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Abstract
Stormwater ponds (SP) are increasingly used for water management along roads and in urban environments. How these 
infrastructures compare to natural wetlands in terms of biodiversity remains unclear, however. Studies to date have evalu-
ated the subject in general terms, without considering the different zones in SP and wetlands (from aquatic, at the pond 
edge, to terrestrial, at the upper bank) or other local and regional factors. In this project, we aimed to compare the 
taxonomic diversity and composition of plant communities established in four different zones of SP with that in either 
roadside or remote natural wetlands. We also evaluated the effect of various local and regional factors on those com-
munities. Our results show that, globally, the species composition of the lower, wetter zones was similar between SP 
and natural wetlands, especially roadside wetlands, while higher, drier zones showed significant differentiation. Factors 
explaining observed differences between SP and both roadside and remote natural wetlands were water level fluctua-
tions, road proximity, slope, and age of the SP. Stormwater ponds also exhibited lower beta diversity than both types of 
wetlands. Nonetheless, our study suggests that with some modifications in their design, SP have the potential to harbour 
more wetland plant communities.
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Résumé
Les bassins de rétention (BR) sont de plus en plus utilisés pour la gestion de l’eau le long des autoroutes et des zones 
urbaines. Cependant, nous ne savons pas comment ces infrastructures se comparent aux milieux humides (MH) naturels en 
termes de biodiversité. Les études sur le sujet font une évaluation générale qui ne tient pas compte des différentes zones 
des BR et des MH (du plus humide en bordure de mare, jusqu’au plus terrestre en haut de talus), ou encore des facteurs 
locaux ou régionaux. Ce projet vise à comparer la diversité taxonomique et la composition des communautés végétales 
établies dans quatre zones différentes des BR avec des milieux humides naturels, soit de bord de route, soi isolés. Nous 
avons également évalué l’effet de plusieurs facteurs locaux ou régionaux sur ces communautés. Nos résultats montrent 
que globalement, la composition spécifique des zones plus humides était similaire entre les BR et les MH naturels, en 
particulier ceux situés près d’une route, alors que les zones les plus hautes étaient significativement différentes entre elles. 
Les facteurs expliquant les différences observées entre les BR et les MH naturels de bord de route et isolés étaient les 
fluctuations du niveau d’eau, la proximité de la route, la pente et l’âge des BR. De plus, les BR montraient une diversité 
bêta plus faible que les deux types de milieux humides. Notre étude suggère néanmoins que, moyennant certaines modi-
fications dans leur conception, les BR ont le potentiel d’abriter davantage de communautés végétales de MH.

Mots-clés  bassins de rétention · milieux humides · communautés végétales · biodiversité · diversité bêta · routes
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Introduction

Wetlands are one of the most biodiverse habitats on Earth 
(Costanza et al. 1997; Dodds et al. 2008), displaying crucial 
ecological functions such as water level regulation, water 
filtration, and carbon sequestration (Temmink et al. 2022). 
However, these unique ecosystems are rapidly declining 
globally (Zedler and Kercher 2005; Davidson 2014; Dixon 
et al. 2016) due to land-use changes, with global net losses 
estimated at 21% or more since 1700 (Fluet-Chouinard et 
al. 2023). The St. Lawrence River basin is the fourth most 
disturbed one worldwide, with losses estimated to reach 
slightly more than 50% in the last two centuries, the most 
drastic changes happening in the last decades (Poulin and 
Pellerin 2013; Fluet-Chouinard et al. 2023). To manage the 
surplus surface water runoff resulting from both the loss of 
wetlands and the increase in impervious surfaces, the con-
struction of stormwater ponds (SP) is becoming widespread 
in urban and peri-urban environments (Tixier et al. 2011; 
Birch et al. 2022).

In addition to their primary functions of water regulation 
and pollutant reduction (Starzec et al. 2005; Mitchell et al. 
2007), SP often constitute habitats for plants and wildlife, 
(Marsalek et al. 2005), increasing species connectivity in 
human-dominated landscapes (Birch et al. 2023), although 
they are often of poor quality due to pollution (McKercher et 
al. 2024). In turn, the presence of plants further contributes 
to the ecosystem functioning of SP, increasing the services 
provided such as pollutant removal (McKercher et al. 2024) 
and peak flow attenuation through increased evapotranspi-
ration (Natarajan and Davis 2015). However, to what extent 
plant communities in these infrastructures mirror those of 
wetlands (i.e., natural wetlands in similar environmental 
contexts) remains to be explored.

Studies assessing SP plant diversity show that SP are 
less diverse than natural wetlands (Reinartz and Warne 
1993; Kuntz et al. 2018). Although some SP are planted or 
seeded with a set of species following construction, they 
are often rapidly colonized by invasive species that tend to 
exclude others, including native wetland species. In some 
cases, total species richness may be comparable between 
SP and wetlands; however, upland as well as invasive wet-
land species prevalent in SP such as Typha angustifolia 
and Phragmites australis subsp. Australis tend to replace 
native, wetland obligate species (Rooney et al. 2015). Thus, 
the richness of wetland obligate and facultative species has 
been found to be lower in SP than in natural wetlands, lead-
ing to lower ecological value (Rooney et al. 2015; Perron 
and Pick 2020).

