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Summary

 

1.

 

Roads provide suitable conditions for the establishment and growth of exotic species. Most roads
are bordered by drainage ditches forming a network of linear wetlands. Drainage ditches may serve as
habitats and corridors facilitating the spread of aquatic invaders into the intersected ecosystems. The
common reed 

 

Phragmites australis

 

 is one of these aquatic invaders frequently found in marshes and
drainage ditches along roads. We hypothesized that highways have acted as corridors for the dispersal
of the common reed and have contributed to the invasion of North American wetlands by this species.

 

2.

 

We mapped the spatial distribution of the common reed along the highway network of the prov-
ince of Quebec, Canada, where a large-scale invasion of this plant species has been reported since
the 1960s. We also identified the genotype of common reed colonies using molecular tools and the
main characteristics that favour the presence of the common reed in road ditches.

 

3.

 

Approximately 67% of the 1359 1-km highway sections surveyed during summer 2003 in Quebec
had at least one common reed colony. End to end, common reed colonies totalled 324 km, i.e. 24%
of the 1359 km surveyed.

 

4.

 

Common reed colonies located along the highways were largely (99%) dominated by the exotic
(Eurasian) genotype (haplotype M).

 

5.

 

The common reed was more abundant along highways located in warm regions, with a sum of
growing degree-days (

 

>

 

 5 

 

°

 

C, 12-month period) 

 

≥

 

 1885, along highways built before the 1970s and
in agricultural regions dominated by corn and soybean crops. Common reed colonies were larger
when located along highways that were wide, built before the 1970s or in warm regions. This was
particularly apparent if  the roadside was bordered by a wetland. On the other hand, common reed
colonies were more likely to be narrow when located near a woodland.

 

6.

 

Synthesis and applications.

 

 Several disturbances (de-icing salts, ditch digging and agricultural
nitrogen input) favour the development of large common reed colonies along roads, some of them
expanding out of roadsides, particularly in wetlands. Reducing disturbances, leaving (or planting)
a narrow (a few metres) hedge of trees or shrubs along highways or planting salt-resistant shrubs in
roadside ditches could be efficient ways to slow the expansion of  common reed or to confine the
species to roadsides.
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Introduction

 

In developed countries the road network extends over large
areas and is particularly dense in highly populated regions

(Hawbaker 

 

et al

 

. 2004). For example, in the USA public roads
total more than 6·2 million km and 60% of the land area of the
eastern part of the country is within 400 m of a road (Forman
2000; Riitters & Wickham 2003). Road construction and
maintenance operations have major impacts on landscape
and ecosystem dynamics (Forman & Alexander 1998;
Trombulak & Frissell 2000; Hawbaker & Radeloff  2004).
More specifically, they provide suitable conditions for the
establishment and growth of exotic species (Wester & Juvik
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1983; Tyser & Worley 1992; Greenberg, Crownover & Gordon
1997; Johnston & Johnston 2004; Pauchard & Alaback 2004;
Hansen & Clevenger 2005; Rentch 

 

et al

 

. 2005). Roadsides
also act as very effective corridors for plant invasions
(Py

 

ß

 

ek & Prach 1993; Gelbard & Belnap 2003; Christen &
Matlack 2006; Hulme 2006; Wangen & Webster 2006).
The recent extension of highway networks in some parts of
the world may explain why several exotic species that had
a very restricted range during the first half  of the 20th century
are today widespread (Delisle 

 

et al

 

. 2003; Lelong 

 

et al

 

.
2007).

Most roads are bordered by drainage ditches, forming
a network of  linear wetlands. Because of  their spatial
configuration, drainage ditches may serve as habitats and
corridors facilitating the spread of aquatic invaders into the
intersected ecosystems (Maheu-Giroux & de Blois 2007).
The common reed 

 

Phragmites australis

 

 (Cav.) Trin. ex Steud.
(Poaceae) is one of these aquatic invaders frequently found in
marshes and drainage ditches alongside roads (McNabb &
Batterson 1991; Gervais 

 

et al

 

. 1993; Delisle 

 

et al

 

. 2003;
Lelong 

 

et al

 

. 2007; Maheu-Giroux & de Blois 2007). During
the last 50 years, the number and size of common reed
colonies have expanded markedly in marshes and along
roads in Canada and the USA (Meyerson 

 

et al

 

. 2000; Rice,
Rooth & Stevenson 2000; Bertness, Ewanchuk & Silliman
2002; Lathrop, Windham & Montesano 2003; Wilcox 

 

et al

 

.
2003; Hudon, Gagnon & Jean 2005). The introduction of an
exotic genotype (haplotype M), associated with anthropogenic
disturbances, is considered to be the leading explanation
for the rapid expansion of common reed observed in North
America (Saltonstall 2002). Field and experimental studies
have shown that the haplotype M produces more shoots and
has a higher growth rate than native haplotypes (Vasquez

 

et al

 

. 2005). It also grows taller and produces more leaf and
stem biomass than its native counterparts (League 

 

et al

 

.
2006). Unfortunately, these studies do not shed light on
the pathways used by the exotic common reed genotype in
its spread.

