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A B S T R A C T

Pond network creation can enhance freshwater biodiversity. However, environmental and spatial processes that 
structure macrophytes, a group central to pond ecology, need to be understood to improve pondscape design. 
Here, macrophyte communities were surveyed and environmental and spatial data were collected in two net
works of man-made permanent ponds in western and northeastern Europe. Macrophyte diversity was high in the 
pond network in Latvia, and the relative cover of emergent, anchored submerged, anchored floating leaved and 
free-floating species varied among ponds. Diversity in the network on the French-German border in the former 
Rhine floodplain was low and consisted mainly of emergent plants and charophytes. The low diversity on the 
French-German site may result from the presence of the invasive calico crayfish (Faxonius immunis). Environ
mental variables, including water transparency, pH, chlorophyll-a concentration, as well as shade from sur
rounding trees and calico crayfish abundance (French-German site only), were correlated with abundances of 
macrophyte taxa. The variables were also correlated with macrophyte community metrics, including total 
macrophyte cover, taxonomic distinctness and the relative cover of submerged, emergent and free-floating life 
forms. Pond surface area and isolation had low contributions to the correlation between environmental variables 
and macrophyte community metrics. For the Latvian site only, macrophyte community similarity declined with 
geographic distance between ponds, but more importantly with differences in shade from surrounding trees and 
water transparency. A design of ponds with diverse environmental conditions and surroundings, as well as 
groups of ponds providing similar habitats, may be most effective for enhancement of macrophyte diversity at 
the pondscape scale.

1. Introduction

Wetland biodiversity decline is most importantly caused by habitat 
degradation and loss (Dudgeon et al., 2006; Kingsford et al., 2016), 
which can be considerable, as in Europe, where 71 % of wetland surface 
area (sensu lato) has been lost since 1900 (Davidson, 2014). To help 
mitigate biodiversity decline, wetland habitat restoration and creation 

have been recommended (Verhoeven, 2014). Emerging evidence shows 
that even the creation of small aquatic habitats can significantly enhance 
freshwater biodiversity (Williams et al., 2008). However, more research 
is needed to understand how ponds can contribute to biodiversity 
decline mitigation (Cuenca-Cambronero et al., 2023; Hill et al., 2021).

The term ‘pond’ refers to small (1 m2 to 2–5 ha surface area), shallow 
(maximum depth of 5 m) standing waters that can be permanent or 
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temporary (with water at for least 4 months per year) and natural or 
human-made (Biggs and Williams, 2024; Richardson et al., 2022). We 
reserve the term “restored pond” for ponds where a restorative inter
vention has been performed on the location of an existing or formerly 
existing pond, and the terms “man-made” and “created pond” for ponds 
that were made on locations where no known waterbody existed before 
(as in Cuenca-Cambronero et al., 2023). It should be noted that these 
terms are not synonymous with “constructed wetlands”, which refers to 
systems in which macrophytes are planted during construction with the 
specific aim of water quality improvement (Vymazal, 2005).

Although individual natural, restored and man-made ponds can be 
exceptionally biodiverse (Biggs et al., 2005; Williams et al., 2004, 2008), 
their contribution to regional biodiversity should be studied at the scale 
of the “pondscape” (Hassall et al., 2012), which refers to a network of 
ponds and their surrounding terrestrial matrix (Boothby, 1997; Hill 
et al., 2021). Communities of different ponds within a pondscape are 
linked by dispersal of individuals and/or propagules, and thus function 
as a metacommunity (Céréghino et al., 2008; Fehlinger et al., 2023; 
Leibold et al., 2004). Following the metacommunity perspective (Heino 
et al., 2021; Leibold et al., 2004; Logue et al., 2011; Winegardner et al., 
2012), both environmental processes at the local pond scale and spatial 
processes between ponds can interact and influence the composition and 
diversity of local pond communities withing a pondscape.

For effective design of pond networks it is important to understand 
how local environmental as well as spatial processes structure macro
phyte metacommunities. Macrophytes are central to the functioning of 
pondscapes as they enhance water transparency, cycle nutrients, regu
late sediment dynamics, and provide shelter, food and breeding habitat 
for other organism groups such as invertebrates, herpetofauna and birds 
(Capers et al., 2010; Carpenter and Lodge, 1986; Chambers et al., 2008). 
Locally, abiotic environmental filters (sensu Keddy, 1992), such as the 
availability of light, nutrients and bicarbonate, are known to structure 
macrophyte communities (Bornette and Puijalon, 2011; Lacoul and 
Freedman, 2006; Scheffer and Van Nes, 2007). They are therefore ex
pected to influence the community composition, diversity and life forms 
of macrophytes in man-made ponds. Local biotic factors could also 
shape pond macrophyte communities by acting as filters, or by influ
encing abiotic filters. For example, algal growth or sediment resus
pension by animals can increase water turbidity (Bakker et al., 2013). 
Depending on the species and abundance, crayfish can be a major biotic 
factor reducing macrophyte biomass and altering community composi
tion, both by grazing and by resuspending sediment (Herrmann et al., 
2022; Nyström et al., 1996; Twardochleb et al., 2013). Spatially, both 
the degree of isolation and the distance between ponds could influence 
macrophyte communities through dispersal limitation. Dispersal of 
sexual and vegetative macrophyte propagules was formerly assumed to 
be efficient, especially by water birds, but recent studies reported evi
dence suggesting that macrophyte dispersal can be limited, meaning 
that species present in the metacommunity do not reach suitable habitat 
patches often enough to establish a population, which influences 
macrophyte community composition and diversity (Capers et al., 2010; 
Gledhill et al., 2008; Lozada-Gobilard et al., 2019).

Despite the importance of macrophytes in pond network creation 
and restoration, for example to contribute to the mitigation of fresh
water biodiversity decline, still few studies examined the processes 
shaping macrophyte communities in networks of ponds made for con
servation purposes (Fleury and Strehler Perrin, 2004; Williams et al., 
2008). Moreover, spatial factors that could influence the macrophyte 
metacommunities are seldom taken into account. To address this 
knowledge gap, we studied both environmental and spatial factors that 
could influence macrophyte metacommunities in two networks of per
manent man-made ponds. Our study aimed to answer the following 
questions: 1) How do abiotic and biotic conditions of man-made permanent 
ponds relate to macrophyte community composition, and to structural and 
functional macrophyte community metrics? 2) How does the land cover 
surrounding man-made permanent ponds relate to environmental variables in 

the ponds? 3) How do distances between man-made permanent ponds in a 
pond network, and differences in environmental conditions between the 
ponds, influence the dissimilarity of their macrophyte communities?