Stormwater ponds are often required by urban planning, 
especially when there is a loss of natural, permeable sur-
faces (Rivard et al. 2014). Roads are an example of such 

infrastructure for which the implementation of SP is manda-
tory in order to decrease the risk of flooding and avoid con-
taminant dispersion in the immediate environment (Birch 
et al. 2006; Hwang et al. 2019). However, since SP are 
often built close to roads, their plant communities are often 
exposed to high levels of contaminants (nitrogen, metals, 
hydrocarbons, de-icing salts, etc.) that affect plant coloniza-
tion, survival, and reproduction (Truscott et al. 2005; Akbar 
et al. 2006; Gülser and Erdogan 2008; Skultety and Mat-
thews 2018). Roads have also been shown to have a det-
rimental impact on the plant community composition and 
diversity of natural wetlands (Findlay and Houlahan 1997; 
Findlay and Bourdages 2000; Avon et al. 2010), especially 
within 50 m of either side (Fakayode and Olu-Owolabi 
2003; Gülser and Erdogan 2008; Khalid et al. 2018).

Evaluating restored or constructed sites can be done by 
using unmanaged reference ecosystems as a standard of 
comparison (SERI 2004; Moreno-Mateos et al. 2012). This 
makes it possible to determine whether the attributes of the 
former (e.g., composition, diversity, richness, strata, func-
tions) follow the expected trajectory towards restoration or 
construction objectives (Zedler and Callaway 1999; Camp-
bell et al. 2002; Balcombe et al. 2005; Matthews et al. 2009). 
In this study, and even though SP are not built to emulate 
wetlands (as is the case with constructed wetlands), we used 
natural wetlands to look for similarities with SP in terms 
of plant community composition and to estimate whether 
SP could be refugia for wetland plant species, despite their 
primary function of water management.

In this study, we aimed to determine whether roadside SP 
and natural wetlands in a North American context have sim-
ilar plant communities. We wanted to evaluate if and how 
SP could be modified in order to achieve certain ecologi-
cal goals, such as harbouring wetland plant communities. 
We focussed on the different zones often found within such 
constructed environments: aquatic, wet littoral, dry littoral, 
and upper bank, comparing roadside SP to both roadside 
and remote natural wetlands. We explored the influence of 
local and regional factors on plant community diversity and 
composition. We predicted that (1) SP show higher alpha 
diversity and lower beta diversity than natural wetlands, due 
to the presence of drier, more terrestrial zones; and that (2) 
SP resemble roadside wetlands more than remote ones.

Methodology

Study area

We conducted our study along four roads located in south-
eastern Québec, Canada (Fig. 1) classified as intra-provincial 
highways with two to four lanes, depending on the segment. 
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The annual average daily traffic ranged between 7000 cars 
(Highways 175 and 85) and 15 000 cars (Highways 367 and 
73; MTQ 2018). The study area spread both north and south 
of the St. Lawrence River and encompassed four biocli-
matic domains as classified by the provincial forest agency 
(balsam fir-yellow birch, sugar maple-yellow birch, sugar 
maple-basswood, and balsam fir-white birch; MRNF 2022). 
This ecological classification of Québec territory uses 
plant communities to define homogenous regions in terms 
of climate and precipitation. For sites located north of the 
St. Lawrence River (Highways 175 and 367; n = 36), mean 
annual temperatures vary from 0.5 °C to 4.7 °C (depending 
on altitude), with mean annual precipitation of 1288 mm, of 
which 24% falls as snow. For sites located south of the St. 
Lawrence River, along the Highway 73 area (n = 12), the 
mean annual temperature is 4.5 °C, with mean annual pre-
cipitation of 1117 mm, of which 20% falls as snow. Further 
east, for sites along Highway 85 (n = 12), the mean annual 
temperature is 3.4 °C, with mean annual precipitation of 
1029 mm, of which 26% falls as snow (MELCC 2021).

Site Selection

We first selected 174 stormwater pond (SP) sites from a 
database provided by the provincial transport agency, the 
Ministère des transports du Québec1. We only included per-
manent ponds (i.e., filled with water year-round). We dis-
carded the more recent SP (i.e., those built in the last three 

1 https://www.transports.gouv.qc.ca/en/contact-us/Pages/contact-us.
aspx.

years), to ensure sufficient colonization by the local flora, 
as well as those located in dense constructed areas of urban 
centers, due to the absence of urban natural wetlands. From 
the remaining SP (28), we selected those situated at least 
500 m apart from each other, to limit spatial correlation 
(Houlahan et al. 2006). A total of 20 SP met these criteria, 
ranging in size from 0.14 to 1 ha (mean area: 0.46 ha). All 20 
selected SP consisted of a circular or elongated body of open 
water surrounded by steep slopes (7 to 26%). Their bottom 
substrate consisted mainly of rockfill without an impervious 
membrane, and their shoreline had been enriched with 10 to 
40 cm of topsoil of unknown origin. Banks of all 20 SP had 
been systematically hydroseeded with a mix of grasses, and 
some sites had been planted with herbs and shrubs (16 out of 
18 sites for which information was available; see Appendix 
A for list of species).