Very few ecologists have considered the possibility that
highways have acted as corridors for the common reed and
contributed to the invasion of adjacent wetlands (Richburg,
Patterson & Lowenstein 2001; Maheu-Giroux & de Blois
2007), which is peculiar considering that roadsides are one of
the most common habitats for the species in temperate
regions. Furthermore, to our knowledge, there is no recent
systematic survey of the distribution of common reed colo-
nies along roads in North America. In this study, we mapped
the spatial distribution of the common reed along the high-
way network in the province of Quebec, Canada. The invasive
genotype of common reed has been present in Quebec since at
least 1916 but it was rare prior to the 1970s and was almost
exclusively restricted to the shores of the St Lawrence River.
The exotic genotype spread inland only after the beginning of
the 1970s (Lelong 

 

et al

 

. 2007). We identified the genotype
(native or exotic) of common reed colonies found along high-
ways using molecular tools. We also identified the main char-
acteristics (climate, landscape and road structure) that favour

the presence of the common reed in road ditches. We hypoth-
esized that highway roadsides in Quebec are massively
invaded by the exotic genotype of common reed, particularly
in the warmest regions of the province. We also hypothesized
that highway sections lying on clay soils and surrounded by
marshes or agricultural lands absorbing massive inputs of fer-
tilizers were more successfully invaded by the common reed
than those lying on well-drained surface deposits and sur-
rounded by woodlands.

 

Methods

 

STUDY

 

 

 

AREA

 

For this survey of the common reed along roads in Quebec, we
focused on colonies located near the 13 limited-access highways of
the province, i.e. major travel corridors with separate, parallel roads
for each direction of travel (total length 2800 km). The area covered
by this study extended over 6

 

°

 

 longitude and 3

 

°

 

 latitude (Fig. 1). The
climate of this large region is continental and wet, but major climatic
differences can be observed within the study area. For example, the
mean annual temperature at the southernmost meteorological
station (Philipsburg) is 7 

 

°

 

C, with a mean monthly maximum (July)
and minimum (January) of 21 

 

°

 

C and –9 

 

°

 

C, respectively. At this
station, the sum of growing degree-days (

 

>

 

 5 

 

°

 

C) for a 12-month
period totals 2170. The mean annual temperature at the northern-
most station (Saint-Arsène) is 3 

 

°

 

C, with a mean monthly maximum
(July) and minimum (January) of 18 

 

°

 

C and –13 

 

°

 

C, respectively. At
Saint-Arsène, the sum of growing degree-days (

 

>

 

 5 

 

°

 

C) totals only
1451 (Environnement Canada 2002).

 

F IELD

 

 

 

SURVEY

 

All limited-access highways in Quebec, except those on the island of
Montreal (for safety reasons), were surveyed in August 2003. The
distance covered by the common reed along roadsides (DCR) was
first evaluated to obtain a picture of the spatial distribution of this
species along highways. The time to pass by common reed colonies
was estimated between two kilometre markers (two markers
separated by 1 km) using a chronometer and a vehicle travelling at
a constant speed (90 km h

 

–1

 

). Colonies present in the median strip
separating the two roadways of the highway were not considered for
this survey for safety reasons. This timing operation was repeated
every 2 km in both directions of the highway. To obtain the DCR,
the time (s) was simply multiplied by the speed of the vehicle (m s

 

–1

 

).
DCR values were then transformed into a percentage of the 1-km
section bordered by common reed colonies. The error associated
with this method was estimated by randomly selecting 100 1-km
sections and measuring the exact DCR by foot with a measuring
wheel.

Once the survey was completed, a total of 260 1-km sections was
selected randomly for sampling from the subset of sections contain-
ing at least one common reed colony. In the field, the common reed
colony nearest the kilometre marker was recorded using a global
positioning system (GPS) and sampled for genetic analyses (small
leaf fragment). The roadside width and the maximum distance cov-
ered by the common reed colony (perpendicular to the road) were
measured. The maximum extension of the colony away from the
roadside was also measured where appropriate. The landscape
structure surrounding the colony (agricultural land, old field,
urban, wetland or woodland) was noted.
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GENETIC

 

 

 

ANALYSES

 

All common reed leaf fragments were kept in a freezer (–20 

 

°

 

C) prior
to analysis. Total DNA was extracted as suggested by Edwards,
Johnstone & Thompson (1991) and two non-coding regions of the
chloroplast genome [

 

trnT

 

 (UGU)–

 

trnL

 

 (UAA) and 

 

rbcL

 

–

 

psaI

 

] were
amplified by polymerase chain reaction as described in Saltonstall
(2003). Restriction site polymorphism was detected by digesting the
amplicons with

 

 Rsa

 

I for 

 

trnT

 

 (UGU)–

 

trnL

 

 (UAA) and 

 

Hha

 

I for

 

rbcL

 

–

 

psaI

 

. This procedure allowed the rapid identification of native
or exotic (haplotype M) genotypes of common reed (Saltonstall
2003).

