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Abstract. We asked whether assemblages of species with separate evolutionary his-
tories differed in their response to similar human interventions. We assessed this by com-
paring the response of riparian plant communities to river regulation on two different
continents. We compared free-flowing and regulated rivers between boreal parts of North
America (Alberta and British Columbia) and Europe (Sweden), using a standardized sam-
pling protocol and the same field staff on both continents. Although the two regions shared
few species, both riparian plant-species diversity along free-flowing rivers and the response
to different kinds of flow regulation were similar between the continents. The number of
riparian-plant species and their amount of cover differed among types of water-level regime,
but the continental affiliation of a river-margin site did not statistically explain any of the
variation. Within continents, the local flora of the regulated river-margin sites was largely
similar in species composition to the free-flowing ones, but the sites along storage reservoirs
were more species-poor. The similarity in the response to regulation between the continents
suggests that general guidelines for rehabilitation of degraded boreal rivers are a realistic
goal.

The number of species and genera, plant cover, and species numbers in most trait groups
(classified according to growth form and life span) were similar between free-flowing river
margins in Europe and North America. Moreover, the regional native species pools of
northern Sweden and Alberta were similar in size and composition of species groups, despite
the fact that only 27% of the species in Alberta were found in northern Sweden. This is
presumably because the floras share a common Tertiary origin and because the regions have
had largely similar late-Tertiary and Quaternary histories. The most pronounced difference
between the continents was that we found no exotic species on the 183 Swedish river-
margin sites, whereas 9% of the species found in all 24 North American plots taken together
were exotics. All North American exotics found have occurred in Europe since prehistoric
times, and the difference in exotic richness most likely reflects a difference in the number
of species humans have transferred from one continent to another, rather than a difference
in invasibility between the regions.

Key words: Alberta; British Columbia; community convergence; exotic plant species; hydro-
electric development; river regulation; species–area relationship; species diversity, local and regional;
species pool; Sweden; vascular plants.

INTRODUCTION

An important but neglected ecological issue is
whether assemblages of species from different regions
are differently sensitive to a specific human disturbance
(Balmford 1996). Species vary in their vulnerability to
current threats due to adaptations acquired or lost dur-
ing the evolutionary history of their lineages. This po-
tentially makes regional species pools with different
histories differently resistant. Communities appear to
be far more resistant and resilient to particular pertur-
bations if their constituent species have faced similar
challenges in the past (Balmford 1996, Danielsen 1997,
Schmiegelow et al. 1997). Communities may also oth-
erwise acquire characters that preadapt them to with-
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stand human intervention (Dynesius and Jansson
2000). Thus, care should be taken not to generalize
about responses to human disturbances among biogeo-
graphic regions, unless the sensitivity of their respec-
tive biota is considered. For example, the faunas and
floras of oceanic islands have proved much more sen-
sitive to invasions of exotics, compared to continental
biota, resulting in numerous extinctions of island spe-
cies (Brown and Lomolino 1998, Manne et al. 1999).
Island faunas lacking indigenous predators have been
more vulnerable to predator invasions, compared to
islands where predators have always been present
(Balmford 1996). Comparisons of mainland ecosys-
tems between regions subject to similar human-induced
disturbances have been virtually nonexistent (but see
Danielsen 1997), despite the fact that humans are
changing and transforming most ecosystems on Earth
(Vitousek et al. 1997).
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Dams regulate the majority of the world’s large river
systems, for hydropower, irrigation, domestic water
supply, and navigation (Petts 1984, Dynesius and Nils-
son 1994). To provide a baseline for future rehabili-
tation efforts, knowledge is needed on how the bio-
diversity and ecosystem function of those rivers have
been affected (Dynesius and Nilsson 1994, Naiman et
al. 1995). In previous studies we have quantified the
response of riparian vegetation to disturbance from hy-
droelectric exploitation of boreal rivers in northern
Sweden, but whether these results apply to other re-
gions is not known. In northern Sweden, riparian plant-
species richness and abundance are lower along both
storage reservoirs and run-of-river impoundments com-
pared to adjacent free-flowing rivers, while undammed
reaches downstream of dams remain relatively species
rich (Nilsson et al. 1991, Jansson et al. 2000). Riparian
plant-species numbers in reservoirs and impoundments
remain impoverished even ;70 yr after onset of reg-
ulation (Nilsson et al. 1997). Here, we compare the
response of riparian-plant species diversity and com-
position to hydroelectric development between boreal
parts of Alberta and British Columbia (North America)
and northern Sweden (Europe). We chose this Canadian
region to evaluate the generality of our results from
northern Sweden because we wanted datasets to be as
independent as possible (i.e., having minimum bio-
geographic overlap) while still being within the boreal
zone.

To assess the effects of human disturbance, we com-
pared regulated rivers with adjacent, free-flowing ones
on both continents. For Swedish conditions, Jansson et
al. (2000) concluded that adjacent free-flowing rivers
could be used as proxies for preregulation conditions
in the regulated rivers. We also compared riparian-plant
communities along free-flowing rivers between the two
continents. Local communities, such as the plant taxa
occurring at a riparian site, are assembled from a re-
gional pool of species available for colonization (Rick-
lefs 1987, Eriksson 1993, Zobel 1997). Most studies
have shown that local diversity increases more or less
linearly with regional diversity (e.g., Lawton 1999).
This has been taken as evidence that local species rich-
ness is unsaturated, and not limited by local processes
such as competition (Cornell 1985, Cornell and Lawton
1992, Schluter and Ricklefs 1993). Although a number
of methodological issues have been raised against this
conclusion (Srivastava 1999, Fox et al. 2000), the pos-
itive local/regional relationship does suggest that local
and regional diversity cannot be understood in isola-
tion. There are many examples of large variation in the
sizes of regional species pools despite apparently sim-
ilar environments, indicating strong historical effects:
mangrove floras (Ricklefs and Latham 1993), temper-
ate tree floras (Latham and Ricklefs 1993a) and med-
iterranean floras (Cowling et al. 1998), just to mention
a few plant examples. Therefore, we also compared the
regional pools of native plant species, as well as the

relationships between local and regional diversity, be-
tween continents. By doing so, we attempt to assess
whether or not local communities have converged or
diverged in numbers and trait group composition of
species (Cody and Mooney 1978, Orians and Paine
1983, Schluter and Ricklefs 1993, Westoby 1993). We
define convergence as occurring if local communities
are more similar (for example, in species richness) be-
tween regions than predicted from the regional species
pools, and divergence as occurring if local communities
are less similar than predicted from regional species
pools.

The value of large-scale comparisons depends on
how well the environments are matched (Orians 1987).
Although the regions we studied differ somewhat, e.g.,
in bedrock composition (Hjelmqvist 1953, Kulling
1953, Ritchie 1987) and in the continentality of the
climate (Hare and Thomas 1974, Raab and Vedin
1995), the studied rivers are all situated in the boreal
coniferous zone, with a cold-temperate climate (Walter
1985), and have similar water level regimes (Anony-
mous 1979, 1987, 1989, Rosenberg 1986, Nilsson et
al. 1993). Most comparisons made so far of local com-
munities situated on different continents consist of
compilations of data from various studies, each con-
ducted with different aims and varying methodology.
To minimize such differences we sampled all sites fol-
lowing a standardized sampling protocol by the same
field staff in both boreal North America and boreal
Europe. To our knowledge, this is the first interconti-
nental comparison made on the effects of a human in-
tervention on species diversity and composition in a
natural ecosystem, where all of the sites are sampled
in the same way. Our aims were to test for differences
between two biogeographically widely separated bo-
real regions (1) in the response of riparian-plant species
diversity and cover to river regulation, and (2) in local,
riparian floras along free-flowing rivers.

STUDY AREAS

In North America, we investigated free-flowing and
regulated river reaches in the headwaters of the North
and South Saskatchewan Rivers of the Nelson River
system, and in the upstream parts of the Peace and
Athabasca Rivers of the Mackenzie River system. We
chose 12 regulated river reaches. For each regulated
reach, we also chose a matching reach in a free-flowing
river, in the same river or a nearby one situated at a
similar altitude and with similar discharge. Each reach
was divided into six equally long sections, and we ran-
domly chose one of the six sections, and located one
study site in the middle of the section, giving a total
of 12 free-flowing and 12 regulated sites (six sites
downstream of dams, five in storage reservoirs, and
one in a run-of-river impoundment). All study sites
were situated in southwestern Alberta and in the Peace
River catchment of central-eastern British Columbia,
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TABLE 1. Geographic and climatic data for northern Sweden and Alberta, Canada.

Category
Northern
Sweden Alberta†

Area (km2)
Latitudinal extent (8N)
Altitudinal extent (m above sea level)
Mean daily January temperature (8C)‡
Mean daily July temperature (8C)‡
Mean annual runoff (mm)‡

239 443
618–698
0–2100

268 to 2168
88–158

300–1400

617 000
518–608

,300–3700
2108 to 222.58

12.58–178
5–1500

† Study area excludes the prairie-dominated area (;44 000 km2) south of a line drawn from
Mount Rae, near Calgary, and the point where the North Saskatchewan River crosses the
province border.

