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Abstract Evaluating ecological responses to

restoration is important for assessing the success of

river restorations. We evaluated the response of

species richness and diversity of aquatic macrophyte

(hydrophyte, instream aquatic plant) growth forms and

strategies (Grime’s CSR strategies; C competitive, S

stress tolerant, R ruderal) in 10 small- and 10 large-

scale river restoration projects in nine European

countries. Restoration had no effect on total richness

and diversity but significant effects if specific growth

forms and plant strategies were considered. Results

indicated that restoration caused an increase in the

richness and diversity of submerged and a decrease in

the proportion of competitive species. Responses were

especially pronounced in relatively small widening

projects in gravel-bed mountain rivers but not in

relatively large restoration projects in sand-bed low-

land rivers. Moreover, flow restoration increased the

richness and diversity of floating-leaved species. In

rivers with a high proportion of wetlands and water-

bodies in the catchment, restoration increased the

abundance of competitive plants. These results high-

light that river and catchment properties need to be

considered when evaluating river restoration projects.

We suggest hydrophyte growth forms and plant

strategies as suitable response variables to assess the

effect of river restoration projects.
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Introduction

The degradation of rivers and streams is an increasing

problem worldwide jeopardizing their ecological

quality and their provisional services (Gleick, 2003).

For example, the partial loss of aquatic macrophytes

(Steffen et al., 2013) not only has severe consequences

for macrophyte diversity but might also have cascad-

ing ecological effects due to the macrophytes’ impor-

tance as habitat for other organism groups (Heck Jr. &

Crowder, 1991; Strayer & Malcom, 2007; Basińska

et al., 2014). Furthermore, aquatic macrophytes also

function as ecosystem engineers (Asaeda et al., 2010;

O’Hare et al., 2011) and influence river processes such

as metabolism and nutrient cycling (Tabacchi et al.,

1998).

A large number of river restoration projects have

been initiated to reverse river ecosystem degradation.

These projects vary in restoration type, spatial extent

and characteristics at the local and catchment scale.

Therefore, different responses can be expected

depending on the chosen restoration approach as well

as on river and catchment characteristics. However,

generally, we expect river restoration to increase

habitat heterogeneity, i.e. structural complexity, and

therefore to favour species richness and diversity

sensu the ‘habitat heterogeneity hypothesis’ (e.g.

Simpson, 1949; MacArthur & Wilson, 1967). An

extensive review of 78 restoration projects focusing on

macroinvertebrates has however shown that restored

habitat heterogeneity per se may not restore biodiver-

sity (Palmer et al., 2010). On the other hand,

comparisons between degraded and non-degraded

stream reaches indicate that river restorations can

favour vegetation typical for non-degraded reaches.

Positive restoration effects were reported for different

aquatic plant growth forms including helophytes

(emerging species), elodeids (submerged species

without floating leaves) and lemnids (floating species)

(Lorenz et al., 2012). In a recent meta-analysis by Kail

et al. (2015), macrophytes showed the most pro-

nounced response to river restoration among the

studied organism groups, especially in widening

projects. Different responses to river restoration can

be due to interference with other stream processes.

Time after restoration is an important predictor of

macrophyte responses to restoration (Baattrup-Peder-

sen et al., 2000; Kail et al., 2015) and any potential

response might be blurred by a too short time span

between restoration and follow-up study, for the biota

to adjust to. Also, river morphology and upstream

riparian land use might influence our ability to detect

effects of river restoration (Lorenz & Feld, 2013).

Plant strategies can be classified into competitive

(C), stress (S) and ruderal/disturbance (R) strategies

(Grime, 1974, 1977, 1979, 1987, 1988). According to

Grime’s model, plant species respond to two control-

ling factors, namely stress and disturbance (Grime,

1977). The model has extensively been applied, tested

and also questioned (e.g. Murphy et al., 1990; Ecke &

Rydin, 2000; Craine, 2005).

Here, we evaluated the restoration response by

calculating effect sizes (difference between restored

and degraded) of species richness and diversity of

hydrophyte growth forms (bryophytes, elodeids,

nymphaeids and lemnids) and of macrophyte plant

strategies (Grime’s CSR strategies) in 20 European

river restoration projects. We chose to work with

growth forms and strategies instead of only richness

and diversity of hydrophytes for two reasons. First, the

distribution range of many species does not cover all

restoration projects. Hence, potential absence of

certain species might rather reflect natural distribu-

tions than restoration effects. Second, analysing

growth forms and strategies might provide deeper

insight into the functional response of macrophytes to

river restoration than analyses at the species level.

We expect flow-sensitive elodeids to be favoured

by restoration measures such as removal of bank

fixation, remeandering, and widening. The flow-sen-

sitive growth forms nymphaeids and especially lem-

nids should be adversely affected at sites with e.g. flow

restoration since they are generally sensitive to water

level fluctuations (Mjelde et al., 2013). The floating

leaves of nymphaeids will, depending on timing, not

be able to withstand strong water flow and high

amplitudes in water level (Paillisson & Marion, 2011).

