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SUMMARY

1. We evaluated restoration success on macrophyte species diversity and composition in

lowland streams using communities in 30 naturally meandering stream reaches in the

western part of Jutland, Denmark, as reference target communities. Fuzzy set clustering

was used to examine the floristic and environmental similarity among reaches, whereas

fuzzy set ordination was used to relate floristic patterns to environmental variables.

2. Two major groups of streams were identified based on their floristic composition. One

group consisted of reference and restored reaches and the other of the majority of

channelised reaches. We found that management exerted a strong influence on the

macrophyte communities and that the identified groups were related to differences in

management intensity.

3. Our results also indicate that bank morphology and bed level affected macrophyte

communities in the streams, particularly the richness and abundance of terrestrial species.

The analyses performed suggest that shallow and wide banks allow for a larger migration

of species from the stream banks into the streams, thereby enhancing species diversity

within the stream channel.

4. The results of this study suggest that macrophyte communities in channelised lowland

streams can recover following restorative interventions given that stream management (i.e.

weed cutting and dredging) is minimised and that stream banks are reprofiled to improve

the lateral connectivity between the stream and its valley.
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Introduction

In many places streams have been modified for the

purpose of flood control, drainage of land for agri-

culture and/or for improved navigation (Brookes &

Gregory, 1983; Brookes, 1987; Mattingly, Herricks &

Johnston, 1993). In Western Europe, the most inten-

sive period of stream modification was between 1920

and 1970, when more than 90% of all lowland stream

reaches in Denmark, Holland and Britain were

channelised (Brookes, 1987; Brookes & Long, 1990;

Verdonschot & Nijboer, 2002). River channelisation is

also a widespread practice throughout the agricultur-

al Midwest, U.S.A. (Mattingly et al., 1993; Landwehr

& Rhoads, 2003). Channelisation dramatically affects

the stream system (Brookes, 1988) through changes in

stream channel dimensions and shape, which may

cause a reduced exchange of matter (in terms of water,
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sediment, nutrients and organisms) between the

stream and the adjacent land (Schiemer, Baumgartner

& Tockner, 1999; Verdonschot & Nijboer, 2002).

Furthermore, channelisation results in the loss of

physical complexity as riffle/pool sequences are lost,

thus reducing the variation in current velocity and

substrate conditions within the stream channel

(Brookes, 1988). In addition, many lowland streams

are managed regularly by removal of macrophyte

biomass and dredging of sediments. Weed cutting

and dredging tends to preserve the uniform channels

created during channelisation.

Macrophytes occupy a wide range of habitats

within a stream system and many species exhibit

distinct preferences with regard to, for example,

current velocity, substrate and depth (Haslam, 1978;

Chambers et al., 1991; Boeger, 1992). Furthermore,

macrophyte community structure and diversity may

relate to the heterogeneity of the physical environ-

ment (Baattrup-Pedersen & Riis, 1999). Therefore, loss

of physical heterogeneity through stream channelisa-

tion can have important implications for the macro-

phyte assemblages. Management and eutrophication

can also adversely impact the stream flora (Best, 1994;

Sabbatini & Murphy, 1996; Demars & Harper, 1998;

Baattrup-Pedersen, Larsen & Riis, 2003), weed cutting

may result in species loss and homogenisation of

macrophyte communities (Baattrup-Pedersen, Larsen

& Riis, 2002) and increased eutrophication has been

reported to alter macrophyte species composition

(Mesters, 1995). In Denmark, the combined effects of

stream channelisation, weed management and eutro-

phication have led to significant habitat degradation

resulting in a substantial decline in the number of

macrophyte species and in changes in community

composition over the last 100 years (Sand-Jensen

et al., 2000; Riis & Sand-Jensen, 2001).

Macrophytes play a key role in the structure and

function of lowland streams and changes in macro-

phyte assemblages can therefore have far-reaching

consequences for the rest of the stream biota. Macro-

phytes strongly modify the physical environment and

increase the physical complexity through their impact

on the in-stream flow regime (Sand-Jensen et al., 1989;

Sand-Jensen, 1997; Champion & Tanner, 2000). The

presence of macrophytes reduces mean current

velocity, raises water levels and creates variation in

current velocities by reducing current velocity within

macrophyte stands (which will increase sedimenta-

tion) and accelerating it around the stands (which

may expose coarse substrate) (Sand-Jensen & Mebus,

1996; Sand-Jensen, 1998; Champion & Tanner, 2000).

Furthermore, macrophytes increase habitat diversity

by providing shelter, nursing habitats and substrate

for epiphytic algae, invertebrates and fish (Ó Hare &

Murphy, 1999; Harrison, 2000), and changes in macro-

phyte composition and diversity have been shown to

affect the distribution and abundances of macroin-

vertebrates and fish in lowland streams (Pinder et al.,

1997; Armitage et al., 2001; Langler & Smidth, 2001).

Actions have been taken to reduce eutrophication of

streams and during the last two decades the water

quality of most Danish and many European streams

have improved (Kristensen & Hansen, 1994; Bøge-

strand, 2002). The improvement in water quality,

however, has not been matched by an overall increase

in the diversity of the stream biota, which may be a

result of intensive management and poor physical

conditions (Haury, 1996; Pinder et al., 1997). One way

of improving physical conditions is by stream restor-

ation, which in the present context is defined as an

action scheme employed to recreate stream features

that have been lost through channelisation so that the

restored stream resembles a more natural system.

Typically, restoration schemes include the narrowing

and remeandering of channelised reaches, reprofiling

of banks that are very steep, altering of bed form and

substrate composition and occasionally raising of the

bed level to improve hydraulic interaction between

the stream and its meadows (Hansen et al., 1998).

Often the management regime (i.e. weed cutting and

dredging) is revised and changed to a less intensive

practice or discontinued after the implementation of

the physical restoration (Jensen, 1996; Nielsen, 1996;

Sloth, Berthelsen & Lassen, 1996).

