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Abstract Biodiversity patterns in cladoceran com-

munities were investigated in urban waterbodies in

relation with residential land use, pond management,

and waterbody environments. We evaluated species

richness in the pelagic and littoral zones of eighteen

waterbodies of a large Canadian city. Gamma diver-

sity (26 species) observed at a small scale in the urban

survey was important comparatively to large-scale

surveys of lakes. Beta diversity ranged from 1 to 8

species among waterbodies. We tested if littoral

species greatly contributed to regional diversity in

urban waterbodies. Littoral species (Chydoridae,

Ilyocryptidae, Macrothricidae, Polyphemidae)

accounted for 58% of the total species pool. We

distinguished five cladoceran assemblages associated

to different waterbodies (temporary ponds, permanent

lakes, and wetlands). Cladoceran communities were

more diverse and variable in permanent lakes than in

temporary ponds. Changes in cladoceran species

assemblages among waterbodies were driven by

variations in waterbody size and phosphorus enrich-

ment, macrophyte and algal biomass, urban density,

pond management practices, and the presence of

potential predators as fish and macroinvertebrates. Our

study indicates that both artificial ponds and lakes and

natural wetlands are valuable habitats for the conser-

vation of cladoceran biodiversity and rare endemic

species in urban regions. Further research on pond

management strategies promoting urban aquatic bio-

diversity should be undertaken.

Keywords Cladocera � Species richness �
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Introduction

Although small lakes and ponds represent important

freshwater systems at a global scale (Downing, 2010),

they were, until recently, a neglected component of

research in limnology and ecology. Recent research

conducted in Europe has shed new light on pond

ecosystem structure and function in order to evaluate

their role for biodiversity conservation (Céréghino

et al., 2008a, b; De Meester & Vyverman, 2010;

Miracle et al., 2010; Oertli et al., 2010; De Meester
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et al., 2011). Most studies conducted in agricultural

landscapes recognized farm ponds as important hab-

itats for the maintenance of aquatic biodiversity (Oertli

et al., 2002; Biggs et al., 2005; De Bie et al., 2008).

Despite their small size, farm ponds often constitute

biodiversity ‘‘hot spots’’ (Williams et al., 2004;

Scheffer et al., 2006) because they can harbor high

local species richness (alpha diversity) or rare and

endemic species not commonly found in lakes and

rivers. They also contribute to regional diversity (beta-

and gamma diversity) due to high variation in

community composition through time and space. The

importance of ponds for sustaining aquatic biodiversity

in urban landscapes was less investigated than in rural

landscapes, although they should be taken into account

for strategies of management and conservation in

urban areas. Pond studies in urban region are suitable

for understanding the impacts of human development

on aquatic ecosystems and detecting the influence of

residential land use and waterbody environments on

aquatic communities and biodiversity.

In America, most studies have focussed on large-

scale surveys of lakes in relatively unperturbed

watersheds, such that knowledge of pond ecology is

more limited than in Europe. Only a small number of

studies have been carried out on ponds and lakes in

urban or agricultural areas in the USA (Beaver et al.,

1999; Schell et al., 2001; Dodson et al., 2005; Dodson,

2008; Drenner et al., 2009), and Argentina (Frutos &

Carnevali, 2008; José de Paggi et al., 2008). In

Canada, no attempt has been made to evaluate the

potential of urban waterbodies for sustaining aquatic

biodiversity, despite more and more of watersheds

being rapidly converted to human land uses in urban

regions (BiodivCanada, 2011).

Zooplankton has already been used to assess the

biodiversity of man-made ponds and shallow lakes

(Serrano & Fahd, 2005; Boix et al., 2008; De Bie et al.,

2008; Louette et al., 2008; Antón-Pardo & Armengol,

2010; Léon et al., 2010; Sahuquillo & Miracle, 2010).

Among crustaceans, cladocerans may be the best

indicator for biodiversity assessment in ponds and

small lakes because they are easy to identify, play a

key role in food webs, and respond to environmental

gradients (Jeppesen et al., 2000). Cladocerans can

respond both to bottom-up factors, such as changes in

water quality and nutrients, algal resources, and

aquatic vegetation (Hann & Zrum, 1997; Walseng

et al., 2006; Gélinas & Pinel-Alloul, 2008; Peretyatko

et al., 2009), and top-down factors induced by fish and

macroinvertebrate predators (Gélinas et al., 2007;

Boven & Brendonck, 2009; Drenner et al., 2009). They

have a wide range of phenotypes that allow them to

colonize, survive, and develop differently in tempo-

rary and permanent ponds (Boven & Brendonck, 2009;

Drenner et al., 2009). Cladocerans can survive drying

or freezing. They are also able to rapidly recolonize

ponds as a result of efficient recruitment from the

dormant propagule bank and the ability to reproduce

parthenogenetically (Brendonck & De Meester, 2003).

Cladocerans are also key species for pond restoration

because large-bodied daphnids are efficient grazers of

algae and may enhance water transparency in shallow

lakes and ponds (Peretyatko et al., 2009).

In the present study, we used cladocerans as a

model to investigate biodiversity patterns among

different types of waterbodies (permanent or tempo-

rary ponds, small artificial lakes, and wetlands) in a

large urban region in Canada. Variations in cladoceran

species richness were evaluated within waterbodies,

between littoral and pelagic zones, and among water-

bodies. We estimated regional species richness

(gamma diversity) in the urban area using cumulative

species richness curves and tested if littoral species

were major contributors to regional diversity in urban

ponds, as observed in lakes (Walseng et al., 2006). We

also tested the hypothesis that the cladoceran com-

munity structure will differ between the different types

of waterbodies due to low dispersal in fragmented

landscapes (Shurin, 2000; Vanschoenwinkel et al.,

2007, 2011). We evaluated the relative influence of

three different types of drivers on cladoceran commu-

nity structure: (i) landscape use and pond management

practices; (ii) morphometry, water transparency,

aquatic vegetation, and bottom-up forcing by nutrients

and algal biomass; and (iii) top-down forcing by fish

and macroinvertebrate predators. Finally, the impli-

cations of our findings for pond conservation and

management are discussed.

