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A B S T R A C T   

Eskers are complex geological formations shaped with a linear accumulation of sand and gravel under the gla
ciers during the last ice age and that provide crucial resources such as drinking water, sand/gravel, outdoor 
recreational sites, and productive forests. Surrounding sand and gravel and connection with the groundwater 
influences the physicochemical properties of lakes on esker which can benefit different biotic communities in the 
food web. The sustainable management of resources provided by eskers requires baseline ecological knowledge 
of these ecosystems. However, very little information exists about the ecology of freshwater ecosystems on es
kers. This study uses a food web approach to identify the environmental variables, biological diversity, and 
indicator species associated with esker lakes to better understand their ecological functioning and biodiversity 
patterns to benefit their sustainable management and conservation. Fifty lakes were sampled in the Abitibi- 
Témiscamingue region (Canada), half on eskers and half on the surrounding boreal clay belt to include the most 
abundant lake ecosystems of the region. Physicochemical, environmental, and anthropogenic variables measured 
in the two lake types showed that esker lakes differed markedly from clay lakes. Nutrient concentrations, con
ductivity, and macrophyte cover were significantly lower in esker lakes than in clay lakes, whereas dissolved 
oxygen saturation and concentration showed the opposite trend. Three interconnected trophic levels of the esker 
lake food webs—waterbird, fish, and macroinvertebrate communities—were characterized for biological di
versity and the associated species. We found a significantly lower Shannon diversity index for waterbirds (mean 
± standard deviation; 0.7 ± 0.2), fish (0.4 ± 0.3), and a tendency for a lower value for macroinvertebrates (0.9 
± 0.3) in esker lakes than the clay lakes (1.1 ± 0.4, 0.9 ± 0.3, and 1.3 ± 0.5, respectively). Common goldeneye 
(Bucephala clangula) and Canada goose (Bucephala clangula) were associated significantly with esker lakes and 
identified as indicator species for esker lakes. In contrast, ring-necked duck (Aythya collaris) and hooded 
merganser (Lophodytes cucullatus) were associated significantly with clay lakes. Perlidae was similarly associated 
with esker lakes as an indicator for macroinvertebrates. Anthropogenic activities such as forest harvesting have 
altered the waterbird community, and recreational activities around the lakes have modified the fish and 
macroinvertebrate communities. We conclude that esker lakes differ from other regional lakes and are associated 
with specific environmental and biological variables and indicator species. The biological diversity in esker lakes 
is lower than that of clay lakes for all studied trophic levels of the food web, but these waterbodies provide 
preferential habitats for some species. This research provides the first baseline ecological information necessary 
to establish sustainable management and conservation strategies for this vulnerable ecosystem.   
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1. Introduction 

With 60% of Earth’s total freshwater lakes and approximately 2 
million lakes, Canada contains the most abundant and diverse pool of 
freshwater ecosystems in the world (Messager et al., 2016; Monk and 
Baird, 2014). Lakes provide many ecosystem services, including carbon 
storage, resources for use by humans, and habitats to support aquatic 
and terrestrial communities (Gurney et al., 2017). Canadian freshwater 
systems hold complex food webs that depend heavily on the excellent 
quality of these habitats (Slattery et al., 2011). However, Canadian 
freshwater habitats are impacted by anthropogenic activities such as 
forestry and mining (Bradford and Irvine, 2000; Chu et al., 2015; 
Maitland et al., 2016). Anthropogenic effects on Canadian freshwater 
systems include rising demands for fossil fuels, minerals, and forest 
products, resulting in the rapid alteration of the freshwater environment 
and aquatic biodiversity (Laurance and Balmford, 2013; Maitland, 
1995). For example, forest harvesting around lakes can strongly affect 
the trophic interactions of the aquatic food web (Berger et al., 2013; 
Girona et al., 2023b). Consequently, freshwater vertebrate populations 
experienced an 84% decline between 1970 and 2014 and forest har
vesting is one the leading cause behind this decline (Desforges et al., 
2022). 

Eskers are geological formations found in previously glaciated re
gions of northern countries and are composed of irregularly stratified 
sand and gravel deposited by subglacial streams at the margin of 
retreating glaciers (Bates and Jackson, 1987). Under the fan-like shape 
of eskers, an ancient groundwater riverbed is created (Bourgeois and 
Nadeau, 2013; Nadeau et al., 2011; Stroeven et al., 2016). Esker lakes 
are kettle lakes created by ice blocks left behind by retreating glaciers. 
Esker lakes can be connected to the groundwater aquifers, or they can be 
perched and therefore dependent only on precipitation (Kløve et al., 
2011). Connection with groundwater influences the physicochemical 
properties of these lakes and lowers the lake’s water temperature (Ala- 
aho et al., 2013; Winter et al., 1998). Sand and gravel from eskers reduce 
surface runoff to esker lakes; therefore, these lakes obtain limited 
amounts of nutrients from the surrounding forest ecosystem (Ala-aho 
et al., 2013). Moreover, these lakes have transparent waters and higher 
dissolved oxygen concentrations to provide high-quality habitats for 
aquatic biodiversity (Kløve et al., 2011; Winter et al., 1998). Esker lakes 
and surrounding habitats provide crucial resources such as drinking 
water, wildlife habitat, sand and gravel for construction, and productive 
forest timber, and they support extensive recreational activities (Nadeau 
et al., 2011). The overexploitation of resources such as sand, gravel, and 
timber impacts natural ecosystems, including the removal of vegetation 
and soil, increased risks of pollution associated with resource extraction, 
e.g., oil from heavy equipment, and alteration of natural slopes (Hatva, 
1994; Nadeau et al., 2015; Smerdon et al., 2012). A multi-resource 
management approach is needed to reduce land-use conflicts and ach
ieve the sustainable management of natural resources to preserve bio
logical diversity. Understanding the biological diversity of esker lakes 
and the impact of anthropic activities on these systems is crucial, where 
balancing ecological and economic resources remains a major challenge 
(Nadeau et al., 2015). 