‡ Data from Raab and Vedin (1995) for northern Sweden, and Hare and Thomas (1974) for
Alberta.

FIG. 1. Comparison of seasonal variation in water flow
between two gauging stations along free-flowing rivers in
northern Sweden (Kukkolankoski upper, Torne River, mean
annual discharge 368 m3/s, drainage area 34 063 km2; Alberta,
Waitino, Smoky River, mean annual discharge 364 m3/s,
drainage area 50 300 km2). The stations were selected to have
similar mean annual discharge, to allow comparing typical
seasonal water flow variation between the study areas. Data
from Kukkolankoski upper, Torne River (658359 N, 248019 E)
are from 1911 to 1975 (Anonymous 1995), and data from
Waitino, Smoky River (558439 N, 1178379 W) are from 1915
to 1986 (Anonymous 1987).

Canada. There were 11 study sites in the Nelson River
system, and 13 in the Mackenzie River system.

We compared the North American study sites with
similar free-flowing and regulated river-margin sites in
northern Sweden, sampled previously (Nilsson et al.
1989, 1991, 1997, Jansson et al. 2000). We used a total
of 122 sites from four free-flowing rivers (Torne, Kalix,
Pite, and Vindel Rivers), and 61 sites (8 sites down-
stream of dams and 53 in storage reservoirs) from seven
regulated river systems (Lule, Skellefte, Ume, Ånger-
man, Indal, Ljusnan, and Ljungan Rivers). The popu-
lation of study sites from Alberta and British Columbia
are denoted ‘‘North American’’ and those from north-
ern Sweden ‘‘European,’’ not to imply that they are
representative for boreal rivers in those entire areas,
but to emphasize that they are situated on different
continents.

The study sites in North America lie between lati-
tudes 518 and 568 N. The upland vegetation along these

studied river sections ranges from montane coniferous
forest dominated by Pinus contorta, Picea glauca, and
P. engelmanni, to forests dominated by Populus tre-
muloides and Picea engelmanni on lower elevations
(Moss 1983, Ritchie 1987). The study sites in Europe
lie between latitudes 618 and 688 N. Here, the upland
vegetation along the rivers ranges from subalpine birch
forests dominated by Betula pubescens ssp. tortuosa,
to coniferous forests dominated by Pinus sylvestris and
Picea abies. Mean runoff, as well as daily temperatures
during January and July, are similar between the con-
tinents for most of the study areas, although parts of
the North American study area have a more continental
climate, with warmer summers, colder winters, and less
runoff (Table 1). The coordinates of the North Amer-
ican and European study sites are given in appendices
to this paper in the Ecological Archives.

The North American rivers flow from the eastern
slope of the Rocky Mountains (the Cordillera), to the
Interior Plains with bedrock composed of Cretaceous
sedimentary shales, siltstones, and sandstones (Ritchie
1987). The proportion of alkaline bedrock is high. On
the Interior Plains, tills from the last glaciation overlay
older tills, forming thick deposits together with exten-
sive glacio-lacustrine sediments (Ritchie 1987). The
European rivers flow from the Scandinavian mountain
range through a monadnock plain, to undulating hilly
land, flattening out into a narrow coastal plain (Rudberg
1970). Soils are dominated by glacial tills, until the
rivers start to cut into sandy–silty sediments 90–200
km from the coast. The bedrock of the Scandinavian
mountain range is complex and partly composed of
amphibolites, schists, and sparagmites (Kulling 1953).
The remaining area consists of the Baltic shield of Pre-
cambrian origin with acidic bedrock predominantly
composed of granite and gneiss (Hjelmqvist 1953).

In the free-flowing boreal rivers on both continents,
seasonal water level fluctuations are large, with the
highest levels attained during spring floods due to
snowmelt (Fig. 1; Rosenberg 1986, Nilsson et al. 1993).
During some years, ice jams may raise floodwater lev-
els farther in the northernmost rivers. Water levels then
recede during the growing season (Fig. 1). Develop-
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ment of boreal rivers for hydropower production has
resulted in the replacement of natural flow regimes with
four main regulated water level regimes. First, in the
high-capacity storage reservoirs of the upper reaches,
the water level is at its lowest in spring and is then
raised to reach its maximum in late summer. Second,
in the low-capacity, run-of-river impoundments that
provide water to hydropower stations, the water level
fluctuates daily or weekly between its statutory high
and low levels (in most cases 0.5–1 m stage change)
throughout the year. Third, there are reaches that are
not impounded by a dam downstream, but where up-
stream dams affect flow. These reaches maintain their
annual discharge, but water level fluctuations are often
reduced in height, although in many cases with a large-
ly natural rhythm. Fourth, in some sections of the riv-
ers, sometimes several kilometers long, the river chan-
nel is dry or has very low discharge because of un-
derground passage of water through tunnels and hy-
droelectric power stations.

Although the main water level regimes are similar
between the continents, the rivers differ in the config-
uration of dams, reservoirs, and power stations. The
studied North American regulated rivers are charac-
terized by long, unimpounded reaches downstream of
dams, but such reaches are uncommon in the studied
European rivers. Here, run-of-river impoundments are
consecutive along the middle and lower main-river
channels; tailwater reaches are scarce or absent. In
Sweden, the studied rivers are regulated for hydropow-
er, whereas river regulations in Alberta are also for
irrigation.

METHODS

To ensure that most riparian species present along a
reach were sampled, including the many rare ones, each
study site spanned a 200 m long strip of river margin
on one side of the river. We usually sampled the north-
ern, south-facing side, unless it was difficult to access
due to absence of roads (six sites in North America,
and three sites in Europe). In the free-flowing rivers,
each site spanned the entire area between the spring
flood high, i.e., the highest level attained at least once
every two years, and summer low levels. Water level
variations are quite similar among years. For example,
the coefficient of variation of peak discharge in the
free-flowing lower Vindel River (northern Sweden)
1961–1990 was 23%, indicating that high-water levels
are consistent among years. In most cases, the spring
high-water level was judged equivalent to the lower
end of continuous occurrences of flood intolerant spe-
cies such as Vaccinium myrtillus. Deposition of water
transported drift material, and erosion of sediment and
organic matter also helped determining the high-water
level. Upland vegetation is generally species poor com-
pared to riparian zones, making the exact delimitation
of the riparian zone less critical. In the regulated rivers,
we sampled a 200 m long area between the damming

and summer drawdown levels. The damming levels
vary little among years, and were identified in the same
way as the high-water level in the free-flowing rivers
(i.e., the level attained at least once every two years).
The level of summer drawdown was judged from water
level data, aided by identifying the lower end of scour-
ing from wave action.

At each site we recorded the presence of all vascular
plant species, irrespective of their size or life stage, by
thoroughly searching through the entire 200-m strip
between the high and low water levels. To minimize
error, two persons analyzed each site independently and
results were combined (Nilsson 1992). Inventorying
long strips of riparian zone (100 to 500 m long) is the
standard methodology in studies of species richness
patterns of shoreline vegetation (e.g., Nilsson et al.
1989, 1991, 1997, Hill and Keddy 1992, Décamps and
Tabacchi 1994, Planty-Tabacchi et al. 1996), because
most riparian-plant species are relatively rare and are
likely to be unrecorded if many small fixed-area plots
were sampled at each site. The area needed to record
most species present locally depends on successional
stage, the spatial heterogeneity of the riparian zones,
and the size of the species pool. Species accumulation
curves from northern Sweden showed that 200 m long
strips of river margin were sufficient to record most
species. Few additional species were recorded by sam-
pling more area (R. Jansson, unpublished data). Each
site was visited only once. The North American sites
were visited in August 1992, and the European ones
during July and August 1988–1993, except for a few
in the regulated Ume River that were visited in late
June. In these study areas, it is possible to record nearly
all species present by a single visit in late summer,
since the flora is largely dominated by perennial species
and since the short growing season lacks a spring aspect
with early-developing plants that are absent later in the
season (M. Dynesius, R. Jansson, M. E. Johansson, and
C. Nilsson, personal observations).