Materials and methods

Study sites and environmental variables

The study was carried out in 18 different waterbodies

located throughout the Island of Montreal (Québec,

Canada) (45.46–45.69�N; 73.50–73.90�W) (Fig. 1).
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The Montreal city landscape is dominated by intense

residential and industrial activities and supports a high

density of human population (1.659 million of inhab-

itants: http://ville.montreal.qc.ca). Our survey inclu-

ded 15 artificial ponds and small lakes located in

municipal parks and residential districts and 3 natural

wetlands, including two in large recreation parks

(Table 1). These waterbodies represent the diversity

of aquatic habitats that can be found in dense urban

areas of North American cities. Our sampled water-

bodies are surveyed by the water quality monitoring

program of the city of Montreal (RSMA: Réseau de

suivi du milieu aquatique). Environmental explana-

tory variables were categorized into three sets:

(i) landscape and management, (ii) morphometry and

bottom-up, and (iii) top-down variables (Table 1).

Ponds and lakes were artificial except Castors, being

constructed during the last decades for water retention

or recreational purposes, whereas two wetlands (Bi-

zard and Prairies) were formed by a hydrologic net-

work of streams. The sampled waterbodies were

evenly distributed in areas of low, medium, and high

urban density. Five temporary ponds were emptied

each year in autumn and refilled in the spring with

municipal water. Three waterbodies were occasionally

treated with copper sulfate to control algal blooms.

Twelve waterbodies had littoral macrophyte beds, and

in three of them, plants were manually removed to

decrease macrophyte growth and cover. Waterbody

size and trophy were highly variable (Table 1). Sur-

face area ranged from 0.04 to 11.5 ha, perimeter from

0.07 to 2.34 km, and mean depth from 0.3 to 11 m.

Secchi water transparency ranged from 0.3 to 3.7 m

and, in some shallow ponds, light could reach the

bottom. Total chlorophyll biomass varied from 1.1 to

63.9 lg L-1 along a gradient of nutrient enrichment

(TP: 8–192 lg L-1). Some eutrophic ponds and wet-

lands were dominated by abundant populations of

cyanobacteria, chlorophytes, and diatoms, whereas

pristine artificial ponds supported low populations of

chlorophytes and diatoms. Three artificial ponds

emptied during winter were fishless, while the others

supported diverse communities of littoral fish, mostly

planktivorous, including strictly planktivorous stick-

lebacks in two ponds. The abundance of macroinver-

tebrates, potential predators of zooplankton in the

littoral zone, was also highly variable; the most

dominant taxa were the Pleidae, Coenagrionidae,

Notonectidae, Veliidae, and Corixidae (Table 1).

Data collection and field sampling

Data on the origin, urban density, management

practices, morphometry, and water quality of each

waterbody were obtained from the division of envi-

ronment of the City of Montréal. Values for the surface

and the perimeter of each waterbody were obtained by

overlaying a polygon over the waterbody on aerial

photographs in Google Earth. Water quality monitor-

ing was done at seven sampling dates during summer

2010 (every 2–3 weeks from May to October). For this

study, we only used total phosphorus (TP) concentra-

tion measured in July and October as an index of

nutrient enrichment and waterbody trophic status.

Field sampling was carried out once between July

7th and 23rd, 2010. We collected triplicate samples in

the pelagic and littoral zones, resulting in a total of six

samples per waterbody. This sampling scheme

enabled us to test within- and among-site variation in

species richness and community structure when

aquatic vegetation and communities should be the

most diverse and abundant. Site locations were

determined for each waterbody using a portable GPS

(Magellan RoadMate 1470) and recorded in decimal

degrees. Depth and water transparency were measured

with a Secchi disk at three pelagic points within each

waterbody and averaged. At each sampling site, we

determined the biomass of total chlorophyll (lg L-1)

and of four spectral groups of algae (Green, Blue-

green cyanobacteria, Diatoms, Cryptophyta-picocya-

nobacteria) using a Fluoroprobe probe (Beutler et al.,

2002; Pinel-Alloul et al., 2008). At each sampling site,

zooplankton was sampled by filtering pond water into

a plankton net (20 9 20 cm square opening, 53-lm

mesh size) (Filion et al., 1993). A 3-l plastic bucket

was dipped at arm’s length (1-m) until a total volume

of 30 l was obtained. Zooplankton was preserved in

buffered 4% formalin after narcotization in carbonated

water. To avoid dispersal of zooplankton organisms

among waterbodies, the plankton net was carefully

rinsed and dried between sampling trips. A week after

field sampling, organisms were removed from the

formaldehyde solution, by filtering samples on a

50-lm mesh net, and transferred in 75% ethanol

solution. Organisms were concentrated into 25-ml

scintillation vials and stained with a rose Bengal

solution. Benthic macroinvertebrates were sampled in

the littoral zone at a depth of 1 m with a kick net

(46 9 23 cm opening, 500-lm mesh size net) that was
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Fig. 1 Location of the 18 waterbodies sampled in the Island of

Montreal in Québec (Canada). Different symbols were attrib-

uted to waterbody types: temporary municipal ponds: filled

square (Beaubien, Jarry, Lafontaine, Liesse, Pratt); permanent

ponds and lakes: filled circle (Angrignon, Battures, Brunante,

Castors, Centenaire, Cygnes, Héritage, JBNénuphars, JBalgues,

Lacoursière, RMontigny); wetlands: filled triangle (Bizard,

Prairies). Site symbols were colored according to the cluster

groups (see Fig. 5)
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pushed up to 2 cm in the sediments and dragged over a

distance of 1.5 m. In the pelagic zone, macroinverte-

brates were sampled in the sediment with an Ekman

sampler. Collected macroinvertebrates were screened

into 1-mm and 500-lm metal sieves. Both size

fractions were pooled in a large bucket and preserved

in 75% ethanol solution. Macroinvertebrates were also

stained with rose Bengal after sampling to facilitate

sorting. The presence (and coarse identification) of

fish was based on actual capture during kick netting for

macroinvertebrates, visual observations, and informa-

tion gained from managers.