Lemnids as non-rooted plants will be flushed away

during high-flow periods (Hellsten, 2001). In addition

to growth forms, we also expect the proportion of

different plant strategies in the communities to be

affected by restoration. According to Grime’s model,

we expect the proportion of competitive species (C) to
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dominate at sites with low disturbance incidence.

Stress-tolerant (S) species are typical for habitats with

challenging environmental conditions and ruderal

species (R) for ephemeral habitats (Grime et al.,

2007). Hence, river restoration measures resulting in

instable conditions and potentially in new and exposed

habitats, e.g. due to increased water level fluctuations,

should favour the proportion of ruderal species,

whereas that of stress-tolerant species might be

favoured for example by light limitation and increased

water depth. In addition and in line with Lorenz et al.

(2012), Lorenz & Feld (2013) and Kail et al. (2015),

we expect potential restoration type-specific responses

to be obscured by differences in river and catchment

characteristics.

Materials and methods

Study sites and environmental data

Our study comprised 10 small-scale and 10 large-scale

river restoration projects distributed in nine European

countries (Austria, Czech Republic, Denmark, Finland,

Germany, Poland, Sweden, Switzerland, and The

Netherlands). Ten pairs of corresponding large and

small restoration projects were investigated to address

the role of restoration extent for river restoration effects.

The restoration effect was quantified by comparing

each of the 20 restored river sections to a nearby

upstream non-restored and degraded section. The large

restoration projects represented good-practice exam-

ples either targeting medium-sized lowland rivers or

medium-sized mountain rivers. The majority of the

mountain rivers investigated were restored by removing

bed and bank fixation, flattening river banks, and partly

widening the cross-section (referred to as widening in

the following). In the lowland rivers, remeandering and

reconnecting oxbows were the most prominent mea-

sures besides increasing groundwater levels for restor-

ing wetlands. Moreover, instream measures like large

wood and boulder placement have been applied.

Restoration characteristics were gathered at the scale

of (i) individual projects (type of restoration, restoration

length, project size, and time since restoration), (ii)

rivers (altitude, slope, discharge, substrate type, hydro-

morphological variables, and concentrations of total

organic carbon, ammonium and phosphate) and (iii)

catchment (percentage cover of different Corine 2006

land cover classes, artificial surface, agricultural areas,

forest and semi-natural areas, wetlands and water

bodies). Detailed information on these characteristics

is given in the introduction paper of this issue (Muhar

et al.). Hydromorphological properties of the study sites

are presented by Poppe et al. (this issue) and in

Table S1. Project size was calculated as restoration

length (m) divided by mean river width (m). Concen-

trations of total organic carbon (TOC), ammonium and

phosphate were either measured during the field

surveys or taken from national databases for the

respective rivers.

Biological data

Aquatic macrophytes were surveyed during the peak

of the growing season (July to mid-September)

applying an EU Water Framework Directive (WFD)

compliant sampling protocol (Schaumburg et al.,

2004). One reach of 200 m length was sampled in

each of the restored and degraded sections by wading

in a zigzag manner across the channel and walking

along the riverbank. In non-wadable areas, the river

bottom was examined with a rake (on a long pole or at

the end of a rope) to reach the macrophytes. All

macrophyte species were recorded and identified to

species level except some specimens of Alopecurus

spp., Callitriche spp., Carex spp., Rumex spp., Spar-

ganium spp., and Veronica spp. that could only be

identified to the genus level. The survey included all

submerged, free-floating, amphibious and emergent

angiosperms and bryophytes (see Appendix—Supple-

mentary Material). In addition, we sampled plants that

were attached or rooted in parts on the river bank and

that were likely to be submerged for most of the year.

The abundance of each species as percentage cover

was recorded according to a 5-point scale: 1 = 1–5%;

2 = 5–25%; 3 = 25–50%; 4 = 50–75% and 5 =

75–100%.

Data analysis

Some of the growth forms were represented by only

few species. We therefore focused on the growth

forms elodeids (rooted or non-rooted, submerged

without floating leaves), bryophytes, lemnids (free-

floating) and nymphaeids (rooted with floating leaves)

according to Mäkirinta (1978) and Andersson (1999)

(see Appendix—Supplementary Material). Isoetids
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were excluded from all analyses due to few occur-

rences. Helophytes (plants living in bank habitats

which temporarily dry up) do not meet the hydrophyte

definition and were therefore excluded from the

analyses of growth forms but were included in the

analyses of plant strategies (see below).

As measures of species diversity, we calculated

species richness and Shannon diversity (H’; from here

on referred to as diversity) (Krebs, 1989) separately

for the group of hydrophytes and all growth forms.

After calculating diversity, all missing values (due to

the absence of species) were replaced by zero. This

implied that the diversity at sites without species and

at sites with only one species received the same value.