Stream restoration is now widespread in Denmark

and many projects have been completed during the

last decade (Madsen, 1995; Hansen, 1996). Long-term

monitoring and comparisons with reference stream

systems, which can serve as restoration targets, are

clearly needed to assess the actual success of stream

restoration. As yet very few studies have investigated

the effect of stream restoration on macrophyte assem-

blages (Biggs et al., 1998; Biggs, Sear & Brookes, 2001)

and no comparative studies between restored and

reference streams have been undertaken. The fact that

weed management is often changed following phys-

ical restoration has not been recognised previously
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and hence no attempts have been made to discrimin-

ate the effects of the physical restoration from the

effects of a changed management regime on macro-

phyte communities.

The overall objective of the present study was to

evaluate restoration success in restored lowland

stream reaches. We examined if established macro-

phyte communities in restored stream reaches resem-

ble communities in unrestored (channelised) reaches,

naturally meandering (reference) reaches or if a new

ecological state has developed. A further aim was to

identify the role of the physical stream environment,

including the lateral connectivity (e.g. bank morphol-

ogy and bank plant communities), and management

intensity on the composition of macrophyte commu-

nities in restored stream reaches.

Study sites

The streams used were all located in the western part

of Jutland, Denmark. This part of the country

remained ice-free during the last glaciation and is

dominated by glaciofluvial outwash plains and low

moraine hills from previous glaciations. The topogra-

phy is subdued and the streams display low gradi-

ents. The soils are predominantly sandy. Most of the

streams receive a substantial groundwater input,

which results in relative stable flow regimes through-

out the year. The land use of the area is dominated by

intensive agriculture with smaller areas of forest

(mainly commercial plantations) and pockets of

heath- and wetland.

Thirty stream reaches were selected, each from a

different stream (stream width around 6 m and a

depth of 0.50–0.70 m). The stream reaches were

initially selected from map studies and practical

concerns dictated that the selected stream reaches

were situated within reasonable distance of a road.

Where possible, an effort was made to include both

riffle and pool sequences in the reach (for restored

and reference streams). Ten reaches were in a natural

meandering state, 10 were channelised and 10 were

former channelised reaches that had been restored at

least 3 years prior to this investigation. The restored

reaches had been remeandered, coarse substrata had

been added to the stream bottom, the banks

had been reprofiled and, in some cases, the bed

level had been raised. Management regime differed,

however, among the investigated streams. There was

no or limited weed (i.e. macrophyte) cutting in the

restored and reference reaches, while the channelised

streams were subjected to weed cutting one to two

times a year. Weed cutting was performed by boat,

either along the full width of the channel (100%) or

in the central 2/3 of the total width (66%). The cut

biomass was allowed to drift downstream and was

retained on a grill before being removed from the

stream channel by a crane operated from the stream

bank. Cutting was performed by the regional water

authorities.

Methods

Physicochemical parameters

The 30 stream reaches were sampled in July and

August 2002. An unshaded 100 m long reach was

selected and plant recordings were performed in plots

(25 · 25 cm2) placed side-by-side in at least 10 cross-

sectional transects in each reach. Plant recordings

were made in approximately 250 plots per stream and

the total number of plots in the restored, reference and

channelised streams were 2449, 2462 and 2463 respect-

ively. Water depth was measured to the nearest

centimetre at a fixed point in each of the plots and

the mean depth was calculated from these recordings.

The dominant substratum type in each plot was

categorised as stone (>60 mm diameter), gravel (3–

60 mm), coarse sand (1–3 mm), fine sand (0.25–

1 mm), silt (<0.25 mm), hard clay or peat. The relative

frequency of the various substratum types was

calculated from these recordings. Substrate hetero-

geneity was quantified from the spatial distribution of

substrate types according to Baattrup-Pedersen & Riis

(1999). Stream width was measured at each transect

and averaged to produce the mean width of the

stream reach.

Ten current velocity profiles (each representing

1/10 of the stream width) were measured with a

propeller current meter along a cross-section of the

stream. Discharge was calculated by integrating the

velocity profiles over depth and multiplying by

stream width. Cross-sectional profiles were deter-

mined at five transects from measurements of the

distance between the streambed and a levelled piece

of string placed perpendicular to the stream channel.

Measurements were taken at intervals of 25 cm and

continued beyond the stream to where the bank
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levelled out. Current velocity was calculated for each

of the five transects as discharge divided by the

wetted cross-sectional area and averaged for the five

transects. Variations in current velocity were estima-

ted by calculating the coefficient of variance (CV;

standard deviation/mean). The bank was defined as

the land area between the waterline and a horizontal

plane 0.2 m above water level. Bank width was

determined as the horizontal distance between the

waterline and the position on the bank corresponding

to a height of 0.2 m above the water level. Reference

streams sometimes had very shallow banks and the

value of 0.2 m [slightly lower than the 0.3 m used by

Clarke & Wharton (2000)] was chosen in order to limit

the bank width to a reasonable distance from the

stream. In order to express the steepness of the

transition between land and water, an interface slope

(IS) was calculated. The land/water interface was

defined as stretching for a horizontal distance of

0.25 m on both sides of the waterline and the IS was

then calculated as the inverse tangent of the height

difference of the end points of the land/water inter-

face divided by 0.5 m. The bank width and IS were

calculated from the cross-sectional profiles. While

measurements of bank parameters and discharge may

vary considerably with stream stage, the problem was

minimised by carrying out measurements in summer

when baseflow predominates and by avoiding peri-

ods of heavy rain. The energy gradient was measured

for each stream reach using optical levelling equip-

ment (Zeiss Instruments, Jena, Germany). Tempera-

ture was measured at dusk. The sinuosity index was

calculated by dividing the 100 m channel reach with

the shortest distance from the start to the end of the

stream reach. Measurements were performed on

aerial photographs using GIS software.

Weed cutting intensity was calculated as cutting

frequency (0, 1 or 2 times per year) multiplied by

cutting magnitude (expressed as the percentage of the

stream width subjected to cutting (0%, 66% or

100%)). Information on weed cutting practice was

obtained from local water authorities. Six chemical

variables were analysed in the laboratory: pH was

measured on a PHM240 pH-meter, total inorganic

carbon (Total-C, mg L)1) was calculated from pH and

alkalinity, the latter determined by Gran titration on

100 mL subsamples of stream water (e.g. Stumm &

Morgan, 1981), and total-N, NO�
3 , total-P and PO2�

4

(all mg L)1) were measured according to Danish

Standards, DS 221, DS 223, DS 292 and DS 291

respectively (Danish Standard 221, 1975; Danish

Standard 223, 1975; Danish Standard 292, 1985;

Danish Standard 291, 1985).