Table 1 Environmental characteristics of the 18 waterbodies sampled in the Island of Montreal

Landscape–management

Origin Natural (3) Artificial (15)

Drainage Yes (5) No (13)

Urban density Low (7) Medium (6) High (5)

Copper sulfate treatment Yes(3) No (15)

Mechanical removal of plants Yes (3) No (12) with macrophytes

Morphometry–bottom-up

Mean ± SD Min–Max

Macrophytes Presence (12) Absence (6)

Surface (ha) 2.87 ± 3.57 0.04–11.52

Mean depth (m) 2.00 ± 2.35 0.3–11.0

Perimeter (km) 0.92 ± 0.72 0.07–2.34

Secchi disk transparency (m) 1.05 ± 0.80 0.3–3.7

TP (lg L-1) 51.17 ± 58.59 8.0–192.0

Total chlorophyll (lg L-1) 13.13 ± 15.76 1.1–63.9

Green algae (lg L-1) 7.54 ± 10.94 0.4–44.1

Blue-green algae (cyanobacteria) (lg L-1) 1.46 ± 2.43 0.0–9.3

Diatoms (lg L-1) 2.91 ± 4.39 0.02–14.3

Cryptophyta—picocyanobacteria (lg L-1) 1.21 ± 3.72 0.0–16.4

Top-down—fish and macroinvertebrates

Mean ± SD Min–Max

Fish Presence (12) Absence (3)

Stickleback Presence (2) Absence (16)

Chaoboridae (Ind�sample-1) 0.79 ± 2.73 0–11.67

Corixidae 7.88 ± 10.25 0–30.67

Notonectidae 9.3 ± 26.51 0–108.5

Gerridae 0.81 ± 1.75 0–7.33

Veliidae 9.15 ± 21.65 0–72

Pleidae 14.39 ± 53.98 0–230.33

Haliplidae 3.31 ± 6.04 0–24

Dytiscidae 1 ± 1.4 0–3.67

Coenagrionidae 13.3 ± 30.53 0–130.33

Libellulidae 1.23 ± 1.77 0–5.67

Aeshnidae 1.01 ± 2.18 0–8.17

Variables are set in three categories: landscape and management, morphometry and bottom-up, and top-down predation variables. In

parentheses: number of sites in each category

Density of macroinvertebrates: number of insect larvae per sample
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Zooplankton and macroinvertebrate analyses

In the laboratory, a fixed proportion (25%) of each

zooplankton sample was taken with a large opening

pipette, transferred to a Ward rotative cell (Ward,

1955), and analyzed under a Leica Wild M3B

stereomicroscope. All cladocerans were counted and

identified to species or taxa groups using appropriate

keys (Edmonston, 1959; Ward & Whipple, 1959;

Amoros, 1984; Hebert, 1995). Counts of cladoceran

species were expressed as numbers of individuals per

liter accounting for subsampling fractionation during

microscopic analysis and the total volume of water

filtered during field sampling.

Samples of macroinvertebrates were sieved in their

entirety in the laboratory on a 500-lm mesh sieve to

eliminate small detritus and organic matter. Macroin-

vertebrates were sorted and counted under a dissecting

microscope. All insect larvae were identified to the

family level using the work of Merritt & Cummins

(1996) and Smith (2001). Total abundances of large

insect larvae, known as potential predators of zoo-

plankton (Chaoboridae, Corixidae, Notonectidae,

Gerridae, Veliidae, Pleidae, Haliplidae, Dytiscidae,

Coenogradidae, Aeshnidae, Libellulinae), were

recorded.

Data analyses

For the present study, biodiversity was expressed in

terms of species richness, which has become the

common currency of biodiversity assessments (Gaston

& Spicer, 2004). We measured diversity at three

different levels: (i) sample (alpha) diversity as the

species richness in a sample collected at each littoral or

pelagic site, (ii) local (beta) diversity as the total species

richness observed in all pelagic and littoral sites within

one waterbody, and (iii) regional (gamma) diversity as

the species richness cumulated in all waterbodies within

the urban region (Indermuehle et al., 2004). To test the

species-area hypothesis (Dodson, 1992), we established

the species accumulation curves in the pelagic and

littoral zones, and in the whole waterbody, by generating

1,000 random site combinations varying in size from 2

to 17 waterbodies and computing for each combination

the mean and standard deviation of species richness

(Pinto-Coelho et al., 2005).

As vegetated littoral zones are suitable refuges for

large phytophilous cladocerans, they may present

higher species richness and therefore be important

contributors to biodiversity (Walseng et al., 2006). We

evaluated the effects of zone (pelagic or littoral),

waterbody (n = 18), as well as their interaction on

cladoceran species richness with a mixed-model

Analysis of Variance (model I ANOVA). Both

pelagic/littoral zone and waterbody were considered

as fixed factors. The residuals of the model were

extracted in order to test them for normality and

homogeneity of variance. We also evaluated how

much species found in the littoral zone contributed to

the total pool of species compared to the pelagic zone

and compared species accumulation curves in pelagic

and littoral zones.

K-means clustering analysis (Legendre & Legen-

dre, 1998) was performed on the species abundance

data tables at fine (108 sites 9 26 cladoceran species)

and coarse (18 waterbodies 9 26 cladoceran species)

levels to evaluate spatial heterogeneity in cladoceran

assemblages. Prior to analysis, species data were

transformed using the Hellinger method (Legendre &

Gallagher, 2001). This analysis consisted of dividing

the dataset into k groups using the Calinski–Harabasz

criterion (Calinski & Harabasz, 1974) which produced

the most parsimonious community dendrogram in

relation to waterbody types. K-means clustering was

run for 10,000 iterations. We compared cladoceran

abundances and community composition among clus-

ter groups.

To reduce the number of explanatory variables in

the cladoceran-environment model, we performed a

PCA analysis on quantitative environmental variables

to seek for the most discriminant environmental

factors (Appendix S1). Then, a redundancy analysis

(RDA) was performed to determine the significance of

the environmental factors in each set of variables

(landscape–management, morphometry–bottom-up,

top-down factors, Table 1) for explaining variation

in cladoceran assemblages among sampled sites and

waterbodies. Before computing the RDA, species

densities were transformed using the Hellinger pre-

transformation (Legendre & Gallagher, 2001). Given

that TP concentrations were measured at only one

point within each waterbody, we attributed the same

value to all samples (replicates in littoral and pelagic

zones) for every waterbody. Chlorophyll concentra-

tions (total and each phytoplankton group) and water

transparency were measured at the three pelagic

sampling points and the average value was attributed
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at each pelagic site. In two very shallow ponds (Pratt,

Beaubien), there was no distinction between pelagic

and littoral zones. Thus, the same values were

attributed to each zone. Qualitative variables were

used as dummy variables and attributed at all sites

within a given waterbody. Quantitative variables were

transformed (Loge or 4th root) in order to obtain a

normal distribution and to reduce its asymmetry

(Legendre & Legendre, 1998). The adjusted R2 value

of the full RDA model was corrected using the

Ezekeil’s correction (Peres-Neto et al., 2006). To

determine the most parsimonious cladoceran-environ-

ment model, we used a forward selection procedure

with double-stopping criterion (Blanchet et al., 2008).