For each site, we calculated the mean proportion of

CSR strategies in the plant community based on the

presence data of all species, except bryophytes since

CSR strategies are only available for a few bryophyte

species. Plant strategies were taken from Klotz et al.

(2002) and Grime et al. (2007) (see Appendix—

Supplementary Material). The strategies of species

with multiple and/or combined strategies were

assigned by calculating the percentage of the respec-

tive strategies. For example, Iris pseudacorus L., a

C/CSR species (Grime et al., 2007) was classified as

50% C, 25% S and 25% R. Due to missing information

on CSR plant strategies for some species, we excluded

some species from the analysis on plant strategies (see

Appendix—Supplementary Material).

The effect of restoration on species richness and

diversity as well as on the percentage of the different

plant strategies was quantified by the difference

between the restored and corresponding degraded

control site (R minus D). We termed this difference as

the effect size.

To reduce the number of hydromorphological

predictor variables (see Poppe et al., this issue) to a

few components (PC), we performed a principal

component analysis (PCA) (Sharma, 1996) and used

factor loadings [|0.7| for the interpretation. PC1

explained 30.7 and PC2 17.5% of the variance in the

hydromorphological variables. PC1 represented

hydromorphological variables at the reach scale and

PC2 represented hydromorphological variables at the

mesohabitat scale (see Poppe et al., this issue, for more

details on the hydromorphological variables and

Table S1 for the result of the PCA). To analyse the

overall relationship between the species data (effect of

restoration on hydrophytes growth forms and plant

strategies) and environmental variables (catchment,

river and project characteristics, PCs of hydromor-

phological variables of first PCA), we performed a

second PCA. The PCA as an indirect gradient analysis

was based on the species data, with species scores

divided by standard deviation, and species data

centred and standardized. The environmental vari-

ables were used as supplementary variables by making

a post hoc regression between the environmental

variables and the PCs (see ter Braak & Smilaur, 2002).

We only interpreted principal components (PCs) with

eigenvalues[0.1. Variables with loadings[|0.7| were

used for the interpretation of the PCs. We evaluated

effect size in relation to the size of the restoration

(small or large), main type of restoration measure

(widening, remeandering, instream measures, or flow

restoration), river type (mountain or lowland) and

main substrate type (gravel or sand). These main

characteristics are described in Muhar et al. (this

issue). Differences in effect size within classes (e.g.

restoration measures, restoration size) were tested

with Friedman’s ANOVA test and differences

between classes with the Kruskal–Wallis test (Zar,

1996). Whether effect size differed significantly from

zero was tested with the sign test (Zar, 1996). Finally,

we correlated effect size to restoration characteristics

at the level of individual restoration projects, rivers

and catchments (see above and Muhar et al., this issue)

using Spearman rank order correlation coefficients

(Zar, 1996). All statistical analyses were performed in

Statistica (StatSoft, 2013) except the PCA on species

and environmental data, which was done in the

CANOCO statistical software (ter Braak & Smilaur,

2002).

Results

In total, we found 143 species of which 70 were

hydrophyte species with a median of seven hydrophyte

species per site (range 0–16). Bryophytes were the

most species-rich growth form (31 species; excluding

the bryophyte Riccia fluitans L.), followed by elodeids

(24 species), nymphaeids (eight species), lemnids (six

species; including the bryophyte R. fluitans L.) and

isoetids (one species). In total, 73 helophyte species

were found (see Appendix—Supplementary Material).

The restored and degraded control sites were

generally characterized by species with high
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proportion of competitive (C) (mean 51.5 ± SD

18.0%) and ruderal (R) strategies (mean 30.6 ± SD

10.8%) and only to a lesser degree by species with

stress-tolerant (S) strategies (mean 17.9 ± SD 12.8%;

Fig. 1).

General species responses

The overall relationship between the effect of

restoration on helophytes and the environmental

variables was rather weak but revealed some trends.

The PCA explained about half of the variance of the

biological effect sizes (Fig. 2). Most effect sizes on

plant strategies, and richness and diversity of growth

forms showed a similar response, except for the

competitive plant strategy and bryophyte richness and

diversity (Fig. 2). Moreover, the response was more

similar for the effect sizes on richness and diversity,

i.e. within different growth forms compared to

between growth forms. The overlay of supplementary

variables indicated that restoration effects on hydro-

phytes were especially high in older projects in the

forested mountain rivers. These projects were char-

acterized by high altitude, discharge, and slope that

created high mesohabitat diversity in contrast to

larger projects in agricultural lowland rivers that

enhanced reach-scale hydromorphology (Fig. 2).

However, the environmental variables were only weakly related to the PCA axis (t-values of regression

coefficients were \2.1). The small-scale and large-

scale restoration sites in the different countries

behaved rather similar, except in Austria, Switzerland

and Germany (Online Resource 2).