We performed the same analyses for a western (France-Germany) 
and an northeastern (Latvia) European pondscape, to see if the responses 
to the research questions were similar for the two sites. To assess the 
influence of spatial factors, we included the distance to the nearest water 
body in the assessment of the correlation between environmental vari
ables and macrophyte community composition and metrics. We also 
examined the influence of spatial distance, as well as differences in 
environmental conditions, on the macrophyte community dissimilarity 
between ponds. Accordingly, our study applies a metacommunity 
perspective to man-made pond networks and investigates factors known 
to shape macrophyte communities in this novel context, with the aim of 
informing pondscape design for freshwater biodiversity conservation.

2. Methods

2.1. Study sites

The two studied pond networks were made in already existing pro
tected nature areas, with the aim to restore habitat for the European 
pond turtle Emys orbicularis (L., 1758), amphibians and other wetland 
dependent species. The ponds were colonised naturally and had not been 
planted. Study site Neu-Woerr is located in the continental biogeo
graphical region (European Environment Agency, 2016) (Fig. 1a). The 
climate is semi-continental with an annual average (1981–2010) air 
temperature of 10.6 ◦C (1.8 ◦C in January, 19.4 ◦C in July) and pre
cipitation of 883 mm (Météo-France, 2022). Potential evapotranspira
tion in the region can exceed annual precipitation (Météo-France, 2024).

Study site Neu-Woerr includes protected areas Naturschutzgebiet 
(NSG) Neuburger Altrhein in Germany, and Espace Naturel Sensible 
(ENS) Woerr in France (European Environment Agency, 2022) (Fig. 1b, 
c). The site is located in the floodplain of the Upper Rhine, which has 
been disconnected from the river by channelization works that started in 
the mid-19th century (Staentzel et al., 2018; Wantzen et al., 2022). The 
protected areas contain former agricultural fields, a former extraction 
pit, an anti-tank ditch from the second world war, oxbow lakes, woods 
and reedbeds that used to be harvested but are now becoming over
grown with willows. The site is bordered by corn fields and a gravel pit. 
Between 2011 and 2015, 19 ponds and three shallow extensions of 
larger water bodies were made in and adjacent to the protected areas. 
The ponds are connected to the groundwater of the Upper Rhine aquifer 
and can show large water level fluctuations (> 1 m, L. Razafindralay, 
unpub. data). Parts of the area get flooded when the water level in the 
Rhine is high. Since 2013 the invasive calico crayfish Faxonius immunis 
(Hagen, 1870), which can drastically reduce macrophyte cover in ponds 
(Herrmann et al., 2022), is present in Neu-Woerr.

Study site Silene is boreal (Fig. 1a) and has a semi-continental 
climate with an average (1991–2020) annual air temperature of 6.6 ◦C 
(− 4.1 ◦C in January and 18.1 ◦C in July) and average precipitation of 
635 mm per year (Latvijas Vides, ģeoloģijas un meteoroloģijas centrs, 
2022). After snowmelt in spring, many pools form which dry before 
summer (M. Pupiņš, pers. obs.). Silene is located within Silene Nature 
Park, southeast Latvia on the border with Belarus (Fig. 1d, e). The park 
contains lakes and bogs, and is dominated by coniferous and broad- 
leaved forests. In the past, wetlands have been drained for agricultural 
purposes and several farm ponds were dug. However, since the 1990's 
the region experiences agricultural decline, and meadows are becoming 
overgrown with woody plants (Vides Konsultāciju Birojs, 2019). In 
Silene, in total 26 ponds were made in 2006, 2013 and 2018, mainly in 
drained wetlands with former agricultural use, with some of them on 
locations of former farm ponds (Pupins et al., 2023). Crayfish are not 
known to occur in the Silene ponds.

In both study sites 13 man-made ponds that are permanent or only 
dry up in exceptionally dry years were selected (Table 1, Appendix A). 
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The ponds were chosen for our study to represent the widest range of 
pond macrophyte diversity in each site. In both sites, pond bases were 
generally sandy or silty, mixed with gravel for some Neu-Woerr ponds. A 
few Silene ponds had thick layers of oozy sediment. In a minority of 
studied ponds fish were observed: Lepomis gibbosus (L., 1758), Protero
rhinus semilunaris (Heckel, 1837) (cf. Manné et al., 2013) and small 
cyprinidae in Neu-Woerr and Percottus glennii (Dybowski, 1877) (cf. 
Pupina et al., 2018) and Tinca tinca (L., 1758) in Silene.

2.2. Macrophyte surveys and metric calculations

Macrophyte surveys were performed in 2023, in June for Neu-Woerr 
and early July for Silene. In 2023, none of the studied ponds were 
flooded or dried up. Macrophyte surveys consisted in identifying all 
helophytes and hydrophytes growing in the usually wet area of the 
ponds. Bryophytes occurred at very low cover in some ponds and were 
not taken into account in the analyses. Taxonomy of the United States 
National Center for Biotechnology Information (NCBI) was used. For 
each pond, a map was drawn dividing the pond in sections with rela
tively homogeneous vegetation. The proportion of the surface area of 
the pond covered by each section was estimated, and within each sec
tion, the percentage cover of each macrophyte taxon was estimated 
visually. Based on this, the percentage cover of each taxon per pond was 
calculated.

The macrophyte percentage cover values were used to calculate 
multiple taxonomic and functional metrics (Table 2). Species richness is 
a focal metric in community ecology (Fleishman et al., 2006), but other 

metrics may capture different community responses to environmental 
variables (Beisel et al., 1998; García-Girón et al., 2019; Heino et al., 
2005, 2007; Manzo et al., 2020). Therefore, we used multiple metrics to 
describe the macrophyte communities. As diversity metric we chose Hill 
Shannon diversity, which is the Shannon entropy expressed as effective 
number of species (Jost, 2006). For evenness we used “Simpson even
ness”, the index that is obtained by dividing the reciprocal of the 
Simpson concentration index by the number of taxa. Simpson evenness 
has the advantage over Pielou's evenness that it is independent of 
taxonomic richness, also for low taxonomic richness (Smith and Wilson, 
1996). We calculated Warwick and Clarke's (1995) taxonomic distinct
ness, which is the average path length through a taxonomic tree con
necting two randomly chosen individuals from different taxa. The path 
length weights given to two taxa belonging to the same genus, family, 
order and class, were respectively 20, 40, 60 and 80.