We paired two natural wetlands with each SP for com-
parison purposes, using a database of natural wetlands pro-
vided by Ducks Unlimited and the provincial environment 
agency (Ministère de l’Environnement et de la Lutte aux 
Changements Climatiques), completing this selection with 
a visual analysis of satellite images (ESRI 2020) to iden-
tify ponds, which were then validated on site. The selected 
sites were small ponds: marshes surrounding an open-water 
area. We selected the first one to be situated 50 m or less 
from a paved road (hereafter roadside wetlands; RoW), and 
the other within 50 m to 1 km from a paved road (hereaf-
ter remote wetlands; ReW). Including both RoW and ReW 
allowed us to account for the effect of road disturbance on 
plant community composition and turnover between SP and 

Fig. 1 Location of the study area 
and the 60 study sites in south-
eastern Québec (Canada). Studied 
roads are indicated by numbers
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plot dimensions to survey the wet and dry littorals (Fig. 2). 
This way, we could be consistent with zone delineation 
from one site to another. We identified all species within the 
plots and visually estimated their cover using six classes: 
<1%, 1–5%, 6–25%, 26–50%, 51–75%, and 76–100%. For 
each zone on every site, we calculated mean species cover 
by using the median of each class, weighted using the esti-
mated spatial proportion of each of the three sections. For 
site-level analyses, we averaged these four weighted mean 
cover values together.

Since SP upper banks were mowed during the summer, 
it was sometimes impossible to identify some grass species. 
In such cases, we identified the observed plants as “grass”, 
encompassing the three species used for hydroseeding: 
Agrostis gigantea, Festuca rubra, and Poa pratensis. Con-
sequently, we pooled all occurrences of these three species 
together in this category (“grass”) for all sites.

Local and Regional Factors

We measured the slope (%) of each transect with a clinom-
eter and then averaged the values for the entire site. We also 
measured water conductivity (µS/cm) and pH on a water 
sample composed of three sub-samples, each taken in a dif-
ferent location across the pond surface, to reduce variabil-
ity in physicochemical properties due to water inflow. We 
assessed landscape composition within a 1 km radius using 
shapefiles with delineated polygons for forest, crops, and 
wetlands in ArcGIS software (ESRI 2020). Geographical 
data was provided by the provincial forest agency (forest 
areas; MRNF 2017), Financière Agricole du Québec (crop 
areas; FADQ 2020), as well as Ducks Unlimited and the 
provincial environment agency (wetland areas; MDDEP 
2011; CIC and MELCC 2020). Variables used for analyses 
are presented in Table 1.

natural wetlands. We selected wetlands ranging in size from 
0.04 to 0.78 ha (mean area: 0.32 ha), an area comparable to 
the selected SP in order to avoid species area bias. Over-
all, we sampled 60 sites: 20 from each type (SP, RoW, and 
ReW).

Vegetation Sampling

We conducted plant surveys from June to August 2019, 
except for eight sites (located throughout the study region) 
that were visited at the end of July 2020. We surveyed sites 
once, except for those surveyed before mid-July of 2019, 
which were visited a second time during the season to vali-
date species identification, since most species had not yet 
flowered at the first visit. We divided the sites into three 
sections as homogenous as possible in terms of vegetation 
and noted the proportion of the site represented by each 
section (Fig. 2). We placed a transect in the center of each 
section, perpendicular to the shore and extending from the 
aquatic zone to the upper bank. Along each transect, we 
sampled one plot from each of the four delineated zones, 
namely: aquatic, wet littoral, dry littoral, and upper bank. 
We considered the aquatic zone to be the lowest vegetation 
growing in the water (maximum water depth: 1 m), the wet 
littoral, the transitional community found right below the 
water surface, the dry littoral, the transitional community 
found right above the water surface, and the upper bank, the 
community extending to the upper bank or the forest edge. 
We used rectangular plots of 5 m2, and adapted length and 
width to the spatial structure of each zone (plots measured 
either 1 m x 5 m or 2 m x 2,5 m), placing them in represen-
tative areas of each zone. Considering that the water level 
fluctuates throughout the season (though not much, with an 
average of 19 cm), we avoided surveying the transitional 
communities too close to the water line, using the narrower 

Fig. 2 Schematic view of the 
sampling design. Along each 
transect, the four plots repre-
sent Q1: aquatic zone, Q2: wet 
littoral, Q3: dry littoral, and Q4: 
upper bank
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taxa (% of the total cover) differed between site types using 
Kruskal-Wallis nonparametric tests and performed multiple 
comparisons with Wilcoxon tests. We analyzed non-native 
and invasive species separately, but all invasives were 
also non-native species. Wetland indicator status followed 
Bazoge et al. (2014) and the Plant List of Attributes, Names, 
Taxonomy, and Symbols (PLANTS) Database (USDA and 
NRCS 2020), while species origin in Québec (native or non-
native) followed the Database of Vascular Plants of Canada 
(VASCAN; Brouillet et al. 2020).