At each site, we also recorded the percentage cover
of herbs 1 dwarf shrubs (woody individuals ,0.25 m
high) and trees 1 shrubs (.0.25 m high), width and
height of the river margin, substrate fineness, substrate
heterogeneity, and the exposure to wave and flow ac-
tion. The percentage covers of the two vegetation layers
were estimated by eye independently by two persons;
final cover values were reached by consensus. Of
course, this method only gives rough estimates. We
measured bank width at 0, 50, 100, 150 and 200 m as
the horizontal distance between the highest and lowest
water levels attained during the growing season. Bank
height was measured as the vertical distance between
these two levels, using a rod and level. Bank area was
calculated as the length (200 m) multiplied by the av-
erage width. We determined percentage cover of the
following substrate types by eye: peat, clay, silt, sand,
gravel, pebbles, cobbles, boulders, and bedrock. Sub-
strate fineness was calculated according to Nilsson et
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al. (1989) by assigning values to each substrate class,
going from 29 for boulders, to 19 for clay, and then
calculating a mean of those values by weighing the
value for each substrate class by its percentage com-
position of the riverbank substrate. Peat and bedrock
were arbitrarily assigned the values 112 and 212, plac-
ing them marginal to clay and boulders, respectively.
This ranked substrates in terms of water-holding ca-
pacity from high to low. Substrate heterogeneity was
defined as the number of substrate types per site. We
estimated the scouring from waves and current by rank-
ing river stretches using a four-level qualitative scale:
(1) pools and river lakes with sheltered shores, (2)
slow-flowing stretches and river lakes with weakly
wave-exposed shores, (3) runs, and river lakes with
moderately exposed shores, and (4) riffles, and river
lakes with strongly exposed shores. Wave exposure was
estimated by the length of the fetch. When a site in-
cluded two or more categories, values were weighed
by the percentage of each type. The nomenclature and
taxonomy of species follow Mossberg et al. (1992) and
Moss (1983), although some taxa were treated collec-
tively because they belong to apomictic species com-
plexes, or because they were difficult to identify. If we
found that two species on the two continents were treat-
ed as conspecific by some authority after checking in
Moss (1983), Mossberg et al. (1992), or Krok and
Almquist (1994), we treated them as one taxon. For
full information on taxonomy and nomenclature, see
appendices to this paper in the Ecological Archives.
Voucher specimens are deposited in the UME herbar-
ium at Umeå University, Sweden.

Data analysis

Plant classifications.—We classified all species after
growth form into forbs 1 ferns 1 club mosses (in-
cluding Selaginellaceae) 1 horsetails; graminoids (i.e.,
Poaceae, Cyperaceae, and Juncaceae); and woody spe-
cies. We also classified all species as being evergreen
or not, following Mossberg et al. (1992) and Moss
(1983). The woody species were further divided into
tree species (maximum height .5 m) vs. shrubs and
dwarf shrub species (maximum height ,5 m). Data on
plant height were taken from Moss (1983) and Moss-
berg et al. (1992). Moreover, all species were classified
after life span into perennial species vs. annual 1 bi-
ennial species (following Lid [1987] and Moss [1983]),
and after their geographic origin into native species or
exotic species (i.e., introduced from another continent).
A few species that may be both biennial and perennial
were classified as annual 1 biennial.

Comparability of riparian zones between the conti-
nents.—Since our aim was to compare patterns in spe-
cies richness and composition between the continents,
we wanted to know whether there were differences in
the riparian environments that would lead to differ-
ences in riparian species richness per site between the
regions. Therefore, we performed a stepwise multiple

regression analysis of the relationship between the
number of plant species per riparian site and the en-
vironmental variables sampled for the European sites
along free-flowing rivers (122 sites). The predictor var-
iables were area, exposure to wave and flow action,
and substrate heterogeneity and fineness. Since a plot
of species richness vs. substrate fineness indicated a
hump-shaped relationship, we also included the square
of substrate fineness as a predictor variable. Area was
log10-transformed prior to analysis to make the rela-
tionship with species richness linear. Then we used the
regression model obtained to calculate the predicted
species richness per site for the North American sites
along free-flowing river reaches (12 sites), and com-
pared the mean of those predicted values with the ob-
served species richness for sites on both continents.
The more similar these values, the less reason to expect
that differences in these environmental variables cause
differences in species richness between the study sites
on the two continents, under the null hypothesis that
the assemblages of species respond similarly to envi-
ronmental variation.

Riparian zones along free-flowing rivers.—We tested
for differences between the continents in riparian-plant
taxon richness along free-flowing rivers. We compared
the mean number of species, genera, and families (both
including and excluding exotics) per site between Eu-
rope and North America, using two-tailed t tests. The
taxonomy for genera and families follows Krok and
Almquist (1994) and Moss (1983), since their treatment
of genera and families is very similar. We also tested
for differences in the number of species per site in the
different groups of species defined above, and in the
vegetation cover, using two-tailed t tests. We also cal-
culated the mean similarity (Jaccard’s index) per site
in the composition of species, genera, and families be-
tween the free-flowing sites within and between the
continents. Jaccard’s index is the ratio of species found
in both samples to the total number of species found
in either of the samples. Jaccard’s index is sensitive to
differences in species richness between samples, but is
suitable here, since such differences were small.

For each region, we estimated the proportion of the
species in the regional native plant species pool (see
next section) that were found on any of the river-margin
sites along free-flowing rivers. As a simple measure of
the overlap between the riparian flora of one region
and the total regional flora of the other, we counted the
proportion of species, genera, and families found on
all the riparian sites along free-flowing rivers combined
in one region, that were present in the regional native
species pool of the other.

Native plant species pools.—Whether or not local
species numbers have converged can only be evaluated
in relation to the regional assemblage of species from
which the species occurring locally are drawn (Schluter
and Ricklefs 1993). The size of the species pool avail-
able for colonization of a local site is dependent on the
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colonization ability and habitat requirements of spe-
cies, and thus dependent on scale in both space and
time (Eriksson 1993, Zobel 1997). The propagules ar-
riving at a specific site are likely to be composed of
more species drawn from an increasingly larger area
the longer the time frame considered. We addressed the
problem of spatial scale by calculating species-area
curves of the form

log S 5 z 3 log A 1 log c

where S is the number of species, A the area, and z and
c are constants, for both northern Sweden and Alberta,
spanning areas from a few square meters of riparian
land to the entire region. All riparian sites included in
these analyses were from free-flowing rivers. Then, we
tested whether the species–area relationship differed
between the continents using univariate analysis of co-
variance (ANCOVA) of species richness with area as
a covariate and continent as a factor. We tested for
differences in the species–area relationship between the
continents for native species, tree species, and shrub
and dwarf shrub species.

We constructed the species–area curve for northern
Sweden using small-scale data on riparian plant-species
numbers from the free-flowing Vindel River, spanning
shore sections from 0.5 to 1000 m long (n 5 66; R.
Jansson, unpublished data). Furthermore, we compiled
large-scale data from published records of plant species
numbers in specific areas (e.g., parishes and provinces)
of northern Sweden (n 5 14; Ericsson 1982, 1984,
Mascher 1990, Danielsson 1994). Finally, we counted
the total number of plant species occurring in northern
Sweden (i.e., the provinces Härjedalen and Hälsing-
land, and all provinces north of these, covering 239 000
km2) according to distribution maps in Mossberg et al.
(1992). Since a large proportion of the plant species in
the boreal zone are found in riparian zones at least
occasionally, we did not filter the species lists to ex-
clude some species (Zobel 1997), with the exceptions
mentioned below. Since we only wanted to quantify
the native species pool from which species colonizing
riparian zones in boreal forests are drawn, we excluded
species exclusively occurring in marine coastal habitats
(n 5 37). Moreover, we always excluded exotic and
nonresidential species, not because they do not con-
tribute to the species pool, but because it is virtually
impossible to estimate their true numbers. We also ex-
cluded planted and extinct species. Species–area data
from Alberta were scarcer. We used the sites sampled
along free-flowing rivers in the present study. We also
counted the total number of species occurring in Al-
berta according to Moss (1983). We excluded the grass-
land-dominated southeastern part of Alberta (i.e., to
the south of a line drawn from Mount Rae, near Cal-
gary, and the point where the North Saskatchewan Riv-
er crosses the province border), thus excluding species
occurring exclusively in this part (n 5 67) for the same
reason that we excluded coastal marine species. We

wanted to quantify the species pool from which species
colonizing riparian zones in boreal forests are drawn.
Thus, the area covered by the species pool study in
North America was 617 000 km2. As for the studies in
Sweden, we excluded exotic, nonresidential, planted,
and extinct species. For both regional floras, we cal-
culated the number of species belonging to different
trait groups. We also counted how many species, gen-
era, and families the regional native species pools had
in common. If there were systematic differences be-
tween continents in how species are delimited, this
would bias intercontinental comparisons. Although
species tend to be more narrowly defined in some Eu-
ropean countries compared to North America, this is
not the tradition of Scandinavian botanists. Moreover,
botanists working with boreal floras often have good
knowledge about other boreal floras and of distribution
patterns of boreal taxa, reducing the risk for systematic
differences in species delimitations. In cases where
species were shared between the study areas, they were
delimited in the same way in most cases.

Response to flow regulation.—We compared the re-
sponse of local, riparian plant-species numbers (in-
cluding and excluding exotics) and their cover (herbs
1 dwarf shrubs and trees 1 shrubs) to flow regulation
between Europe and North America by performing
two-way fixed-effects ANOVAs with continent (Eu-
rope vs. North America) and the type of water-level
regime (free-flowing reaches, storage reservoirs, and
reaches downstream of dams) as factors.