Plant communities

Macrophytes were classified according to their ob-

served growth form as either submerged, emergent or

both. Emergent and submerged macrophyte cover

was measured along each transect, converted to

%-coverage by dividing by the length of the transect

and averaged to express the total plant coverage of the

reach. Species surveys were performed in the same

plots as used for the physical measurements. A cover

score was allocated to each species present in the plots

using the following scale: 1 ¼ 1–5%, 2 ¼ 6–25%, 3 ¼
26–50%, 4 ¼ 51–75%, 5 ¼ 76–100%. If the identifica-

tion of species could not be done due to the absence of

seasonal diagnostic features (e.g. Ranunculus and

Callitriche), the record was only performed to the

genus level. Importance values were calculated for all

species for each stream reach as the sum of the relative

abundance and the relative frequency (Lyon & Sagers,

2002). The relative abundance of a species was

calculated as the sum of all cover scores assigned to

that particular species divided by the maximum score

sum (i.e. the number of plots multiplied by the

maximal score of five). The relative frequency of a

species was calculated from the number of plots with

the species present and the total number of plots.

Hence, importance value reflects physical and numer-

ical dominance in the stream reach and would attain a

maximum value (200%) in a stream completely

covered by only one plant species. Shannon diversity

indices were also calculated (Kent & Coker, 1992).

Abundant species (coverage >25%) present on the

stream banks were registered in 10 (100 · 25 cm2)

plots positioned in continuation of the cross-sectional

transects. This was done with the purpose of regis-

tering overlapping species (i.e. plants observed grow-

ing on the bank as well as in the stream).

Statistical analysis

Twenty-one physicochemical variables were com-

pared among stream types using one-way ANOVAANOVA

with adjusted P-values to correct for possible spurious

relationships (Day & Quinn, 1989). Square-root
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transformations were applied to bank width and

arcsin transformations to %-stone, %-gravel, %-clay

and peat to ensure normality and homogeneity of

variances within groups. Transformation did not

result in normality or homogeneity of variances for

all plant variables; therefore, a Kruskal–Wallis test

followed by a Mann–Whitney W-test was applied to

the plant variables. Relationships between plant

parameters and bank morphology were explored

using the Pearson’s product moment correlation on

selected pairs of variables.

Fuzzy set clustering was used to classify streams

based on their physicochemical properties and floristic

composition (Bezdek, 1974; Dunn, 1974 and 1981;

Equihua, 1990). In contrast to traditional hard-cluster-

ing methods, whereby an object is or is not a member

of a cluster, fuzzy clustering results in membership

values which relate each stream to each cluster, where

the sum of all membership values ¼ 1, thus providing

a measure of the strength of the affinity of each stream

to its cluster. The fuzzy classification required several

steps. In the first step, all data were normalised to a

variable range (0–1). Secondly, the partition coefficient

was calculated to help identify a suitable number of

groups (because the method is divisive, the dataset can

be partitioned into as many clusters as desired)

(Bezdek, 1974; Equihua, 1990). The partition coefficient

provides a measure of the ‘strength’ of the clustering

and reaches a maximum when the ‘best’ number of

groups is fitted (Bezdek, 1974; Equihua, 1990). Before

running the fuzzy c-means clustering algorithm by

Dunn (1974) and Bezdek (1974, 1981) a fuzziness of two

was chosen as recommended by Equihua (1990) (the

fuzziness can vary between one, which indicates a

hard classification similar to traditional statistical

clustering, and ¥). The analysis was run five times to

ensure that the result was stable. Finally, groups were

formed by assigning each stream to the group to which

it had the highest membership value.

Multidimensional scaling (MDS; Anderson, 1971;

Legendre & Legendre, 1998) was performed on the

dataset to obtain a graphical means of presenting the

groups identified by the fuzzy classification. Kruskals’

least squares monotonic transformation was used to

obtain minimal stress values in the MDS (Kruskal,

1964). In addition to this, a principal component

analysis (PCA) was used to calculate the starting

value coordinates to further reduce stress. The MDS

was run five times to ensure that the algorithm had

found a minimum stress solution. The weight/

importance of an individual species or physicochem-

ical variable was expressed as the cluster centroid,

which gives the position of the centre of gravity of

each species or physicochemical variable within each

group. The cluster centroids were normalised so that

the values summed to one for each species or variable.

The normalised cluster centroids served as the fuzzy

membership values for each species or variable to

each group (i.e. the degree to which each species or

variable is a member of each stream type) (Brown,

1998).

Fuzzy set ordination (Roberts, 1986) was per-

formed to relate plant species composition directly

to environmental variables. In contrast to other

ordination techniques, fuzzy set ordination requires

that an investigator choose a particular relationship

to examine (i.e. each axis of the ordination is chosen

beforehand). In this study, we investigated the effects

of all in-stream physical parameters on plant com-

position, and ordination was performed on each

environmental variable individually. The method

used is based on the algorithm given by Rick Boyce

on the Fuzzy Set Ordination web site, http://

www.nku.edu/�boycer/fso/. The Kukzynski simi-

larity index was chosen for the ordination because of

the index’s suitability as tested by Boyce & Ellison

(2001). The ordination ascribes an apparent member-

ship value to each stream for the chosen environ-

mental variable based on the floristic composition.

These values were compared with the actual mea-

sured values for the variable in question. The closer

the apparent values resembled the actual values

the more important the variable is in determining the

floristic composition of the stream. The means of the

residuals (i.e. the difference between the apparent

and actual values) for all environmental variables

were compared to determine the factors which had

the largest controlling effects on the macrophyte

community. We also calculated a modified Pearson’s

product moment correlation (based on the deviations

from a fixed centre instead of the mean centre) to

determine the fit between the apparent and actual

values. The apparent and actual values were nor-

malised in the interval [0,1] and the fixed centre was

therefore chosen as (0.5,0.5). The fit between the

apparent and actual values were expressed by mean

of residuals and correlation coefficients; low residual

values and high correlation coefficients signified
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variables that were important determinants of the

macrophyte composition.