Finally, variation partitioning (Borcard et al., 1992)

was applied to evaluate the relative importance of each

set of environmental variables in structuring cladoc-

eran community (Appendix S2). The significance of

each individual fraction was tested using permutation

tests (p-perm = 0.0001 after 9,999 permutations). All

statistical analyses were performed in R version

2.1.2.2 (R Development Core Team, 2010).

Results

Cladoceran diversity patterns

We found a total of 26 cladoceran taxa (gamma

diversity) in the 18 waterbodies sampled in the urban

region of Montreal, but the majority occurred only

sporadically (Table 2). The list included 11 Chydoridae,

eight Daphniidae, the group of Bosminidae, one Ilyo-

cryptidae, two Macrothricidae, one Polyphemidae, and

two Sididae. Mean frequency of species occurrence was

41%. However, only five taxa (Alona spp., Chydorus

spp., Bosminidae, Diaphnanosoma brachyurum, Sca-

pholeberis rammneri) were found in more than 10

waterbodies, with occurrence frequency higher than

55%. The cladoceran community showed a high level of

endemism as 14 of the 26 species were recorded in less

than 5 waterbodies. The Chydoridae were mainly found

in the littoral zones, and they contributed strongly to the

total pool of species, representing 42% of species

occurrence in all waterbodies. The Macrothrycidae,

Ilyocryptidae, Polyphemidae, five Chydoridae (Acro-

perus harpae, Alona affinis, Disparalona hamata,

Graptoleberis testudinaria, Leydigia quadrangularis),

and one Sididae (Sida crystallina) were strictly found in

littoral sites, in low occurrence and abundance. The

Daphniidae accounted for 30% of the total pool of

species. Strictly pelagic Daphnia species were rare and

represented only by D. galeata. The Bosminidae, most

of the Daphniidae species (Ceriodaphnia dubia, C.

reticulata, Daphnia ambigua, D. pulex, Scapholeberis

rammneri, Simocephalus serrulatus, S. vetulus), and one

Sididae (Diaphanosoma brachyurum) ranged across

littoral and pelagic sites.

Local species richness (beta diversity) was low with

only four species per waterbody on average, and it

ranged from 1 to 8 species among waterbodies.

Median values varied from 1 to 6.5 species per

waterbody (Fig. 2a). Sample species richness (alpha

diversity) was highly variable (0–12 species). Con-

trary to our hypothesis, the ANOVA analysis indicated

that variation in cladoceran species richness was

greater between littoral and pelagic zones within each

waterbody than among waterbodies (Table 3). Local

sources of variation between the pelagic and littoral

zones within waterbodies accounted for 87% of the

total variation, whereas regional sources of variation

among waterbodies represented only 8.5% of the total

variation. However, this pattern of variation varied

greatly between waterbodies and was not observed in

each waterbody, as indicated by the significant inter-

action term. Species richness varied widely within

several waterbodies (Lafontaine, Cygnes, Bizard,

Brunante, Angrignon, Castors, Battures, JBNénuph-

ars, JBAlgues) due to higher cladoceran biodiversity in

the littoral zone than in the pelagic zone (Fig. 2b). In

contrast, in some small temporary ponds (Beaubien,

Pratt, Liesse, Jarry), in two lakes (Centenaire, Laco-

ursière), and in one wetland (Prairies), no or very little

changes in species richness were observed among the

littoral and pelagic zones (Fig. 2b).

The accumulation curve of species did not reach an

asymptote for the overall biodiversity sampled in the

urban region (Fig. 3a), probably because of the high

number of species showing very low frequency of

occurrence (Table 2). The cumulative curve showed

that the small waterbodies do not have a predominant

contribution to total cladoceran diversity, probably

because the smallest ponds were less rich in species;

they were the most artificial (concrete surface, water

emptying, and sediment removal every year). Accu-

mulation curves constructed for the littoral and the

pelagic zones (Fig. 3b) clearly demonstrated the

strong contribution of the littoral species to total
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cladoceran diversity. On average, the littoral zone

supported 2 times more cladoceran species than the

pelagic zone.

Cladoceran abundance and community structure

Cladoceran density was highly variable among species

(Table 2) and waterbodies (Fig. 4a). The mean density

was 41 Ind. L-1 across the urban region and varied

from 0.53 to 211 Ind. L-1 among waterbodies.

Median values ranged from 0.13 to 203 Ind. L-1.

Most of the waterbodies (13/18) supported small

cladoceran populations, with less than 50 Ind. L-1.

However, 5 waterbodies (Beaubien, Lafontaine, Cen-

tenaire, Jarry, Battures) showed a higher density of

cladocerans.

Community composition was also highly variable

among waterbodies (Fig. 4b). It reflected the spatial

heterogeneity in cladoceran species assemblages

across the urban region, as shown by the clustering

analysis (Fig. 5). We discriminated 5 different groups

in relation to the types of waterbodies when using local

Table 2 List of cladoceran species and taxa, occurrence in pelagic (P) and littoral (L) samples (54L, 54P) and in waterbodies (18),

and mean, minimum, and maximum densities (Ind. L-1)

Family Codes Species Occurrence Density mean

(Min–Max)
No. of

samples

No. of

ponds

Chydoridae Stebbing, 1902 ACHA Acroperus harpae Baird, 1834 0P 4L 2 0.13 (0–2.27)

ALAF Alona affinis Leydig, 1860 0P 2L 1 0.01 (0–0.01)

ALON Alona spp. Baird 1850 7P 36L 15 0.38 (0–2)

CARE Camptocercus rectirostris Schödler, 1862 1P 6L 5 0.07 (0–0.69)

