modes and patterns of
secondary dispersal will help to prevent the subsequent spread
of these species (Kowarik and Samuel, 2008). The unique
value of genetic approaches lies in revealing the accumulation
over time of the results of multiple complex processes rather in-
tractable to experimental ecological study in natural systems
(variation in water flow, interactions between aquatic organisms,
etc.). I. glandulifera can be treated with glyphosate, but the wide-
spread use of such herbicides in riparian habitats should be
viewed as an extreme measure. It has previously been suggested
that targeting upstream populations might reduce the impact of
propagule pressure where hydrochory plays a major role in dis-
persal (Dawson and Holland, 1999; Wadsworth et al., 2000;
Clements et al., 2008) and the results of the present study give
added weight to these recommendations. In addition, the
observed genetic differentiation between tributaries would
imply that separate tributaries should have their own eradication
programmes, again probably focusing on upstream populations,
but consideration should also be given to hydrological factors,
i.e. targeting larger tributaries first as they typically represent
greater sources for downstream areas, as highlighted by the fact
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that the predominant genetic cluster in the Tempo is barely repre-
sented below its confluence with the much larger Colebrooke.
Given that intensity (i.e. the percentage of occupied area) of
control is the major determinant of the cost of eradication pro-
grammes, and that control intensities of a previous modelling
study were far above those typical of real programmes in the
UK yet failed to control the spread of I. glandulifera, such a
multi-faceted, targeted approach might offer the most rational
and cost-effective means of control. This concept might also
be extended to the control of other invasive riparian species
that display evidence of primarily hydrochoric dispersal. The
fact that we found similar results in two contrasting systems
means that we can infer that our observations are probably
widely applicable.
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