As functional metrics we used the total macrophyte cover and the 
relative cover of anchored emergent, anchored floating leaved, 
anchored submerged and free-floating life forms. Life form data was 
retrieved from books (Muller et al., 2021; Schou et al., 2023) and the 
Ecological Flora Database (Fitter and Peat, 1994) using the R package 
TR8 (Bocci, 2015). Species could be assigned to multiple life forms 
(Appendix B).

2.3. Environmental variable assessment

Assessment of local abiotic and biotic variables and estimation of 
land cover in the 5 m buffer around ponds was performed in the same 

Fig. 1. a) Site locations within the continental (green) and boreal (violet) biogeographical regions of Europe, and within France, Germany and Latvia (hatched grey). 
b) Neu-Woerr and its connected protected areas Naturschutzgebiet (NSG) Neuburger Altrhein and Espace Naturel Sensible (ENS) Woerr (red). c) Studied Neu-Woerr 
ponds (orange). d) Silene nature park (red). e) Studied Silene ponds (orange). b-e) Borders are represented with black lines and waterbodies with dark blue polygons. 
Maps were made in QGIS 3.28 with data from the European Environment Agency (2016, 2022). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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time period as the macrophyte surveys. The percentage of the pond 
surface area that would be shaded at midday, as well as the contribution 
of reeds, willows and shrubs, high trees, wetlands and meadows to the 
land cover of the 5 m buffer around the pond were estimated. Water 
depth was measured at the deepest point in the pond and transparency 
was determined using a turbidity tube. To measure specific conductivity 
and pH, a WTW MultiLine 3630 IDS sonde was used in Neu-Woerr and 
an OTT Hydrolab DS5 sonde in Silene. For Silene, the portable sonde was 
used to measure chlorophyll-a concentrations, while for Neu-Woerr 
chlorophyll-a concentrations were measured in the laboratory using 
spectrophotometry following AFNOR standard NF T 90–117. Pond 
isolation, measured as the distance to the nearest waterbody, as well as 
spatial coordinates and the pond surface area at the high water level, 
were derived from digitized features based on Google Satellite maps in 
QGIS 3.28 using projections EPSG:2154 and EPSG:3059.

To estimate the abundance of calico crayfish in each Neu-Woerr 
pond, four littoral sweep net samples were taken in different meso
habitats (sensu Labat et al., 2022) and spread evenly along the pond 

margin. Samples covering 1 m2 were taken by moving a 0.5 mm mesh 
size net with a rectangular 20 × 30 cm frame four times vigorously back 
and forth above the sediment with an amplitude of 1 m. Captured 
crayfish were identified and measured from rostrum to telson.

2.4. Coinertia analyses

We performed coinertia analysis (CoIA) to investigate correlation 
between a) environmental variables and macrophyte metrics, b) envi
ronmental variables and macrophyte taxon abundance and c) land cover 
around ponds and environmental variables. Because of the small number 
of ponds sampled per network, it was not possible to perform redun
dancy analysis or canonical correspondence analysis. Instead, we chose 
CoIA, which can be used for datasets of many variables measured on few 
sites (Dolédec & Chessel, 1994; Dray et al., 2003). CoIA is most 
commonly used to relate environmental variables to community 
composition, but it is a flexible method that can relate any two datasets 
measured on the same entities (Borcard et al., 2011). It has been used to 
relate environmental variables to community metrics (Beisel et al., 
1998).

CoIA requires appropriate initial ordinations of the datasets to be 
analysed (Borcard et al., 2011). We chose Principal Component Analysis 
(PCA) on the correlation matrix for the environmental variables and the 
metrics datasets. For the macrophyte abundance dataset, a trans
formation based PCA (Legendre and Gallagher, 2001) was performed. 
To this end, a Hellinger transformation of the percentage cover data was 
followed by covariance matrix PCA. This is equal to a Principal Co
ordinates Analysis of the Hellinger distance matrix (Legendre and De 
Cáceres, 2013). For each CoIA, an RV-coefficient, measuring the 
strength of the link between the two datasets on a scale from 0 to 1, was 
calculated (Robert and Escoufier, 1976), and its significance was eval
uated using a Monte-Carlo test with 999 permutations. All CoIA's were 
performed for Neu-Woerr and Silene separately, because the two sites 
differed in terms of environmental variables (Appendix A), macrophyte 
communities (Appendix B), and invasive crayfish occurrence.

Table 1 
Characteristics of studied Neu-Woerr (NW) and Silene (S) ponds. Codes refer to 
Fig. 1. Area is the surface area at the high water level.

Code Latitude Longitude Area 
(m2)

Year 
made

Original land 
occupation pond 
location

NW_G01 48.97708◦ 8.22260◦ 4640 2011/ 
2012

Former gravel 
sieving platform

NW_G03 48.97874◦ 8.22285◦ 1010 2011/ 
2012

Former gravel 
sieving platform

NW_G04 48.97964◦ 8.24374◦ 540 2011/ 
2012

Location of former 
pond in reedbed and 
willow stand

NW_G05 48.97899◦ 8.23593◦ 2600 2011/ 
2012

Willow and reed 
stands

NW_G06 48.97944◦ 8.23887◦ 2400 2011/ 
2012

Willow and reed 
stands

NW_G07 48.97916◦ 8.23256◦ 1290 2011/ 
2012

Willow and reed 
stands

NW_G08 48.97681◦ 8.22148◦ 2020 2013 Former gravel 
extraction platform

NW_G11 48.97892◦ 8.23992◦ 610 2013 Meadow on former 
agricultural field

NW_G14 48.99556◦ 8.23376◦ 2040 2013 Reedbed
NW_M01 48.96997◦ 8.22756◦ 2400 2011/ 

2012
Reedbed

NW_M04 48.97511◦ 8.22232◦ 120 2011/ 
2012

Forest

NW_M05 48.97106◦ 8.22607◦ 830 2015 Meadow on former 
corn field

NW_M06 48.96966◦ 8.22567◦ 1300 2015 Reedbed
S_101 55.69296◦ 26.78692◦ 1050 2013 Overgrown natural 

wetland
S_102 55.69361◦ 26.78832◦ 290 2018 Overgrown natural 

wetland
S_103 55.69425◦ 26.78933◦ 70 2018 Overgrown natural 

wetland
S_104 55.69513◦ 26.79063◦ 220 2018 Overgrown natural 

wetland with 
channel

S_202 55.69099◦ 26.78913◦ 110 2013 Wetland drainage 
channel

S_204 55.69058◦ 26.78833◦ 180 2013 Wetland drainage 
channel

S_206 55.68982◦ 26.78766◦ 150 2013 Wetland drainage 
channel

S_302 55.68420◦ 26.77315◦ 110 2013 Wetland drainage 
channel

S_303 55.68435◦ 26.77194◦ 130 2013 Wetland drainage 
channel

S_308 55.68569◦ 26.76755◦ 180 2018 Fallow meadow
S_309 55.68573◦ 26.76815◦ 170 2018 Fallow meadow
S_310 55.68565◦ 26.76867◦ 90 2018 Fallow meadow
S_401 55.69023◦ 26.77639◦ 530 2018 Natural wetland