We also quantified the degree of convergence or par-
allel evolution in the number of riparian plant-species
(including exotics) by estimating the fraction of vari-
ance explained by the type of water level regime (free-
flowing reaches, storage reservoirs, and reaches down-
stream of dams) relative to the total variance. We also
estimated the fraction of variance explained by the con-
tinental affiliation of a site, exactly following the meth-
odology of Schluter and Ricklefs (1993). Variation
among sites in species numbers were partitioned into
the following components:

2 2 2 2 2s 5 s 1 s 1 s 1 stotal habitat region,main habitat3region error

where is the portion of total variance attributable2shabitat

to the effects of habitat (type of water level regime),
is the main effect of region on riparian species2sregion,main

numbers, and is the interaction between hab-2shabitat3region

itat and region. Then we estimated the variance com-
ponents (V) with the minimum norm quadratic unbiased
method. The regional component was calculated as the
sum of the main effect of region and the habitat/region
interaction, divided by the total variance. To adjust for
the fact that both habitat and region were fixed factors
but were analyzed as random ones, the components
were multiplied with (x 2 1)/x, where x is the number
of groups per factor, i.e., x 5 3 for the habitat com-
ponent and x 5 2 for the regional component (Schluter
and Ricklefs 1993).
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FIG. 2. The floristic similarity decreases
with the distance between 200 m long river mar-
gin sites. The graph shows the relationship be-
tween Simpson’s index of similarity (the pro-
portion of the species in the more species-poor
sample also present in the other sample) and the
distance between sites, for comparisons be-
tween free-flowing sites (solid circles) and com-
parisons between storage reservoirs and free-
flowing sites (open circles), all situated in north-
ern Sweden. The regression line is based on
comparisons between free-flowing sites only
and was used as a null model to evaluate dif-
ferences in species composition between regu-
lated and free-flowing sites.

We also asked if there were intercontinental differ-
ences in how much the species composition had
changed following river regulation. We did this by as-
sessing how much species composition (including ex-
otics) differed between free-flowing and regulated riv-
ers. To estimate the difference in species composition
that is unrelated to differences in species richness
(which were large for some comparisons), we calcu-
lated the floristic similarity among sites using Simp-
son’s index. This index is the proportion of species in
the more species-poor sample that also occur in the
other sample in the comparison. Thus, it does not in-
corporate differences due to differences in species rich-
ness as most other indices, such as Jaccard’s index, do.
Because close-lying sites are more similar than distant
ones (Nekola and White 1999), we factored out vari-
ation in similarity caused by varying distances among
sites by the following method. First, we constructed a
null model by estimating the relationship between sim-
ilarity and distance between sites by linear regression,
using only data from free-flowing rivers (Fig. 2). Sep-
arate null models were constructed for the North Amer-
ican and European data. Second, we calculated the sim-
ilarity between all regulated and all free-flowing sites.
Third, we calculated the difference between these ob-
served similarity values and the similarity values ex-
pected from the null model. This resulted in many dif-
ference values for each regulated site (12 in Canada,
20 in Sweden). To ensure statistical independence of
values, we used the average of these deviation values
per regulated site for all statistical tests. We tested
whether the mean of these mean deviates differed sta-
tistically from zero, which would imply that the reg-
ulated sites were more or less different in species com-
position from the free-flowing sites than expected from
the null model, using one-sample t tests (two-tailed
probability). Finally, we tested for differences between
the continents in how much the regulated river-margins
deviated in similarity from free-flowing ones, using
two-tailed t tests. For the similarity tests, we used all

sites sampled in North America (five storage reservoirs,
six reaches downstream of dams, and 12 free-flowing
sites), and created a matching European dataset by se-
lecting all storage reservoirs (15 sites) and reaches
downstream of dams (seven sites) sampled for a pre-
vious study (Jansson et al. 2000), and then selected the
closest free-flowing river-margin site in the same data
set for each regulated one (20 sites).

We also compared the mean number of native and
exotic species per site among river margins in North
America, subject to different types of water-level re-
gime (free-flowing reaches, storage reservoirs, and
reaches downstream of dams), using one-way ANO-
VAs. Furthermore, we calculated the correlation be-
tween the numbers of exotic and native species per site,
using Pearson’s product-moment correlation, and the
correlation between the number of exotics per site and
the environmental variables, using Spearman rank-or-
der correlation.

For all analyses of species richness, we calculated
an area-weighted value of species richness to account
for differences in sample area due to differences in the
widths of river margins. We did this by dividing the
number of species for each site by the log10 of area
sampled. These area-weighted values are not reported
in the results, since they always gave similar results as
when using unweighted species counts.

For all the statistical tests we used the computer
program SPSS version 9.0 and 10.0 (SPSS 2000). To
assess the risk of committing Type II errors, we cal-
culated the powers of the statistical tests, using PASS
version 6.0 (NCSS 1997).

RESULTS

Riparian zones along free-flowing rivers

The North American study sites were on average
wider (leading to larger areas), had higher bank ele-
vation, were more exposed to wave and flow distur-
bance, and had more fine-grained and heterogeneous



180 MATS DYNESIUS ET AL. Ecological Applications
Vol. 14, No. 1

TABLE 2. Environmental variables compared between river margins along free-flowing rivers in Europe (northern Sweden)
and North America (Alberta and British Columbia).

Category

Europe (122 sites)

Mean 1 SD Range

North America (12 sites)

Mean 1 SD Range

Bank area (m2)
Bank height (m)
Exposure
Substrate fineness
Substrate heterogeneity

4500
2.0
2.6
1.9
3.8

5050
0.96
0.75
5.73
1.60

430–31 700
0.4–4.9

1–4
210.0–11.7

1–7

5790
2.8
3.2
4.8
5.1

6050
2.73
1.01
1.42
1.93

1160–23 400
1.3–9.9

2–4
2.8–6.4

2–8

FIG. 3. The mean number of species, genera, and families
on 200 m long sections of river margin along free-flowing
rivers compared between Europe (northern Sweden, 122 sites)
and North America (Alberta and British Columbia in Canada,
12 sites). P values are from two-tailed t tests of native taxa.
Error bars denote 61 SE for mean number of native species.

soils (Table 2). The ranges of values of the variables
mostly overlapped between continents, but substrate
fineness ranged wider on the European study sites, and
the North American site with the highest bank elevation
was twice the height of the highest European one (Table
2). According to stepwise multiple regression, the spe-
cies richness of the free-flowing European sites varied
with the environmental variables as described by the
following equation:

2S 5 2.4 1 23.3 log A 2 0.11F 1 1.9H

where S is the number of species, A the sample area,
F 2 the square of substrate fineness, and H is substrate
heterogeneity ( 5 0.32, P , 0.0001). The mean2Radj

predicted number of species per site for the free-flow-
ing North American sites using this equation was 93.0
species (95% mean predicted confidence interval:
88.0–98.0 species). This exceeds the mean observed
for the European sites by 6.5 species, but is less than
the minimum detectable difference between the con-
tinents (14.4 species) given sample size and variance,
according to power analysis. The mean number of spe-
cies per North American site predicted by the equation
differed from the observed mean species richness by
only an average of 0.9 species if exotics are included,
and by 7.6 species for native species only.

The mean number of species and genera (including
exotics) per free-flowing river-margin site did not differ

significantly between continents (P 5 0.11, and P 5
0.13, respectively), but the mean number of families
was higher in Europe (P , 0.001, two-tailed t tests;
Fig. 3). The mean number of native species and genera
per free-flowing river-margin site did not differ sig-
nificantly between continents (P 5 0.61 and P 5 0.95,
two-tailed t tests; Fig. 3). We found no exotic species
on the 122 sites along free-flowing rivers in northern
Sweden, while there were on average 6.4 (range 0–15)
exotics per free-flowing site in North America (Table
3). The mean number of woody species per site was
higher in North America (P , 0.001), but the other
groups of species did not differ significantly between
continents (P . 0.05, Bonferroni corrected two-tailed
t tests, Table 3). When dividing the woody species into
tree species (maximum height . 5 m) and shrub 1
dwarf shrub species (,5 m), the difference between
continents remained significant only for shrubs 1
dwarf shrubs (P , 0.001, two-tailed t test, Table 3).
Neither the percentage cover of trees and shrubs, nor
the percentage cover of herbs and dwarf shrubs differed
significantly between free-flowing riparian zones on the
two continents (P . 0.40, two-tailed t tests, Table 3).

A large proportion of the species in the native species
pools were also found on the studied river-margin sites.
On 122 sites along free-flowing rivers in northern Swe-
den (combined area 54.6 ha), we found 40% of the
species, 49% of the genera, and 69% of the families
in the native species pool of northern Sweden. Many
riparian taxa occurred in both regions. Forty-nine per-
cent of the species, 77% of the genera, and 95% of the
families that we found on all the free-flowing river-
margin sites in northern Sweden combined, were also
found in the native species pool of Alberta. Sixty-two
percent of the species, 77% of the genera, and 94% of
the families found on the free-flowing river-margin
sites in North America combined (excluding exotics)
were also present in the native species pool of northern
Sweden. Note that these proportions are not compa-
rable between continents; the regional native species
pool of Alberta contained more species because it was
sampled from an area more than twice the size of north-
ern Sweden. The mean Jaccard similarity between free-
flowing sites in Europe and North America was s 5
0.06 for species, s 5 0.22 for genera, and s 5 0.50 for
families. This is to be compared with the mean Jaccard
similarities among the European free-flowing sites,
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TABLE 3. To test for differences in the composition of riparian floras, plant cover and the number of species per site in
different groups were compared between river margins along free-flowing rivers in Europe (northern Sweden) and North
America (Alberta and British Columbia).