Statistical analyses were conducted using the soft-

ware package STATGRAPHICS Plus version 4.1 and

the Fuzzy Grouping software package version 1.1

from Pisces (Lymington, U.K.).

Results

Physicochemical variables and management

No significant differences in the size-related param-

eters width, depth and discharge were noted among

restored, reference and channelised reaches (Table 1;

ANOVAANOVA, P > 0.05). Stream width and depth averaged

6.1 and 0.67 m respectively. Restored stream reaches

had coarser substrata (P < 0.0024) with stone and

gravel covering up to 31% and 35% of the stream

bottom respectively. Restored and reference streams

were subjected to a less intensive cutting regime than

the channelised streams (Table 1; ANOVAANOVA, P < 0.05).

The IS were similar in the restored and reference

reaches (Table 1, ANOVAANOVA, P > 0.05) and significantly

lower than in the channelised reaches (P < 0.0024).

Mean bank width of the restored streams was

significantly less than the reference streams

(P < 0.0024), but channelised streams had the nar-

rowest banks (P < 0.0024).

Fuzzy classification of the 30 streams based on all

physicochemical parameters separated eight restored

reaches from the other reaches (Fig. 1a). Membership

values of the investigated parameters showed that this

separation was related to differences in substrate

composition. The remaining 22 streams were more

similar, but a slightly higher partition coefficient was

obtained when they were divided into two groups. A

group of eight channelised and two reference streams

could be distinguished due to differences in bank

morphology and the proportion of silt. The chemical

properties of the streams did not have any influence

on the grouping of the streams. This was further

demonstrated by the ANOVAANOVA results; no significant

Table 1 Physicochemical characteristics

of the three investigated stream typesStream type

Restored,

mean (range)

Reference,

mean (range)

Channelised,

mean (range)

Physical features

Width (cm) 605 (349–778) 627 (370–985) 605 (336–943)

Depth (cm) 65 (40–81) 68 (47–96) 65 (45–89)

Discharge (L s)1) 852 (396–2057) 822 (332–1601) 725 (160–1526)

Current velocity (m s)1) 0.24 (0.09–0.46) 0.19 (0.10–0.35) 0.15 (0.06–0.25)

Energy gradient (&) 1.4 (0.4–3.0) 1.4 (0.6–2.2) 0.9 (0.2–1.7)

Temperature (�C) 15 (13–18) 15 (12–20) 16 (13–18)

Sinuosity 1.4 (1.1–2.1) 1.4 (1.1–1.9) 1.0 (1.0–1.0)

Substrate composition (%)

Stone* 15 (0–31)b 2 (0–11)a 2 (0–9)a

Gravel* 24 (5–35)b 9 (0–35)a 8 (0–19)a

Sand* 41 (23–86)b 66 (26–85)a 69 (41–88)a

Silt 8 (0–21) 17 (4–42) 17 (1–50)

Clay and peat 13 (0–31) 6 (0–14) 5 (0–9)

Interface slopes* (�) 29a (16–45) 31a (19–45) 51 (31–62)b

Bank width* (cm) 77a (39–138) 126 (38–244)b 30 (9–56)c

Management

Weed cutting intensity* 0.4 (0–1.3)a 0.3 (0–0.7)a 1.7 (1.0–2.0)b

Water quality

Total-N (mg L)1) 3.00 (1.28–4.80) 2.14 (0.92–3.24) 3.04 (1.79–4.83)

NO3-N (mg L)1) 2.54 (0.94–4.61) 1.81 (0.75–2.78) 2.57 (1.50–4.61)

Total-P (mg L)1) 0.053 (0.02–0.12) 0.043 (0.01–0.06) 0.047 (0.03–0.08)

Ortho-P (mg L)1) 0.009 (0.005–0.015) 0.007 (0.005–0.012) 0.009 (0.003–0.017)

Total-C (meq L)1) 1.80 (0.76–3.21) 1.26 (0.70–2.75) 1.26 (0.61–2.68)

pH 7.5 (7.2–8.0) 7.4 (6.9–7.8) 7.3 (6.8–7.6)

Values are means of 10 streams with ranges in brackets. *P < 0.0024 (Bonferroni cor-

rected). a,b,c, means are significantly different.
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differences in water chemistry parameters were noted

among the three stream types (Table 1; ANOVAANOVA,

P > 0.05). Chemical properties were therefore omitted

from further analysis.

Stream plant communities

Total plant coverage was high in all streams (Table 2).

The median coverages were 85%, 89% and 75% for the
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Fig. 1 Stream groups identified by fuzzy classification and visualised on MDS-ordination plots. Analysis based on (a) physicochemical

parameters and (b) floristic composition. Groups were formed by assigning each stream to the group to which it had the highest

membership values. Note that the MDS representation of the data is unrelated to the fuzzy group membership values. The MDS

representation of the data is merely helpful in visualizing the groups identified by fuzzy classification. Mean group membership and

membership ranges are given below the figure. Two channelised streams with high membership value for Group 1 were omitted from

the floristic grouping (see text for further explanation).

Table 2 Plant parameters for the different stream types represented as either the value for all species or class according to observed

growth form (submerged, emergent or both)

Stream type

Restored Reference Channelised

Median Mean (range) Median Mean (range) Median Mean (range)

Coverage (%)

All species 85 80 (53–92) 89 85 (59–98) 75 76 (57–93)

Submerged 51 53 (31–71) 57 58 (35–78) 71 70 (47–92)

Emergent 22a 26 (11–47) 28a 27 (20–35) 6b 6 (0–19)

No. of species/stream

All species 30a 29 (21–40) 33a 31 (13–41) 16b 17 (13–24)

Submerged 6 6 (4–8) 6 6 (4–9) 6 6 (3–8)

Submerged/emergent 8a 8 (5–9) 9a 8 (4–10) 4b 4 (3–7)

Emergent 15a 16 (12–24) 19a 17 (3–23) 8b 7 (3–12)

No. of species/sampling plot 2.2a 2.1 (1.2–3.0) 2.4a 2.5 (1.6–4.1) 1.5b 1.5 (1.1–2.0)

Shannon diversity

All species 2.7a 2.8 (1.8–3.9) 2.8a 2.8 (2.1–3.8) 1.4b 1.4 (0.8–2.1)

Submerged 1.3a 1.4 (1.0–2.0) 1.6a 1.6 (1.0–2.4) 0.9b 0.9 (0.5–1.2)

Values are medians and means for 10 streams with ranges given in brackets. Different superscript letters indicate medians that show

significant differences (Kruskal–Wallis, P < 0.05). There was no significant difference in coverage for all species, submerged coverage

or in the number of submerged species per stream.