Beta Diversity and Species Composition

We calculated beta diversity for each type of site (SP, RoW, 
ReW) using the mean Hellinger distance of the sites to their 
respective group centroid. Specifically, we computed three 
site-by-species matrices using mean cover data and built 
site-by-site distance matrices using the Hellinger distance. 
We also analyzed differences in beta diversity between site 
types, using a distance-based permutation test for homoge-
neity of multivariate dispersions on a site-by-site distance 
matrix including all 60 sites (PERMDISP; Anderson et 
al. 2006) with 9 999 permutations. Finally, we conducted 
post hoc multiple comparisons using LSD tests. We did this 
for sites as a whole, as well as for each of the four zones 
separately.

To detect a shift in species composition, we tested for 
location differences between centroids obtained with PER-
MDISP, using PERMANOVA with pseudo-F ratios (9 999 
permutations). We made pairwise comparisons with Bon-
ferroni corrections on site types to identify which ones 
differed. Because this test is sensitive to differences in mul-
tivariate dispersions, we used data visualization to support 
the interpretation of the statistical test. We illustrated the 
differences in multivariate dispersion and composition in 
principal coordinates analysis ordinations (PCoA).

Impact of Local and Regional Factors on Plant 
Community Composition

To assess differences in local variables between site types, 
we analyzed the slope, pH, and conductivity data by per-
forming an analysis of variance (ANOVA) on a linear model. 
We then determined the factors associated with vegetation 
composition through a redundancy analysis (RDA) of the 
vegetation data constrained by all local and regional (land-
scape composition) variables, for all three site types. For the 
RDA, we removed rare species from the vegetation matrix 
(< 20%; 79 taxa remained) and applied Hellinger’s trans-
formation. We standardized all explanatory variables, and 
assessed the significance of the model using a permutation 

We obtained information about SP construction from the 
provincial transport agency, but some data were missing. 
Available data included the age (available for n = 20 SP), 
pond bottom substrate (n = 11), organic soil thickness at 
the shoreline (n = 13), and a list of planted or sown species 
(n = 18), which consisted of herbaceous and shrub species 
ranging from wetland obligate to upland status. During SP 
construction, planting had been carried out on a small scale, 
covering only small portions of the SP and apart from the 
number of species planted, more precise information (e.g., 
the number and location of plants) was unavailable. As the 
information on pond substrate was missing for 45% of the 
SP, this factor could not be included in our analyses. Finally, 
we obtained water level fluctuation data using a time-lapse 
camera placed in front of a ruler installed in the open water 
on each site, taking a photograph every 24 h between May 
22 and September 9, 2019. Water level fluctuation corre-
sponded to the difference between maximum and minimum 
water levels observed.

Statistical Analyses

Taxonomic Richness

We computed total taxonomic richness at each site as the 
number of distinct taxa found in all plots. Similarly, we 
assessed taxonomic richness for each zone individually 
(aquatic, wet littoral, dry littoral, and upper bank) on each 
site. Performing an ANOVA on a linear model, we tested 
whether taxonomic richness differed between site types (SP, 
RoW, ReW), first, taking SP as a whole and second, test-
ing each specific zone separately. We verified that model 
residuals followed a normal distribution and displayed 
homogeneous variance (Shapiro-Wilk and Bartlett’s tests). 
When we obtained significant results, we conducted post 
hoc multiple comparisons using least significant difference 
(LSD) tests. We adjusted p-values using Holm’s correction 
for multiple testing.

In addition, we evaluated whether the proportion of obli-
gate wetland, facultative wetland, non-native, and invasive 

Table 1 List of variables used for the analyses and number of sites (n) 
for which the variable was available
Local factors Regional factors
Variable n Variable n
Slope (%) 60 Forest (m2) 60
Conductivity (µS/cm) 60 Crops (m2) 60
pH 60 Wetlands (m2) 60
Water level fluctuation (cm) 60
Age of SP (yr) a 20
Organic soil thickness (mm) a 13
Number of sown speciesa 18
aOnly available for SP
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We performed all statistical analyses using R 4.0.1 (R 
Core Team 2019). We used the Anova function from the 
“car” package (Fox et al. 2020) for analyses of variance. 
We used the shapiro.test function for Shapiro-Wilk tests, 
bartlett.test for Bartlett tests, and wilcox.test for Wilcoxon 
tests, all from the “stats” package (R Core Team 2019). 
We conducted LSD tests using the LSD.test function and 
Kruskal-Wallis tests with the Kruskal function, both from 
the “agricolae” package (Mendiburu 2020). We obtained 
Hellinger distances with the vegdist function, did multivari-
ate dispersion analyses with betadisper, measured centroid 
position with the adonis2 function, did Hellinger transfor-
mations and standardizations with decostand, redundancy 
analyses with rda, and permutational tests with the anova.
cca function, all from the “vegan” package (Oksanen et al. 
2020).