Category

Mean 6 1 SE

Europe
(122 sites)

North America
(12 sites) P§

Mean
difference

(% of
European

mean)

Minimum
detectable

difference\ (%
of European

mean)

Plant cover (%)
Trees and shrubs†
Herbs and dwarf shrubs‡

39 6 4.0
55 6 3.0

45 6 5.4
55 6 5.0

0.40
0.96

15
0

49
29

Geographical origin of species
Exotic species
Native species

0.0 6 0.00
86.5 6 1.52

6.4 6 1.54
85.4 6 3.95

,0.0001
0.61

···
1

···
14

Growth form
Forbs, ferns, club mosses and horsetails

(excluding exotics)
Graminoids

(excluding exotics)
Woody species

Tree species (maximum height .5 m)
Shrub and dwarf shrub species (,5 m)

Evergreen species

48.2 6 1.04

22.8 6 0.52

15.6 6 0.32
5.8 6 0.19
9.8 6 0.29
9.3 6 0.33

49.8 6 2.86
(44.8 6 2.16)
22.3 6 1.84

(20.8 6 1.659)
19.7 6 0.91

5.3 6 0.57
14.3 6 0.64

6.7 6 0.81

0.63
0.33
0.74
0.25
0.00019
0.45

,0.0001
0.017¶

3
7
2
9

26
9

46
28

18
14
24
21
17
11
20
27

Life span
Perennial species

(excluding exotics)
Annuals and biennial species

(excluding exotics)

81.7 6 1.40

4.5 6 0.25

83.5 6 4.20
(79.3 6 3.73)

7.8 6 1.92
(5.9 6 1.38)

0.70
0.61
0.11
0.11

2
3

70
31

16
14

120
80

Notes: For growth form and life span, values excluding exotic species are given, if different. Significant (P , 0.05) P
values are boldfaced.

† Data from 35 European sites.
‡ Data from 80 European sites.
§ Results from t tests, two-tailed probability.
\ The smallest difference in mean values detectable by the test according to power analysis, given the sample size and

variance, and assuming normal distribution.
¶ Not significant at a 5 0.05 when the Type I error rate was adjusted for the number of tests, using sequential Bonferroni

tests, i.e., a sequential procedure (Holm 1979) of the Dunn-Šidák method (Sokal and Rohlf 1995).

FIG. 4. The relationship between native plant species
numbers and area (log10 values, based on areas in square
meters) for local riparian floras along free-flowing rivers, and
for regional floras. Data are from northern Sweden (local data
from Vindel River, n 5 81) and Alberta and British Columbia
(n 5 13). The lines are linear least-squares regressions with
95% confidence bands. Inset: the results of a univariate AN-
COVA (F and P values), where the effect of area was sig-
nificant, but continental affiliation (Europe vs. North Amer-
ica) was not.

which were s 5 0.37 for species, s 5 0.50 for genera,
and s 5 0.64 for families.

Plant species pools

The relationships between the number of native plant
species and area for Europe vs. North America did not
differ significantly from each other according to uni-
variate ANCOVA (P 5 0.12, Fig. 4). We counted 1191
plant species in Alberta (Table 4). The predicted num-
ber of species in Alberta from the northern Swedish
species–area equation was 1060 species (95% confi-
dence interval: 751–1495 species). Thus, we cannot
refute the null hypothesis that the regional plant species
pools did not differ in size between the continents.

The native species pools of Alberta and northern
Sweden shared few species but many genera and fam-
ilies. The species pools shared 320 species, 224 genera,
and 80 families, which is 27% of the species, 59% of
the genera, and 83% of the families in Alberta (Table
4). The proportions of species grouped after growth
form and life span were similar between the regional
floras (Table 4). However, as for the river-margin sites,
there were more woody species in Alberta compared
to northern Sweden (138 species or 12% of the flora,
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TABLE 4. Numbers of species, genera, and families, as well as the numbers and proportions of species classified according
to growth form and life span, in the native vascular-plant species pools of northern Sweden and Alberta (excluding the
southeastern part dominated by prairies). Exotic, nonresidential, planted, and extinct species are excluded.

Category

Northern Sweden

No.
Proportion

(%)

Alberta

No.
Proportion

(%) Predicted‡

Number of taxa
shared between

floras

Proportion
shared taxa

(% of Alberta)

Total number of taxa
Species
Genera
Families

910
366

93

1191
380

96

1060 320
224

80

27
59
83

Growth form
Forb, fern, club moss,

and horsetail species
Graminoid species
Woody species

Tree species
(maximum height
.5 m)

Shrub and dwarf
shrub species
(,5 m)

Evergreen species

624

208
77
16

61

52

68

23
9
2

7

6

782

271
138

28

110

68

66

23
12

2

9

6

94
18

58

206

86
27

1

27

33

26

32
20

4

25

49

Life span
Perennial species
Annuals and biennial

species

755
155

83
17

1037†
142†

88
12

293
27

32
19

† Of the 1191 species classified.
‡ The predicted number of species in Alberta from species–area equation using data derived from Northern Sweden.

FIG. 5. The relationship between the number of shrub and
dwarf shrub species and area (log10 values, based on areas in
square meters) for local riparian floras along free-flowing
rivers, and regional floras. Data are from northern Sweden (n
5 47) and Alberta and British Columbia (n 5 13). The lines
are linear least-squares regressions with 95% confidence
bands. Inset: the results of a univariate ANCOVA (F and P
values), where the effects of both area and the continental
affiliation (Europe vs. North America) were significant. Only
sites $10 m2 were included, because individual plants are so
large that only a few can occur in plots below this size,
causing nonlinearity of the curve (Rosenzweig 1995).

compared to 77 species or 8% in northern Sweden).
There were 94 woody species predicted in Alberta from
the northern Swedish species–area equation (95% con-
fidence interval: 43–203 species). The number of shrub
1 dwarf shrub species (maximum height ,5 m) was
110 species or 9% in Alberta vs. 61 species or 7% in

northern Sweden. This difference was reflected in a
difference in the relationship between the number of
shrub 1 dwarf shrub species and area between the con-
tinents: The North American regression line had higher
elevation (P , 0.0001, univariate ANCOVA, Fig. 5).
There were 58 shrub 1 dwarf shrub species predicted
in Alberta from the northern Swedish species–area
equation (95% confidence interval: 45–76 species).
Moreover, there were more tree species (maximum
height .5 m) in Alberta compared to northern Sweden:
We counted 28 tree species in Alberta, compared to 16
species in northern Sweden. There were 18 tree species
predicted in Alberta from the northern Swedish spe-
cies–area equation (95% confidence interval: 13–25
species).

Response to flow regulation

The riparian floras did not differ significantly in their
response to flow regulation between the continents. The
type of water level regime had a major impact on ri-
parian plant-species richness, but the effect of continent
and the interaction between water level regime and
continent were not significant, according to two-way
fixed-effects ANOVA (Fig. 6A, Table 5). Species rich-
ness (including exotics) on margins along storage res-
ervoirs was significantly lower than along free-flowing
rivers and reaches downstream of dams (P , 0.0001
and P 5 0.001, respectively), but the free-flowing riv-
ers and reaches downstream of dams did not differ
significantly from each other (P 5 0.47), according to
multiple comparisons (Tukey’s tests). The qualitative
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FIG. 6. Comparison of (A) the mean number of plant spe-
cies, (B) percentage cover of herbs and dwarf shrubs, and (C)
percentage cover of trees and shrubs, between 200 m long
river margins subject to different water level regimes in Eu-
rope (northern Sweden) and North America (Alberta and Brit-
ish Columbia). There was no significant effect of region (Eu-
rope vs. North America) on any of these three parameters.
Error bars denote 61 SE for mean values (including exotics).
Pairs of bars with different superscripts are significantly dif-
ferent between types of water level regime (P , 0.05, Tukey’s
tests). There were 122 free-flowing sites, 8 unimpounded
reaches downstream of dams, and 53 storage reservoirs from
northern Sweden. The corresponding number of sites from
Alberta and British Columbia were 12, 6, and 5, respectively.

results remained the same if exotics were excluded.
The percentage cover of herbs 1 dwarf shrubs and trees
1 shrubs differed between types of water-level regime,
but the effect of continent and the interaction between
continent and water-level regime were not significant,

according to two-way fixed-effects ANOVAs (Fig. 5B,
C, Table 5). All three types of water-level regime dif-
fered significantly from each other, with the highest
percentage cover on margins along free-flowing rivers,
lower on margins along reaches downstream of dams,
and lowest on margins along storage reservoirs (P ,
0.05, Tukey’s tests).

The index of convergence in the number of riparian
plant-species (including exotics) subject to the three
types of water-level regime was IC 5 0.33, while the
index for the importance of regional affiliation was IR

5 0. Thus, none of the variance in riparian species
numbers was statistically explained by the continental
affiliation of a riparian site.