Responses to size of restoration projects

The effect size of neither total richness nor total

diversity of hydrophytes differed from zero at small- or

large-scale restoration sites or when combining all

sites (Sign test, small-scale restoration sites, richness:

z = -0.35, n = 10, P = 0.72, diversity: z = -0.35,

n = 10, P = 0.72; large-scale restoration sites, rich-

ness: z = 0.35, n = 10,P = 0.72, diversity: z = 0.00,

n = 10, P = 1.00). However, focusing on hydrophyte

growth forms revealed significant patterns. The

increase in elodeid species richness and diversity

differed from zero at sites with small-scale restoration

sites (Sign test, z = 2.04, n = 10, P\ 0.05 and

z = 2.04, n = 10, P\ 0.05, respectively) and all

restoration sites combined, (Sign test, z = 2.58,

Fig. 1 Mean proportion of CSR plant strategies at degraded

(crosses, n = 20), small-scale restoration (filled triangles,

n = 10) and large-scale restoration (filled circles, n = 10) sites
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Fig. 2 Biplot of the first two principal components (PCs) of the

environmental (bold, filled circles) and species data. Eigenval-

ues of the two PCs are given in parentheses after the respective

PCs. Open and closed triangles denote species richness and

diversity, respectively. Crosses denote the plant strategies

competitive (C), stress tolerant (S) and ruderal (R). Environ-

mental variables represent those given in Tables 1 and 2. PC1

and PC2 represent the first two PCs of the PCA on the

hydromorphological variables (see Table S1). Bryo, bryophytes;

Elod, elodeids; Lemn, lemnids; Nymp, nymphaeids

Hydrobiologia (2016) 769:41–54 45

123



n = 20, P\ 0.01 and z = 2.22, P\ 0.05, respec-

tively) (Fig. 3). Moreover, the decrease in the propor-

tion of competitive species at small-scale and all

restoration sites combined differed from zero (Sign

test, z = 2.1, n = 10, P\ 0.05 and z = 2.01, n = 20,

P\ 0.05, respectively) (Fig. 4). At small-scale

restoration sites, also the increase in the proportion

of stress-tolerant species differed significantly from

zero (Sign test, z = 2.21, n = 10, P\ 0.05) (Fig. 4).

The response of species richness but not of diversity

differed among growth forms at small-scale restored

sites (species richness; ANOVA v(n = 10, df = 3)
2 = 9.94,

P\ 0.05) and also when combining all restored sites

(species richness, ANOVA v(n = 20, df = 3)
2 = 15.23,

P\ 0.01) but not at large-scale restored sites (species

richness, ANOVA v(n = 10, df = 3)
2 = 6.11, P[ 0.05)

(Fig. 3). Combining all hydrophyte species, the

response of neither richness nor diversity differed

between small and large-scale restoration sites (Sign

test, z = -0.32, n = 10, P[ 0.05 and z = -0.32,

n = 10, P[ 0.05, respectively). A closer look at the

level of growth forms revealed that differences

between restored and degraded were positive for

richness of elodeids (increase by four species; 75

percentile) and lemnids (increase by one species; 75

percentile) in small-scale restored sites and also when

combining all restored sites, whereas bryophyte rich-

ness showed a negative response (minus one species;

75 percentile) at small-scale restored sites (Fig. 3).

Focusing on plant strategies revealed differences in

the proportion of CSR strategies between restored and

degraded sites for small-scale and all restorations

combined. At small-scale restoration sites and at all

restoration sites combined, the response of the propor-

tion of strategies varied among strategy types (ANOVA

v(n = 10, df = 2)
2 = 7.40, P\ 0.05 and ANOVA

v(n = 20, df = 2)
2 = 6.30, P\ 0.05, respectively). The

proportion of S strategies in the plant communities was
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Fig. 3 Median effect size (difference between restored and

degraded) of the species richness (A) and diversity (B) of

hydrophyte growth forms at small-scale (n = 10) and large-

scale (n = 10) restoration sites, as well as at all restoration sites

combined (n = 20). Boxes represent 25 and 75 percentiles and

whiskers 10 and 90 percentiles, respectively. Asterisks to the

right of the restoration size class indicate significant differences

(P\ 0.05) among growth forms for the respective restoration

size class. Asterisks below box-plots indicate that the effect size

differed significantly from zero (*P\ 0.05, **P\ 0.01)
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Fig. 4 Median effect size (difference between restored and

degraded) of CSR plant strategies at small-scale (n = 10), large-

scale (n = 10) restoration sites and at all restoration sites

combined (n = 20). Boxes represent 25 and 75 percentiles and

whiskers 10 and 90 percentiles, respectively. Asterisks to the

right of the restoration size class indicate significant differences

(P\ 0.05) among strategies for the respective restoration size

class. Asterisks below box-plots indicate that the effect size

differed significantly from zero (P\ 0.05). Asterisks above

box-plots indicate that the effect size for a strategy differed

between restoration size classes (P\ 0.05)
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higher in small-scale restoration projects but lower in

large-scale restoration projects (Kruskal–Wallis test,

H(1, n = 20) = 6.61, P\ 0.05) (Fig. 4).