 

GEOGRAPHICAL

 

 

 

INFORMATION

 

 

 

SYSTEM

 

All field and laboratory data were incorporated into a geographical
information system (GIS), MapInfo Professional© (MapInfo
Corporation 2003). Several other databases had also been incorporated
into the GIS to analyse the spatial distribution of common reed. The
sums of growing degree-days (

 

>

 

 5 

 

°

 

C, 12-month period) of the 88
meteorological stations located in the study area (Environnement
Canada 2002) were used as indicators of the length of the growing
season for plants. To assign a specific growing degree-day value to each
1-km section that was surveyed, a spatial interpolation of climatic
data was conducted using the kriging method (Legendre & Legendre
1998) and the Vertical Mapper© software (MapInfo Corporation
2004).

A specific type of surface deposit (alluvial, fluvioglacial, lacus-
trine, marine or morainal) and the dominant type of the neighbour-
ing landscape (agricultural corn and soybean, agricultural pasture,

mixed agricultural and woodlands or woodlands) were associated
with each 1-km section that was surveyed. Surface deposit data were
extracted from a map (1 : 1000 000) produced by the Centre de
Recherches sur les Terres et les Ressources Biologiques (1996).
Landscape data, sampled in 1993 and 1994, were from Jobin 

 

et al

 

.
(2003). The age of each 1-km road section was also calculated (Min-
istère des Transports du Québec 1983, 2004) and incorporated into
the GIS. Finally, the presence of a woodland bordering the kilome-
tre sections was noted using maps (1 : 50 000) produced by the Min-
istère des Ressources Naturelles du Canada (2003). Woodlands are
important because they may prevent the expansion of common reed
out of roadsides; the species does not grow well under a dense tree
cover (Haslam 1972; Mal & Narine 2004).

 

DATA

 

 

 

ANALYSES

 

We used an ordinal response regression model (ORRM; Clogg &
Shihadeh 1994; Menard 1995; Hébert 1998; Guisan & Harrell 2000)
to study the relationship between the DCR and (i) the surface
deposit types, (ii) the landscape types, (iii) the climate, (iv) the age of
the highway and (v) the presence of woodlands near a 1-km section.
An ORRM was more appropriate than a multiple regression model
because DCR values were not normally distributed (Weisberg
2005). Furthermore, the grouping of DCR data into a limited
number of classes minimized the errors associated with the accuracy
of the measuring method (chronometer).

To conduct this analysis, DCR values were first distributed into
three classes (0%, 0·1–40%, 40·1–100%). In fact, the frequency dis-
tribution of DCR values had two discontinuities, one after 0% (i.e.
without common reed), and the other around 40% (i.e. 40% of the

Fig. 1. Distance covered by the common reed (DCR) along roadsides of limited-access highways of Quebec in 2003. Each hexagon represents
the average of DCR values (percentage of a 1-km section bordered by common reed colonies) for a 10-km long highway segment. Highway
numbers and place names cited in the text are indicated.
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length of the 1-km section was covered by the common reed). All
classes had a similar number of observations. Class homogeneity
was tested using an analysis of variance. The data set was then ran-
domly divided into two complementary subsets (

 

n

 

1

 

 

 

=

 

 723 and

 

n

 

2

 

 

 

=

 

 636), and an was applied independently to each subset (Guisan
& Harrell 2000) in order to enhance variables selection using simple
bootstrapping. Only variables with a significance level 

 

<

 

 0·05 in both
models, and with a B coefficient similar in the two models (i.e.
within the range delineated by the standard error), were retained.
The magnitude of a positive (negative) B coefficient indicates the
impact exercised by the independent variable on the likelihood of
belonging to a class with high (low) DCR values. The ORRM was
finally applied to the entire dataset (

 

n

 

 

 

=

 

 1359) but only with signifi-
cant variables. The polytomous universal model with the comple-
mentary log-log link function of the SPSS software was used to
conduct the ORRM (SPSS Inc. 2003). Finally, we used a multiple
regression analysis (Dodge 1999; Weisberg 2005) to study the rela-
tionship between the maximum distance covered by a common reed
colony (perpendicular to the road) and (i) the surface deposit types,
(ii) the landscape types, (iii) the climate, (iv) the age of the highway
and (v) the width of the roadside. The multiple regression analysis
was conducted with the SPSS software (SPSS Inc. 2003). Multicol-
linearity was tested in both models using the variance inflation fac-
tor (VIF) test (Sokal & Rohlf 1995). VIF comprises the diagonal
elements of the inverse of the matrix of correlations between the
independent variables. As a rule of thumb, a VIF 

 

>

 

 10 indicates
harmful multicollinearity. In both models, all VIF were 

 

<

 

 5. Finally,
for each of the models (ORRM and multiple regression analysis) the
spatial autocorrelation (Moran’s I) was computed on the dependant
variable and on the model residuals.