Results

Taxonomic Richness

We identified a total of 319 taxa on the 60 study sites: 207 
in stormwater ponds (SP), 223 in roadside wetlands (RoW), 
and 200 in remote wetlands (ReW). Of these 319 taxa, 97 
were wetland obligate and 79 were wetland facultative spe-
cies, together representing 55% of the sampled flora. More-
over, 69 taxa (22%) were non-native species, among which 
20 (6%) were also considered invasive (Appendix B). In SP, 
four of the ten most common taxa were non-native, none 
were invasive, and three were wetland indicators (Table 2). 
However, in both types of natural wetlands, the ten most 
frequent taxa were all native and with the exception of Abies 
balsamea, Fragaria virginiana, and Euthamia graminifolia, 
were wetland indicator species.

The mean taxa richness of SP sites was significantly 
higher than that of both types of natural wetlands, between 
which it was similar (Fig. 3a). This higher richness of SP 
was mainly linked to the high richness of the SP dry littoral 
zone (Fig. 3b). For other zones, taxa richness was similar 
between site types (Fig. 3b).

Beta Diversity and Species Composition

Taxonomic beta diversity differed significantly between SP 
and natural wetlands (F = 15.19; p < 0.001; Fig. 4). It was 
statistically higher in both types of natural wetlands, mean-
ing that plant communities of SP were more homogeneous 
from site to site than those of natural wetlands. At the zone 
level, beta diversity was similar between wetland types for 
the aquatic zone but, again, was lower in SP than in natural 
wetlands for the three others (Fig. 5).

test with 9 999 randomized runs (Legendre and Legendre 
2012).

To evaluate the specific influence of SP design on taxo-
nomic composition, we only used data from the 20 SP for 
further analyses. Design variables included slope, water 
level fluctuation, SP age, thickness of organic soil, and 
number of sown species (Table 1). We calculated the mean 
ecological distance of each zone of every SP to the cor-
responding zones in the natural wetlands, RoW and ReW 
combined, using the site-by-site distance matrix from the 
beta diversity analyses. We then calculated the correlations 
and associated adjusted R2 values between these distances 
and each of the aforementioned design variable.

Table 2 Most common plant taxa found on the three types of sites. 
The frequency for each taxon (% sites where it was found) as well as 
their mean cover when present are indicated. Non-native species are 
indicated by a plus sign (+) and wetland indicator species are indicated 
in bold font and identified as obligate (OBL) or facultative wetland 
(FACW) species. Taxonomy follows VASCAN (Brouillet et al. 2020)
Species Frequency 

(%)
Mean 
cover 
(%)

Wetland 
indica-
tor?

Stormwater ponds
Solidago canadensis 100 19
Euthamia graminifolia 100 16
Vicia cracca+ 90 16
Typha latifolia 80 31 OBL
Solidago rugosa 80 18
Scirpus atrocinctus 80 10 OBL
Juncus effusus 80 8 FACW
Leucanthemum vulgare 80 6
Tussilago farfara+ 75 26
Trifolium hybridum+ 75 15
Roadside wetlands
Galium palustre 90 3 FACW
Calamagrostis canadensis 75 51 FACW
Spiraea albavar.latifolia 70 14 FACW
Lycopus uniflorus 70 5 OBL
Carex canescens 70 28 OBL
Scirpus microcarpus 65 31 OBL
Euthamia graminifolia 65 7
Fragaria virginiana 65 5
Impatiens capensis 65 3 FACW
Typha latifolia 60 38 OBL
Remote wetlands
Calamagrostis canadensis 95 20 FACW
Galium palustre 95 6 FACW
Scirpus atrocinctus 75 9 OBL
Carex canescens 70 7 OBL
Abies balsamea 70 3
Sparganium eurycarpum 65 7 OBL
Onoclea sensibilis 65 9 FACW
Impatiens capensis 65 5 FACW
Juncus effusus 65 4 FACW
Salix discolor 60 12 FACW
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had mean non-native and invasive species covers at least 
double those of ReW.

Impact of Local and Regional Factors on Plant 
Community Composition

Variables included in the RDA analyses accounted for 21% 
of the total variance (Fig. 7). The first axis was strongly 
associated with local variables and clearly separated SP 
from natural wetlands. Stormwater ponds were charac-
terized by higher pH and conductivity as well as steeper 
slopes (Fig. 8) and were associated with species identified 
as “grass” (Agrostis gigantea, Festuca rubra, and/or Poa 
pratensis), as well as Vicia cracca and Trifolium hybridum 
(Fig. 7). The second axis of the RDA was mostly related to 
landscape composition, and while significant, did not give 
any clear pattern. This axis only slightly separates RoW 
and ReW, therefore explaining a limited portion of the total 
variance.