An improved understanding of the ecological functioning and 
biodiversity patterns of esker-associated ecosystems is urgent because, 
to date, there has been no assessment of the biodiversity of esker eco
systems in Canada. This information is needed to establish conservation 
strategies and manage the ecosystem sustainably. Understanding 
biodiversity patterns and the faunal relationships with habitat is com
plex because abiotic and biotic factors affect the food web differently. 
Abiotic factors, including climate change and the physicochemical 
properties of aquatic ecosystems, can alter habitats and the distribution 
of communities (Meier et al., 2010). Physicochemical parameters of the 
aquatic ecosystem, such as water clarity, water temperature, and dis
solved oxygen concentrations, can affect aquatic food webs (Pöysä and 
Virtanen, 1994). A more transparent water column enables deeper light 

penetration (i.e., as observed in esker waters) and promotes a greater 
abundance of algal food resources for invertebrate communities (Jep
pesen et al., 1998). In groundwater-dependent ecosystems such as esker 
lakes, relatively colder groundwater recharge is responsible for higher 
dissolved oxygen concentrations in the lakes, which improves the 
habitat for some invertebrate species (Croijmans et al., 2021). Macro
invertebrates having gills or underwater respiratory mechanisms 
depend directly on the dissolved oxygen concentration in the water 
(Justus et al., 2014; Rautio and Korkka-Niemi, 2011; Verberk et al., 
2016). Other physicochemical parameters, such as nutrients and dis
solved organic carbon (DOC), can also determine macroinvertebrate and 
fish communities because nutrients, e.g., dissolved phosphorus and ni
trogen, directly influence primary production. Additionally, DOC also 
plays a key role in controlling water transparency and light penetration 
in a lake’s water column, which affects the abundance and distribution 
of primary producers (Jia et al., 2021; Pilière et al., 2014; Wang et al., 
2008). Besides abiotic factors, anthropogenic activities such as forest 
harvesting affect the aquatic environment by decreasing water clarity 
and increasing water temperature, organic matter, and nutrient con
centrations (Palviainen et al., 2022; Smith et al., 2003; Steedman and 
Kushneriuk, 2000). 

Biotic factors also directly impact esker lake food webs (Gilliam and 
Fraser, 2001). Macrophytes compete with other primary producers, such 
as phytoplankton and benthic algae, although these plants serve as 
habitats for macroinvertebrate communities (Burks et al., 2002; Duggan 
et al., 2001; Schad et al., 2020). However, because of lower nutrient 
concentrations, macrophyte communities are less abundant in esker 
lakes than in surrounding lakes. Introducing fish into lakes significantly 
impacts aquatic ecosystems, especially those of esker lakes (Epanchin 
et al., 2010). These lakes typically do not have fish because of the lakes’ 
higher elevations and a lack of connection to current river systems 
(Bourgeois and Nadeau, 2013). Introduced and invasive fish species 
markedly alter the aquatic food web and biotic interactions between 
waterbirds and macroinvertebrate communities (Pinel-Alloul et al., 
2022). Therefore, biotic, abiotic, and anthropogenic factors combine to 
determine the structure and functioning of an aquatic ecosystem, and 
understanding their respective roles is critical for explaining biodiver
sity patterns. 

Food web approaches contribute to understanding biodiversity pat
terns because they identify the importance of interactions between taxa 
(Englund et al., 1992; Grosbois et al., 2020, 2022; Levins, 1979; Safina 
and Burger, 1985). Competition and predation relationships drive in
teractions between waterfowl, fish, and invertebrates (Kloskowski et al., 
2010). Aquatic benthic macroinvertebrates play a vital role in the 
aquatic food web of small lakes because they provide essential nutrients 
(e.g., proteins, lipids, and energy) for higher trophic levels such as 
waterbird and fish (Batzer et al., 1999; Mitsch and Gosselink, 2000; 
Williams, 2007). Macroinvertebrates thrive in lakes with lower fish 
predation; the abundance of macroinvertebrates eventually benefits 
waterbird that prefer invertebrates and a reduced competition with fish 
(Eadie and Keast, 1982; Eriksson, 1979; Hurlbert et al., 1986; van Eer
den et al., 1993). In contrast, piscivorous waterbirds benefit from lakes 
having larger fish populations (Lammens, 1999). Habitat selection for 
waterbird is crucial for their survival as it determines their feeding re
sources and competition with other species. However, little is known 
about such interactions in esker lakes, for which the dominant biotic 
factors and diversity patterns remain unknown (Canterbury et al., 
2000). 

Here we use a food web approach to evaluate the environmental 
variables, biological diversity, and indicator species associated with 
esker lakes. To our knowledge, no studies have evaluated the aquatic 
biodiversity and ecosystem functioning of lakes associated with eskers 
despite their importance from an economic and conservation perspec
tive (Nadeau et al., 2015). Furthermore, along with baseline ecological 
information, identifying biological indicators for the ecosystem is also 
an essential element for biodiversity conservation. We hypothesize that 
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esker lakes provide high-quality habitats for benthic macroinvertebrates 
because of the lakes’ high dissolved oxygen concentrations, sandy and 
gravel substrates, and high benthic primary production. We also hy
pothesize that rich macroinvertebrate communities in these lakes sup
port waterbird communities because of the higher availability of food 
resources. Finally, we predict that indicator species requiring a high- 
quality environment will be more abundant in esker lakes than in the 
other regional lakes. This study aims to provide baseline information 
about the biodiversity of esker lakes in Canada. 

2. Materials and methods 

2.1. Study area 

The study was conducted in the Abitibi regional county municipality, 
Québec, Canada. This region, situated in the fir–white birch forest 
bioclimatic domain (Blouin and Berger, 2002), covers 64,878 km2 and 
contains>20,000 boreal and esker lakes (Beaulne et al., 2012). The cold 
and humid continental climate is characterized by a mean annual tem
perature of 2.5 ◦C and an average annual precipitation varying from 800 
to 900 mm (Blouin and Berger, 2002; Rey et al., 2018). The regional 
surficial geology is heterogeneous because of eskers and glaciolacustrine 
deposits from proglacial lake Ojibway–Barlow and the clay deposits 
covering most of the region territory related to Lake Ojibway–Barlow 
(Veillette, 1988). Jack pine (Pinus banksiana) forests are generally found 
on well-drained sandy soil sites of the regional eskers and moraines. In 
contrast, black spruce (Picea mariana), aspen (Populus tremuloides), and 
white birch (Betula papyrifera) stands are the predominant forests across 
the clay plains. Forest harvesting practices have removed 20% of the 
regional forest over the last 20 years from this region’s esker ecosystems 
and clay plains (Molina et al., 2022). Moreover, part of the land is 
cultivated mainly to feed cattle, and farmland for fodder production 
accounts for a high proportion of the cultivated area. Large-scale sand 
and gravel extraction from esker sites are another major anthropogenic 
disturbance in this region (Nadeau et al., 2011). 