 

Results

 

Approximately 67% of the 1359 1-km highway sections sur-
veyed during summer 2003 in Quebec had at least one com-
mon reed colony. End to end, the common reed colonies
totalled 324 km, i.e. 24% of the 1359 km surveyed. DCR val-
ues were highest in the south-western part of the province
(Fig. 1). In this region, the common reed often formed unin-
terrupted kilometre-long hedges along highways. The transi-
tion between regions with high and low DCR values was in
most cases very rapid (Fig. 1), particularly along highways 10
(in mountainous areas), 20 (near the Bécancour River), and
40 (near Berthierville). East of Quebec City, very few road-
sides were invaded by the common reed, except near La Poc-
atière. The difference between DCR values (chronometer)
and real values (measuring wheel) was 

 

<

 

 20 m in 62% of cases.
Major mistakes (differences 

 

>

 

 100 m) were recorded only in
12% of the 1-km sections. Furthermore, only nine out of 100
1-km highway sections (measured with a measuring wheel)
were classified in the wrong DCR class, i.e. above or below the
40% value.

Common reed colonies located along highways were
largely (99%) dominated by the exotic genotype (haplotype
M). Only three of the 260 samples corresponded to a native
(North American) genotype (Fig. 2). These were located near
Lake Saint-Pierre and at Saint-Roch-des-Aulnaies, in the
eastern part of the study area.

Fig. 2. Genotypes of common reed colonies along roadsides of limited-access highways of Quebec in 2003. Highway numbers and place names
cited in the text are indicated.
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The ORRM (Nagelkerke 

 

R

 

2

 

 

 

=

 

 0·42, 

 

P

 

 

 

<

 

 0·001) indicated
that only three variables had a significant (

 

P 

 

<

 

 0·001) influ-
ence on DCR values. The relative influence of each variable is
indicated by the Wald’s statistic (Table 1). The variable with
the highest influence in the model was the climate, followed by
the age of the highway section and the landscape. Regression
coefficients (B) all had positive values. In short, the common
reed was more abundant along highways located in warm
regions with a sum of growing degree-days (

 

>

 

 5 

 

°

 

C) 

 

≥

 

 1885,
along highways built before the 1970s and in agricultural
regions where corn and soybean crops were dominant
(Fig. 3). Including climate variation (interpolation of degree-
days) and road age in the model was efficient to remove part
of the spatial autocorrelation among adjacent DCR seg-
ments. As suggested by Fig. 1, spatial autocorrelation among
adjacent observed values up to a distance of 5 km (initial
Moran’s 

 

I

 

 

 

=

 

 0·622, 

 

P

 

 

 

<

 

 0·001) was reduced, but still significant,
when computed among the residuals (

 

I

 

 

 

=

 

 0·288, 

 

P

 

 

 

<

 

 0·001).
However, in the presence of spatial autocorrelation, the max-
imum likelihood estimation procedure used in the ORRM
yielded asymptotically efficient estimates (Kennedy 1985).

The multiple regression model (R

 

2

 

 

 

=

 

 0·21, 

 

P

 

 

 

<

 

 0·001) indi-
cated that five variables had a significant (

 

P 

 

<

 

 0·001) influence
on the maximum distance covered by a common reed colony
(perpendicular to the road). The residuals of the model were
non-significant (

 

P 

 

=

 

 0·176). The relative influence of each
variable is indicated by the standardized coefficient (Table 2).
The variable with the greatest influence in the model was the
width of the roadside, followed by the climate, the landscape
structure bordering the roadside (wetland or woodland), and
the age of the 1-km highway section. Regression coefficients
(

 

βs) all had positive values, except for the presence of a wood-

land in the vicinity of the roadside. In other words, a common
reed colony was larger where it was located on a large roadside
built in a warm region before the 1970s, particularly if  the
roadside was bordered by a wetland. On the other hand, a
common reed colony was more likely to be narrow if  it was
located near a woodland.

Discussion

The exotic genotype of the common reed (haplotype M) was
very abundant along the roadsides of Quebec’s highways in
2003. It was, however, much more abundant along the high-
ways located in the south-western part of the province, i.e. in
the warmest regions of Quebec. Apparently, the colder cli-
matic conditions (shorter growing seasons) of the eastern part
of the province have slowed, but not prevented, the expansion
of common reed colonies along the highways built in this
area. Common reed was also more abundant along highways
built before the 1970s. The species probably had more time to
establish and spread along these highways than along those
constructed later.

Common reed has several characteristics facilitating its
establishment and survival in road ditches. It can tolerate the
high variations in the water level of ditches (Haslam 1970;
Hudon, Gagnon & Jean 2005; Pagter, Bragato & Brix 2005).
It also exhibits a wide tolerance to salt (Matoh, Matsushita &
Takahashi 1988; Lissner & Schierup 1997; Mauchamp &
Mésleard 2001; Richburg, Patterson & Lowenstein 2001;
Vasquez et al. 2005), which is particularly important along
Quebec roads where large quantities (700 000 tons) of de-
icing salt are used each winter (Soprin Experts-Conseils
1994). Indeed, high sodium levels may be observed up to 9 m

Table 1. Results of the ordinal response regression model (ORRM) used to study the relationship between the distance covered by the common
reed (DCR) along roadsides of Quebec’s limited-access highways and the main environmental characteristics (climate, landscape, road
structure) of southern Quebec