Plant communities in restored streams 167

� 2005 Blackwell Publishing Ltd, Freshwater Biology, 51, 161–179



restored, reference and channelised streams respect-

ively, and did not differ among the three stream types

(Kruskal–Wallis, P > 0.05). Submerged species

accounted for 66–92% of the total coverage in each of

the stream types and neither the coverage of sub-

merged species nor the richness differed among the

stream types (Table 2; Kruskal–Wallis, P > 0.05). This

contrasted with the emergent coverage, which was

approximately four times higher in the restored and

reference reaches compared to the channelised reaches

(Kruskal–Wallis, P < 0.05). A total of 70 and 73 species

were found in the restored and reference stream

reaches respectively, compared to 50 in the channe-

lised reaches (Appendix 1). On average, 30 species

were found per reach in the restored and reference

streams, which was twice as many as in the channel-

ised streams (Table 2; Kruskal–Wallis, P < 0.05). These

differences in species richness could be attributed to

the significantly larger number of emergent species

present in the restored and reference stream reaches

and to the higher number of species growing emergent

as well as submerged (Kruskal–Wallis, P < 0.05). The

number of species found in each sampling plot was

also higher in the restored and reference stream

reaches than in the channelised reaches (Kruskal–

Wallis, P < 0.05). Finally, Shannon diversity was

significantly higher in the restored and reference

stream reaches (Kruskal–Wallis, P < 0.05) reflecting a

more even distribution of species in these streams

compared with the channelised streams.

Fuzzy classification based on the floristic composi-

tion of the stream reaches identified two major groups

(Fig. 1b). The reference and restored reaches all had

the highest membership values for group 1, with a

mean membership value of 0.68 (range 0.56–0.85). The

majority of the channelised stream reaches had the

highest membership values for group 2, with a mean

membership value of 0.79 (range 0.68–0.85). Two

channelised stream reaches could be distinguished

from the other channelised reaches and these could be

grouped with the restored and reference stream

reaches. This reflected that the dominant species

(Ranunculus) in these channelised stream reaches

was also a characteristic species in many of the

restored and reference streams (Table 3). The two

channelised streams were, however, species poor (<15

species per stream), the submerged vegetation ac-

counted for more than 90% of the vegetation present

in the streams and the vegetation was completely

dominated by Ranunculus (81% and 85% of the

submerged vegetation in the two streams respect-

ively). None of the restored and reference stream

reaches shared these characteristics and these sites

were treated independently of the two major groups

identified. The period since the restoration interven-

tions varied from 3 to 12 years, but the recovery

period was not shown to affect the plant communities

as group membership values were unrelated to

recovery period (r ¼ )0.39, P > 0.1).

The most frequent species in the two groups are

shown in Table 3. Certain species were, based on

their degree of membership and their importance

values, more typical of group 1 (restored and refer-

ence streams) compared with group 2 (channelised

streams). The characteristic species of group 1 were

Ranunculus (membership 0.71), Callitriche (member-

ship 0.65) and Berula erecta (membership 0.70). These

three species (taxa) were present in nearly all streams

in group 1 and had mean group importance values

up to six times higher than in the channelised

streams. Group 2 was completely dominated by a

single species, Sparganium emersum, which had a

membership value of 0.80 and an extremely high

mean group importance value of 135%. No other

species in this group had mean group importance

values comparable to S. emersum or showed a similar

high membership for the group. S. emersum was also

present in all the restored and reference stream

reaches investigated (Table 3), but with a lower mean

group importance value. Potamogeton natans and

Elodea canadensis were represented in both groups.

The membership value for P. natans was slightly

higher for group 1 and the high mean group

importance value made P. natans an important com-

munity component in many of the restored and

reference streams.

Stream plant communities and environmental factors

The result of the fuzzy ordination analysis is shown in

Fig. 2a. The extent to which the apparent values

(derived from the ordination) resemble the actual

values is expressed in terms of residual values and

correlation coefficients. Weed cutting intensity was

clearly distinguishable among the variables; mean

residual value was substantially smaller and the

correlation coefficient substantially higher. None of

the other physical characteristics of the stream reaches
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seemed to affect the plant communities. To determine

if weed cutting intensity suppressed the effect of the

other variables, the weed cutting intensity gradient

was weakened by removal of the channelised streams

from the ordination. These results showed (Fig. 2b) an

increased importance of the in-stream environment

for the macrophyte community. Particularly variation

in current velocity and substrate increased in signifi-

cance. These factors experienced a decrease in the

residual value by 30% while their correlation coeffi-

cients more than doubled.

The apparent weed cutting intensity, derived from

the fuzzy ordination, expresses the weed cutting

intensity of a stream based on species composition.

Species importance values were therefore plotted

against apparent weed cutting intensity to determine

which species were associated with high and low

apparent cutting intensities (Fig. 3). Sparganium emer-

sum was strongly positively correlated (P < 0.01),

whereas Ranunculus, Callitriche and B. erecta were

weakly negatively correlated (P < 0.05) with the

apparent cutting intensity. Elodea canadensis and

Table 3 List of species present in at least one quarter of the streams in group 1 or 2 arranged according to observed growth form