Taxonomic composition (i.e., distances between cen-
troids; see Methods section) also differed significantly 
between SP and natural wetlands (F = 4.424; p < 0.001; 
Fig. 4). The two types of natural wetlands had similar spe-
cies composition (overlapping ellipses and proximity of 
their two centroids). At the zone level, plant species compo-
sition of the aquatic zone of SP was similar to that of natu-
ral wetlands (similar centroids for the three groups; Fig. 5). 
Wet littoral species composition of the SP was significantly 
different from that of ReW, but not of RoW, which had an 
intermediate species composition. For the dry littoral and 
the upper bank, SP were clearly different from both RoW 
and ReW, which in turn had similar dry littoral but different 
upper bank plant species composition.

Obligate species cover was significantly lower in SP 
compared to RoW, but was similar to that of ReW (Fig. 6). 
Wetland facultative cover was significantly lower in SP than 
in both types of natural wetlands. Non-native and invasive 
species covers were both higher in SP than in natural wet-
lands. Even though the difference is not significant, RoW 

Fig. 4 Taxonomic beta diversity. 
Multivariate dispersion of species 
composition for the three types 
of sites (SP, RoW and ReW). 
Beta diversity is measured as the 
average distance of sites to their 
group centroid, here represented 
on the first two axes of a PCoA 
and using a boxplot (mean, 
median and quartiles) of the sites-
to-centroid distance. Ellipses 
illustrate standard deviation. 
Model was tested with permuta-
tion tests. Letters are used to 
indicate significant differences 
in species composition (replace-
ment) and mean distance to group 
centroid (turnover; LSD test; 
α ≤ 0.05)

 

Fig. 3 Species richness for all 
zones combined (a) or presented 
separately (b) for the three types 
of sites (SP, RoW and ReW). 
Mean (diamond), median (line), 
25–75% quartiles (boxes) and 
ranges (whiskers) are provided. 
The model was tested with 
ANOVA. Means with different 
letters (within a same comparison 
group) differ significantly (LSD 
test, α < 0.05). SP: Stormwater 
ponds, RoW: Roadside wetlands; 
ReW: Remote wetlands
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Fig. 5 Plant beta diversity per zone for the three types of sites. PCoAs 
represent species composition, with ellipses representing the standard 
deviation for each site type. Boxplots (mean, median and quartiles) 
represent site distance to their group centroid. Letters are used to indi-

cate significant differences in species composition (replacement) and 
mean distance to group centroid (turnover) of the three site types (LSD 
test; α ≤ 0.05). SP: Stormwater ponds, RoW: Roadside wetlands, ReW: 
Remote wetlands
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SP became more similar to those of natural wetlands with 
time.

Discussion

This study was designed to assess whether stormwater ponds 
(SP) are similar to wetlands in terms of taxonomic alpha and 
beta diversity, as well as community composition, and to 
evaluate the impact of local and regional factors on SP plant 
communities. Results revealed similarities between SP and 
wetlands, especially in the lower, wetter zones. Moreover, 

Mean ecological distance of SP to natural wetlands was 
correlated with three design variables, namely water level 
fluctuation, slope, and age (Fig. 9). Water level fluctua-
tion was positively correlated to ecological distance in the 
aquatic zone, meaning that SP with the least variation in 
water level across the season had aquatic communities more 
similar to those of natural wetlands. The slope was posi-
tively correlated to ecological distance in the wet littoral, 
indicating that gentler slopes supported wet littoral commu-
nities closer to those of natural wetlands. Finally, the age of 
the SP was negatively correlated to ecological distance in 
the dry littoral, indicating that dry littoral communities of 

Fig. 7 Redundancy analysis 
(RDA) for the effects of local 
(slope, pH, conductivity, water 
level fluctuation) and regional 
factors (cover of forest, crops, 
wetlands) on species composi-
tion (adjusted R2 = 0.12). Grass: 
Agrostis gigantea, Festuca rubra 
and/or Poa pratensis

 

Fig. 6 Proportion of total cover of wetland obligate, wetland faculta-
tive, non-native, and invasive species for all study sites. Mean richness 
(diamond), median (line), 25–75% quartiles (boxes) and ranges (whis-