Significant variable Coefficient B SE Wald P

Sum of growing degree-days (> 5 °C,12-month period) 0·354 0·019 350·4 < 0·001
Age (year) of the highway section 0·029 0·004 43·8 < 0·001
Landscape dominated by corn and soybean crops 0·654 0·168 15·2 < 0·001

Table 2. Results of the multiple regression analysis used to study the relationship between the maximum distance covered by a common reed
colony (perpendicular to the road) located on a roadside of a limited-access highway in Quebec and the main environmental characteristics
(climate, landscape, road structure) of southern Quebec

Significant variable

Unstandardized 
coefficient

Standardized 
coefficient

t PB SE βs

Width (m) of the roadside 0·019 0·005 0·228 3·971 < 0·001
Sum of growing degree-days (> 5 °C, 12-month period) 0·072 0·018 0·227 3·942 < 0·001
Presence of a wetland near the highway section 0·741 0·214 0·200 3·455 < 0·001
Presence of a woodland near the highway section –0·234 0·088 –0·153 –2·649  0·009
Age (year) of the highway section 0·014 0·005 0·152 2·634  0·009
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from the roadways (DiTommaso 2004). The maintenance of
the road network (ditch digging and cleaning) probably con-
tributes to the spread of common reed and to the improve-
ment of growth conditions (more light, less competition) for
the species (McNabb & Batterson 1991).

The surrounding landscape has a strong influence on the
distribution of common reed. More particularly, a highway

crossing a landscape dominated by agriculture, and particu-
larly by cash-crops such as corn and soybean, is more likely to
be invaded by the common reed than a highway surrounded
by woodlands. There is probably a link between fertilizers
used in agriculture and common reed; nitrogen fertilization
stimulates the growth of common reed biomass and acceler-
ates the spatial expansion of colonies (Romero, Brix &
Comßn 1999; Farnsworth & Meyerson 2003; Minchinton &
Bertness 2003; Rickey & Anderson 2004). In the Montreal
area, where the common reed is abundant, 51% of agricul-
tural land is used to grow corn (Ministère de l’Environnement
du Québec 2003). In this region, large quantities of organic
(hog manure) and chemical fertilizers are spread on corn
fields. Nitrogen run-off from agricultural fields is a wide-
spread problem: high nitrate values (0·5–1·0 mg L–1) have
been recorded in tributaries of the St Lawrence River located
between Montreal and Quebec City, and 34–76% of these
nitrates probably result from farming activities (Painchaud
1999; Ministère de l’Environnement du Québec 2003). Con-
sidering the interconnections between drainage networks, it is
probably that the common reed benefited from agricultural
nitrogen inputs during its expansion along roads.

The fact that spatial autocorrelation among adjacent
observed DCR values up to a distance of 5 km was still sig-
nificant when computed among the residuals suggests that
the common reed dissemination processes may involve addi-
tional endogenous (species dispersal, competition) or exoge-
nous processes (environmental covariates; Dormann 2007).
For instance, alpine plants with small diaspores and with
adaptation for wind dispersal (such as the common reed) also
show a high degree of spatial autocorrelation (Dirnböck &
Dullinger 2004).

As long as the common reed remains along roadsides, the
plant does not represent a major problem. Common reed may
even be beneficial for road safety, because it forms effective
snow fences that prevent the formation of  ice on roadways
(J. Gilbert, unpublished data). Problems arise when colonies
expand out from roadsides, especially into agricultural lands
and wetlands. To date few agricultural lands have been
invaded by the common reed, but there is some evidence that
this phenomenon is increasing, particularly along ditches
draining corn fields (Maheu-Giroux & de Blois 2007). On the
other hand, we observed several marshes located near high-
ways that were invaded by the common reed. Colonies located
in these marshes were particularly large (up to 45 m).

How can we prevent the expansion of the common reed out
from roadsides? Our study showed that the common reed
does not penetrate into woodlands; this species is shade intol-
erant (Haslam 1972). Leaving (or planting) a narrow (a few
metres) hedge of trees or shrubs along highways could be an
efficient way to confine the common reed to roadsides. Plant-
ing salt-resistant shrubs (alders, willows) in roadside ditches
could also stop the expansion of the common reed along
highways, particularly in regions where the exotic genotype of
the species is not widespread. This new approach of weed con-
trol (Kim, Ewing & Giblin 2006) could be particularly useful
in Canada where the use of herbicides, to date the only way to

Fig. 3. Distance covered by the common reed (DCR) along
roadsides of limited-access highways of Quebec in 2003, expressed as
the percentage of a 1-km section bordered by common reed colonies,
according to (a) the climate [sum of growing degree-days (> 5 °C) for
a 12-month period], (b) the age of the highway and (c) the landscape
surrounding the highway. Landscape types: ACS, agricultural corn and
soybean; AP, agricultural pasture; MAW, mixed agricultural and
woodlands; W, woodlands. In each boxplot, the mean (black square),
the median (horizontal bar), 25 and 75 percentiles (box) and 10 and
90 percentiles (error bars) are indicated.
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successfully eliminate the common reed (Turner & Warren
2003; Teal & Peterson 2005), is strictly forbidden for control-
ling this plant species. Reducing the width of roadsides (less
open space for the species) and minimizing disturbances
(spreading of de-icing salt and ditch digging) may also con-
tribute to slowing the expansion of common reed along roads.