Group 1 Group 2

Frequency Membership Mean IV Frequency Membership Mean IV

Submerged

Callitriche L. 95 0.65 30 100 0.35 10

Elodea canadensis Michx. 75 0.48 26 88 0.52 24

Lemna minor L. 80 0.58 12 75 0.42 5

Potamogeton natans L. 70 0.57 44 63 0.43 29

Ranunculus L. 95 0.71 49 100 0.29 9

Sparganium emersum Rehman 100 0.20 28 100 0.80 135

Emergent/submerged

Berula erecta (Huds.) Coville 90 0.70 26 63 0.30 4

Glyceria fluitans (L.) R. Br. 85 0.54 11 25 0.46 9

Glyceria maxima (Hartm.) Holmb. 65 0.69 15 38 0.31 1

Mentha aquatica L. 70 0.72 5 25 0.28 1

Myosotis palustris L. 95 0.59 10 88 0.41 5

Nasturtium officinale R.Br. 65 0.67 11 38 0.33 2

Polygonum amphibium L. 45 0.59 1 25 0.41 <1

Sparganium erectum L. ssp. erectum 85 0.61 13 38 0.39 5

Veronica anagallis-aquatica L. 55 0.81 4 13 0.19 <1

Emergent

Agrostis stolonifera L. 70 0.74 2 50 0.26 <1

Carex acutifromis Ehrh. 40 0.69 2 13 0.31 <1

Deschampsia caespitosa (L.) Beauv. var. caespitosa 35 0.36 1 13 0.64 1

Epilobium hirsutum L. 75 0.74 7 25 0.26 1

Epilobium L. 75 0.62 2 38 0.38 <1

Equisetum palustre L. 40 0.80 1 – 0.20 –

Filipendula ulmaria (L.) Maxim. 50 0.61 1 13 0.39 <1

Galium palustre L. ssp. palustre 40 0.64 1 25 0.36 <1

Iris pseudacorus L. 30 0.79 1 – 0.21 –

Juncus articulatus L. 35 0.70 1 13 0.30 <1

Juncus effusus L. 90 0.69 8 50 0.31 1

Lotus uliginosus Schkuhr ssp. uliginosus 50 0.61 1 25 0.39 1

Lycopus europaeus L. 25 0.57 <1 13 0.43 <1

Phalaris arundinacea L. 85 0.51 11 100 0.49 10

Poa trivalis L. ssp. trivialis 95 0.70 3 38 0.30 1

Ranunculus repens L. 75 0.61 2 50 0.39 1

Rumex hydrolapathum Huds. 45 0.67 1 – 0.33 –

Scirpus sylvaticus L. 35 0.83 1 – 0.17 –

Solanum dulcamare L. 30 0.86 1 – 0.14 –

Stellaria palustris Ehrh. ex Hoffm. 45 0.69 <1 13 0.31 <1

Individual species frequency, fuzzy membership and mean importance value (IV) for each group is shown. Group 1 consists of 10

reference and 10 restored streams. Group 2 consists of eight channelised streams.
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P. natans were not associated with a particular

apparent cutting intensity (Fig. 3, P > 0.05); plots of

species importance values against actual cutting

intensity showed similar trends (figures not shown).

Stream plant communities and bank morphology

A strong negative relationship was found between the

IS and the in-stream emergent plant coverage (Fig. 4a;

r ¼ )0.81, P < 0.05). As the IS became steeper the

emergent coverage decreased and was hardly present

at ISs above 50�. Bank width and species overlap (i.e.

the number of plants observed growing on the bank

as well as in the stream) was also highly correlated

(Fig. 4b; r ¼ 0.82, P < 0.05). The average number of

overlapping species was five, seven and two for the

restored, reference, channelised stream reaches re-

spectively, with the overlap for the reference streams

being significantly higher than for the restored and

channelised streams (Kruskal–Wallis, P < 0.05). In

addition, species overlap was strongly correlated with

in-stream species richness (Fig. 4c; r ¼ 0.77, P < 0.05),

and streams which had a high species overlap

between bank and stream therefore also had a high

stream species richness.

Discussion

Restoration, plant diversity and composition

In the present study, we evaluated stream restoration

success in terms of plant species diversity and
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composition in the stream and used communities in

naturally meandering stream reaches (reference rea-

ches) as target communities. We also integrated bank

properties (e.g. morphological characteristics and

bank plant communities) to assess the lateral con-

nectivity and its significance for successful stream

restoration. Restored stream reaches possessed macro-

phyte communities which resembled the reference

reaches in terms of both diversity and species com-

position, whereas the communities encountered in the

channelised reaches were very different. Other studies

have also demonstrated successful reestablishment of

macrophyte communities in restored streams (Henry

& Amoros, 1996a; Biggs et al., 1998, 2001), which

indicates that channelised reaches have the ability to

recover following restorative interventions and to

move to an ecological state similar to naturally

meandering reaches. The period since restoration

interventions varied from 3 to 12 years in the inves-

tigated reaches, but we did not find any indication

that the recovery period affected the community

outcome as the fuzzy group membership values were

unrelated to recovery period. Previous studies have

documented variable recovery rates for the establish-

ment of macrophyte communities in streams (Baatt-

rup-Pedersen et al., 2000; Biggs et al., 2001). In the

restored reaches of River Cole in the U.K. it was found

that recovery of plant communities proceeded relat-

ively fast and was influenced by propagule source

proximity, as all macrophyte species encountered

were also registered in areas adjacent to the restored

site (Biggs et al., 2001). In comparison, Baattrup-

Pedersen et al. (2000) found that the recovery of

macrophytes in a restored headwater stream reach

proceeded slowly, which was explained by limited

dispersal. In the present study, all restored reaches

were situated in western Jutland and streams in this

region generally possess diverse macrophyte commu-

nities compared to other regions in Denmark. Fur-

thermore, all the investigated reaches were second- or

third-order streams and the supply of vegetative

fragments, organs or whole plants from upstream

reaches may have been plentiful. Therefore, we find it

likely that the high diversity achieved within a
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relatively short period of time relates to a diverse and

plentiful propagule supply from upstream reaches. In

addition, species recruitment from the riparian area

also plays a key role for the established communities

(discussed below).