Table 2 
Macrophyte metrics, with T the total number of taxa, pi the relative cover of 
taxon i, wij the path length weight between taxa i and j, xi the cover of taxon i, 
xem the sum of the covers of emergent taxa, xfl of anchored floating taxa, xsu of 
anchored submerged taxa, and xfr of free-floating taxa.

Metric Abbreviation Formula Reference

Taxonomic richness Rich Number of taxa
Hill Shannon 

diversity
Shan

e−
∑T

i=1
pi ln(pi) Jost, 2006

Simpson evenness Even 1
T
∑T

i=1pi2
Smith and 
Wilson, 1996

Taxonomic 
distinctness

Dstar
∑∑

i<jwijxixj
∑∑

i<jxixj
Warwick and 
Clarke, 1995

Total cover Cove Total % of pond surface 
covered by macrophytes

Relative cover 
emergent 
macrophytes

Emer xem

xem + xfl + xsu + xfr

Relative cover 
anchored floating 
macrophytes

Floa xfl

xem + xfl + xsu + xfr

Relative cover 
anchored 
submerged 
macrophytes

Subm xsu

xem + xfl + xsu + xfr

Relative cover free- 
floating 
macrophytes

Free xfr

xem + xfl + xsu + xfr
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2.5. Community dissimilarity

To examine how geographic distance (Gdis) influences macrophyte 
community dissimilarity (Cdis) between ponds, we used non-linear 
regression as a first approach, and generalized dissimilarity modelling 
as a second approach. Generalized dissimilarity modelling allows the 
inclusion of differences between environmental conditions, besides 
geographic distance, as predictor variables (Ferrier et al., 2007). For 
both approaches we modelled the Bray-Curtis dissimilarity calculated on 
the log(x + 1) transformed percentage cover data (Borcard et al., 2011), 
but for the non-linear regression we expressed it as similarity (Csim = 1 - 
Cdis). For the non-linear regression we fitted power functions of the form 
Csim = a•Gdis

-b , also referred to as log-log models (Nekola and McGill, 
2014; Nekola and White, 1999; Soininen et al., 2007), to data from all 
pond pairs. We also tried exponential (log-linear) and linear models, but 
these fitted the data les well, as indicated by higher AIC values. From the 
power-law model, an initial Csim at 10 m distance (Csim_init) was 
calculated, as well as the halving distance (Gdis_half) at which Csim had 
decayed to half the Csim_init, using Gdis_half = 10•21/b. In order to 
investigate whether there was still decay of Csim with Gdis for pond pairs 
separated by more than Gdis_half, a power function for the decay of Csim 
with Gdis was also fitted on a reduced dataset with only pond pairs 
separated by more than Gdis_half.

We fitted generalized dissimilarity models (GDM) to identify both 
the contribution of Gdis and of environmental dissimilarities between 
ponds to Cdis. Generalized dissimilarity modelling is a matrix regression 
approach based on generalized linear modelling that accommodates for 
non-linearities in relationships between the predictor variables (Gdis and 
differences in environmental conditions) and Cdis (Ferrier et al., 2007). 
Following Mokany et al. (2022), we used three I-splines per predictor 
variable to model the Bray-Curtis macrophyte dissimilarity. The pre
dictor variables assessed were Gdis, as well as differences between pond 
pairs in the percentage of the pond surface shaded by surrounding 
vegetation at midday, water depth, transparency, specific conductivity, 
pH, chlorophyll-a concentration, distance to the nearest waterbody, 
pond surface area, and for Neu-Woerr crayfish abundance. The signifi
cance of each predictor variable was tested with 999 permutations, and 
a backward selection procedure was used to keep only predictors with a 
p-value lower than 0.05. To check for correlation between the significant 
predictors, differences between pond pairs, in Euclidean geographic 
distance and in each environmental variable, were calculated, and 
Spearman correlation coefficients were evaluated. Furthermore, the 
importance of each of the remaining predictors for the predicted 
macrophyte community dissimilarity was evaluated as the sum of the 
three predicted I-spline coefficients (Mokany et al., 2022).

Data analysis and visualisation were performed in R version 4.4.0 
with R studio 2023.06.0 using packages HillR, vegan, taxize, ade4, 
adegraphics, adespatial, gdm and the tidyverse.

3. Results

3.1. Macrophyte communities

In total, 81 macrophyte taxa were identified to the species level, of 
which 35 were detected in Neu-Woerr and 63 in Silene (Appendix B). 
Some Carex had neither flowers nor fruits at the time of sampling and 
were only identified to genus level. In Neu-Woerr, the most common 
species were Phragmites australis, Veronica anagallis-aquatica and Juncus 
acutiflorus, observed in respectively 100, 85 and 69 % of the ponds. In 
Silene, the most common species Typha latifolia, Alisma plantago-aqua
tica, Carex acutiformis and Lemna minor, were each recorded in 85 % of 
the ponds. In terms of conservation status, the species Hippuris vulgaris, 
observed in Neu-Woerr, is classified as Near Threatened on the French 
Red List, but as Least Concern on both the European and global Red 
Lists. Sparganium natans, occurring in Silene, is Near Threatened 
following the European Red List, and of Least Concern according to the 

global Red List (Bilz et al., 2011; Lansdown, 2014; UICN France et al., 
2018). All vascular plant species were native to the location they were 
observed, except for Acorus calamus, found in Silene, which was intro
duced into Europe in the 16th century (Dykyjová, 1980; Schou et al., 
2023; Royal Botanic Gardens, Kew, 2017).