During the last glacial period, the Wisconsinan in North America, the 
Laurentide ice sheet covered most of Canada east of the Rocky Moun
tains. Ice advances/retreats and subglacial streams produced respec
tively 20,186 large eskers and moraines (>2 km in length) (Fig. 1a) 
(Dyke and Prest, 1987; Storrar et al., 2013). Six eskers and moraines are 
found in the Abitibi regional county municipality. In terms of 

hydrological characteristics, the regional moraines are similar to the 
eskers; therefore, we referred to both as eskers in this study (Nadeau 
et al., 2011). We selected three large eskers and moraines: the Saint- 
Mathieu-Berry esker, the Launay esker, and the Harricana moraine 
(Bourgeois and Nadeau, 2013). The Saint-Mathieu-Berry esker covers 
100 km2 and runs over approximately 76 km. It provides groundwater 
for 20,000 inhabitants and supplies a commercial water bottling com
pany (Nadeau et al., 2015; Statistics Canada, 2018). 

2.2. Experimental design 

Preliminary site selection was carried out in the summer of 2020, and 
we relied on three criteria: lake size (0.3–20 ha), substrate (clay/sand- 
gravel), and accessibility. We selected lakes smaller than 4 ha after 
ground-truthing to conduct an effective waterbird survey and to cover 
the entire lake surface. We used satellite imagery from the Quebec 
government’s “Forêt ouverte” and regional geological maps from the 
groundwater research group (GRES) of the University of Québec in 
Abitibi-Témiscamingue to carry out a preliminary selection of 80 lakes. 
After ground-truthing, we selected 50 lakes (25 lakes in the clay belt and 
25 kettle lakes on eskers or moraines (Fig. 2). All selected lakes were at 
least 1 km apart to limit potential with the same waterbird individuals 
(Desjardins et al., 2021). 

2.3. Characterization of the aquatic food web and habitat 

We used a quadrat (1 m2) to characterize the physical and bio
physical environments for macroinvertebrates. Five quadrats were 
sampled along the shore systematically every 2 m along a 10 m transect 
to measure the cover percentage of sand, sediments, macrophytes, 
benthic algae, and wood debris. We used a multi-parameter probe (RBR 
Concerto, Ottawa, Canada) to measure the dissolved oxygen saturation 
(%) and pH. To estimate dissolved elements, including dissolved organic 
carbon (DOC), total dissolved phosphorus (TDP), and total dissolved 
nitrogen (TDN), we filtered a 1 L water sample using a 0.7 μm glass fiber 
filter. Samples were collected at a shallow depth about 2 m from the 
shore (Cytiva, Marlborough, USA). Before preserving the filtrated water 
for TDN and TDP, each vial was treated in a 10% HCl bath for 24 h. The 
nutrient vials were then dried in an oven at 200 ◦C for 4 h. For DOC 
analyses, each vial was kept in the oven at 450 ◦C for 4 h to remove any 
potential trace of carbon. The samples were sent to the Groupe de 

-

Fig. 1. (a) Distribution of eskers in Canada and the study area location. Adapted from Storrar et al. (2013); (b) study sites located in the Abitibi regional county 
municipality, Quebec, Canada. 
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Recherche Interuniversitaire en Limnologie (GRIL) laboratory of the 
University of Québec in Montreal to measure nutrient and carbon con
centrations (Wetzel and Likens, 2000). 

We estimated the linear distance to all large-scale clear-cut har
vesting activity within 1000 m of the study lakes using the measuring 

tool of Google Earth Pro version 7.3.4 (imagery: CNES/Airbus, July 
2021). We identified anthropogenic disturbances around the lake using 
visual observations. We also noted the presence and number of houses, 
including summer houses, semi-permanent recreational vehicles (in 
place for at least two weeks), and fishing cottages via visual observations 

Fig. 2. Two types of study lakes: a) esker lake with a jack pine stand and b) a lake on the boreal surrounding clay belt with emergent macrophytes in a marsh habitat 
with black spruce, aspen, and white birch in the surrounding forest. 

Fig. 3. Representation of 20 min of point counts and flush count paths for waterbird surveys, trap locations for fish surveys, D-frame net for macroinvertebrate 
surveys, and physicochemical measurements for habitat characterization. 
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and key informant interviews whenever applicable. 

2.4. Biological data compilation 

2.4.1. Waterbird surveys 
We defined waterbird as birds primarily associated with lakes and 

species belonging to Anatidae, Phalacrocoracidae, Ardeidae, Podicipe
dae, Rallidae, and Recurvirostridae (Garrett-Walker et al., 2020). We 
counted waterbirds both male and female at each lake through fixed- 
point counts and perimeter searches (Desjardins et al., 2021). All the 
detected waterbirds from these two methods were recorded as the 
number of species and individuals present per lake. Two independent 
observers visited each lake twice over one month, from 24 May to 24 
June 2021 (Fig. 3). The observers approached the lake as quietly as 
possible and positioned themselves on each side of the lake. The ob
servers were camouflaged to limit the impact of their presence on the 
surrounding fauna. They counted and identified the individuals on the 
lakes for 20 min. The observers used binoculars (Nikon, Japan. 10 × 42 
mm) and a spotting scope (Vortex, Middleton, USA. 20–60 × 80 mm) to 
identify each observed waterbird individuals. The inventories were 
carried out immediately after sunrise (05 h00–11 h00) when birds 
search for food on the lake surface (Bennett, 1967; Rumble and Flake, 
1982). 

2.4.2. Fish surveys 
Three Gee-Feets G-40 minnow traps were set overnight in each lake 

between June and July 2021 (Fig. 3) to study fish species richness and 
abundance. These minnow traps were very effective for the fish com
munities feeding primarily on macroinvertebrates (McNicol and 
Wayland, 1992). We identified each fish from the minnow traps before 
releasing the fish, and we measured fork length, total length, and body 
weight for the first ten individuals from each taxon of each trap. 

2.4.3. Macroinvertebrate surveys 
At each lake, macroinvertebrate samples were collected between 

June and July 2020 to characterize the food resources of fish and wa
terbirds. They were collected at two randomly selected sites using a D- 
frame net (350 μm mesh, 305 × 254 mm) and following the kick and 
sweep method for 30 s at each site in the littoral zone (Gurney et al., 
2017) (Fig. 3). We sampled two 0.1525 m2 zones at each site. Each 
sample was preserved using a 90% ethanol solution. Macroinvertebrates 
were then sorted, counted, and identified in the laboratory. Each sample 
was mixed with water to prepare a 2 L solution. Each sample was 
replicated into two portions using the Huntsman Marine Laboratory 
(HML) beaker technique (van Guelpen et al., 1982). One portion of the 
sample was identified with a stereomicroscope (Discovery V.12, Zeiss, 
Oberkochen, Germany). The final counts of macroinvertebrates were 
adjusted depending on the portions that were sorted for each sample. 
Taxa were identified at the genus level for mollusk gastropods and in
sects and at the family level for other taxa. We used taxonomic manuals 
and keys, e.g., Thorp and Covich’s key for freshwater invertebrates 
(Flannagan, 1979; Thorp and Rogers, 2015). We also calculated water 
quality index following Biological Monitoring Working Party (BMWP) 
average score per taxon (ASPT) scoring system (Armitage et al., 1983). 