Plant communities and the stream environment

We found a relatively large variation in species

composition in the group of restored/reference

stream reaches, as shown by a low mean fuzzy group

membership value, whereas the macrophyte commu-

nities in the channelised stream reaches were more

uniform. We also found that the distribution patterns

varied between the group of restored/reference rea-

ches and the group of channelised reaches. We did

not, however, find that these differences were coupled

to differences in the physical properties of the stream

reaches. Instead management exerted a strong influ-

ence on the macrophyte communities and the groups

identified from fuzzy set clustering were related to

differences in management intensity between the

group of restored/reference streams and the group

of channelised streams. The influence of various

physical parameters on macrophyte assemblages

increased, when the channelised streams that were

subjected to the most comprehensive weed cutting

were excluded from the fuzzy set ordination. In

particular, the heterogeneity of the stream environ-

ment and substratum characteristics (e.g. variability

in flow and substrate composition and coverage

of sand and gravel) increased in importance. It is

well established that physical factors such as flow

velocity, substrate and depth affect macrophyte

development and growth (Westlake, 1975; Haslam,

1978; Chambers et al., 1991; Boeger, 1992). The differ-

ent outcome of the two fuzzy set ordinations therefore

indicates that the influence of habitat on macrophyte

communities is suppressed in streams with frequent

management.

A strong influence of management on macrophyte

communities in lowland streams is in line with

previous investigations (Wiegleb, Wolfgang & Todes-

kino, 1989; Best, 1994; Sabbatini & Murphy, 1996;

Spink, Murphy & Westlake, 1997; Baattrup-Pedersen

et al., 2002, 2003). Sparganium emersum, the domin-

ant component of the vegetation in most of the

channelised streams, was strongly associated with

high-intensity weed cutting. Possible species traits

contributing to the success of S. emersum is its high

productivity, its good colonisation ability and its

ability to maintain growth potential during and after
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weed cutting as weed cutting leaves its basal

meristem intact (Nielsen, Nielsen & Sand-Jensen,

1985; Sand-Jensen et al., 1989; Barrat-Segretain,

Bornette & Hering-Vilas-Bôas, 1998). The fact that

E. canadensis was also frequently observed in the

intensively cut channelised streams is probably due to

its ability to regrow rapidly and disperse easily from

small shoot fragments, which are released in great

numbers during weed cutting (Nichols & Shaw, 1986;

Barrat-Segretain et al., 1998). Potamogeton natans was

not associated with a particular cutting intensity, but

this species was more abundant in the moderately cut

to uncut restored and reference stream reaches.

Previously, P. natans has been shown to be rather

intolerant of frequent management and decline in

streams subjected to high-intensity cutting (Sabbatini

& Murphy, 1996; Baattrup-Pedersen et al., 2002, 2003).

Potamogeton natans has similar habitat requirements as

S. emersum and they are known to coexist (Wiegleb,

1984), but P. natans is probably more severely affected

by cutting as its apical meristem is lost during cutting.

This is supported by Baattrup-Pedersen et al. (2002)

who found that Sparganium predominated in reaches

exposed to cutting, whereas P. natans had a very

restricted abundance in these reaches compared to the

uncut reaches located just downstream. Callitriche and

B. erecta were negatively associated with weed cutting

and these species/taxa, together with Ranunculus,

were shown by the fuzzy classification to be charac-

teristic species/taxa of the restored and reference

streams. Ranunculus was hardly present in the major-

ity of the channelised streams and was associated

with low apparent cutting intensities. However, in

two channelised intensively cut streams, Ranunculus

completely dominated the vegetation. This observa-

tion supports previous studies that have found

Ranunculus species to endure management (Westlake

& Dawson, 1982; Fox & Murphy, 1990). All the

intensively weed-cut streams (i.e. all the channelised

streams) in this study were dominated by a single

species and the macrophyte patch complexity (i.e. the

number of species per sampling plot) was signifi-

cantly lower in these streams than in the less

intensively managed restored and reference streams.

Baattrup-Pedersen et al. (2002) also found that macro-

phyte patches generally consisted of only a few

species in stream reaches subjected to regular cutting

for years, whereas multilayer communities and mixed

patches were found in the uncut reaches. Therefore,

our findings are consistent with recent work, which

suggests that a long-term effect of weed cutting is a

homogenisation of the stream vegetation (Riis &

Sand-Jensen, 2001; Baattrup-Pedersen et al., 2002,

2003).

Plant communities and bank morphology

The investigated stream reaches were all dominated

by submerged species, but the contribution of emer-

gent species to the overall diversity was significantly

higher in the restored and reference reaches compared

to the channelised reaches. The high species richness

in the restored and reference reaches was mainly due

to the high number of emergent terrestrial plants

present in the streams, and we found that in-stream

species richness increased with an increasing number

of overlapping species. Numerous observations have

shown that the migration (i.e. the spread) of bank

plants into the stream during summer is significant

and their contribution to stream plant richness is well

recognised (Wiegleb, Wolfgang & Todeskino, 1989;

Henry & Amoros, 1996b; Sand-Jensen, 1997; Cham-

pion & Tanner, 2000). Our results indicate that bank

morphology is of significance for this migration. We

found that shallow IS were associated with high

emergent coverage in the stream, which is probably a

direct consequence of the larger habitat area available

for the emergent species that grow predominantly in

shallow water (Kemp, Harper & Crosa, 1999; Riis,

Sand-Jensen & Larsen, 2001). We also found that wide

banks were associated with a high number of species

occurring both on the banks and in the stream. Wide

and shallow stream banks retain more moisture than

narrow and steep banks, thereby improving the

conditions for wetland species (Mountford & Chap-

man, 1993; Stromberg, Tiller & Richter, 1996; Clarke &

Wharton, 2000), which are able to colonise the in-stream

environment. Our finding that in-stream species rich-

ness increased with the number of species found

occurring both on the banks and in the stream indicates

that shallow IS and wide banks are of great importance

for the establishment of a species-rich in-stream flora.

The observed relationships between bank morphol-

ogy and species richness and composition suggest

that the reprofiling of banks and stream beds in the

restoration of lowland streams are important tasks

that need careful consideration. Bank and stream bed

morphology may, in fact, be just as important as the
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in-stream physical environment for the overall rich-

ness of the plant communities following restoration.

Biggs et al. (2001) found that enhanced habitat

heterogeneity in the restored reaches of the River

Cole in the U.K. was unrelated to the observed

increase in macrophyte richness. Instead macrophyte

richness and composition was related to the more

shallow waters and lower banks of the new stream

channel compared to the prerestoration channel

(Biggs et al., 2001). The restored stream reaches in

our study had less wide banks and in some cases less

shallow interaction slopes compared to the reference

reaches. The consequence of this for the plant

communities could not, however, be clearly distin-

guished in our measures of diversity or in the

performed fuzzy set clustering, as we were unable

to discriminate between the reference and restored

communities. This indicates that the interaction

between the riparian areas and the streams was

generally successfully restored in the investigated

reaches. It is, however, possible that other stream

biota and/or ecosystem functions are still suffering

from the above-mentioned morphological differences.