Per pond, taxonomic richness (5 to 17 in Neu-Woerr, and 11 to 30 in 
Silene) and Hill Shannon diversity were lower in Neu-Woerr than in 
Silene (Appendix B). Furthermore, total macrophyte cover was on 
average 49 % in Neu-Woerr and 81 % in Silene (Fig. 2, Appendix B). 
Whereas Neu-Woerr ponds had almost no floating anchored and few 
free-floating plants, and their submerged vegetation consisted primarily 
of charophytes, the relative cover of different life forms in the Silene 
ponds varied among ponds.

3.2. Coinertia macrophytes, environmental variables and land cover

For both sites, CoIA showed significant correlations between local 
environmental variables and the macrophyte metrics (Fig. 3a, d), with a 
major contribution of light-influencing variables to the first coinertia 
axis (Fig. 3b, e). For Neu-Woerr, ponds with transparent water (Trans) 
were on the right side of the coinertia plane, whereas those with reduced 
light conditions, namely those shaded by surrounding trees (Shade) and 
those exhibiting relatively high chlorophyll-a concentrations (Chl-a), 
were on the left side of plane. Ponds with high crayfish abundance 
(Cray) were also on the left side of the plane. For Silene, ponds with 
reduced light conditions were on the right side, and those with relatively 
high pH and great depth on the left side of the plane.

For Neu-Woerr, the ponds with reduced light conditions and high 
crayfish abundance, on the left side on the coinertia plane, exhibited 
high relative cover of emergent species (Emer) (Fig. 3c). Ponds with 
enhanced light conditions, on the right side of the coinertia plane, were 
characterized by high relative cover of submerged plants (Subm), total 
cover (Cove) and taxonomic distinctness (Dstar). In Silene, ponds with 
reduced light conditions, on the right side of the coinertia plane, had 
high relative cover of free-floating macrophytes (Free) (Fig. 3f), while 
those with improved light conditions, as well as high pH and greater 
depth, where characterized by a high relative cover of submerged plants.

For both sites, surface area (Area) and distance to the nearest 
waterbody (DistNWb) had low contributions to the coinertia between 
the environmental variables and macrophyte metrics. For Neu-Woerr, 
pond age (Age) did not contribute to the coinertia and for Silene pond 
age had a small contribution to the first axis and a more important 
contribution to the second coinertia axis, but this axis only projected 20 
% of the inertia. Specific conductivity (SpCond) also had a small 
contribution to the first axis for Silene, and contributed to the second 
axis for Neu-Woerr, but this axis only projected 19 % of the inertia. 
Taxonomic richness (Rich) contributed to the second axis in Neu-Woerr 
and only showed moderate contribution to the coinertia in Silene. 
Spearman rank correlations between taxonomic richness and the envi
ronmental variables studied were all lower than |0.6| and had p-values 
(Benjamini-Hochberg adjusted for multiple testing) higher than 0.05.

CoIA between macrophyte abundances and environmental variables 
showed high and significant correlations for both sites (Fig. 4a, d). For 
both sites, the first coinertia axis separated ponds with high light con
ditions (Trans) on the left from ponds with low light conditions (Shade, 
Chl-a) on the right side of the coinertia plane (Fig. 4b, e). For Neu-Woerr, 
crayfish abundance (Cray) and specific conductivity (SpCond) were with 
the low light conditions on the right side of the plane. This was also the 
case for depth, while for Silene depth was associated with improved 
light conditions, and with younger pondage.

For both sites, ponds with extensive Chara cover, of Chara vulgaris 
(CharVulg) in Neu-Woerr and Chara globularis (CharGlob) in Silene 
(Fig. 4c, f), had transparent water, and in Silene relatively high pH as 
well. In Silene, ponds with Lemna minor (LemnMino) were characterized 
by high shade from surrounding trees, high chlorophyll-a concentration, 
low transparency and low pH. In Neu-Woerr, Eleocharis uniglumis 
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(EleoUnig) and Carex rostrata (CareRost) only occurred in pond 
NW_G14, and Ricciocarpos natans (RiccNata) only in pond NW_G07, and 
both these ponds were characterized by high chlorophyll-a concentra
tions and specific conductivity.

For both sites, pond surface area only had a small contribution to the 
correlation between environmental variables and macrophyte taxon 
abundance. For Neu-Woerr, age did not contribute to the correlation, 
but for Silene age contributed to both axes. For both sites the distance to 
the nearest waterbody, and only for Silene specific conductivity, 
contributed mainly to the second coinertia axis. However, the second 
axes only projected 23 % and 17 % of the inertia for Neu-Woerr and 
Silene, respectively.

In both sites, ponds were surrounded by shrubs and willows, reeds, 
meadows and high trees. In Silene, four ponds bordered bogs as well 
(Appendix C). CoIA showed significant correlation between land cover 
in 5 m around ponds and selected environmental variables for Silene (RV 
coefficient = 0.56, p = 0.001), but not for Neu-Woerr (RV coefficient =
0.34, p = 0.094). In Silene, ponds surrounded by reeds and meadows 
were associated with relatively high pH and transparent water, whereas 
those surrounded by trees were more shaded and had higher 
chlorophyll-a concentrations (Appendix C).

3.3. Community dissimilarity

Power function models fitted on all pond pairs (Full), showed 
marginally non-significant decay of community similarity with 
geographic distance for Neu-Woerr, as indicated by the p-value of 
regression parameter b (p = 0.064), but highly significant decay for 
Silene (p < 0.001 for parameter b) (Fig. 5, Table 3). For Silene the 
halving distance (Gdis_half, the distance at which community similarity 
equals half its initial value at 10 m distance) was 300 m. Reduced models 
(Red), fitted only on pairs of ponds separated by more than Gdis_half, did 
not show a significant decay of community similarity with geographic 
distance. This indicates that excluding pairs of ponds separated by less 

than Gdis_half effectively removed the spatial correlation that was 
observed in Silene.

For Neu-Woerr, no generalized dissimilarity model (GDM) of the 
Bray-Curtis dissimilarity could be fitted, because none of the predictor 
variables were significant. For Silene, however, a GDM was fitted with as 
predictor variables the differences between ponds in shade from sur
rounding trees and water transparency (model p < 0.001, explained 
deviance = 45 %, Fig. 6). The Silene model did not include geographic 
distance between pond pairs as predictor variable. It had been excluded 
by the backward selection procedure, and would be marginally non- 
significant if added to the model (p would be 0.061). The pond pair 
differences in shade from surrounding trees and water transparency 
were not correlated (Spearman ρ = 0.16). Shade from surrounding trees 
was more important than water transparency for the community 
dissimilarity (Cdis), as indicated by the higher sum of the I-spline co
efficients. The influence of shade on Cdis was larger between 0 and 50 % 
of the pond surface shaded, indicated by the steep slope of the I-spline 
curve in this range, than between 50 and 90 % shaded, where the slope 
was flatter. The influence of transparency on Cdis was most important 
between 70 and 120 cm transparency.