Neither the European nor the North American stor-
age reservoirs differed more in riparian plant-species
composition (Simpson’s index of similarity) from free-
flowing sites, compared to what was expected from the
null models (P 5 0.21 and P 5 0.85, one-sample t
tests, Fig. 7). Neither did the European reaches down-
stream of dams (P 5 0.052), but the North American
ones were significantly more similar to free-flowing
sites than the free-flowing sites were among themselves
(P 5 0.010, one-sample t test, two-tailed probability,
Fig. 7). We found no significant difference between the
continents in how much the storage reservoirs deviated
in species composition from free-flowing sites (P 5
0.70, two-tailed t test, Fig. 7). In contrast, the North
American reaches downstream of dams were signifi-
cantly more similar to the free-flowing sites than the
European ones (P 5 0.001, two-tailed t test, Fig. 7).

When comparing plant-species richness among
North American riparian zones subject to different
types of water-level regime, storage reservoirs had few-
er native species per site compared to free-flowing sites
(P , 0.05, Tukey’s test) , while sites along free-flowing
reaches and reaches downstream of dams did not differ
significantly from each other (P . 0.05, Tukey’s test;
F2,20 5 5.1, P 5 0.016, one-way ANOVA). The number
of exotic species did not differ significantly between
types of water-level regime (F2,20 5 1.5, P 5 0.25, one-
way ANOVA). There were 9.7 6 2.8 exotic species
per site (mean 6 1 SE) along unimpounded reaches
downstream of dams (11% of the total number of spe-
cies per site), 3.8 6 2.2 species per site along storage
reservoirs (7%) and 6.4 6 1.5 species per site along
free-flowing rivers (7%). Of a total of 405 species re-
corded on 24 North American river-margin sites (12
free-flowing and 12 regulated), 35 species or 9% were
exotics. The exotics were all herbs or graminoids. The
number of native and exotic species per site did not
covary significantly (r 5 0.17, P 5 0.42, Pearson’s
product-moment correlation). The more coarse-grained
and more heterogeneous the substrate composition of
riparian soils, the more exotic species there were (r 5
20.53, P 5 0.0074, and r 5 0.43, P 5 0.037, respec-
tively; Spearman rank-order correlation). Substrate
fineness and heterogeneity were negatively correlated,
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TABLE 5. Results of two-way fixed-effects ANOVAs on the total number of plant species
(including exotics), herb 1 dwarf shrub cover, and tree 1 shrub cover, for river-margin sites
subject to different types of water-level regime and situated on different continents (Europe
and North America).

Source of variation
Sums of
squares df

Mean
squares F P†

Number of species
Water-level regime
Continent (Europe or North America)
Interaction
Error

11 990.8
188.6
331.6

74 123.4

2
1
2

200

5995.4
188.6
165.8
370.6

16.18
0.51
0.45

,0.0001
0.48
0.64

Herb and dwarf shrub cover‡
Water-level regime
Continent (Europe or North America)
Interaction
Error

29 503.0
166.8
364.8

78 037.7

2
1
2

158

14 751.5
166.8
182.4
493.9

29.87
0.34
0.37

,0.0001
0.56
0.69

Tree and shrub cover§
Water-level regime
Continent (Europe or North America)
Interaction
Error

19 063.9
147.1
108.2

36 858.9

2
1
2

113

9 532.0
147.1
108.2
370.6

29.22
0.45
0.17

,0.0001
0.50
0.85

† Values where P , 0.05 are boldfaced.
‡ Data from 35 European sites.
§ Data from 80 European sites.

FIG. 7. Mean difference between the actual similarity
(Simpson’s index) in species composition between regulated
and free-flowing sites and the expected similarity based on
the distance between sites (Fig. 2). Ninety-five percent con-
fidence limits of one-sample t tests of whether bars deviate
from zero are inset on the bars as vertical lines. The storage
reservoirs sampled in North America and Europe, as well as
the reaches downstream of dams in Europe, did not differ
significantly more in species composition from free-flowing
river-margins than the free-flowing sites did among them-
selves (one-sample t tests, two-tailed probability). In contrast,
reaches downstream of dams in North America were more
similar to free-flowing ones than expected from the similar-
ity–distance null model (Fig. 2). The European reaches down-
stream of dams deviated significantly more from predicted
similarity values compared to the North American ones (P 5
0.0009), but there was no significant difference between Eu-
rope and North America for the storage reservoirs (P 5 0.75,
two-tailed t tests). Bars are mean differences between ob-
served and expected pairwise similarities among 15 storage
reservoirs and seven reaches downstream of dams from Swe-
den, and five storage reservoirs and six reaches downstream
of dams from Canada.

the coarser grained soils being more heterogeneous (r
5 20.73, P , 0.0001, Spearman rank-order correla-
tion).

DISCUSSION

Intercontinental comparisons of responses
to flow regulation

The similarity in the response to hydroelectric de-
velopment suggests that the riparian plant communities
on the two continents differed little in their sensitivity
to flow regulation. The reason for this similarity is
probably that the riparian floras of the two regions are
composed of species with similar traits, which made
them respond to river regulation in a similar way. The
index of convergence in the number of riparian species
subject to the three types of water level regime was IC

5 0.33, which is close to the average of values (mean
IC 5 0.34, range 0.11–0.78, n 5 12) for comparisons
between local sites in different habitat types (Schluter
and Ricklefs 1993). In contrast, the mean of the indices
of the importance for regional affiliation in the studies
reviewed by Schluter and Ricklefs (1993) was IR 5
0.36 (range 0–0.83, n 5 12), which is to be compared
to IR 5 0 in our study.

Were the study sites on the two continents compa-
rable? The average difference between the North Amer-
ican species richness predicted from the European en-
vironmental factor regression and the observed Euro-
pean species richness was only 6.5 species (less than
the minimum detectable difference given sample size
and variance). This suggests that there were no large
biases in riparian environments that could cause large
differences in species richness between the two con-
tinents. The fact that the predicted species richness per
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North American site was on average only 0.9 species
away from the observed number of species, suggests
that the boreal riparian species respond to variation in
the environmental variables in the equation in the same
way on both continents. However, the species richness/
environment equation left a lot of variance in European
species richness unexplained ( 5 0.32).2Radj

The contrasts between types of water level regime
were similar between continents (Fig. 6, Table 5), and
are identical to the findings from a comparison of eight
rivers in northern Sweden; riparian plant-species num-
bers were impoverished along storage reservoirs, while
reaches downstream of dams did not differ significantly
in richness from free-flowing rivers (Jansson et al.
2000). Margins along storage reservoirs are stressful
habitats for plants (Jansson et al. 2000). Water levels
are often raised at dam closure, and new shorelines are
formed in previous uplands (Nilsson et al. 1997). The
new margins have unstable and easily eroded soils, and
most plant species that will grow there must recolonize
after the onset of regulation. In addition, the artificial
water level regime exerts stress and disturbance on ri-
parian plants. In the studied storage reservoirs, water
levels are low early in the growing season and then
continually raised, flooding the entire riparian zone for
the rest of the season, a situation to which there is no
natural analog in the boreal zone. Consequently, there
are no species specifically adapted to this, and the veg-
etation is mostly constrained to a narrow belt close to
the high-water level. Exceptions are scattered individ-
uals of rapidly reproducing annual species that develop
early in the season before the reservoir is filled (Nilsson
and Keddy 1988), and a few stress-tolerating perennial
species, such as Ranunculus reptans, primarily growing
where fine-grained soils remain.

Margins along reaches downstream of dams have
diversities comparable to those of free-flowing river
reaches (Fig. 6), even though water level variation may
be large and frequent. This is probably because water
level fluctuations may have a largely natural seasonal
rhythm, although often highly variable in the short
term, and because the riparian zones generally remain
within their preregulation limits. The latter is impor-
tant, given the erosion proneness and impoverished flo-
ra of new river margins during the first decades fol-
lowing dam closure (Jansson et al. 2000). The fact that
riparian-plant species richness along reaches down-
stream of dams differed little from free-flowing ones
suggest that species richness is not the most sensitive
indicator of effects of flow regulation. However, in pre-
vious studies (e.g., Nilsson et al. 1991, Jansson et al.
2000) we have documented large differences in species
richness among types of water-level regime, and the
aim of this study was to test whether those results were
valid when comparisons were extended to another bio-
geographic region. Although not documented in this
study, changes in riparian vegetation along unimpound-
ed reaches downstream of dams may still be large,

including major geomorphic adjustments followed by
successional replacements of plant communities (Ligon
et al. 1995, Friedman et al. 1998, Johnson 1998),
changes in riparian water tables (Patten 1998), changes
in the extent of the riparian zone (Gill 1973), and in-
vasion of exotic species (de Waal et al. 1994, Taylor
et al. 1999).

The regulated sites were equally or more similar in
species composition to free-flowing sites, compared to
what was expected based on the distance between them
(Fig. 7). This suggests that the regulated sites were
composed of more or less the same species as nearby
free-flowing rivers on both continents, although sites
along storage reservoirs were more species poor. This
also suggests that there was no substantial turnover in
species composition following regulation, although
turnover in infrequent species would not be detected
by our method of comparing similarities. However, a
regulated and a parallel free-flowing river in northern
Sweden contained similar sets of riparian plant species,
although most species had fewer occurrences in the
regulated one (Nilsson et al. 1991). Apparently, few
species have been able to take advantage of the altered
environmental conditions and invade following regu-
lation. The riparian flora is already a filtered subset of
the species pool. To survive on regulated river-margins,
plants must tolerate recurrent flooding and draining,
making it likely that they were already present in some
riparian zones before onset of regulation.