Other factors than bank morphology can affect the

coverage and richness of emergent plants in streams.

Differences in catchment land use are known to

influence species composition in streams and on

stream banks (Nilsson et al., 1989; Ferreira, 1994;

Baattrup-Pedersen et al., 2002; Hald, 2002). As arable

land completely dominates the catchments of all the

streams in the present study it is unlikely that

catchment land use can be considered a major factor

in discriminating between stream types. The abun-

dance of emergent plants can also be affected by a

change in management practice (Sode, 1997; Wright

et al., 2003). The observed increases in the abundance

of emergent species previously reported (Sode, 1997;

Wright et al., 2003) may relate to both less-intensive

cutting and to morphological channel changes (such

as slumped banks), which may follow ceased or less-

intensive management (Friberg et al., 1998; Wright

et al., 2003). In our study, weed cutting intensity was

much higher in channelised streams than in restored

and reference stream reaches. In about half of the

channelised streams the weed was left uncut close to

the banks, but despite this the abundance of emergent

species was still very restricted. Bank morphology

therefore seems to be more important for the observed

variability in emergent species richness and abun-

dance among the investigated restored and refer-

ence stream reaches than differences in management

practice.

Conclusions

The present study supports the claim by Frid & Clark

(1999) that streams have an inherent ability to recover

biologically from human-induced habitat degradation

and disturbance provided: (i) the factors causing

damage or disturbance are eliminated and (ii) the

physical environment matches the need of the organ-

isms. Our results emphasise the detrimental effect of

weed cutting on lowland stream macrophyte com-

munities. In order to achieve successful restoration

our results suggest that a less severe management

regime is just as crucial as the active restoration of a

physically degraded stream channel. Also the mor-

phology of the bank is very important for the

composition and richness of the communities in the

stream channel. Therefore, less-intensive management

and careful reprofiling of banks are important tasks to

ensure an effective restoration of macrophyte com-

munities in lowland streams.
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Appendix 1 Plant taxa found in 10 restored, 10 reference and 10 channelised stream reaches

Stream type

Restored Reference Channelised

Submerged

Berula erecta (Huds.) Coville x x x

Callitriche L. x x x

Elodea canadensis Michx. x x x

Lemna minor L. x x x

Lemna trisulca L. x x –

Myriophyllum alterniflorum DC. x x x

Potamogeton alpinus Balbis x x x

Potamogeton berchtoldii Fieber x x –

Potamogeton crispus L. x x x

Potamogeton natans L. x x x

Potamogeton pectinatus L. x – x

Potamogeton perfoliatus L. – x –

Ranunculus L. x x x

Sparganium emersum Rehmann x x x

Emergent/submerged

Equisetum fluviatile L. x x –

Glyceria fluitans (L.) R. Br. x x x

Glyceria maxima (Hartm.) Holmb. x x x

Mentha aquatica L. x x x

Mentha · verticillata L. – x –

Montia L. – x x

Myosotis palustris L. x x x

Nasturtium officinale R. Br. x x x

Polygonum amphibium L. x x x

Scirpus lacustris L. x x x

Sparganium erectum L. ssp. erectum x x x

Veronica anagallis-aquatica L. x x x

Veronica beccabunga L. x x x

Emergent

Acorus calamus L. – x –

Agrostis stolonifera L. x x x

Alisma plantago-aquatica L. x x x

Alopecurus geniculatus L. var. geniculatus x x –

Alopecurus pratensis L. x – –

Bidens cernua L. x – x

Calamagrostis canescens (Weber) Roth – – x

Caltha palustris L. var. palustris x x x

Carex acuta L. x x x

Carex rostrata Stokes x x –

Cerastium fontanum Baumg. ssp. vulgare (Hartm.) Greuter & Burdet var. holosteoides (Fr.) Jalas x x –

Cicuta virosa L. x x –

Deschampsia cespitosa (L.) P. Beauv. var. cespitosa x x x

Epilobium hirsutum L. x x x

Epilobium parviflorum Schreb. x x x

Epilobium L. x x –

Epilobium tetragonum L. – x –

Equisetum palustre L. x x x

Festuca rubra L. ssp. rubra x – –

Filipendula ulmaria (L.) Maxim. x x x

Galeopsis tetrahit L. – x –

Galium aparine L. x x –

Galium palustre L. ssp. palustre x x x

Holcus mollis L. x x –
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Appendix 1 (Continued)

Stream type

Restored Reference Channelised

Hydrocotyle vulgaris L. – x –

Iris pseudacorus L. x x x

Juncus articulatus L. x x x

Juncus effusus L. x x x

Lathyrus pratensis L. x – –

Lotus uliginosus Schkuhr ssp. uliginosus x x x

Lycopus europaeus L. x x x

Lysimachia thyrsiflora L. x x x

Lysimachia vulgaris L. x x x

Menyanthes trifoliata L. – x –

Persicaria hydropiper (L.) Spach x x x

Persicaria maculosa Gray ssp. maculosa – x –

Peucedanum palustre (L.) Moench x x –

Phalaris arundinacea L. x x x

Phragmites australis (Cav.) Trin. ex Steud. x – x

Poa trivialis L. ssp. trivialis x x x

Potentilla palustris (L.) Scop. – x x

Ranunculus repens L. x x x

Ranunculus sceleratus L. x x –

Rumex acetosa L. ssp. acetosa var. acetosa – x –

Rumex hydrolapathum Huds. x x x

Rumex L. x – –

Scirpus sylvaticus L. x x –

Scutellaria galericulata L. x x –

Solanum dulcamara L. x x x

Stachys palustris L. x x –

Stellaria alsine Grimm – x –

Stellaria palustris Ehrh. ex Hoffm. x x x

Typha latifolia L. x x –

Valeriana sambucifolia J.C. Mikan ssp. sambucifolia x x –

Vicia L. x – –

Viola palustris L. x – –

Species are classified according to the observed growth form (submerged, emergent or both).
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