2.5. Statistical analysis 

We categorized waterbirds, fish, and macroinvertebrate richness and 
abundance, defined as the number of species and individuals found per 
lake, after averaging observations from four visits for waterbirds, three 
traps for fish, and two replications for macroinvertebrates. All statistical 
analyses and calculations were performed using the statistical software 
R version 4.2.2 (R Development Core Team, 2016). The Shannon di
versity index (H = −

∑
pi log pi, where pi is the proportion of in

dividuals belonging to the ith species) and species evenness were 
calculated for each lake using the R package vegan with the function 

diversity and evenness (Oksanen et al., 2023). The data set for each 
variable was tested for normality and homoscedasticity when required 
by test assumptions. We used Welch’s t-tests to compare the mean dif
ference in richness, abundance, evenness, and diversity of biological 
communities and the differences between the physicochemical variables 
at the esker and clay lakes. To assess the differences in species associa
tions between the esker and clay lakes, we used the multipatt function of 
R package indicspecies (de Cáceres and Legendre, 2009). Three separate 
species matrices were used to formulate multi-level pattern with 999 
permutations to determine the indicator species for each lake type. To 
visualize the relationship between the diversity of waterbirds, fish, and 
macroinvertebrates with lake water quality and the biological charac
teristics of lakes, we performed a principal component analysis (PCA) 
combing variables from both type of lakes and two multiple factor 
analysis (MFA) for each lake types with the R package FactoMineR (Lê 
et al., 2008). Each variable was standardized and tested for collinearity 
among different variables with the principal components. Variables 
were divided into 5 groups for multiple factor analysis namely Fish, 
Macroinvertebrate, Waterbird, Abiotic factors, and Biotic Factors. To 
understand the influence of environmental and ecological variables on 
waterbirds, fish, and macroinvertebrate abundance and diversity, we 
used three community similarity matrices, one for each type of com
munity. Permutational multivariate analysis of variance (PERMANOVA) 
was run using the adonis function from the R package vegan to test the 
effects of environmental and ecological variables on a community sim
ilarity matrix (Oksanen et al., 2023). The model included both the 
physicochemical characteristics of lakes (total dissolved nitrogen, total 
dissolved phosphorus, dissolved organic carbon, dissolved oxygen, lake 
perimeter, distance from harvesting, and sediment cover) and biological 
parameters (macrophyte cover, abundance and richness of waterbirds, 
fish, and macroinvertebrates) as fixed effects with 9999 permutations. 
As the explanatory variables used are continuous variables, PERMA
NOVA acts like linear regressions. Biological community compositions 
(matrix of species/taxon in column and abundance in each lake in rows) 
were used as response variable in the PERMANOVA analysis. All used 
variables were continuous except type of lakes that was categorical. We 
confirmed the effects of environmental and ecological variables on a 
community matrix with redundancy analysis (see supplementary ma
terial Table S3). We used three generalized linear mixed models using 
the R package lme4 with a Poisson distribution to validate the model 
estimates for the continuous variables. We tested the effects of envi
ronmental and ecological variables on biological communities using 
species (Supplementary Material 1) (Boeck et al., 2011). Finally, all data 
were plotted using the R package ggplot2 (Wilkinson, 2011). 

3. Results 

3.1. Physicochemical characteristics 

All physicochemical parameters, except pH and dissolved oxygen, 
were significantly lower in esker lakes than in clay lakes. Total dissolved 
phosphorus (t = 7.8) and total dissolved nitrogen (t = 8.3) concentra
tions were significantly lower (p < 0.001) in the esker lakes. The mean 
concentrations of total dissolved phosphorus and nitrogen in esker lakes 
were respectively four and three times lower than in clay lakes (Fig. 4a, 
b). The mean dissolved organic carbon concentration in esker lakes 
(mean = 20.6 mg/L) was 44% lower than in clay lakes (mean = 36.5 
mg/L, p = 0.003, Fig. 4c). The mean pH value was similar in both lake 
types (t = 1.2, p = 0.2) (Fig. 4d). The dissolved oxygen water saturation 
in the water was 16% higher (t = − 0.8, p < 0.001) in esker lakes 
(96.1%) than in clay lakes (79.6%) (Fig. 5e). The mean percentage cover 
of macrophytes in clay lakes was 80% higher (p = 0.008, t = 2.7) than in 
esker lakes (24.3%) (Fig. 4f). 
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3.2. Species diversity and abundance 

3.2.1. Waterbirds 
We recorded 634 individuals from 26 waterbird species for both lake 

types. Esker lakes had a total abundance of 288 with an average of 11.5 
individuals per lake, and clay lakes had a total abundance of 346 with an 
average of 13.8 individuals per lake. Common goldeneye (Bucephala 

clangula) was the most abundant (average 2.2 individuals/lake) in esker 
lakes, and ring-necked duck (Aythya collaris) was most abundant 
(average 2.1 individuals/lake) in clay lakes. Additionally, we found a 
higher species richness in clay lakes (24) than in esker lakes (16) and a 
higher diversity index for waterbirds in clay lakes (mean ± standard 
deviation = 1.1 ± 0.4) relative to esker lakes (0.7 ± 0.2), although 
neither was statistically significant (trichness = 1.7, tdiversity = 2.2, p < 0.1 

Fig. 4. Physicochemical and habitat-related variables measured in the esker and clay lakes.  

Fig. 5. Biodiversity indicators of waterbirds, fish, and macroinvertebrates in the esker and clay lakes. Here, richness is the total number of species or families per lake 
or net catch or sampled surface; abundance is the total number of individuals per lake or net catch or sampled surface; evenness is the distribution of abundance 
across the species community (scaled 0–1); diversity is the number of different species in the community. 
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for both; Fig. 5a, d, g, j). 

3.2.2. Fish 
Ten fish species and 5833 individuals were recorded from both lake 

types. Half (48%) of the esker lakes were fishless, and 4% of the clay 
lakes were fishless. The thirteen esker lakes with fish had a total abun
dance of 573 fish (mean of 44.1 individuals per lake), and the 24 clay 
lakes had a total abundance of 5260 (mean of 219.2 individuals per 
lake). Brook stickleback (Culaea inconstans) was the most abundant 
species (12 individuals/lake) in the esker lakes (t = 2.1, p < 0.05), and 
northern redbelly dace (Chrosomus eos) was the most abundant (100 
individuals/lake) in the clay lakes. Additionally, the mean Shannon 
diversity index for fish in the clay lakes (0.9 ± 0.3) was significantly 
higher (t = 0.5, p < 0.001) than in the esker lakes (0.4 ± 0.3) (Fig. 5b, e, 
h, k). 