Only the diversity of nymphaeids was negatively

correlated with project size (Table 1), and neither the

response of growth form nor plant strategy was

correlated with time after restoration (Tables 1, 2).

Responses to restoration type

The restoration type did not affect the response of

species richness and diversity of hydrophytes if all

growth forms were pooled (results not shown).

However, at sites that were widened, the species

richness of elodeids showed a positive response (Sign

test, z = 2.48, P\ 0.05) (Fig. 5). Widening caused a

significant decrease of the share of competitive species

(Sign test, z = 2.67, n = 9, P\ 0.01) (Fig. 6A). As a

consequence, the share of stress-tolerant and ruderal

species increased, resulting in significant differences

between the plant strategies in the widening projects

(ANOVA v(n = 9, df = 2)
2 = 14.00, P\ 0.001)

(Fig. 6A). No such changes were observed for the

other restoration types, and hence, the effect of

restoration on the share of competitive species was

solely due to widening (Kruskal–Wallis test,

H(3, n = 18) = 12.36, P\ 0.01) (Fig. 6A).

At sites with widening as the main restoration

measure, effect sizes of richness but not of diversity

differed among growth forms (ANOVA

v(n = 9, df = 3)
2 = 9.48, P\ 0.05 and ANOVA

v(n = 9, df = 3)
2 = 5.16, P[ 0.05, respectively)

Table 1 Correlation coefficients (Spearman rank order) between the effect size (difference between restored and degraded) of

species richness (SR) and diversity (D) of different growth forms and predictor variables

Predictor Hydrophytes Elodeids Bryophytes Lemnids Nymphaeids

SR D SR D SR D SR D SR D

Project scale

Restoration length (km) -0.07 -0.31 0.05 0.18 -0.05 0.01 0.12 0.25 -0.07 -0.27

Project sizea -0.00 0.20 -0.17 0.01 -0.09 -0.04 -0.03 0.21 -0.29 -0.50

Time after restoration (years) -0.11 -0.15 -0.05 -0.19 0.02 -0.04 -0.03 -0.18 0.23 -0.02

River scale

Altitude (m) 0.15 0.19 0.31 0.06 0.09 0.03 0.23 0.12 0.19 0.08

Slope (%) 0.06 0.10 0.22 0.05 -0.07 -0.16 -0.07 -0.31 0.47 0.57

Discharge (m3 s-1) 0.28 0.14 0.41 0.39 0.13 0.13 0.35 0.12 0.29 0.10

TOC (mg l-1) 0.15 0.12 -0.37 -0.21 -0.08 -0.13 -0.07 0.00 -0.13 0.14

Ammonium (mg l-1) 0.08 0.06 -0.16 0.04 -0.23 -0.20 0.05 0.20 -0.44 -0.40

Phosphate (lg l-1) 0.04 0.34 -0.15 -0.01 0.00 0.07 0.50 0.50 -0.40 -0.42

Hymo PC1b -0.06 -0.06 -0.55 -0.61 -0.04 0.02 -0.09 -0.03 -0.40 -0.33

Hymo PC2b 0.01 -0.15 0.43 0.10 -0.09 -0.07 -0.24 -0.31 0.51 0.28

Catchment scalec

Artificial surface (%) 0.06 0.39 0.00 0.08 0.17 0.29 -0.08 0.09 -0.26 -0.22

Agricultural areas (%) -0.04 0.15 -0.10 0.22 0.04 0.07 -0.01 0.18 -0.27 -0.38

Forest, semi-natural areas (%) 0.15 -0.06 0.23 -0.10 0.04 -0.02 0.08 -0.11 0.41 0.38

Wetlands (%) -0.14 -0.31 -0.39 -0.18 -0.10 -0.09 0.06 0.05 -0.21 0.10

Water bodies (%) 0.15 -0.14 -0.06 0.08 -0.05 0.00 0.10 0.16 -0.07 0.22

Predictor variables are sorted by different scales, viz. project, river and catchment. Significant correlations (P\ 0.05) are indicated in

bold
a Project size was calculated as the ratio between restoration length (m) and restoration width (m)
b PC1 was dominated by variables of the hydromorphological survey, e.g. channel geometry, river dynamics, connectivity and

riverbed relief. PC2 represented hydromorphological variables at the scale of the mesohabitat, e.g. Shannon diversity for all channel

features. For details of the hydromorphological variables, see Poppe et al. (this issue)
c Properties at the catchment scale represent land cover in the catchment
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(Fig. 5). The response of species richness but not

diversity of hydrophytes differed among restoration

types with widening and flow restoration showing the

largest and positive effect size (Kruskal–Wallis test,

H(3, n = 18) = 8.51, P\ 0.05 and H(3, n = 18) = 2.91,

P[ 0.05, respectively). Focusing on growth forms

revealed that the differences in species richness among

restoration types were mainly due to elodeids

(Kruskal–Wallis test, H(3, n = 18) = 10.74, P\ 0.05;

Fig. 5). At sites with flow restoration as the main

restoration measure, species richness and diversity of

nymphaeids displayed positive effect sizes, whereas

the effect sizes for this growth form were negative or

zero at sites with remeandering and instream measures

(Kruskal–Wallis test, species richness: H(3, n = 18) =

11.19, P\ 0.05; diversity: H(3, n = 18) = 15.30,

P\ 0.01; Fig. 5).