kers) are provided. The model was tested with Kruskal-Wallis test. 
Means with different letters differ significantly (Wilcoxon’s test). SP: 
Stormwater ponds, RoW: Roadside wetlands; ReW: Remote wetlands
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factors, water level fluctuations and slope. Higher fluctua-
tions of the water level in SP increased their mean ecologi-
cal distance from natural wetlands. Extended flooding can 
influence communities by two contrasting mechanisms: 
either by reducing the prevalence of upland species and 
promoting the diversity of wetland plants (Gathman et al. 
2005; Drinkard et al. 2011), or by causing the loss of spe-
cialist wetland plants that require a specific hydroperiod or 
an intermediate water depth (Greenway et al. 2007). This 
provides space for colonization by invasive wetland plants 
that can withstand these fluctuations (Wei and Chow-Fraser 
2006; Zhang et al. 2015; Sun et al. 2019; Bedell et al. 2021). 
The invasive P. australis subsp. australis, not yet wide-
spread in the study region, can indeed withstand extreme 
fluctuations in water level (up to 120 cm; Hanslin and Saebo 
2017). In the studied SP, water levels were relatively stable: 
mean water level fluctuation (10.8 cm) was comparable to 
that of natural wetlands (9.2 cm). On the other hand, slope 
was strongly correlated to ecological distance between SP 
and natural wetlands in the wet littoral. Therefore, the steep 

water level fluctuation, slope, and age of SP influenced SP 
plant community composition.

Examining SP at a finer scale, with emphasis on specific 
zones, revealed some similarities with wetlands, whereas 
previous studies mostly found differences (Reinartz and 
Warne 1993; Rooney et al. 2015; Kuntz et al. 2018; Perron 
and Pick 2020). Of the four zones identified in this study 
(aquatic, wet littoral, dry littoral, and upper bank), the two 
wetter zones in SP exhibited a species composition similar 
to that in natural wetlands, especially roadside wetlands. 
The more terrestrial zones were, however, quite different in 
terms of richness and composition. Stormwater ponds sur-
veyed in this study could therefore be considered as ponds 
surrounded by a limited marsh area and an extensive bank 
with more terrestrial characteristics. They can thus be con-
sidered to be of ecological interest, since both natural and 
man-made ponds have a strong potential for conservation 
(Céréghino et al. 2014).

The similarities between the aquatic and wet littoral 
zones in SP and natural wetlands were correlated with two 

Fig. 9 Correlations between mean Hellinger distance of SP to natural wetlands and design variables (water level fluctuation, slope and SP age)

 

Fig. 8 Slope (%), pH values, 
and conductivity (µS/cm) for 
study sites (SP, RoW and ReW). 
Mean (diamond), median (line), 
25–75% quartiles (boxes) and 
range (whiskers) are provided. 
The model was tested with 
ANOVA. Means with different 
letters (within a same comparison 
group) differ significantly (LSD 
test, α < 0.05). SP: Stormwater 
ponds, RoW: Roadside wetlands; 
ReW: Remote wetlands
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there was a correlation between the age of the SP and 
the dry littoral plant communities: with time, dry littoral 
plant communities from SP became more similar to those 
of natural wetlands. Considering that it may take decades 
for plant communities to completely regenerate after res-
toration (Lebrija-Trejos and Bongers 2008; Bullock et al. 
2011; Moreno-Mateos et al. 2012), succession processes are 
likely still taking place. Compared to SP, natural wetlands 
showed dry littoral communities with a higher cover of 
shrubs (37 ± 5 vs. 22 ± 5%) and trees (5 ± 1 vs. 3 ± 2%), and 
a lower cover of vines (3 ± 1 vs. 15 ± 3%) and forbs (48 ± 6 
vs. 113 ± 12%).

The drier zones of SP were characterized by grass spe-
cies, sown to rapidly cover the soil and stabilize the banks, 
but still exhibited a higher proportion of non-native, as well 
as invasive plants. Planting shrubs or trees could support the 
establishment of such taller plant species, which are found 
in natural wetlands, and bring heterogeneity, offering differ-
ent microhabitats and eventually increasing beta diversity, 
as well as controlling for invasives (Lelong et al. 2009). The 
establishment of tall species and the control of invasive spe-
cies could also be achieved by reducing mowing operations 
(Baoyin et al. 2015; Wigginton and Meyerson 2018). Rather 
than being vegetated mainly with grass, this diversification 
of plant structure of the upper zones could provide ecosys-
tem services that extend beyond those of wetlands. As such, 
the two higher zones could for example support pollinators 
through the introduction of flowering plants. They could 
also offer further connectivity for the fauna (see for example 
Smith et al. 2019).

This study highlights the homogeneity of SP in terms 
of taxonomic composition, which mirrors findings in other 
studies (Reinartz and Warne 1993; Rooney et al. 2015; 
Kuntz et al. 2018; Perron and Pick 2020; Sinclair et al. 
2020). Sinclair et al. (2020) identified two main explana-
tory factors, namely the choice of only a few similar spe-
cies for pond construction and limited dispersion ability of 
species in an urban context. In our case, the homogeneity 
of SP could also be due to other factors, such as their recent 
construction, design homogeneity, high maintenance, and 
propagule pressure by roads.