The common reed genotype found along Quebec’s high-
ways is the same genotype invading wetlands along the Atlan-
tic coast of the USA and having a strong impact on plant and
animal diversity (Chambers, Meyerson & Saltonstall 1999;
Meyerson et al. 2000; Saltonstall 2002). This highlights the
threats facing ecosystems, and more particularly wetlands,
intersected by highways; if  the common reed escapes from
roadsides, the probability of invasion is high.

Acknowledgements

This research was supported financially (grants to Claude Lavoie and François
Belzile, scholarships to Yvon Jodoin) by the Ministère des Transports du
Québec and the Natural Sciences and Engineering Research Council of
Canada. We are grateful to Caroline Dufresne, Daniel Lachance, Benjamin
Lelong, and Annie Saint-Louis for field and laboratory assistance, and to two
anonymous referees for comments on an earlier draft.

References

Bertness, M.D., Ewanchuk, P.J. & Silliman, B.D. (2002) Anthropogenic
modification of New England salt marsh landscapes. Proceedings of the
National Academy of Sciences of the United States of America, 99, 1395–
1398.

Centre de Recherches sur les Terres et les Ressources Biologiques (1996)
Pédo-paysages du Canada, Version 2·2. Agriculture et Agroalimentaire
Canada, Ottawa, Canada.

Chambers, R.M., Meyerson, L.A. & Saltonstall, K. (1999) Expansion of
Phragmites australis into tidal wetlands of North America. Aquatic Botany,
64, 261–273.

Christen, D. & Matlack, G. (2006) The role of roadsides in plant invasions: a
demographic approach. Conservation Biology, 20, 385–391.

Clogg, C.C. & Shihadeh, E.S. (1994) Statistical Models for Ordinal Variables.
Sage Publications, Thousand Oaks, CA.

Delisle, F., Lavoie, C., Jean, M. & Lachance, D. (2003) Reconstructing the
spread of invasive plants: taking into account biases associated with
herbarium specimens. Journal of Biogeography, 30, 1033–1042.

Dirnböck, T. & Dullinger, S. (2004) Habitat distribution models, spatial
autocorrelation, functional traits and dispersal capacity of alpine plant
species. Journal of Vegetation Science, 15, 77–84.

DiTommaso, A. (2004) Germination behavior of common ragweed (Ambrosia
artemisiifolia) populations across a range of salinities. Weed Science, 52,
1002–1009.

Dodge, Y. (1999) Analyse de Regression Appliquée. Dunod, Paris, France.
Dormann, C.F. (2007) Effects of incorporating spatial autocorrelation into the

analysis of species distribution data. Global Ecology and Biogeography, 16,
129–138.

Edwards, K., Johnstone, C. & Thompson, C. (1991) A simple and rapid method
for the preparation of plant genomic DNA for PCR analysis. Nucleic Acids
Research, 19, 1349.

Environnement Canada (2002) Normales et Moyennes Climatiques Au
Canada (1971–2000). Environnement Canada, Ottawa, Canada [http://
www.climate.weatheroffice.ec.gc.ca/climate_norm-als/index_f.html,
accessed 1 April 2006].

Farnsworth, E.J. & Meyerson, L.A. (2003) Comparative ecophysiology of four
wetland plant species along a continuum of invasiveness. Wetlands, 23, 750–
762.

Forman, R.T.T. (2000) Estimate of the area affected ecologically by the road
system in the United States. Conservation Biology, 14, 31–35.

Forman, R.T.T. & Alexander, L.E. (1998) Roads and their major ecological
effects. Annual Review of Ecology and Systematics, 29, 207–231.

Gelbard, J.L. & Belnap, J. (2003) Roads as conduits for exotic plant invasions
in a semiarid landscape. Conservation Biology, 17, 420–432.

Gervais, C., Trahan, R., Moreno, D. & Drolet, A.-M. (1993) Le Phragmites
australis au Québec: distribution géographique, nombres chromosomiques
et reproduction. Canadian Journal of Botany, 71, 1386–1393.

Greenberg, C.H., Crownover, S.H. & Gordon, D.R. (1997) Roadside soils: a
corridor for invasion of xeric scrub by nonindigenous plants. Natural Areas
Journal, 17, 99–109.

Guisan, A. & Harrell, F.E. (2000) Ordinal response regression models in
ecology. Journal of Vegetation Science, 11, 617–626.

Hansen, M.J. & Clevenger, A.P. (2005) The influence of disturbance and
habitat on the presence of non-native plant species along transport
corridors. Biological Conservation, 125, 249–259.

Haslam, S.M. (1970) The performance of Phragmites communis Trin. in
relation to water supply. Annals of Botany, 34, 867–877.

Haslam, S.M. (1972) Phragmites communis Trin. (Arundo phragmites L., ?
Phragmites australis (Cav.) Trin. ex Steudel). Journal of Ecology, 60, 585–
610.