3.2.3. Macroinvertebrates 
The mean abundance of macroinvertebrates was similar between the 

esker and clay lakes (156.4 and 164.2 individuals on average, respec
tively). Chironomidae (non-biting midges) was the most abundant 

family in both lakes. Amphipods were highly abundant in esker lakes, 
whereas Corixidae (water boatmen) were highly abundant in clay lakes. 
However, diversity was similar among lake types (mean Shannon Di
versity index for esker lakes = 1.2 and for clay lakes = 1.3), and mac
roinvertebrate richness, abundance, evenness, and diversity did not 
differ significantly between the clay and esker lakes (p > 0.1; Fig. 5c, f, I, 
l). The water quality index calculated using individual scoring of each 
taxon tended to be higher (p < 0.1) in the esker lakes (mean = 8.3) than 
in the clay lakes (7.47). 

3.2.4. Indicator taxa 
Indicator species analyses were performed for the food web taxa at 

the species level for birds and fish and at the family level for in
vertebrates. For birds, we determined that Canada goose (Branta cana
densis) and common goldeneye were significantly associated (p < 0.05) 
with esker lakes. In contrast, the ring-necked duck (Aythya collaris) and 
hooded merganser (Lophodytes cucullatus) were waterbird indicators for 
clay lakes. In the case of fish, yellow perch (Perca flavescens) was asso
ciated with the esker lakes, and northern redbelly dace (Chrosomus eos) 
and fathead minnow (Pimephales promelas) represented indicators for 

Table 1 
Indicator species strongly associated with esker and clay lakes in the Abitibi region, Quebec, Canada.  

Category Associated 
lake type 

Common name Species or family 
name 

Abundance in clay 
lakes (Mean ± SD) 

Abundance in esker 
lakes (Mean ± SD) 

p- 
value 

Pictures 

Waterbirds Esker Canada goose Branta canadensis 2 ± 0.11 53 ± 1.49  0.031 

Common 
goldeneye 

Bucephala clangula 22 ± 0.58 55 ± 1.27  0.049 

Clay Ring-necked 
duck 

Aythya collaris 52 ± 0.64 14 ± 0.45  0.020 

Hooded 
merganser 

Lophodytes 
cucullatus 

14 ± 0.27 0 ± 0  0.021 

Fish Esker Yellow perch Perca flavescens 0 ± 0 38 ± 1.8  0.105 

Clay Northern 
redbelly dace 

Chrosomus eos 2520 ± 59.6 79 ± 5.5  0.001 

Fathead minnow Pimephales 
promelas 

1703 ± 37.1 4 ± 0  0.001 

Macroinvertebrates Esker Common 
stonefly 

Perlidae 5 ± 0.1 60 ± 2.3  0.003 

Spread-winged 
damselfly 

Lestidae 2 ± 0.1 23 ± 0.8  0.035 

Clay Predaceous 
diving beetle 

Dytiscidae 37 ± 1.4 4 ± 0.1  0.009 

Giant water bug Belostomatidae 14 ± 0.3 0 ± 0  0.036 
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clay lake fish. For invertebrates, with an abundance of 60 individuals 
(mean ± SD = 6.7 ± 3.8) from nine esker lakes, the common stonefly 
(Perlidae) was strongly associated with esker lakes. Moreover, spread- 
winged damselfly (Lestidae) was also significantly associated with 
esker lakes. The predaceous diving beetle (Dytiscidae) and giant water 
bug (Belostomatidae) were macroinvertebrate indicators for the clay 
lakes (Table 1). 

3.3. Factors influencing the biological communities 

The first two axes of the PCA captured 31% of the variation in the 
biological and environmental variables, with 21% explained by axis 1 
and 10% by axis 2 (Fig. 6A). The PCA illustrated that eskers and clay 
lakes differed in terms of their biological and physicochemical proper
ties. Total phosphorus and total nitrogen contributed 19% and 17%, 
respectively, in explaining variability along the first axis Macrophyte 
cover and waterbird richness contributed 14% and 13%, respectively, to 
the variability along axis 2. Among the biological variables, fish rich
ness, waterbird richness, and fish abundance contributed 14%, 11%, and 
9%, respectively. The PCA also highlighted the positive correlation of 

macrophyte cover, pH, and macroinvertebrate richness with waterbird 
richness and abundance. Additionally, there was a strong positive cor
relation of pH and nutrients (total phosphorus, total nitrogen, and dis
solved organic carbon) with fish richness and abundance. Both lake 
types were separated along the first axis of the PCA. Clay lakes are 
positively correlated with fish richness, nutrients, and macrophyte 
cover. In contrast, esker lakes are positively correlated with lake size, 
dissolved oxygen, sand cover, the presence of summer houses, and 
benthic algae. The first two axis of MFA with the variables from esker 
lakes explained 35% of variation (Fig. 6B) and MFA with the variables 
from clay lakes explained 42% of variation (Fig. 6C). Variables from 
esker lakes showed negative correlation between waterbird (richness 
and abundance) and fish. Moreover, negative correlation also observed 
between fish and macroinvertebrate. Similarly, with the MFA from the 
clay lake variables waterbird showed negative correlation with fish. 
However, Macroinvertebrate showed correlation with waterbird in clay 
lakes. 

We then aimed to understand the factors driving the similarity and 
differences among lakes for each fauna category. When sites were 
assessed using the waterbird community, the PERMANOVA model 

Fig. 6. A. Principal component analysis showing all physicochemical, biological, and environmental variables. The red ellipse shows data points from clay lakes; the 
blue ellipse shows data points from esker lakes, both at a 95% confidence interval. B. Multiple factor analysis showing variables differentiated in 5 groups from esker 
lakes. C. Multiple factor analysis showing variables differentiated in 5 groups from clay lakes. (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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explained 29% of the variation in the similarity matrix. Lake type (clay 
or esker) and harvesting distance were the explanatory variables most 
strongly associated with differences between sites (F = 1.7 and 1.9, 
respectively; p < 0.1; Table 2), although pseudo-F values were also high 
for dissolved oxygen, dissolved organic carbon, and sediment. 

The PERMANOVA based on fish community composition explained 
26% of the variation in the similarity matrix. Fish communities differed 
significantly between lake types (F = 9.9, p < 0.001; Table 2). Moreover, 
lake size and macroinvertebrate abundance were significantly (p < 0.05) 
associated with differences among sites based on fish community 
composition. 

For macroinvertebrate community composition, the PERMANOVA 
model explained 41% of the variation in the similarity matrix. There was 
no evidence of significant differences among sites based on lake type 
(Table 2). Instead, fish abundance had the strongest effect in the model 
(F = 19.9, p < 0.05; Table 2). 