CHYD Chydorus spp. Leach, 1843 15P 32L 13 0.69 (0–4.48)

DIHA Disparalona hamata Birge 1879 0P 1L 1 0.01 (0–0.04)

GRTE Graptoleberis testudinaria Fischer, 1848 0P 3L 1 0.1 (0–1.76

KULA Kurzia latissima Kurz 1874 3P 8L 5 0.05 (0–0.57)

LEQU Leydigia quadrangularis Leydig, 1860 0P 1L 1 0.01 (0–0.02)

PLDE Pleuroxus denticulatus Birge 1879 1P 18L 8 0.32 (0–2.91)

PLPR Pleuroxus procurvus Birge 1879 4P 16L 7 0.35 (0–4.42)

Daphniidae (Straus, 1820)

Sars, 1865

CEDU Ceriodaphnia dubia Richard, 1894 7P 17L 8 1.4 (0–11.30)

CERE Ceriodaphnia reticulata Jurine, 1820 8P 9L 3 11.7 (0–187.97)

DAAM Daphnia ambigua Scourfield, 1947 3P 3L 1 0.05 (0–0.86)

DAGA Daphnia galeata Sars, 1864 emend. Richard,

1896, Brooks, 1957

5P 0L 2 0.34 (0–5.60)

DAPU Daphnia pulex Leydig, 1860 3P 3L 1 2.54 (0. 45.66)

SCRA Scapholeberis rammneri Dumont & Pensaert,

1983

12P 27L 11 2.34 (0–16.53)

SISE Simocephalus serrulatus Koch 1841 5P 14L 7 0.13 (0–0.82)

SIVE Simocephalus vetulus O.F. Müller 1776 9P 9L 4 0.17 (0–1.28)

Bosminidae Sars, 1865 BOSM Bosminidae Baird, 1845 35P 32L 13 14.62 (0–114.62)

Ilyocryptidae Smirnov,

1976

ILSO Ilyocryptus sordidus Liévin, 1848 0P 8L 5 0.04 (0–0.33)

Macrothricidae Norman &

Brady, 1867

MALA Macrothrix laticornis Jurine 1820 Fischer,

1848

0P 1L 1 0.01 (0–0.02)

MARO Macrothrix rosea Liévin, 1848 0P 2L 1 0.01 (0–0.16)

Polyphemidae Baird, 1850 POPE Polyphemus pediculus Linné, 1761 0P 6L 2 0.01 (0–0.16)

Sididae Baird, 1850 DIBR Diaphanosoma brachyurum Liévin 1848

emend. Negrea, 1983

27P 26L 12 5.26 (0–61.78)

SICR Sida crystallina (Müller, 1776) 0P 6L 4 0.08 (0–0.67)
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assemblages with littoral and pelagic sites pooled

together. These groups represent the most parsimoni-

ous dendrogram, each of them having different

cladoceran diversities (Fig. 2a) and community com-

positions (Fig. 4b) associated to different types of

waterbodies. Clustering analysis performed using 108

samples sites gave similar groups, although littoral and

pelagic sites dissociated in the most diverse waterbod-

ies (data not shown). Group 1 included two temporary

shallow ponds located in municipal parks (Beaubien,

Lafontaine) which supported relatively diverse (4–5

species) and abundant (69–210 Ind. L-1) cladoceran

Fig. 2 Local species

richness in the 18 sampled

waterbodies (a) and species

richness in littoral (yellow)

and pelagic (blue) zones

within each waterbody (b).

In total, six samples were

taken in each waterbody (a),

with three samples in each

zone (b). Waterbodies were

ordered accordingly to

cluster groups (see Fig. 5).

The band represents the

median and the boxplot

margins indicate the first and

third quartiles

Table 3 Results of the analysis of variance (model I ANOVA)

testing the relative importance of variation in cladoceran

species richness among waterbodies (regional scale), among

pelagic and littoral zones within waterbodies (local scale), and

the interaction term

DF Sum sq Mean sq F value P(perm)

Among waterbodies 17 324.42 19.08 13.38 0.0001

Among pelagic and littoral zones 1 194.68 194.68 136.53 0.0001

Interaction 17 137.16 8.07 5.66 0.0001

Residuals 72 102.67 1.43

Tests were performed by permutations since the residuals had similar variance (P value = 0.07), but were not normally distributed

(P value = 0.004)
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populations, dominated (86–98%) by the Daphniidae

species (Ceriodaphnia reticulata, Daphnia pulex,

Scapholeberis rammneri). Group 2 was composed of

two very small temporary ponds also located in

municipal parks (Pratt, Liesse), containing quite

diverse (3–5 species) but less abundant cladoceran

populations (5–14 Ind. L-1), also dominated

(89–95%) by the Daphniidae species (Ceriodaphnia

dubia, Scapholeberis rammneri). Group 3 included

five artificial permanent lakes, one temporary pond

Fig. 3 Cumulative species

richness (mean and error) in

subsets of increasing

number of waterbodies

(2–18) ranked according to

surface area (a) and

cumulative species richness

in littoral (yellow) and

pelagic (blue) zones (b)

Fig. 4 Cladoceran

abundance (loge(x ? 1)

transformed) (a) and

composition (b) in the 18

sampled waterbodies. The

band represents the median

and the boxplot margins

indicate the first and third

quartiles. CHYD

Chydoridae; DAPH

Daphniidae; BOSM

Bosminidae; SIDI Sididae;

OTHER Ilyocryptidae,

Macrothricidae,

Polyphemidae
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(Jarry), and one retention reservoir (RMontigny)

located in dense residential areas. They formed two

subgroups of low (two species) or medium (4–6

species) diversity with distinct species assemblages.

Lacoursière, Centenaire, and Jarry were dominated

by the Bosminidae; Centenaire and Jarry were the most

similar, supporting dense populations (56–131 Ind.