Responses to river and catchment properties

The substrate and river type did not affect the species

richness and diversity of hydrophytes if all growth

forms were pooled (results not shown). At sites

dominated by gravel, the species richness of elodeids

showed a positive response and the proportion of the C

strategy a negative response (elodeids: Sign test,

z = 2.21, n = 12, P\ 0.05; C strategy: Sign test,

z = 2.02, n = 12, P\ 0.05; Figs. 6B, 7A). The effect

size of the proportion of the C strategy in the

communities differed from zero (negative response)

also at mountain sites (Sign test, z = 2.21, n = 12,

P\ 0.05) (Fig. 7C). The similarity in the results from

restoration projects classified by substrate, river type

and restoration types, respectively, is probably

explained by the correlation of explanatory variables.

Table 2 Correlation coefficients (Spearman rank order) between the effect size (difference between restored and degraded) of the

CSR strategies and predictor variables. Predictor variables are sorted by different scales, viz. project, river and catchment

Predictor Strategy

Competitive Stress tolerant Ruderal

Project scale

Restoration length (km) 0.39 0.15 -0.47*

Project sizea 0.39 0.03 -0.34

Time after restoration (years) -0.42 0.16 0.10

River scale

Altitude (m) -0.65** 0.11 0.29

Slope (%) -0.10 0.07

Discharge (m3 s-1) -0.26 0.37 -0.08

TOC (mg l-1) 0.64** -0.44 -0.08

Ammonium (mg l-1) -0.03 0.26 0.05

Phosphate (lg l-1) -0.12 0.39 -0.15

Hymo PC1b 0.68** -0.57* -0.55*

Hymo PC2b -0.53* 0.57* -0.15

Catchment scalec

Artificial surface (%) -0.06 0.12 0.04

Agricultural areas (%) 0.16 0.21 -0.09

Forest, semi-natural areas (%) -0.27 -0.10 0.11

Wetlands (%) 0.76*** -0.37 -0.35

Water bodies (%) 0.64** -0.33 -0.16

* P\ 0.05, ** P\ 0.01 and *** P\ 0.001
a Project size was calculated as the ratio between restoration length (m) and restoration width (m)
b PC1 was dominated by variables of the hydromorphological survey, e.g. channel geometry, river dynamics, connectivity and

riverbed relief. PC2 represented hydromorphological variables at the scale of the mesohabitat, e.g. Shannon diversity for all channel

features. For details of the hydromorphological variables, see Poppe et al. (this issue)
c Properties at the catchment scale represent land cover in the catchment
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For example, eight of the 10 widening restorations

were performed in mountain rivers that had gravel as

the dominating substrate (see also Table S1; Fig. 2).

Neither species richness nor diversity of hydrophytes

differed between substrate types (Kruskal–Wallis test,

H(1, n = 20) = 0.06, P[ 0.05 and H(1, n = 20) = 0.13,

P[ 0.05, respectively) or river types (Kruskal–Wallis

test, H(1, n = 20) = 1.63, P[ 0.05 and H(1, n = 20) =

0.06, P[ 0.05, respectively). However, differences

between substrate and river types were revealed when

analysing growth forms and plant strategies. The

response of species richness among growth forms

differed at sites dominated by gravel (ANOVA

v(n = 12, df = 3)
2 = 9.80, P\ 0.05) and at sites dominated
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by sand (ANOVA v(n = 8, df = 3)
2 = 7.89, P\ 0.05)

(Fig. 7A, B). For nymphaeids, the effect size of

species richness and diversity was significantly higher

at sites dominated by gravel compared to those

dominated by sand (Kruskal–Wallis test, H(1, n = 20) =

5.23, P\ 0.05 and H(1, n = 20) = 4.36, P\ 0.05,

respectively) (Fig. 7A, B). The effect size of species

richness differed among growth forms at lowland but

not at mountain sites (ANOVA v(n = 10, df = 3)
2 = 8.21,

P\ 0.05 and ANOVA v(n = 10, df = 3)
2 = 7.08,

P[ 0.05, respectively) (Fig. 7C, D). The effect size

of plant strategies showed similar patterns when

classifying restoration sites according to substrate

and river type (Fig. 6B, C). The proportion of

competitive species decreased and that of stress-

tolerant and ruderal species increased at sites domi-

nated by gravel and at mountain river sites (ANOVA

v(n = 12, df = 2)
2 = 8.67, P\ 0.05 and ANOVA

v(n = 10, df = 2)
2 = 11.40, P\ 0.01, respectively;

Fig. 6B, C). The proportion of competitive species in

the communities differed between sites dominated by

gravel and those dominated by sand (Kruskal–Wallis,

H(1, n = 20) = 4.34, P\ 0.05) and between mountain

and lowland sites (Kruskal–Wallis test,

H(1, n = 20) = 6.61, P\ 0.05; Fig. 6B, C). Also the

proportion of ruderal species in the plant communities

differed between mountain and lowland sites (Krus-

kal–Wallis test,H(1, n = 20) = 3.86,P\ 0.05; Fig. 6C).