4. Discussion

To help inform the design of pondscapes for biodiversity conserva
tion and restoration, we studied environmental variables and spatial 
processes that structure macrophyte communities in two pond networks 
in Europe with contrasting conditions. Ponds in the western European 
network Neu-Woerr had low macrophyte species richness, while those in 
northeastern European Silene had moderately high species richness 
compared to ponds studied in European surveys (Hassall et al., 2011; 
Oertli et al., 2002; Williams et al., 2008). In Neu-Woerr, macrophyte 
cover was low and consisted mainly of emergent and submerged char
ophyte life forms. In Silene, macrophyte cover was abundant and con
tributions of emergent, submerged, anchored floating and free-floating 

Fig. 2. Pond locations and pie charts showing the contributions of emergent, anchored floating, free-floating, submerged charophyte and submerged non-charophyte 
life forms to the total macrophyte cover of the ponds in a) Neu-Woerr and b) Silene. The radius of the pie chart indicates the total cover of macrophytes with the 
radius scales in the insert. Note that to improve readability different scales were used for the two sites.
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life forms to the total macrophyte cover varied among ponds. In both 
pond networks, taxon abundances and macrophyte metrics describing 
community structure and function were correlated with environmental 
variables. Varying responses of the different macrophyte metrics high
light the importance of evaluating multiple metrics. However, the 
metrics taxonomic distinctness and relative cover of submerged life 
forms provided similar information in our study, since they were both 
heavily influenced by the cover of charophytes.

4.1. Environmental correlates

Variables affecting light conditions were important for the macro
phyte community composition and relative cover of different life forms, 
which is in line with literature (Bornette and Puijalon, 2011; Kautsky, 
1988; Lacoul and Freedman, 2006). In Silene, ponds with clear water 
and no shading from trees exhibited high cover of submerged macro
phytes, whereas ponds with turbid water and shading from trees were 
dominated by free-floating plants including Lemnaceae. Free-floating 
macrophytes have a competitive advantage over submerged macro
phytes at low light conditions because their leaves are on top of the 
water surface (Scheffer et al., 2003). The dominance of Lemnaceae in 
shaded turbid ponds in Silene is probably due to a combination of low 
light conditions with an absence of wind and high nutrient levels, that 
comes together in ponds surrounded by trees. In windy conditions 
Lemnaceae are blown to the shore and cannot dominate (Sayer et al., 
2012), but in shaded ponds surrounded by trees, which act as wind
breaks, they can form mats. Unlike anchored macrophytes, Lemnaceae 

cannot take nutrients from the sediment but only from the water col
umn, which is why they require high water nutrient levels (Scheffer 
et al., 2003). In Silene, ponds dominated by free-floating plants had high 
chlorophyll-a concentrations, indicating high nutrient levels, which was 
potentially related to historical farming activities, and maybe also to 
riparian trees. Our analysis on the correlation between the land cover in 
the 5 m buffer around ponds and in-pond environmental variables 
showed that ponds surrounded by willows, shrubs and high trees had 
high chlorophyll-a concentrations and low water transparency. Riparian 
trees and shrubs can contribute leaf litter to the ponds, which increases 
organic matter and nutrient concentrations (Sayer et al., 2012). The 
enhanced nutrient levels could allow Lemnaceae to take up sufficient 
nutrients and could stimulate algal growth, thus increasing chlorophyll- 
a concentrations and turbidity, which could give Lemnaceae a competi
tive advantage over submerged macrophytes.

In Neu-Woerr, ponds with low light conditions had low macrophyte 
cover of merely emergent life forms, whereas ponds with clear water and 
little tree shade had extensive beds of submerged charophytes. In Neu- 
Woerr, low light conditions were not only caused by algal biomass 
and tree shade, but also by calico crayfish. Calico crayfish resuspend 
sediment when digging, which causes turbidity, and they graze on 
macrophytes (Herrmann et al., 2022). Without macrophytes, algal 
growth increases, which adds to the turbidity (Scheffer and Van Nes, 
2007). Turbidity, both from algal growth and sediment resuspended by 
crayfish, in turn impedes macrophytes from establishing. This positive 
feedback mechanism can maintain a pond in a crayfish induced turbid 
alternative stable state (Scheffer and Van Nes, 2007; Twardochleb et al., 

Fig. 3. CoIA environment – macrophyte metrics. a - c) Neu-Woerr. d - f) Silene. a, d) Positions of the ponds on the plane of the first two coinertia axes (% inertia 
projected by each axis in grey) according to the environmental variables (dots and labels) and according to macrophyte metrics (arrowheads). RV coefficients and p- 
values are in the top left corner in bold and the eigenvalue bar plots in the insets. b, e) Positions of environmental variables on the coinertia plane. c, f) Positions of 
the macrophyte metrics on the coinertia plane. For metric abbreviations see Table 2.
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2013). At the time of sampling, the cover of Chara vulgaris was quite 
extensive in Neu-Woerr. However, later in the season the charophyte 
populations collapsed and the water became turbid and devoid of 
macrophytes (K. van der Zon, pers. obs.). Chara vulgaris is a quick 
growing species that is resilient to disturbances (Bornette and Arens, 
2002; Wade, 1990). It might be that the charophytes established in 
spring, when the crayfish activity was probably low. Calico crayfish hide 
in burrows during the winter and their eggs hatch in spring (Tack, 1941; 

Chucholl, 2012). At the time of sampling the crayfish activity was pre
sumably not important enough to tip the ponds into a turbid state. Later 
in the season, however, increased crayfish activity could have induced 
the turbid state without charophytes.

In Silene, pH was positively correlated with relative cover of sub
merged life forms including Chara globularis. At high pH, inorganic 
carbon is primarily present in the form of bicarbonate. Charophytes can 
use bicarbonate more effectively for photosynthesis than angiosperm 

Fig. 4. CoIA environment – macrophyte taxa. a - c) Neu-Woerr. d - f) Silene. a, d) Positions of the ponds on the plane of the first two coinertia axes (% inertia 
projected by each axis in grey) according to the environmental variables (dots and labels) and according to taxon abundances (arrowheads). RV coefficients and p- 
values are in the top left corner in bold and the eigenvalues in the insets. b, e) Positions of environmental variables on the coinertia plane. c, f) Positions of the 
macrophyte taxa on the coinertia plane. For taxon name abbreviations see Table S2 (Appendix B).