L-1); and Lacoursière was distinct due to low density

of cladocerans (2 Ind. L-1) and higher abundance of

Chydoridae. In the second subgroup, Cygnes, Heri-

tage, and RMontigny showed low cladoceran density

(1–8 Ind. L-1) and were dominated by the Chydori-

dae. RMontigny supported the less diverse and abun-

dant cladoceran populations. Group 4 represented the

cladoceran community of the two large wetlands

located in natural recreation parks (Bizard, Prairies)

that were poor in species (1–3), of low density

(1–2 Ind. L-1), and dominated by the Sididae

(43–57%); littoral species such as the Macrothricidae

and Ilyothrycidae also had higher occurrence fre-

quency in this group. Group 5 included two subgroups

of permanent lakes located in areas of lower urban

density and in the Botanical Garden. Brunante and

Angrignon were included in one subgroup which was

more diverse (4–8 species); JBNénuphards and JBal-

gues were similar in composition, well diverse (5–6

species), and showed intermediate densities

(19–32 Ind. L-1); Castor and Battures were both

dominated by the Sididae Diaphanosoma brachyurum

associated to Bosminidae or Chydoridae.

Relationships with environmental factors

PCA axes I and II accounted for 45% of the total

variation exhibited by the three sets of quantitative

environmental variables (Appendix S1). Axis I repre-

sented a gradient of waterbody size (surface, perim-

eter, depth) and algal biomass (Chl, green algae),

while axis II was associated with macroinvertebrate

density and TP. Diatoms had high loadings on both

axes. The RDA model retained 23 explanatory vari-

ables with the forward selection procedure among the

three types of environmental factors (Table 4). It

explained 62% of variation in cladoceran assemblages

among and within waterbodies. The presence/absence

of fish was the first driver of cladoceran assemblages,

followed by the dominance of blue-green/cyanobac-

teria algae, the abundance of macroinvertebrates

(Notonectidae, Chaoboridae, Libellulidae), the level

of urban density, and the management practice of

emptying in temporary ponds. Axis 1 of the RDA

ordination accounted for 21.46% of the explained

variation (Fig. 6a). It reflected the differences between

the impoverished cladoceran communities of the

temporary small ponds emptied once a year, contain-

ing chaoborid invertebrate predators but no fish (on the

positive side), and the more diverse cladoceran

community found in permanent ponds and lakes of

large size in area of medium urban density, that had

littoral submerged macrophytes and had fish but few

chaoboridae. Axis 2 accounted for 15.14% of the total

explained variation (Fig. 6a). It reflected a gradient in

total chlorophyll and TP concentrations, macrophytes

cover, higher biomass of blue-green algae and dia-

toms, and higher abundance of macroinvertebrates

(Notonectidae, Libellulidae).

Cladoceran species distribution was related to

environmental gradients. Along the first axis, the

Bosminidae were more abundant in the permanent

lakes, while Daphniidae were found in the temporary

ponds and lakes (Fig. 6b). In the lakes inhabited by

littoral planktivorous fish, the small Bosminidae

(BOSM) formed very large populations (Centenaire,

Battures, Jarry). In the temporary waterbodies, the

practices of water emptying and filling at fall and

spring created new habitats. This, along with the

Fig. 5 Cluster groups (dendrogram) of the cladoceran assem-

blages in the 18 waterbodies. Parsimonious clustering was made

at 1.3 height to discriminate cladoceran assemblages according

to the different types of waterbodies: G1 and G2 temporary

municipal ponds; G3 and G5 mostly permanent ponds and lakes;

G4 natural wetlands
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absence of fish and macrophytes, enabled the success-

ful colonization of different pioneer species that

established large populations [Ceriodaphnia reticula-

ta (CERE) in Beaubien, Scapholeberis rammneri

(SCRA) in Pratt, Daphnia pulex (DAPU) in Lafon-

taine, Simocephalus vetulus (SIVE) in Liesse]. Along

the second axis, high abundance of Diaphanosoma

brachyurum (DIBR) was also observed in the perma-

nent lakes enriched in TP, chlorophyll, and algae

(diatoms and blue-green algae), where the macro-

phytes enabled important populations of macroinver-

tebrates to develop.

Variation partitioning revealed that the morphom-

etry–bottom-up variables explained about a quarter

(26%) of the variation in cladoceran community

assemblages (Appendix S2). Landscape and manage-

ment variables as well as top-down variables

accounted for 10–11% of the explained variation.

The amount of variation shared between two sets of

explanatory variables ranged from less than 1 to 5%.

About 6% of the variation in the cladoceran commu-

nity was shared among all three sets of explanatory

factors.

Discussion

It should be noted that this study is based on a single

sampling campaign and that seasonal variation was

not covered during summer 2010. This may lead to an

underestimation of cladoceran species richness in

these aquatic habitats subjected to important anthro-

pogenic disturbances. However, recent studies indi-

cate that there are no significant changes in cladoceran

species richness during summer (Boven & Brendonck,

2009) or among years (Louette et al., 2008) in

temporary or new created ponds. In fact, our short-

term survey gave estimates of local and total species

richness in urban ponds that are comparable to

estimates from European and American large-scale

or long-term surveys of land and pond zooplankton.

The regional pool of 26 cladoceran species recorded

across our small urban region is important compara-

tively to global species richness of cladocerans

reported over large continental scales. Walseng et al.

(2006) found a total of 77 littoral and pelagic

cladoceran species in 2,466 lakes distributed over

the entire mainland of Norway. On average, 33

cladoceran species were recorded in the pelagic zone

of 1,891 Norwegian lakes (Hessen et al., 2007) and in

1,665 Canadian lakes (Pinel-Alloul et al., 2013). A

total of 88 species of cladocerans were found in

reservoirs, lakes, and small waterbodies across the

Iberian Peninsula (Alonso, 1991). Moreover, the total

species richness found in our study is comparable with

that reported in other studies conducted in temperate

lakes and shallow ponds in agricultural landscapes of

North America and Europe. Drenner et al. (2009)

found a total of 28 taxa of crustacean zooplankton in

38 ponds in the Texas grassland, Dodson et al. (2005)