The reason why sites along reaches downstream of
dams in North America were more similar in species
composition to the free-flowing sites than predicted
from the null model (Fig. 7) might be that rare, infre-
quent species were preferentially lost following regu-
lation at the spatial scale studied (although the mean
species richness was not significantly lower). If so, the
reaches downstream of dams would primarily be com-
posed of species that are present on most free-flowing
and regulated sites, producing high similarity indices
in comparisons between sites. However, limitations in
the sample size do not allow us to test this hypothesis.
The intercept for the relationship between floristic sim-
ilarity and distance between sites in Fig. 2 is at an index
of 0.77. This value matches the similarity between ad-
jacent plots well, which is lower than 1.0 (R. Jansson,
unpublished data), due to spatial heterogeneity in spe-
cies composition and many infrequent species.

The fact that different river systems are developed
for hydroelectric purposes by different methods may
lead to different regional effects on the riparian flora.
Few high-capacity dams interrupted by long, unim-
pounded reaches, as in western Canada, result in rivers
in which high proportions of the riparian zones retain
relatively rich riparian floras. Situations with many
dams, forming chains of consecutive impoundments,
as in northern Sweden, result in high proportions of
the river’s riparian zones having an impoverished ri-
parian flora.
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Intercontinental comparisons of local riparian-plant
and regional diversity

We found examples of both convergence and diver-
gence in local community composition between the
continents, but the most striking result was the high
degree of parallelism. Parallelism refers to situations
where the composition of both local communities and
regional species pools are similar between continents.
Numbers of species and genera as well as the trait group
composition of species were similar between the con-
tinents at both local riparian and regional scales (Tables
2, 3, and Fig. 3). Moreover, the species–area relation-
ship for native species was similar between the con-
tinents (Fig. 4). Westoby (1993) considered cases of
similar-sized regional species pools to be mere chance
events. However, similar-sized species pools would be
expected if the organisms have a relatively recent, com-
mon origin and if the subsequent processes governing
speciation, immigration, and extinction of taxa have
been similar between the regions. Both factors are like-
ly to be of importance for the similarity between the
two boreal floras. Most genera and families were shared
between northern Sweden and Alberta (Table 4), illus-
trating their common Tertiary origin. Many of these
taxa have distributions spanning most of the boreal
forest zone (Hultén 1950). Moreover, the boreal biome
is continuous except for the Bering Strait, which has
been bridged during long periods of lower sea levels,
and which has had boreal climate since the Miocene
(Keast 1990). Despite this, the regional native species
pools had only 27% of the species of Alberta in com-
mon, showing that the floras have had separate recent
histories. However, both regions have had similar late-
Tertiary and Quaternary histories of climatic change,
with recurrent changes between glacial and interglacial
conditions (Huntley and Webb 1988, Porter 1989).
These climatic changes forced large changes in species’
geographic distributions, and may have had similar se-
lective and rate-controlling effects on speciation, im-
migration, and extinction on both continents (Dynesius
and Jansson 2000).

One result suggests that local, riparian communities
have converged in relation to the regional, native spe-
cies pools. We found no significant difference in ri-
parian tree-species richness per free-flowing site be-
tween the continents (Table 3), although there were
more tree species in Alberta than in northern Sweden
(Table 4). In contrast, species richness of all woody
species (including shrubs and dwarf shrubs) was higher
in North America on both river-margins and in the
native regional species pool (Tables 2 and 3). Previous
studies have reported fewer temperate tree species in
Europe compared to North America (Huntley 1993,
Latham and Ricklefs 1993a, b). The difference in the
number of tree species between the native species pools
indicates that boreal tree species in Europe may also
have gone extinct during the Quaternary, as has been

documented for temperate tree species (Watts 1988,
Bennett 1997). The extinctions of temperate tree spe-
cies from Europe were probably due to strong reduc-
tions in the area of forests (Huntley 1993), as well as
displacement and complete loss of some habitats during
glacial times, rather than east–west spanning mountain
ranges blocking north–south dispersal.

We found evidence that family richness per free-
flowing riparian site had diverged between the conti-
nents. The number of families was similar between the
regional native species pools (93 in northern Sweden
and 96 in Alberta), while there were on average 3.9
more families per riparian site in Europe. This differ-
ence is difficult to explain, given the similarity in spe-
cies and generic richness (Fig. 3), and was not due to
differences in the taxonomy, because we used the same
taxonomy for families in both regions (Krok and
Almquist 1994). Instead, the difference in family rich-
ness was caused by a few families being much more
frequent on the European study sites than the North
American ones. There were seven families in Europe
occurring on .60% of the sites, but on less than 25%
of the North American sites. There were only two such
families in North America (.60% of American sites;
,25% of European ones). Geraniaceae, Empetraceae,
and Valerianaceae each contained a single species that
was present on more than two-thirds of the European
sites, whereas these families were not found on the
river-margins in North America.

Which and how many species coexist locally are
determined by local, ecological processes and/or re-
gional, evolutionary ones (Terborgh and Faaborg 1980,
Cornell 1985, Schluter and Ricklefs 1993, Lawton
1999, Srivastava 1999). It has been argued that if local
diversity converges among regions, despite large dif-
ferences in the sizes of the available species pools, this
is evidence that some contemporary, ecological process
limits local diversity. In contrast, local species richness
may vary in proportion to regional species richness,
with no saturation of local communities (Ricklefs 1987,
Cornell and Lawton 1992, Zobel 1997). If so, local
species richness is limited by the rate new species orig-
inate or immigrate to the region, balanced against the
rate at which species are lost. Given that local, riparian
as well as regional richness was similar between the
regions in the present study, could we still find clues
to the relative importance of local ecological processes
and regional evolutionary processes in determining lo-
cal, riparian species richness? Competition is the pro-
cess that has most frequently been hypothesized to limit
local species richness (Huston 1999), but many species
may coexist without interacting on the 200 m long
strips of river margin studied, by occurring in different
subhabitats. Moreover, the river margins are subject to
recurrent flood disturbances, setting back the abun-
dance of competitively superior species, allowing com-
petitively inferior species to survive. These factors
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make it unlikely that riparian plant communities at the
spatial scale used by us are saturated.

The similarities in the riparian species richness are
best explained by similarities in the regional native
species pools, caused by relatively recent, common or-
igins and parallel evolution. Local species richness was
similar between continents because the species pools
in the two regions responded similarly to similar en-
vironments. This means that they share distributions of
species traits, such as habitat specificity, which are ul-
timately determined by evolutionary processes work-
ing on time-scales that are orders of magnitude longer
than the boreal riparian habitat has existed in its current
position. The floras have similar trait distributions be-
cause they share a common Tertiary origin and because
the regions have had largely similar late-Tertiary and
Quaternary histories. There are few, if any, vascular
plant species occurring exclusively on boreal river-
banks. The boreal riparian species have not spent their
recent evolutionary history (the last millions of years)
in situ, but in many different biotic and abiotic settings
due to the large recurrent climate changes over geo-
logical time (Porter 1989, Webb and Bartlein 1992,
Bennett 1997). They have only recently (,104 years)
been recruited to the current, boreal riverbanks.

Magnitude of differences between continents

Is it fair to conclude that riparian plant diversity
patterns and sensitivity to river regulation were similar
between the continents? The ability to statistically de-
tect differences between the continents depends on the
sample size, the variance as well as the magnitude of
the difference. Given that the true mean values are
unlikely to be exactly similar, it is necessary to consider
what magnitude of difference in mean values could be
considered ‘‘biologically meaningful.’’ For counts of
species numbers in 200 m long sections of riverbank,
differences in mean values between continents of
;10% or less must be considered small, given the var-
iation within regions. For example, the species richness
per European free-flowing site ranged between 34 and
131, with 50% of the observations between 77 and 98
species. The minimum detectable difference according
to power analysis ranged between 11% and 27% of the
European mean values, except for annual 1 biennial
species richness (120% including and 80% excluding
exotics; Table 3), raising the possibility that we failed
to detect some ‘‘biologically meaningful’’ differences
in species richness between continents due to small
sample size. However, in the comparisons of species
richness of free-flowing sites between continents,
where we failed to reject the null hypothesis of no
difference, the difference in mean values was ,10%,
except for evergreen species (26%) and annual 1 bi-
ennial species (70% including and 31% excluding ex-
otics; Table 3). The differences in mean species rich-
ness of the regulated sites between the continents were
equally small. The mean species richness of the North

American sites along unimpounded reaches down-
stream of dams differed from the European ones by
11% including exotics, and by 2% excluding them. The
corresponding values for storage reservoirs were 5%
including, and 12% excluding exotics.