4. Discussion 

Eskers provide multiple resources for millions of people (McLoughlin 
et al., 2004; Nadeau et al., 2011) and quality habitats for unique species 
communities. We found that biodiversity patterns in esker lakes differed 
from boreal lakes on the surrounding clay belt and reflected biotic in
teractions and habitat use of associated species communities because of 
strong associations among organism groups. Although the overall di
versity found in the esker lakes was lower than that observed in clay 

lakes, the species present in esker lakes indicate these elevated water 
bodies offer higher quality habitats and communities specific to this 
ecosystem. We also found that anthropogenic activities have altered the 
esker communities; half of the studied esker lakes had introduced fish 
species, and forest harvesting has potentially affected waterbird di
versity. Therefore, developing adequate protection measures are 
mandatory for conserving esker ecosystems. 

We found that esker lakes differed from boreal lakes in terms of their 
physicochemical makeup and biological communities. The physical and 
chemical properties of lakes depend highly on watershed properties and 
inflows (MacLeod et al., 2016). Esker lakes are fed by groundwater and 
precipitation and are isolated from the regional surface hydrological 
network (Veillette et al., 2007). Groundwater is generally cold with 
specific inorganic ions and nutrients (Ala-aho et al., 2013; Hayashi and 
Rosenberry, 2002; Winter et al., 1998) that strongly influence the 
physicochemical properties of esker lakes (Nadeau et al., 2015; Veillette 
et al., 2007). Groundwater dominance, sediment filtration, and the es
kers’ higher (perched) elevation lead to lower carbon and nutrient 
concentrations and higher dissolved oxygen levels (Winter, 1976). Soils 
on eskers are highly permeable sand and gravel; therefore, surface water 
runoff is minimal (Ala-aho et al., 2013). Minimal runoff causes esker 
lakes to receive relatively low inputs of nutrients from the forest, which 
can also explain their significantly lower nutrient and dissolved organic 
carbon concentrations. Moreover, groundwater naturally has low 
phosphorus concentrations (Re et al., 2020), explaining the significantly 
lower (300% lower) total phosphorus concentrations observed in the 
groundwater-dependent esker lakes. Furthermore, groundwater-fed 
esker lakes contain greater dissolved oxygen levels because of the 
colder water influx (Håkanson, 2006). These particular physical char
acteristics of esker lakes influence the associated biological 
communities. 

Lake productivity significantly affects waterbird populations via the 
types of aquatic communities and habitats (Paszkowski and Tonn, 
2000). Waterbird community composition differed between lake types 
(esker vs. clay) largely because of differences in the physicochemical 
makeup of the water and available feeding resources. Water phys
icochemistry is one of the primary factors influencing waterbird habitat 
selection (Cintra, 2019), and the particular nature of the physical 
properties of esker lakes influenced the local waterbird communities. 
Similarly, fish community composition differed between lake types 
(esker or clay), confirming our expectations about the fish communities 
in esker lakes. Among the sampled esker lakes, 48% were fishless. 
Naturally, esker lakes often lack or have a reduced fish community, as 
previously observed by Bourgeois and Nadeau (2013) for the lakes of the 
Saint-Mathieu-Berry esker. Species invasions in pristine ecosystems such 
as eskers can have severe negative ecological consequences (Vitule et al., 
2009). The introduction of non-native fishes in esker lakes, such as 
yellow perch (Perca flavescens), brown bullhead (Ameiurus nebulosus), 
and golden shiner (Notemigonus crysoleucas), is closely linked to human 
activities, such as live bait fishing, the presence of summer houses, 
camping, and hunting (Brown et al., 2009). 

Characterizing the biodiversity patterns using waterbird, fish, and 
macroinvertebrate communities allows us to explain the habitat selec
tion of biological communities from their trophic interactions (Coccia 
et al., 2016; Keppeler et al., 2016; Kloskowski et al., 2010; Sebastián- 
González and Green, 2014). Macroinvertebrate abundance significantly 
influences fish community composition and abundance as a food 
resource for fish (Sanders et al., 2011). For example, the absence of fish 
species in esker lakes influences predatory macroinvertebrate orders 
(such as Order Odonata) in these lakes. Although lake type influenced 
waterbird and fish communities, lake type affected macroinvertebrate 
communities less. However, the absence of (or minimal occurrence of) 
fish communities in esker lakes influenced predatory macroinvertebrate 
orders, e.g., Odonata, in esker lakes. We found a significant association 
of Lestidae (Odonata) with esker lakes having minimal or no fish com
munities, establishing the importance of trophic interactions for species 

Table 2 
PERMANOVA results showing pseudo-F values and p-values for environmental 
and biological variables affecting the waterbird, fish, and macroinvertebrate 
community composition. Statistically significant variables are noted in bold *: p 
≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001.  

Category Variables Pseudo- 
F values 

R2 p-values 

Waterbird 
community 
composition 

Type of lake  1.7  0.03  0.07 
Fish abundance  0.4  0.01  0.6 
Macroinvertebrate 
abundance  

0.8  0.02  0.4 

Harvesting distance  1.9  0.03  0.09 
Dissolved oxygen  1.5  0.03  0.1 
Lake perimeter  0.4  0.01  0.9 
Sediment cover  1.6  0.05  0.1 
Dissolved phosphorus  0.5  0.01  0.6 
Dissolved organic 
carbon  

1.4  0.02  0.2 

Fish community 
composition 

Type of lake  9.9  0.21  <0.001*** 
Waterbird richness  0.1  0.01  0.9 
Waterbird abundance  0.1  0.01  0.9 
Macroinvertebrate 
richness  

1.9  0.02  0.1 

Macroinvertebrate 
abundance  

3.9  0.18  0.02* 

Dissolved oxygen  1.1  0.01  0.3 
Dissolved nitrogen  1.1  0.02  0.3 
Dissolved phosphorus  0.3  0.03  0.7 
Dissolved organic 
carbon  

0.1  0.01  0.9 

Lake perimeter  2.7  0.01  0.09 
Macroinvertebrates 

community 
composition 

Type of lake  0.6  0.01  0.6 
Waterbird richness  0.2  0.01  0.7 
Waterbird abundance  0.2  0.01  0.6 
Fish richness  0.4  0.01  0.6 
Fish abundance  19.9  0.32  0.01* 
Dissolved oxygen  0.1  0.01  0.2 
Lake perimeter  0.7  0.01  0.3 
Sediment cover  0.2  0.01  0.6 
Dissolved phosphorus  0.12  0.01  0.8 
Dissolved nitrogen  0.5  0.01  0.4 
Dissolved organic 
carbon  

1.3  0.02  0.7 

Macrophyte cover  0.1  0.02  0.3  
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habitat use. This fish–macroinvertebrate coupling determines both the 
trophic positions and abundance of macroinvertebrate families 
(González-Bergonzoni et al., 2014) and the habitat selection of water
bird from different feeding guilds (Eadie and Keast, 1982; Kloskowski 
et al., 2010; McNicol and Wayland, 1992). 