The effect size of species richness and diversity of

hydrophytes was not correlated with any of the

predictor variables if all growth forms were pooled

(Table 1). In contrast, the effect sizes of species

richness and diversity of nymphaeids were positively

correlated with slope, whereas those of lemnids were

positively correlated with phosphate (Table 1).

Among the hydromorphological variables, only prop-

erties characterizing the sites at the reach scale (i.e.

PC1) correlated with effect size and only with the

richness and diversity of elodeids (Table 1). Correla-

tions between effect size and predictors were more

pronounced for CSR strategies compared with growth

forms (Tables 1, 2). The effect size of the proportion

of the C strategy was correlated with land cover,

showing positive correlations with both the percentage
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effect size differed significantly from zero (P\ 0.05). Asterisks

above box-plots indicate that the effect size for a certain growth

form differed between types (P\ 0.05)
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cover of wetlands and water bodies in the catchment

(Table 2). The effect size of the proportion of the C

strategy was negatively correlated with altitude, but

positively with the concentration of total organic

carbon (TOC) (Table 2). The effect size of the

proportion of the R strategy in the communities was

negatively correlated to restoration length and all

effect sizes were correlated with hydromorphological

properties identified during the hydromorphological

survey (Table 2). However, for the proportion of

competitive species in the plant communities, the

correlation was positive, whereas it was negative for

the effect size of the proportion of stress-tolerant and

ruderal species (Table 2). There were correlations for

both the effect size of the proportion of competitive

(negative) and stress-tolerant (positive) species with

hydromorphological properties at the scale of the

mesohabitat (Table 2).

Discussion

Eutrophication and hydromorphological degradation

have been suggested as important drivers of macro-

phyte species loss in streams (Steffen et al., 2013).

Restoration measures are conducted to reverse this

process even though restoration measures per se may

not guarantee ecosystem recovery (Palmer et al.,

2010). Previous findings by Lorenz et al. (2012)

showed that restoration generally increased species

richness and diversity of hydrophytes. In contrast, our

study revealed a complex relationship between

restoration measures and the response of hydrophyte

growth forms and plant strategies but not of hydro-

phytes per se. Surprisingly, responses of both growth

forms and CSR plant strategies were more pronounced

at small-scale compared to large-scale restoration

sites. If we presume that the here-studied restoration

measures represent ‘ultimate goal’ measures, the scale

of restoration per se and probably the amount of

invested resources are therefore not a good indicator of

restoration success. However, it should be kept in

mind that several of the predictor variables that

explained the response of hydrophyte growth forms

and plant strategies are interlinked, impeding the

potential to identify single causes for identified

responses. As our second PCA showed, project length

and size were high in rivers located in catchments with

a high percentage of agricultural areas. Hence,

potential differences between for example small- and

large-scale restoration projects might have been

masked by land cover properties as also discussed

below.

The studied restoration measures appeared to

influence the response of the macrophyte communi-

ties, even though there is a risk of confounding effects

from related predictor variables. Elodeids including

species such as Ceratophyllum demersum L., Hippuris

vulgaris L. and Potamogeton gramineus L. were

besides bryophytes the most species-rich growth form.

As expected, elodeids responded positively to widen-

ing and flow restoration measures. We need to

consider though that flow restoration was performed

in two projects only. Riverbed widening was the

restoration measure with the most pronounced

responses on all growth forms and proportion of

CSR strategies. The removal of embankments and

bank fixations were typical riverbed widening mea-

sures employed. One reason for the observed response

could be that widening increases habitat area, hetero-

geneity and complexity. In contradiction to the habitat

heterogeneity hypothesis (Simpson, 1949; MacArthur

& Wilson, 1967) but in line with the conclusions by

Palmer et al. (2010), riverbed widening only increased

species richness of elodeids, but not their diversity and

not the species richness or diversity of the other

growth forms. Widening created more shallow habi-

tats with low flow velocity (Poppe et al., this issue),

which might have favoured the establishment and

persistence of elodeids compared to the fast flowing

deeper degraded sections. Furthermore, widened

channels are expected to have larger areas with direct

sunlight (due to reduced shading from riparian trees)

and low water depth, which probably positively

affected hydrophyte growth as also noted by Makkay

et al. (2008). Due to the importance of elodeid species

as habitats and refuges for macroinvertebrates and fish

(Strayer & Malcom, 2007; Basińska et al., 2014), the

positive effect of widening on elodeids could poten-

tially also have cascading ecological effects. Instream

measures in our study comprised, among others,

bolder replacement and gravel additions to increase

salmonid spawning areas. Elodeids generally have a

broad tolerance for different substrate types, but

several elodeids prefer soft substrates that may

facilitate rooting (e.g. Dodkins et al., 2005).