Given that we estimated plant cover values on 200
m long riverbank sections by eye, differences in mean
values as small as 10% should not be interpreted bi-
ologically. Half of the free-flowing European sites had
covers of herbs 1 dwarf shrubs between 30% and 77%.
The ratio of mean covers of trees 1 shrubs per free-
flowing North American and European site was 1.15
(45% vs. 39% cover), and the mean covers of herbs 1
dwarf shrubs were the same between the continents
(55%, Table 3). The differences in plant cover of the
regulated sites were equally small between the conti-
nents, with ratios of mean cover between continents
ranging between 1.01 and 1.13, except for herbs 1
dwarf shrubs along storage reservoirs (2.7 times more
cover on the North American sites). However, this dif-
ference corresponds to a difference of only 10 per-
centage units in actual cover of herbs 1 dwarf shrubs
(4% cover of the European, and 14% cover of the North
American sites).

To conclude, in cases where we failed to reject the
null hypothesis of no difference between continents,
the magnitude of difference in mean value was gen-
erally small (;10% or less), and thus biologically un-
important. However, we may have committed Type II
errors for evergreens and annuals 1 biennials along
free-flowing rivers, and thus missed relevant differ-
ences between the continents.

Exotic species

The most conspicuous difference between the re-
gions was the absence of species introduced from other
continents in the riparian zones of northern Sweden.
Exotic species are not completely absent from riparian
zones in northern Sweden, but our failure to record a
single one on 183 sites (each 200 m long) is evidence
for their rarity. However, subsequent to our fieldwork,
one exotic legume species from North America, Ther-
mopsis montana, has established in one of the inves-
tigated sites in the Vindel River (M. Dynesius, R. Jans-
son, M. E. Johansson, and C. Nilsson, personal ob-
servations). All the 35 exotic species found by us on
river margins in North America are also found in Eu-
rope. All except three species also occur on riverbanks
and other disturbed sites in northern Sweden. Some of
them are native in northern Sweden, while others prob-
ably were introduced by humans long ago from other
parts of Europe. These species were also likely to be
introduced, deliberately or not, to North America by
European immigrants, bringing their agricultural sys-
tem and garden plants to the new continent. Moreover,
Eurasia has a much longer history of coevolution be-
tween humans and plants than North America, which
could result in more potential invaders to habitats dom-
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inated by humans in North America from Europe than
vice versa. Thus, the difference in the number of exotic
species reflects the number of species invading the re-
gion, and/or a difference in the number of propagules
of exotics arriving at each site (or ‘‘propagule pres-
sure’’; Lonsdale 1999), rather than a difference in in-
vasibility between the regions. Historical differences
may also explain why there were more annual and bi-
ennial species in the native species pool of northern
Sweden than in Alberta (155% or 17% vs. 142% or
12%, Table 4). Many of the annual and biennial species
in northern Sweden are found in farmlands or other
human-disturbed sites. Many of the species associated
with such habitats in Alberta are recently arrived ex-
otics, and were consequently excluded from the count
of the native species pool.

Riparian zones generally contain more exotic species
than other natural or seminatural vegetation types
(Crawley 1987, DeFerrari and Naiman 1994, Kotanen
et al. 1998, Stohlgren et al. 1998). The proportion of
riparian exotics encountered in North America for all
24 sites combined was 9%, which is on the low side
compared to those generally found in the combined
flora of other temperate river systems (24–30%), where
proportions of exotics per site can approach 60%
(DeFerrari and Naiman 1994, Planty-Tabacchi et al.
1996). The fact that the number of exotic species per
site increased, the more coarse-grained the riparian
soil, is consistent with the findings of DeFerrari and
Naiman (1994) in the Pacific Northwest of North Amer-
ica. The reason is probably that coarse-grained soils
are indicative of areas that are more disturbed by wave
and flow action, opening sites for colonization and al-
lowing competitively inferior species to survive. In
contrast, Friedman et al. (1996) found that in a semiarid
stream, exotics dominated on fine-textured, moist and
human-disturbed sediments, whereas native plants
dominated on coarse-grained, xeric sediments depos-
ited by a large flood.

CONCLUSIONS AND FUTURE PERSPECTIVES

The two boreal riparian floras were similar in their
sensitivity to hydroelectric exploitation. At the present
we do not know under what conditions such similarities
are expected. Different evolutionary histories mostly
result in different diversity patterns, but also in dif-
ferent characteristics of species, affecting their ability
to withstand different human activities (Dynesius and
Jansson 2000). Therefore, we hypothesize that respons-
es to human perturbations are more likely to differ
between regions when natural diversity patterns differ
as well. Comparisons between biogeographic regions
of the ecological effects of a similar human disturbance
should play a more prominent role in conservation bi-
ology, because they allow distinguishing peculiarities
of a region from general patterns.

The interest in river rehabilitation is growing due to
the need to accommodate increasing demands for man-

aging rivers for multiple uses (Boon 1998, Postel et al.
1998, Wissmar and Beschta 1998, Harris 1999). The
status of riparian zones is of central importance in ef-
forts to restore river ecosystems, given that they are
ecotones between terrestrial and aquatic habitats that
control many aspects of riverine ecosystems (Naiman
and Décamps 1997, Naiman et al. 2000, Nilsson and
Svedmark 2002). The high similarity in riparian plant-
species numbers and in the effects of flow regulation
between the continents suggests that it is possible to
develop general guidelines for rehabilitation of riparian
zones, at least within the boreal forest zone (Naiman
et al. 2000). The most important key actions for re-
storing a specific function or property should be re-
introducing aspects of natural flow regimes, minimiz-
ing barrier effects of dams, allowing rivers to migrate
laterally, reconnecting riparian zones that have been
separated from the water-filled channel, and controlling
exotic species (Stanford et al. 1996, Poff et al. 1997,
Richter et al. 1997, Wissmar and Beschta 1998). For
boreal riparian vegetation, some kind of flood mim-
icking spring floods, followed by sufficiently long pe-
riods of low flows, is crucial (Nilsson and Keddy 1988,
Hill et al. 1998, Johansson and Nilsson 2002).

Even if the proximate, ecological causes of the as-
sembly of local plant communities (e.g., competition,
disturbance, and herbivory) were completely under-
stood, that understanding would be only partial unless
we understood how the region where the local com-
munities are set has become occupied with an assem-
blage of species with specific traits. For example, the
present poverty of tree species in Europe compared to
North America and Eastern Asia (Latham and Ricklefs
1993a, b) can only be understood in the light of the
history of Quaternary extinctions in Europe (Latham
and Ricklefs 1993a). Thus, to fully comprehend pat-
terns in species diversity and species vulnerability to
human activities, biodiversity researchers must focus
on the processes shaping species pools, i.e., speciation,
extinction and migration of taxa. Ecologists studying
contemporary communities should pay more attention
to the progress made in palaeoecology, palaeontology,
and systematics (Bennett 1997), because as in many
fields, the past holds the key to the present.

ACKNOWLEDGMENTS

We thank K. Hylander, D. M. Merritt, R. J. Naiman, R. E.
Ricklefs, and two anonymous reviewers who greatly im-
proved the manuscript with their comments. We thank all the
botanists who helped in identifying specimens collected on
Canadian river-margins: G. W. Argus (Salix), J. F. Bain (Se-
necio), H. E. Ballard (Viola), M. E. Barkworth (Poaceae), T.
C. Brayshaw (trees, shrubs, Ranunculaceae), J. M. Canne-
Hilliker (Scrophulariaceae), E. Haber (Pyrola), N. A. Har-
riman (Juncaceae), B. E. Jonsell (Rorippa), M. Lavin (As-
tragalus, Oxytropis), G. B. Straley (various), J. C. Semple
(Aster, Solidago, Euthamia, Erigeron, Artemisia), S. Snoge-
rup (Juncus, Brassica), and P. Uotila (Chenopodiaceae). E.
Carlborg assisted with plant trait group classification. The
work was supported by a grant from the Swedish Natural



February 2004 189RIPARIAN-PLANT DIVERSITY AND SENSITIVITY

Science Research Council (to C. Nilsson). Roland Jansson
and M. Dynesius contributed equally to this work.

LITERATURE CITED

Anonymous. 1979. Streamflow records of Sweden. Lib-
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APPENDIX A

A site description and environmental variables sampled at the riparian study sites in Alberta and British Columbia, Canada,
are available in ESA’s Electronic Data Archive: Ecological Archives A014-002-A1.

APPENDIX B

A list of species found at each study site in Alberta and British Columbia, Canada, is available in ESA’s Electronic Data
Archive: Ecological Archives A014-002-A2.

APPENDIX C

A site description and environmental variables sampled at the riparian study sites in Northern Sweden are available in
ESA’s Electronic Data Archive: Ecological Archives A014-002-A3.

APPENDIX D
A list of species found at each study site along free-flowing rivers in northern Sweden is available in ESA’s Electronic

Data Archive: Ecological Archives A014-002-A4.

APPENDIX E
A list of species found at each study site along regulated rivers in northern Sweden is available in ESA’s Electronic Data

Archive: Ecological Archives A014-002-A5.

APPENDIX F
A list of species in the native species pools of Alberta, Canada, and northern Sweden is available in ESA’s Electroninc

Data Archive: Ecological Archives A014-002-A6.