Relative to the surrounding clay lakes, esker lakes are nutrient poor, 
lack macrophyte cover, have fewer fish, and are characterized by lower 
organic carbon concentrations. In turn, these lakes also have a lower 
waterbird diversity. However, species such as common goldeneye were 
strongly associated with esker lakes and were observed at a higher 
abundance in these water bodies. Common goldeneye feeds mainly on 
macroinvertebrates, and its abundance at a site is influenced by the 
presence of fish—preferring fishless sites—explaining its higher abun
dance around esker lakes (Elmberg et al., 2010; Eriksson, 1979; McNicol 
and Wayland, 1992; Väänänen et al., 2012). Moreover, the presence of 
yellow perch (Perca flavescens) reduces the common goldeneye popula
tion (Eriksson, 1979; Nummi et al., 2012; Rask et al., 2001) because the 
diet of yellow perch depends heavily on aquatic macroinvertebrates 
(Brown et al., 2009). We observed yellow perch in 41% of the esker lakes 
containing fish. Furthermore, brook stickleback, the most abundant fish 
in our esker lakes, is omnivorous and shares a similar diet as waterbirds 
such as the common goldeneye (Wieker et al., 2016). Therefore, fishless 
esker lakes are a potential high-quality habitat for waterbirds that 
require these particular habitats to feed and raise their ducklings 
throughout the summer. However, the anthropogenic threat of fish 
introduction into fishless esker lakes could therefore affect the conser
vation of common goldeneye (Epanchin et al., 2010; Post and Cucin, 
1984; Vitule et al., 2009), which is already vulnerable because of 
hunting (80,000–100,000 hunted in 2019 through to 2020) and the loss 
of habitat and nesting cavities because of traditional clear-cutting 
forestry practices (Cornell Lab of Ornithology, 2022; Corrigan et al., 
2011; Evans and Day, 2002). 

In contrast, lakes on the clay belt had higher levels of nutrients, 
dissolved organic carbon, and macrophyte cover to support a higher 
species diversity of waterbirds and fish. In clay lakes, the primary di
etary preference of the most abundant waterbird, the ring-necked duck, 
is aquatic macroinvertebrates and macrophytes (Hohman, 1985). The 
most abundant fish in the clay lakes, the northern redbelly dace, prefers 
habitats having extensive macrophytes and woody debris; this species is 
omnivorous, feeding on small macrophytes and macroinvertebrates 
from the entire water column (Cochran and Ellner, 1992; H and Becher, 
1984; Keast and Webb, 1966; Stasiak, 2006). Macrophytes strongly 
affect the relationship between the fish and macroinvertebrate com
munities, soil chemistry, nutrient cycling, and sunlight penetration in 
the water (Brix, 1997; Hupfer and Hilt, 2008). A reduced macrophyte 
cover negatively affects macroinvertebrate communities and waterbird 
foraging efficacy (Hargeby et al., 1994). Macrophyte cover can thrive in 
nutrient-rich waterbodies (Preiner et al., 2020), explaining their pre
dominance in clay lakes relative to the esker lakes. 

Macroinvertebrate families such as Perlidae (stonefly) are strongly 
associated with esker lakes. We found 60 stoneflies in 36% of the esker 
lakes (in 4% of the clay lakes); this difference likely relates to the sub
strate and higher dissolved oxygen in the esker lakes (Hynes, 1976). 
Dissolved oxygen saturation favors macroinvertebrate presence, espe
cially that of macroinvertebrates having delicate gills or respiratory 
systems (e.g., Perlidae; Verberk et al., 2016; Croijmans et al., 2021). 
Moreover, clay can clog the respiratory systems or gills (Hynes, 1976). 
The orders Hemiptera and Coleoptera were significantly associated with 
clay lakes, and these aquatic insects avoid problems of being in lower- 
quality water by absorbing oxygen directly from the atmosphere 
(Thorp and Rogers, 2015). Although clay lakes have lower-quality 
habitats compared with esker lakes, higher nutrient content and 
greater macrophyte cover provide abundant resources for producing as 
abundant species communities at all trophic levels. In contrast, the 
higher-quality habitat of esker lakes supports specific and distinct spe
cies communities. 

In 2020, 143 million m3 of forest was harvested in Canada, and 
forestry represents one of the country’s most important economic ac
tivities, providing $25 billion CDN (2020) to the gross national income 
(Canadian Council of Forest Ministers (CCFM), 2020). In Canada, clear- 
cutting is the most widely used forest practice, including in esker forests 
(Bourgeois and Nadeau, 2013; Girona et al., 2023c; Montoro Girona 
et al., 2018). This management practice creates highly fragmented 
ecosystems, homogenizes forest stands, and reduces biological diversity 
(Puettmann et al., 2015). Therefore, ecological impacts from forest 
harvesting affect the biological community of lake ecosystems by 
increasing organic matter inputs, decreasing water transparency, and 
increasing water temperatures, nutrients, and sediment loading (Girona 
et al., 2023a; Smith et al., 2003; Steedman and Kushneriuk, 2000). In 
esker lakes, the degree to which waterbird community composition and 
habitat selection are affected by harvesting depends on the distance 
from the harvesting. Eskers are dominated by jack pine forests, repre
senting a major regional economic resource for timber production 
($43.8 CDN/m3) (Bourgeois and Nadeau, 2013). Clear-cutting practices 
around esker lakes are particularly harmful to nesting waterbird species 
such as common goldeneye because these waterfowl often use a cavity 
produced by pileated woodpeckers (Dryocopus pileatus) and live very 
close to the lake (Corrigan et al., 2011). Additionally, increased sedi
ment load from clear-cutting negatively affects macroinvertebrates 
dependent on higher dissolved oxygen levels, transparent waters, and 
rocky substrates (Grosbois et al., 2023). Partial harvesting, however, a 
promising option to promote growth, guarantee adequate levels of 
regeneration, minimize tree mortality, and preserve biodiversity in 
forest and lake ecosystems (Montoro Girona et al., 2016; Montoro 
Girona et al., 2018, 2019; Moussaoui et al., 2020; Hernández-Rodríguez 
et al., 2021; Kim et al., 2021; Kwon et al., 2021; Bose et al., 2023). 
Partial harvesting can reduce the sedimentation in lakes and therefore 
be beneficial to macroinvertebrates, e.g., Perlidae (Grosbois et al., 2023; 
Grosbois et al., 2017). Thus, we recommend to develop an adaptive 
silviculture in eskers forests (D’Amato et al., 2023), and replacing clear- 
cutting with partial-cutting treatments around esker lakes to reduce the 
ecological impact of forest harvesting on these lakes, protect habitats, 
and maintain forest biodiversity (Girona et al., 2023c; Montoro Girona 
et al., 2017). 