Fig. 5. Pairwise Bray-Curtis similarity between macrophyte communities as function of geographic distance between the ponds. a) Neu-Woerr. b) Silene with the 
power function fitted to all pairs of ponds and the regression equation (Full_S) in blue. Initial similarity (Csim_init) is indicated with grey dotted lines and the halving 
distance (Gdis_half) with grey dashed lines. Pond pairs further apart from each other than the halving distance are presented in violet and pairs of ponds separated by 
less than the halving distance are in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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bicarbonate users. Consequently, at high pH charophytes have 
competitive advantage over angiosperms (Iversen et al., 2019; Maberly 
and Madsen, 2002; Sand-Jensen et al., 2021).

Surprisingly, whereas in Neu-Woerr pond depth seemed to be 
negatively correlated with charophyte cover, in Silene charophytes were 
relatively more abundant in deeper ponds. This contrasting outcome 
could be explained by the positive correlation between pond age and 
depth in Silene, a correlation that was absent for Neu-Woerr. It is 
possible that in Silene the older, ten year old, ponds already lost some 
depth to sedimentation, and some charophytes to succession. Succession 
rates depend on productivity (Hassall et al., 2012), and we expect suc
cession to occur faster in the Silene ponds, which are characterized by 
extensive macrophyte cover, than in the Neu-Woerr ponds, which are 
disturbed by crayfish. In case of classical ecological succession, 
following an initial colonization phase, ponds reach a stage of maximum 
macrophyte diversity (Barnes, 1983; Fleury and Strehler Perrin, 2004). 
We expect that the older Silene ponds were at this stage. After the stage 
of maximum diversity ponds may become poorer in species, and richer 
in nutrients (Fleury and Strehler Perrin, 2004; Gee et al., 1997; Sayer 
et al., 2012; Williams et al., 2008). Furthermore, there may be an 
ongoing decrease in charophyte cover and increase in emergent vege
tation cover with succession (Hassall et al., 2012; Van Geest et al., 
2003). Additionally, in both studied networks, willow overgrowth will 
increase pond shading if unmanaged. As discussed above, this may in
crease the relative cover of emergent and free-floating life forms and 
decrease the relative cover of submerged macrophytes.

The contribution of pond surface area to the coinertia between 
environmental variables and macrophyte metrics was low for both sites. 
Some studies found macrophyte species richness to increase with pond 
surface area (Friday, 1987; García-Girón et al., 2019; Gee et al., 1997; 
Oertli et al., 2002) while others found no effect (Biggs et al., 2005; 
Edvardsen and Økland, 2006; Hassall et al., 2011; Linton and Goulder, 
2000). Oertli et al. (2002) studied 80 Swiss ponds and concluded that 
there are more macrophyte species in several small ponds than in one 
large pond of the same total surface area. However, since some species 
only occurred in the smallest or largest ponds, the authors advise to 
create ponds of varying sizes when possible (Oertli et al., 2002).

Our analyses did not show effects of pond isolation, measured as 

distance to the nearest water body, on pond macrophyte community 
composition and metrics. This might be due to the fact that all studied 
ponds were quite close to other water bodies and because we only 
studied permanent ponds. The most isolated Silene pond was separated 
from the nearest water body by 240 m, and the most isolated Neu-Woerr 
pond by 170 m only. Linton and Goulder (2000) studied a pondscape 
with ponds separated from other water bodies by more than 500 m and 
did find pond macrophyte species richness to increase with the number 
of neighbouring water bodies. Lozada-Gobilard et al. (2019), studied 
kettle holes that (except for one) all had other water bodies within 500 
m, and did not find an effect of isolation on macrophyte richness in 
permanent ponds. However, they did find a negative correlation be
tween isolation and macrophyte species richness for ephemeral ponds, 
which might depend on nearby ponds for recolonization after distur
bance (Lozada-Gobilard et al., 2019).

4.2. Community dissimilarity as function of geographic distance and 
environmental dissimilarity

In Silene, the power model fitted on all pond pairs showed significant 
decay in macrophyte community similarity with increasing geographic 
distance between ponds, while the power model fitted only on ponds 
separated by more than the halving distance (Gdis_half = 300 m) showed 
no decay of community similarity with geographic distance. From this 
we could derive that there was spatial correlation in the macrophyte 
community composition between ponds separated by less than 300 m in 
Silene. The generalized dissimilarity model for Silene, however, showed 
a marginally non-significant influence of geographic distance on com
munity dissimilarity. This non-significance might be due to the rela
tively low number of ponds studied, or due to the selection strategy of 
ponds to study, which was aimed at capturing the largest macrophyte 
diversity possible. The generalized dissimilarity model did show sig
nificant effects of the difference in shade from surrounding trees and 
difference in water transparency on community dissimilarity, from 
which we derive that differences in environmental variables were more 
important than spatial distance in explaining beta diversity.

For Neu-Woerr, the power model showed marginally non-significant 
decay of community similarity with geographic distance. The non- 
significance may be explained by the high similarity in macrophyte 
community composition between two clusters of ponds that were 
separated by a relatively large distance of 1.1 to 1.7 km (Fig. 5a). We 
expect that pond pairs from these clusters have similar macrophyte 
communities because of similar hydrological regimes, an important 
factor influencing macrophyte community composition (Jeffries, 2008; 
Kautsky, 1988), which we unfortunately did not measure. The gener
alized dissimilarity model for Neu-Woerr did not show significant effects 
of geographic distance nor of any of the differences in environmental 

Table 3 
Regression parameters of full (Full) and reduced (Red) power functions 
describing decay of community similarity with geographic distance, following 
Csim = a•Gdis

-b , for Neu-Woerr (_NW) and Silene (_S). Significance is indicated as 
*** for p < 0.001, ** for p < 0.01, * p < 0.05, and (n.s.) for p > 0.05.

Parameter Full_NW Full_S Red_NW Red_S

a 0.86 (n.s.) 0.92 *** − 0.02 (n.s.) 0.08 (n.s.)
b 0.17 (n.s.) 0.20 *** 0.08 (n.s.) − 0.15 (n.s.)