25 cladoceran taxa in shallow lakes within Southeast-

ern Wisconsin, Boven & Brendonck (2009) 31

cladoceran species in 18 temporary freshwater ponds

in Hungary, Léon et al. (2010) 27 cladoceran species

in 120 farm ponds in southern Spain, and José de Paggi

et al. (2008) and Frutos & Carnevali (2008), between

Table 4 Relative importance of the 23 environmental

explanatory variables retained by the forward selection pro-

cedure in the RDA model

Categories Variable R2Cum AdjR2Cum

T–P Fish 0.11 0.10

M–B Blue-green 0.18 0.16

T–P Notonectidae 0.23 0.21

L–M Urbdens.Med 0.27 0.25

T–P Chaoboridae 0.31 0.28

L–M Emptying 0.35 0.31

T–P Libellulidae 0.38 0.34

M–B Surface 0.41 0.36

M–B Macrophytes 0.44 0.39

M–B TP 0.47 0.41

M–B Chl 0.51 0.45

L–M CopperS 0.54 0.48

L–M Urbdens.Low 0.56 0.50

M–B Diatoms 0.58 0.51

L–M MRemoval 0.59 0.53

M–B Green Algae 0.61 0.54

M–B Depth 0.62 0.55

T–P Stickleback 0.63 0.56

M–B Cryptophyta 0.66 0.58

M–B Secchi 0.67 0.59

T–P Pleidae 0.68 0.60

T–P Gerridae 0.69 0.61

T–P Coenagrionidae 0.70 0.62

Categories of environmental variables: L–M landscape–

management; M–B morphometry–bottom-up; T–P top-down

predators

206 Hydrobiologia (2013) 715:195–212

123



13 and 16 species in urban ponds in Argentina. In a

large survey on various types of waterbodies (ditches,

pools, wheel tracks, streams, ponds, lakes) in agricul-

tural landscapes of Flanders, De Bie et al. (2008)

found a total of 53 cladoceran species, including

around 15–20 species in ponds and lakes as in our

study. Finally, in a long-term survey (1978–1996),

Rusak et al. (2002) reported a total of 33 cladoceran

taxa (including 12 Daphnia species) in 22 unmanip-

ulated north-temperate lakes.

Cladoceran taxa recorded in our study showed a

wide range in occurrence frequency (5–83%), and

most of the taxa occurred at low frequency as observed

in other ponds (Drenner et al., 2009) and small lakes

(Dodson et al., 2005; Walseng et al., 2006). Cladoc-

eran communities in our urban waterbodies were

dominated by the Chydoridae (Alona spp., Chydorus

spp., Pleuroxus denticulatus, P. procurvus), the

Daphniidae (Ceriodaphnia dubia, Scapholeberis ram-

meri, Simocephalus serrulatus), the Bosminidae, and

Fig. 6 Triplot of the RDA ordination showing the first 15

explanatory variables (a), the most discriminant cladoceran taxa

(b), and the sampled sites in the 18 waterbodies (c): colors were

assigned to sampling sites as in cluster groups (see Fig. 5): G1

red open squares, G2 blue squares, G3 green lozenges, G4

yellow triangles, and G5 orange open triangles. See Table 2 for

species codes
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the Sididae (Diaphanosoma brachyurum). This

assemblage is typical of northern shallow lakes and

ponds (Hann & Zrum, 1997; Dodson et al., 2005;

Louette et al., 2008; Drenner et al., 2009). As

expected, a higher number of littoral species were

found in permanent lakes compared to temporary

ponds. The dominance of littoral species in permanent

lakes reflects the higher diversity of niches in vege-

tated littoral habitats compared to temporary water-

bodies without vegetation (Alonso, 1991; Walseng

et al., 2006; Šorf & Devetter, 2011). Most of the taxa

of Chydoridae, Ilyotrichidae, Macrothricidae, and

Polyphemidae, as well as one species of Sididae (Sida

crystallina), were considered as strictly littoral/ben-

thic species associated to macrophytes and sediments

(Walseng et al., 2006), whereas the Daphniidae,

Bosminidae, and one species of Sididae (Diaphano-

soma brachyurum) ranged freely among the pelagic

and the littoral habitats. Some daphnid taxa (Ceriodi-

aphnia, Simocephalus) were found more often in

temporary ponds where they can depend of the

presence of aquatic vegetation (Hann & Zrum, 1997;

Drenner et al., 2009), whereas others (Daphnia,

Bosmina, Diaphanosoma) occurred mostly in perma-

nent lakes or in ponds with long hydroperiods

(Walseng et al., 2006; Boven & Brendonck, 2009).

According to the species-area curve developed by

Dodson (1992) for crustacean zooplankton in North

American lakes, we should expected to find 4–9

species in ponds within the range of surface areas

observed in our study (0.04–11.52 ha). Indeed, local

species richness of cladocerans (beta diversity) in our

sampled waterbodies ranged from 1 to 8 species,

which is similar to that observed in Texan ponds of

similar size (Drenner et al., 2009, pp. 2–10 crustacean

species), in small and shallow lakes (surface area

\1 ha, depth\1 m) in southeastern Wisconsin (Dod-

son et al., 2005, pp. 5–9 crustacean taxa; Dodson,

2008, pp. 3–10 crustacean species), in small lakes and

ponds in Flanders (De Bie et al., 2008, pp. 4–6

cladoceran species), and in temporary ponds in

Hungary (Boven & Brendonck, 2009, pp. 7–8 cladoc-

eran species). Our study on urban ponds did not

support the species-area model predicting an increase

in zooplankton species richness with lake area (Dod-

son, 1992; Dodson et al., 2000). The cumulative

species richness curve did not reach an asymptote

when waterbodies were ranked by increasing size,

indicating that many waterbodies may be unsaturated

with species. Furthermore, we did not find any

significant relationships between cladoceran species

richness and size of urban waterbodies (surface area,

perimeter or depth: data not shown), in accordance

with other lake studies (Walseng et al., 2006; Hessen

et al., 2007) and ponds (Drenner et al., 2009).