Hawbaker, T.J. & Radeloff, V.C. (2004) Roads and landscape pattern in
northern Wisconsin based on a comparison of four road data sources.
Conservation Biology, 18, 1233–1244.

Hawbaker, T.J., Radeloff, V.C., Hammer, R.B. & Clayton, M.K. (2004) Road
density and landscape pattern in relation to housing density, land ownership,
land cover, and soils. Landscape Ecology, 20, 609–625.

Hébert, B.-P. (1998) Régression avec une variable dépendante ordinale:
comparaison de la performance de deux modèles logistiques ordinaux et du
modèle linéaire classique à l’aide de données simulées. PhD Thesis. Université
Laval, Quebec City, Canada.

Hudon, C., Gagnon, P. & Jean, M. (2005) Hydrological factors controlling the
spread of common reed (Phragmites australis) in the St Lawrence River
(Québec, Canada). Écoscience, 12, 347–357.

Hulme, P.E. (2006) Beyond control: wider implications for the management of
biological invasions. Journal of Applied Ecology, 43, 835–847.

Jobin, B., Beaulieu, J., Grenier, M., Bélanger, L., Maisonneuve, C.,
Bordage, D. & Filion, B. (2003) Landscape changes and ecological studies
in agricultural regions, Québec, Canada. Landscape Ecology, 18, 575–
590.

Johnston, F.M. & Johnston, S.W. (2004) Impacts of road disturbance on soil
properties and on exotic plant occurrence in subalpine areas of the
Australian Alps. Arctic, Antarctic, and Alpine Research, 36, 201–207.

Kennedy, P. (1985) A Guide to Econometrics. Massachussetts Institute of
Technology Press, Cambridge, MA.

Kim, K.D., Ewing, K. & Giblin, D.E. (2006) Controlling Phalaris arundinacea
(reed canarygrass) with live willow stakes: a density-dependent response.
Ecological Engineering, 27, 219–227.

Lathrop, R.G., Windham, L. & Montesano, P. (2003) Does Phragmites
expansion alter the structure and function of marsh landscapes? Patterns
and processes revisited. Estuaries, 26, 423–435.

League, M.T., Colbert, E.P., Seliskar, D.M. & Gallagher, J.L. (2006) Rhizome
growth dynamics of native and exotic haplotypes of Phragmites australis
(common reed). Estuaries and Coasts, 29, 269–276.

Legendre, P. & Legendre, L. (1998) Numerical Ecology. Elsevier, Amsterdam,
the Netherlands.

Lelong, B., Lavoie, C., Jodoin, Y. & Belzile, F. (2007) Expansion pathways of
the exotic common reed (Phragmites australis): a historical and genetic
analysis. Diversity and Distributions, 13, 430–437.

Lissner, J. & Schierup, H.-H. (1997) Effects of salinity on the growth of
Phragmites australis. Aquatic Botany, 55, 247–260.

McNabb, C.D. & Batterson, T.R. (1991) Occurrence of the common reed,
Phragmites australis, along roadsides in Lower Michigan. Michigan
Academician, 23, 211–220.

Maheu-Giroux, M. & de Blois, S. (2007) Landscape ecology of Phragmites
australis invasion in networks of linear wetlands. Landscape Ecology, 22,
285–301.

Mal, T.K. & Narine, L. (2004) The biology of Canadian weeds. 129. Phragmites
australis (Cav.) Trin. ex Steud. Canadian Journal of Plant Science, 84, 365–
396.

MapInfo Corporation (2003) MapInfo Professional©, Version 3·1. MapInfo
Corporation, Troy, NY.

MapInfo Corporation (2004) Vertical Mapper©, Version 7·5. MapInfo
Corporation, Troy, NY.

Matoh, T., Matsushita, N. & Takahashi, E. (1988) Salt tolerance of the reed
plant Phragmites communis. Physiologia Plantarum, 72, 8–14.

Mauchamp, A. & Mésleard, F. (2001) Salt tolerance in Phragmites australis
populations from coastal Mediterranean marshes. Aquatic Botany, 70, 39–
52.

Menard, S.W. (1995) Applied Logistic Regression Analysis. Sage Publications,
Thousand Oaks, CA.



466 Y. Jodoin et al.

© 2007 The Authors. Journal compilation © 2007 British Ecological Society, Journal of Applied Ecology, 45, 459 –466

Meyerson, L.A., Saltonstall, K., Windham, L., Kiviat, E. & Findlay, S. (2000)
A comparison of Phragmites australis in freshwater and brackish marsh
environments in North America. Wetlands Ecology and Management, 8, 89–
103.

Minchinton, T.E. & Bertness, M.D. (2003) Disturbance-mediated competition
and the spread of Phragmites australis in a coastal marsh. Ecological
Applications, 13, 1400–1416.

Ministère de l’Environnement du Québec (2003) Synthèse des Informations
Environnementales Disponibles en Matière Agricole au Québec. Ministère de
l’Environnement du Québec, Quebec City, Canada.

Ministère des Ressources Naturelles du Canada (2003) Base Nationale de
Données Topographiques. Ministère des Ressources Naturelles du Canada,
Ottawa, Canada.