Fig. 6. Silene GDM. a) Observed Bray-Curtis dissimilarity as function of predicted ecological distance for each pair of ponds (points), and predicted Bray-Curtis 
dissimilarity as function of predicted ecological distance (line). b, c) I-spline functions for the predictor variables, with the slope indicating the rate of commu
nity composition change along the variable gradient, and in text the sum of coefficients, indicating the importance of the variable, and its significance.
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variables on community dissimilarity. This non-significance may be due 
to the low number of ponds studied, short gradients, or unmeasured 
confounding variables. Besides hydrology, an unmeasured variable that 
could have influenced the Neu-Woerr macrophyte communities is 
pesticide runoff from the nearby agricultural activities (Ulrich et al., 
2022). Furthermore, although crayfish abundance was measured, this 
was biased because we only captured juvenile crayfish. Crayfish abun
dance was measured by sweep netting at daytime along the pond edge, a 
technique that does not allow for the estimation of the number of adult 
crayfish, who live deeper in the pond and are only active at night (Tack, 
1941). To estimate the abundance of both adult and juvenile crayfish, 
overnight trapping should be performed, for instance with artificial 
refuge traps (Green et al., 2018).

4.3. Pondscape design for target species

First of all, pond construction should not drain wetlands (sensu 
stricto) or destroy terrestrial habitats with valuable biodiversity. 
Furthermore, pondscape design should be adapted to the restoration or 
conservation goals of the planned network. A pond network that should 
host specific target species of conservation concern may have different 
requirements than a pond network aimed to increase freshwater biodi
versity on a landscape scale in general.

One of the target species in our study sites was the European pond 
turtle Emys orbicularis. Emys orbicularis feeds on macrophytes and in
vertebrates associated with them, and uses macrophytes for hiding and 
basking (Lebboroni and Chelazzi, 1990; Thienpont et al., 2020). Ponds 
designed for E. orbicularis should have sufficient cover of submerged and 
anchored floating macrophytes, as well as a border of emergent vege
tation, and should be exposed to sunlight (Bensettiti and Gaudillat, 
2002). Based on our results on the scale of individual ponds, it can be 
advised that when a pond is made or restored for E. orbicularis, the 
abundance of crayfish species that have a large influence on macro
phytes, and the percentage of the pond surface that is shaded by trees, 
should not be too high. This may require recurrent management of 
surrounding trees and placement of the pond on a site without crayfish 
species that have a large influence on macrophytes.

On the pondscape scale, the design for target species should consider 
the habitat requirements of the specific species at all life stages, and 
should, if relevant, not only include the aquatic but also the terrestrial 
habitat (Pupins et al., 2023; Rannap et al., 2020). Furthermore, the 
placement of ponds should depend on the locations of source pop
ulations and the dispersal abilities of the target species. If the species is 
not dispersing by air, dispersal corridors should be considered as well 
(Moor et al., 2024; Noel et al., 2006). Ponds made for the common 
spadefoot toad, Pelobates fuscus (Laurenti, 1768), another target species 
for the Neu-Woerr site, should for example be placed less than 500 m 
apart, because individuals from this species rarely disperse more than 
500–1000 m from the pond they were born (Nyström et al., 2002).

4.4. Pondscape design to enhance regional biodiversity

To enhance regional diversity, one could aim to increase the alpha 
diversity of ponds, or the beta diversity between ponds, whereby an 
increase in beta diversity should not lead to a decrease in alpha diversity 
or vice versa (Socolar et al., 2016). Based on the two sites studied, it is 
hard to generalise on how to increase pond macrophyte alpha diversity. 
In our study, taxonomic richness did not contribute to the correlation 
between macrophyte community metrics and the environmental vari
ables studied. Furthermore, although the ponds in Neu-Woerr and Silene 
were made for similar target species using similar methods, macrophyte 
diversity was lower in Neu-Woerr. The presence of calico crayfish may in 
part explain the low macrophyte richness and cover in Neu-Woerr. Other 
factors, such as the regional macrophyte species pool, anthropogenic 
pressures, pond use by mammals and macroecological aspects may also 
explain the difference in macrophyte diversity between the study sites. 

To disentangle the effects of these factors, studies on larger numbers of 
ponds should be performed. These should span different biogeographic 
regions, as there are still knowledge gaps on macrophyte macroecology, 
with for example contradictory results from studies on the relationship 
between latitude and diversity (Alahuhta et al., 2021).

Our results from Silene indicate that high macrophyte beta diversity 
may be obtained by creating ponds with varying levels of shade from 
surrounding trees and water transparency. Based on results from other 
studies, it can be expected that constructing both temporary and per
manent ponds (Della Bella et al., 2008) of different sizes (Oertli et al., 
2002) and at different points in time to attain different succession stages 
(Hassall et al., 2011) could enhance beta diversity as well. Pondscapes 
can be designed to include ponds of various ages, sizes, and levels of 
shade from surrounding trees. While it may be more complex to influ
ence pond permanency and water transparency, pond placement may be 
informed by hydrological conditions, source water nutrient concentra
tions and the presence of bioengineering species.

Since pondscape design for high beta diversity should not come at 
the cost of decreased alpha diversity, and macrophyte metapopulations 
are probably more resilient when multiple suitable habitats are available 
within in a pondscape, it may be desirable to not only create ponds that 
differ in environmental conditions, but also ponds that provide similar 
habitats. When environmental conditions are spatially structured, a 
design of clusters of ponds that are close together but geographically 
isolated from other clusters may be optimal (Jeffries, 2008). Overall, 
pondscapes designed to include both ponds that differ in environmental 
conditions, as well as groups of ponds that provide similar conditions, 
may be most effective for enhancing macrophyte biodiversity on a 
regional scale.
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the Université de Strasbourg.

V.Z. Karina Anna Elisabeth et al.                                                                                                                                                                                                           Ecological Engineering 222 (2026) 107789 

10 



Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We thank Jeanne Ricardo and Marion Schaffner for field assistance, 
Clément Bressant for help with QGIS, and Cybill Staentzel, Emmanuel 
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Gestion des Habitats et Des Espèces D’intérêt Communautaire. Tome 7 - Espèces 
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Réintroduction et Renforcement de Populations Chez la Cistude d’Europe. Guide de 
Bonnes Pratiques. Société Herpétologique de France, p. 48.

Twardochleb, L.A., Olden, J.D., Larson, E.R., 2013. A global meta-analysis of the 
ecological impacts of nonnative crayfish. Freshw. Sci. 32 (4), 1367–1382. https:// 
doi.org/10.1899/12-203.1.

UICN France, FCBN, AFB & MNHN, 2018. La Liste Rouge Des Espèces Menacées en 
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