The mechanisms driving the plant strategy

responses at sites with widening as the main measure
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are unknown. We can suspect that widening creates

more variable and unpredictable habitats that can be

characterized by, for example, temporary flooding and

increased grazing by waterfowl. Such variable condi-

tions are probably less favorable for species with a

purely competitive strategy such as Eupatorium

cannabinum L., Glyceria maxima (Hartm.) Holmb,

Lysimachia vulgaris L. and Typha latifolia L. Indeed,

T. latifolia is known not to be able to cope with deep

water (Grace & Wetzel, 1982). The expected signif-

icant negative response of the proportion of the

competitive plant strategy is therefore not surprising.

It is however important to note that most studied

species showed multiple and/or combined strategies

(see Appendix—Supplementary Material), and we

might therefore not expect straightforward responses

of plant strategies.

The positive response of species richness and

diversity of nymphaeids to flow restoration was

unexpected, even though based on small sample size

(see above). Increased flow and increased water level

fluctuation are supposed to negatively affect nym-

phaeids (Bornette & Puijalon, 2011; Mjelde et al.,

2013). Many of the restoration sites studied here were

characterized by multiple restoration measures even

though a main restoration measure could be identified.

For the nymphaeids, gravel and boulder additions

might have created favorable low-flow habitats that

overrule the potential negative effect of increased flow

velocity at the reach scale. Also the creation of slow-

flowing microhabitats at sites with flow restoration

might explain the response of nymphaeids.

Lorenz et al. (2012) found that the response of

different growth forms to restoration differed

between mountain and lowland streams, a result

that we could not confirm. In contrast, we found that

differences among growth forms were pronounced

in lowland but not in mountain restoration sites. Our

study supports the importance of stream type

(lowland vs mountain) for the effect size of CSR

plant strategies, however. In line with Baattrup-

Pedersen and Riis (1999), we found that the effect

sizes were substrate-dependent. In our study, river

type and substrate type were, however, interlinked,

since only four of the lowland sites are of the gravel

type and at all other lowland sites, sand is domi-

nating. In addition, it needs also to be considered

that eight of the 10 widening restorations were

performed in rivers that were mountain rivers and

that had gravel as the dominating substrate. Hence,

we need to be cautious when assigning identified

responses to single factors. The effect of local and

reach restoration measures might be overruled by

upstream and non-restoration-related river charac-

teristics (Lorenz & Feld, 2013), which was, at least

for plant strategies also supported by our study.

Time after restoration is an important predictor of

macrophyte responses to restoration (Baattrup-Peder-

sen et al., 2000). Our study was performed on average

10 years (range 3–16 years) after the restorations.

This time period was on average 5 years in Lorenz

et al. (2012) who found significant restoration

responses of several macrophyte growth forms. In

our study, time after restoration did not affect the

response of growth forms and plant strategies, whereas

Kail et al. (2015) showed a decline in macrophyte

response with increasing time since restoration. How-

ever, we cannot exclude time after restoration in

combination with other factors as a confounding effect

in our study. The species pool at the catchment scale is

an important predictor of local plant species richness

(Dynesius et al., 2004). If species richness is impov-

erished at the catchment scale, an increase in species

richness associated with local restoration measures

may be delayed and even fail as also predicted by the

concepts of the ghost of land use past (sensu Harding

et al., 1998) and/or an extinction debt (sensu Tilman

et al., 1994).

The need for proper methods to assess the ecolog-

ical and socio-economic effects of restoration projects

has become a major task (Bernhardt et al., 2005).

However, the ability to assess these effects is restricted

by the lack of proper monitoring programs and

assessment methods for different organism groups

(Bernhardt et al., 2005). Also in our study, we did not

monitor species responses along a temporal gradient

ranging from prior to after the implementation of

restoration measures. Instead, we used a space-for-

time approach (comparing restored sites with

degraded upstream sites). Future restoration projects

should try assessing the true restoration effects by

long-term monitoring of restoration sites. Indeed, time

after restoration is the most important factor explain-

ing restoration effects (Kail et al., 2015). In addition,

restoration projects need to formulate target-group

specific objectives. Otherwise, it will not be possible

to evaluate true restoration success, but only, as in our

study, restoration effects.
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Recently, the demand for functional perspectives of

river restoration has been emphasized (Palmer et al.,

2014). Indeed, our study showed that hydrophyte

richness and diversity are poor indicators of the

ecological effects of river restoration projects,

whereas a focus on hydrophyte growth forms and

strategies reveals actual restoration responses.
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