Ministère des Transports du Québec (1983) Les Autoroutes du Québec. Dates de
Construction ou de Mise en Service. Ministère des Transports du Québec,
Quebec City, Canada.

Ministère des Transports du Québec (2004) Répertoire Des Autoroutes Du
Québec. Ministère des Transports du Québec, Quebec City, Canada [http://
www.mtq.gouv.qc.ca/fr/reseau/routes/auto-routes.asp, accessed 3 March
2006].

Pagter, M., Bragato, C. & Brix, H. (2005) Tolerance and physiological
responses of Phragmites australis to water deficit. Aquatic Botany, 81, 285–
299.

Painchaud, J. (1999) La production porcine et la culture du maïs. Impacts
potentiels sur la qualité de l’eau. Naturaliste Canadien, 123, 41–46.

Pauchard, A. & Alaback, P.B. (2004) Influence of elevation, land use, and
landscape context on patterns of alien plant invasions along roadsides in
protected areas of south-central Chile. Conservation Biology, 18, 238–248.

Pyßek, P. & Prach, K. (1993) Plant invasion and the role of riparian habitats: a
comparison of four species alien to central Europe. Journal of Biogeography,
20, 413–420.

Rentch, J.S., Fortney, R.H., Stephenson, S.L., Adams, H.S., Grafton, W.N. &
Anderson, J.T. (2005) Vegetation–site relationships of roadside plant
communities in West Virginia, USA. Journal of Applied Ecology, 42, 129–
138.

Rice, D., Rooth, J. & Stevenson, J.C. (2000) Colonization and expansion of
Phragmites australis in upper Chesapeake Bay tidal marshes. Wetlands, 20,
280–299.

Richburg, J.A., Patterson, W.A. III & Lowenstein, F. (2001) Effects of road salt
and Phragmites australis invasion on the vegetation of a western
Massachusetts calcareous lake-basin fen. Wetlands, 21, 247–255.

Rickey, M.A. & Anderson, R.C. (2004) Effects of nitrogen addition on the
invasive grass Phragmites australis and a native competitor Spartina
pectinata. Journal of Applied Ecology, 41, 888–896.

Riitters, K.H. & Wickham, J.D. (2003) How far to the nearest road? Frontiers
in Ecology and Environment, 1, 125–129.

Romero, J.A., Brix, H. & Comin, F.A. (1999) Interactive effects of N and P on
growth, nutrient allocation and NH4 uptake kinetics by Phragmites australis.
Aquatic Botany, 64, 369–380.

Saltonstall, K. (2002) Cryptic invasion by a non-native genotype of the
common reed, Phragmites australis, into North America. Proceedings of the
National Academy of Sciences of the United States of America, 99, 2445–
2449.

Saltonstall, K. (2003) A rapid method for identifying the origin of North
American Phragmites populations using RFLP analysis. Wetlands, 23,
1043–1047.

Sokal, R.R. & Rohlf, F.J. (1995) Biometry, 3rd edn. W.H. Freeman, New York,
NY.

Soprin Experts-Conseils (1994) Système D’entreposage et de Chargement de
Sels de Déglaçage. Soprin Experts-Conseils, Longueuil, Canada.

SPSS Inc. (2003) SPSS, Version 12·0. SPSS Inc., Chicago, IL.
Teal, J.M. & Peterson, S. (2005) The interaction between science and policy in

the control of Phragmites in oligohaline marshes of Delaware Bay.
Restoration Ecology, 13, 223–227.

Trombulak, S.C. & Frissell, C.A. (2000) Review of ecological effects of roads on
terrestrial and aquatic communities. Conservation Biology, 14, 18–30.

Turner, R.E. & Warren, R.S. (2003) Valuation of continuous and intermittent
Phragmites control. Estuaries, 26, 618–623.

Tyser, R.W. & Worley, C.A. (1992) Alien flora in grasslands adjacent to road
and trail corridors in Glacier National Park, Montana (USA). Conservation
Biology, 6, 253–262.

Vasquez, E.A., Glenn, E.P., Brown, J.J., Guntenspergen, G.R. & Nelson, S.G.
(2005) Salt tolerance underlies the cryptic invasion of North American salt
marshes by an introduced haplotype of the common reed Phragmites
australis (Poaceae). Marine Ecology Progress Series, 298, 1–8.

Wangen, S.R. & Webster, C.R. (2006) Potential for multiple lag phases during
biotic invasions: reconstructing an invasion of the exotic tree Acer
platanoides. Journal of Applied Ecology, 43, 258–268.

Weisberg, S. (2005) Applied Linear Regression. John Wiley & Sons, Hoboken,
NJ.

Wester, L. & Juvik, J.O. (1983) Roadside plant communities on Mauna Loa,
Hawaii. Journal of Biogeography, 10, 307–316.

Wilcox, K.L., Petrie, S.A., Maynard, L.A. & Meyer, S.W. (2003) Historical
distribution and abundance of Phragmites australis at Long Point, Lake
Erie, Ontario. Journal of Great Lakes Research, 29, 664–680.

Received 23 November 2006; final copy received 24 May 2007 
Handling Editor: Jack Lennon