This calls for a set of actions, the first of which could 
be the differentiation of SP through a variety of designs. 
Instead of a single “ideal” design, we should aim to develop 
a catalogue of options that could be tailored to specific 
regional needs in terms of plant diversity, wildlife habitat, 
and ecosystem services related to water. Native vegetation 
should be established as fast as possible in order to pre-empt 
invasion by non-native species. Other strategies to increase 
richness include seeding native species following SP con-
struction (Reinartz and Warne 1993; Balcombe et al. 2005; 
Mitsch et al. 2014), which would also limit colonization 

slopes contributed to the differentiation of SP and natural 
wetlands. The slopes of SP were indeed much steeper (7 
to 26%, 18% on average) than those of natural wetlands (0 
to 17%, 6% on average). While weaker slopes have some-
times been thought to favor invasive species establishment, 
no such relationship between invasive plants and slope was 
observed in our study (results not shown). This could also 
be due to the study region, where P. australis subsp. austra-
lis invasions are not widespread (Jodoin et al. 2008).

The results concerning water level fluctuation and slope 
highlight the importance of SP design for the establishment 
of wetland plant communities. Design choices made before 
SP construction have a direct impact on plant communi-
ties that establish on its shores. Biodiversity goals could be 
achieved for SP if their design were modified, but this may 
be antagonistic to engineering objectives. Indeed, storm-
water ponds are usually designed to have maximum water 
holding capacity for a given area, which calls for steep 
slopes (Rivard et al. 2014). The SP that were visited for 
this study had slopes that were actually steeper than what 
is recommended in the provincial guidelines (6%; Rivard 
et al. 2014), which makes it possible to store more water 
in a given area, but minimizes the potential for harbouring 
wetland plants. Therefore, it seems a compromise between 
water-holding capacity and habitat for wetland plant com-
munities is reachable.

In addition to differences in plant communities attribut-
able to design factors, proximity to a road also exerted an 
influence on taxonomic composition of SP, more specifically 
in the wet littoral zone. This was underlined by the fact that 
SP plant communities were similar to those of roadside wet-
lands, but not remote wetlands. Roads can impact wetlands 
through pollution as well as non-native and/or invasive 
species propagule pressure. Here, it seems that stormwater 
ponds were more vulnerable to the establishment of such 
species than roadside wetlands. Soil disturbance and low 
plant biomass during SP construction and time of establish-
ment are known to favor invasion by non-native species 
(Davis and Froend 1999; Pearson et al. 2018). Moreover, 
many non-native species produce more seeds, and do so ear-
lier in the season than native species, causing strong priority 
effects (i.e., outcompeting species whose seeds arrive later; 
Wilsey et al. 2015). This might explain their higher preva-
lence in such disturbed environments as SP. However, we 
must note that P. australis subsp. Australis produces seeds 
in late autumn and reproduces mostly vegetatively in the 
study region (Gervais et al. 1993; but see also Brisson et 
al. 2010).

The plant communities of the dry littoral and upper 
bank of SP were clearly different from those of the natu-
ral wetlands. Most of the dry area of SP was a terrestrial 
habitat unsuitable for wetland plant communities. However, 
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being dominated by invasive or non-native species. These 
findings should encourage further research into how these 
green infrastructures could be valued, especially consider-
ing their ever-growing presence, and their importance in 
urban landscapes. It is important to remember, however, 
that this study was conducted outside of dense urban areas, 
and we believe that the higher disturbance experienced by 
urban SP could impact species composition of their wetter 
zones.
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by unwanted species that use roads as dispersal corridors 
(Reinartz and Warne 1993), as well as increasing microto-
pographic heterogeneity by disking the soil (Moser et al. 
2007). Finally, zones that were found to be equivalent to 
natural wetlands were the two aquatic ones, which have a 
limited extent due to the strong slopes (Fig. 10). As such, 
we suggest that the perimeter of the littoral be increased by 
favoring more complex shorelines, making SP with higher 
perimeter-area ratios. Wetland perimeter length, more so 
than area, has an impact on species richness (Reinartz and 
Warne 1993).

Conclusion

Our study characterized SP to a finer scale than usually 
reported in the literature: the lower zones in SP are indeed 
similar in some ways to those in natural wetlands. Factors 
that could explain differences between the two types of sites 
are linked with design characteristics inherent to the pri-
mary function of SP. Moreover, we identified management 
improvements to foster the establishment of more natural 
communities. Although SP show extensive terrestrial banks, 
the lower zones should merit increased consideration by 
policy makers if they wish to increase their biotic value. 
Keeping water level fluctuations to a minimum, lowering 
the slopes, enhancing the upper bank by promoting hetero-
geneity (by planting trees and shrubs) are the key strategies 
that we identified. Complexifying the shoreline, keeping 
maintenance to a minimum, as well as promoting a diversity 
of SP designs, would be further means of enhancing beta 
diversity between SP.

Our study brings nuances to the existing literature: even 
if the surveyed SP were not comparable as a whole to 
remote natural wetlands, they did share similarities, having 
the potential to harbor wetland plant communities without 

Fig. 10 An illustration of the 
transition zone in a SP (a) and a 
remote natural wetland (b). The 
transition zone is much narrower 
along the steep slope of the SP, 
and much wider along the almost 
null slope of the wetland
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