Our survey revealed a high variation in cladoceran

community composition within waterbodies (among

littoral and pelagic zones) in permanent lakes, result-

ing in high variation in alpha diversity. The most

heterogeneous and diverse systems (Angrignon,

JBNenuphars) that were highly covered by macro-

phytes, showed threefold higher species richness in

the littoral sites than in the pelagic sites. In contrast, in

the small temporary ponds without macrophytes and

fish (Liesse, Pratt, Beaubien, Lafontaine), the cladoc-

eran community was species poor and very homoge-

neous. These results point out to the fact that

temporary ponds tend to support poorer species

assemblages than permanent lakes, as observed in

other studies (Drenner et al., 2009). In our urban

region, cladoceran assemblages differed clearly

among the different types of waterbodies, and several

species showed pronounced affinity with one or a few

specific waterbody types. Pelagic zooplankton spe-

cies, like the Bosminidae or the Sididae Diaphanoso-

ma brachyurum, were clearly more associated with

deep and permanent lakes. These species, common in

natural lakes in Quebec (Pinel-Alloul et al., 1990),

have poor dispersal and establishment capacities and

are poorly represented in newly created or temporary

ponds (Louette et al., 2008). In contrast, small

temporary ponds, emptied every year at fall, contained

a few species with good dispersal and establishment

capabilities, like Daphnia pulex, Ceriodaphnia retic-

ulata, Simocephalus vetulus, and Scapholeberis

rammneri. These observations support other reports

on rapid colonization of newly created aquatic habitats

by cladocerans (Cáseres & Soluk, 2002; Cohen &

Shurin, 2003; Louette et al., 2008). They also suggest

that cladoceran communities in temporary and per-

manent urban ponds differ both in composition and

size structure, as reported in agricultural ponds

(Drenner et al., 2009) and Mediterranean temporary

ponds (Alonso, 1991). In addition to previous reports,

our study suggests that in a highly fragmented urban

area, dispersal and colonization processes (Vansc-

hoenwinkel et al., 2007, 2011) are more limited and

priority effect more important than in agricultural
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open landscapes or in experimental artificial pools.

Indeed, cladoceran species richness was very low (\3)

in our small temporary ponds, and only one species

developed important populations.

Variation in cladoceran community in our urban

waterbodies was related to management practices and

residential land use, the presence of potential predators

as fish and macroinvertebrates, nutrient enrichment,

and algal resources. Our RDA model is consistent with

previous models that report pond drying and fish as

key ecological factors that shape cladoceran commu-

nities in small lakes (Welborn et al., 1996; Iglesias

et al., 2011) and ponds (Drenner et al., 2009; Gliwicz

et al., 2010). Our study showed strong evidence of the

effects of the presence of aquatic vegetation, in

association with increasing nutrient and algae enrich-

ment, and higher abundance of macroinvertebrate

predators on cladoceran community structure. How-

ever, it is difficult to disentangle the effects of each

type of environmental factors because explanatory

variables tend to be intercorrelated. The association

between management practices (water emptying,

macrophytes removal, chemical treatment) and the

absence of fish and macrophytes in municipal ponds

shaped profoundly cladoceran communities by

decreasing species richness and by simplifying com-

munity structure. Other studies have already argued

that hydroperiod (length of inundation period) and fish

predation are the most important community-structur-

ing factors in temporary pools and wetlands (Jenkins

et al., 2003; Drenner et al., 2009; Vanschoenwinkel

et al., 2009; Gliwicz et al., 2010). On the opposite side,

the presence of macrophytes in permanent lakes and

wetlands created the conditions for more diverse

cladoceran communities as reported by Peretyatko

et al. (2009) and Šorf & Devetter (2011). Finally, our

study gave additional support for increasing influence

of macroinvertebrate predators on cladoceran com-

munity in urban ponds as observed in temporary

freshwater pools (Boven & Brendonck, 2009). How-

ever, as the abundance of macroinvertebrates (Noto-

nectidae, Libellulidae) was correlated both with TP

and chlorophyll concentrations, and the presence of

macrophytes, it remained difficult to relate changes in

the cladoceran communities to any of these specific

bottom-up or top-down variables. Within and among

waterbodies, variation in the cladoceran communities

in our study may result from complex interactions

between indirect effects of management practices and

urban land use and direct trophic interactions within

the aquatic food webs.

Although caution is needed when generalizing

patterns observed in our short-term survey for the

conservation and management of urban aquatic hab-

itats, our study indicates that in order to conserve the

cladoceran diversity in urban waterbodies, it is

necessary to protect aquatic habitats of different types,

including temporary and permanent habitats, as both

of them are valuable by supporting either rare endemic

species or higher biodiversity. Disturbance of urban

waterbodies by negative management practices (water

emptying, removing of aquatic vegetation and sedi-

ment, and chemical treatment) should be avoided to

enable saturation of available niches by rich and

diverse cladoceran species. Further research must

assess determinants of pond ecosystem structure and

function and their responses to environmental and

anthropogenic disturbances in order to promote con-

servation of aquatic biodiversity in urban areas.
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Lüring, M. Meyerhöfer, U. P. Hansen & H. Dau, 2002. A

fluorometric method for the differentiation of algal popu-

lation in vivo and in situ. Photosynthetic Research 72:

39–53.

Biggs, J., P. Williams, P. Whitfield, P. Nicolet & A. Weatherby,

2005. 15 years of pond assessment in Britain: results of

lessons learned from the work of pond conservation.

Aquatic Conservation: Marine and Freshwater Ecosystems

15: 693–714.

BiodivCanada, 2011. Milieux humides. http://www.biodivcanada.

ca/.

Blanchet, F. G., P. Legendre & D. Borcard, 2008. Forward

selection of explanatory variables. Ecology 89: 2623–

2632.

Boix, D., S. Gascón, J. Sala, A. Badosa, S. Brucet, R. López-
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existing in Lake Brome (Québec, Canada). Hydrobiologia

594: 175–185.

Gliwicz, Z. M., W. A. Wursbaugh & E. Szymanska, 2010.

Absence of predation eliminates coexistence: experience

from the fish-zooplankton interface. Hydrobiologia 653:

103–117.

Hann, B. J. & L. Zrum, 1997. Littoral microcrustaceans

(Cladocera, Copepods) in a prairie coastal wetland: sea-

sonal abundance and community structure. Hydrobiologia

357: 37–52.

Hebert, P. D. N., 1995. The Daphnia of North America: An

Illustrated Fauna. CD-ROM. University of Guelph, Ontario.

Hessen, D. O., V. Bakkestuen & B. Walseng, 2007. Energy input

and zooplankton species richness. Ecography 30: 749–758.

Iglesias, C., N. Mazzeo, M. Meerhoff, G. Lacerot, J. M. Cle-

mente, F. Scasso, C. Kruk, G. Goyenola, J. Garcı́a-Alonso,

S. L. Amsinck, J. C. Paggi, S. José de Paggi & E. Jeppesen,
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