Our study focused on the eskers of the Abitibi region because this 
region has three large eskers that provide drinking water to 20,360 in
habitants and the Eska commercial water bottling plant (Nadeau et al., 
2011; Statistics Canada, 2018). Groundwater from this region is recog
nized as one of the purest fresh waters in the world (Veillette et al., 
2007). Numerous lakes on the eskers of this region act as the heart of the 
entire ecosystem providing support to each trophic level of esker food 
webs. Ecosystem services related to eskers, such as sand and gravel 
deposits, freshwater extraction, and forest harvesting, contribute to a 
significant portion of the regional economy. However, this economic 
exploitation can negatively affect the esker ecosystem (Nadeau et al., 
2015). Eskers contribute to the economy and provide critical ecological 
support to mammals, birds, insects, herpetofauna, forest vegetation, and 
fungi (Nadeau et al., 2011). Conserving this unique ecosystem is 
essential, and this goal requires an integrated resource-based and 
conservation-focused management plan to preserve esker biodiversity, 
ecosystem functioning, and resources. 

5. Conclusions 

Our study demonstrated that esker lake ecosystems differ from the 
surrounding boreal clay lakes, supporting different aquatic and water
fowl communities. We found that esker lakes have a relatively low fish 
diversity and provide a healthy ecosystem characterized by different 
physicochemical properties from typical boreal lakes. Similarly, the di
versity in esker lakes is lower than in clay lakes at other trophic levels. 
Nonetheless, esker lakes sustain particular species communities within 
each category of fauna. For example, common goldeneye and the 
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macroinvertebrate Perlidae require this particular habitat for their sur
vival. Anthropogenic activities, such as forest harvesting practices, 
species introductions, economic resource exploitation, and recreational 
activities, alter the biodiversity and habitats of these unique esker eco
systems. We recommend applying partial harvesting silviculture around 
esker lakes to protect the distinct faunal communities of the esker 
ecosystem. Our study helps reduce the existing knowledge gap about 
esker lakes and serves as a baseline ecological study for sustainably 
managing the esker ecosystem and its valuable resources. 
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Committee of Université du Québec en Abitibi-Témiscamingue. No an
imal was killed/hurt during field measurements of fish and waterbirds. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecolind.2023.110612. 

References 

Ala-aho, P., Rossi, P.M., Kløve, B., 2013. Interaction of esker groundwater with 
headwater lakes and streams. J. Hydrol. (Amst.) 500, 144–156. https://doi.org/ 
10.1016/j.jhydrol.2013.07.014. 

Armitage, P.D., Moss, D., Wright, J.F., Furse, M.T., 1983. The performance of a new 
biological water quality score system based on macroinvertebrates over a wide range 
of unpolluted running-water sites. Water Res. 17 (3), 333–347. https://doi.org/ 
10.1016/0043-1354(83)90188-4. 

Bates, R.L., Jackson, J.A., 1987. Glossary of geology, 3rd ed. American Geological 
Institute. 

Batzer, D.P., Shurtleff, A.S., Robinette, J.R., 1999. Managing fish and invertebrate 
resources in a wood stork feeding pond. J. Freshwater Ecol. 14, 159–165. https:// 
doi.org/10.1080/02705060.1999.9663667. 

Beaulne, J.S., Lucotte, M., Paquet, S., Canuel, R., 2012. Modeling mercury concentrations 
in northern pikes and walleyes from frequently fished lakes of Abitibi- 
Témiscamingue (Quebec, Canada): A GIS approach. Boreal Environ. Res. 17, 
277–290. 

Bennett, C.L., 1967. A new method for estimating numbers of duck broods. J. Wildl. 
Manag. 31, 555–562. https://doi.org/10.2307/3798139. 

Berger, A.L., Palik, B., D’Amato, A.W., Fraver, S., Bradford, J.B., Nislow, K., King, D., 
Brooks, R.T., 2013. Ecological impacts of energy-wood harvests: Lessons from whole- 
tree harvesting and natural disturbance. J. For. 111, 139–153. https://doi.org/ 
10.5849/jof.12-020. 

Blouin, J., Berger, J.-P., 2002. Guide de reconnaissance des types écologiques : Région 
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Grandpré, L., Delagrange, S., DesRochers, A., Diochon, A., D’Orangeville, L., 
Drapeau, P., Duchesne, L., Filotas, E., Gennaretti, F., Houle, D., Lafleur, B., Langor, 
D., Lebel Desrosiers, S., et al., 2022. Smartforests Canada: A network of monitoring 
plots for forest management under environmental change. In: R. Tognetti, M. Smith, 
P. Panzacchi (Eds.), Climate-Smart forestry in mountain regions (pp. 521-543). 
Springer International Publishing. https://doi.org/10.1007/978-3-030-80767-2_16. 

Paszkowski, C.A., Tonn, W.M., 2000. Community concordance between the fish and 
aquatic birds of lakes in northern Alberta, Canada: The relative importance of 
environmental and biotic factors. Freshw. Biol. 43, 421–437. https://doi.org/ 
10.1046/j.1365-2427.2000.00512.x. 

Pilière, A., Schipper, A.M., Breure, A.M., Posthuma, L., de Zwart, D., Dyer, S.D., 
Huijbregts, M.A.J., 2014. Comparing responses of freshwater fish and invertebrate 
community integrity along multiple environmental gradients. Ecol. Ind. 43, 
215–226. https://doi.org/10.1016/j.ecolind.2014.02.019. 

Pinel-Alloul, B., Giani, A., Taranu, Z.E., Lévesque, D., Marinescu, I., Kufner, D., 
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Pöysä, H., Virtanen, J., 1994. Habitat selection and survival of Common Goldeneye 
(Bucephala clangula) broods - preliminary results. Hydrobiologia 279–280, 289–296. 
https://doi.org/10.1007/BF00027862. 

Preiner, S., Dai, Y., Pucher, M., Reitsema, R.E., Schoelynck, J., Meire, P., Hein, T., 2020. 
Effects of macrophytes on ecosystem metabolism and net nutrient uptake in a 
groundwater fed lowland river. Sci. Total Environ. 721, 137620 https://doi.org/ 
10.1016/j.scitotenv.2020.137620. 

Puettmann, K.J., Wilson, S.M., Baker, S.C., Donoso, P.J., Drössler, L., Amente, G., 
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