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Abstract Wetlands of a large fluvial lake in the St.

Lawrence River (Québec, Canada) were visited during

3 years (2004–2006) to collect macroinvertebrates

across the belt of emergent vegetation. We tested the

hypothesis that hydrology, river landscape, and local

environment would explain variations in macroinver-

tebrates. The 66 taxa collected lake-wide comprised a

few abundant but widespread groups (Malacostraca,

Oligochaeta, Chironomidae, and Mollusca). Between

2004 and 2006, total abundance at 5 sites monitored

annually fell by one order of magnitude, and taxa

richness decreased from 19 to 12 taxa. Proportion of

amphipods (Gammaridae) dropped sixfold whereas

proportion of annelids (Oligochaetes) rose ninefold.

The impoverishment of macroinvertebrates coincided

with low summer water levels in 2005 and 2006,

resulting in the periodic emersion of up-slope sites.

Spatial differences in macroinvertebrate communities

were less important than inter-annual differences,

owing to large variability among sites. Patterns in

macroinvertebrate communities were related to water

depth, vegetation, and local changes in sediments

(31% of variance explained). Gammaridae (Malacos-

traca) were strongly associated with down-slope sites,

whereas Oligochaeta (Annelida) dominated in up-

slope sites. Inter-annual changes in water level had

major effects on macroinvertebrate communities in

Lake Saint-Pierre, above and beyond other environ-

mental variables.
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Introduction

Understanding how environmental factors drive the

abundance and composition of biotic assemblages is a

prerequisite for effective environmental assessment and

management of large rivers and streams (Mykrä et al.,

2008a, b; Habersack et al., 2014). Littoral macroinver-

tebrates are important in lake and river food webs, as a

food for littoral fish (Magnin et al., 1978; Johnson &

Dropkin, 1993) and waterbirds (Gammonley & Laub-

han, 2002; Merritt et al., 2002). Macrobenthos has been

used worldwide for biomonitoring water or sediment

quality in rivers (Reynoldson et al., 2001; Armanini

et al., 2011; Weigel & Dimick, 2011), streams (Chess-

man et al., 2007; Mykrä et al., 2008a, b), and lakes

(Rosenberg & Resh, 1993; Pinel-Alloul et al., 1996;

Bailey et al., 2004). In Canada, macroinvertebrate

communities are used to evaluate the environmental

quality of coastal wetlands in the Great Lakes (Burton

et al., 1999; Kashian & Burton 2000) and large rivers

(Reynoldson et al., 1997, 2001; Tall et al., 2008), and are

the basis of the Canadian Aquatic Biomonitoring

Network (CABIN) (Environment Canada, 2008).

Despite the major ecological role played by

macroinvertebrates, the environmental factors con-

trolling their distribution in wetlands are not yet

clearly understood. Consistent patterns are lacking,

and interactions can be complex and difficult to predict

(Batzer et al., 1999; Batzer, 2013). We lack an

understanding of the relative importance of different

stressors in determining macroinvertebrate communi-

ties in shallow riparian zones (Burton et al., 2002).

St. Lawrence River wetlands support abundant and

diverse epiphytic macroinvertebrates (Cremona et al.,

2008; Tall et al., 2008; Tessier et al., 2008; Tourville-

Poirier et al., 2010). However, these communities are

affectedbymanyhuman influences, including alteration

of hydrological regime (Hudon, 1997; Hudon et al.,

2005), water and sediment contamination (Carignan

et al., 1994; Filion&Morin, 2000), nutrient inputs from

municipal effluents and tributaries draining agricultural

lands (Hudon & Carignan, 2008), commercial naviga-

tion and dredging (Morin&Coté, 2003), and invasionof

exotic species (de Lafontaine & Costan, 2002).

The hydrological regime of the St. Lawrence River

includes the frequency and duration of floods and great

changes in flow. These characteristics determine sed-

imentation and erosion and affect plant zonation on

riverbanks exposed to different sedimentary/erosion

regimes (Cabezas et al., 2008). Hydrological regime

affects macroinvertebrates either directly through water

drawdown or flooding, or indirectly by changes in

littoral habitats (Heino, 2000; Cabezas et al., 2008,

2009). Indeed, cycles of droughts and floods favor

tolerant species, and reducemacrobenthos diversity and

abundance (Batzer et al., 1999; Cabezas et al., 2008),

but also affect wetland vegetation and sediments. Low

water levels coincide with high water temperature,

especially in shallowwater (Hudon et al., 2010), induce

a shift in plant assemblages from submerged to

emergent plants (Hudon, 1997), and result in less

diverse and less abundant macroinvertebrate commu-

nities (Cremona et al., 2008; Tessier et al., 2008).

Conversely, flood levels affected macroinvertebrate

communities more strongly than wetland vegetation in

the Great Lakes, becausemacroinvertebrate density and

diversity decreased and shifted upslope with high-water

conditions, whereas plant zonation remained relatively

unchanged (Gathman & Burton, 2011).

In the St. Lawrence River, different macroinverte-

brate communities and indicator taxa have been

associated with sediment contamination (Pinel-Alloul

et al., 1996; Filion & Morin, 2000; Masson et al.,

2010). Local nutrient inputs from municipal effluents

and agricultural tributaries also modify macroinverte-

brate assemblages in emergent marshes (Tall et al.,

2008). However, in many rivers and streams, habitat

conditions exert a stronger effect on macroinverte-

brates than sediment contamination (Griffiths, 1991;

Clements et al., 1992; Gower et al., 1994). These

observations led us to hypothesize that macroinverte-

brate communities are primarily structured by the

hydrological regime, which interacts with river land-

scape features and environmental (physical, chemical

and biological) conditions at each site.

This study examines lake-wide distribution and

composition of macroinvertebrate communities in

emergent vegetation of low marsh wetlands in Lake

Saint-Pierre, a large and shallow fluvial lake of the St.

Lawrence River (Quebec, Canada). First, we repeat-

edly sampled macroinvertebrate communities at 5

sites over 3 years showing widely different hydrolog-

ical regimes. Second, we analyzed the macroinverte-

brate communities from 54 sites subjected to a wide

range of exposure (current and wind) and water

quality. Finally, we identified the subset of environ-

mental variables best explaining the composition of
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macroinvertebrate communities in the highly hetero-

geneous system of Lake Saint-Pierre. This information

improves our understanding of the factors controlling

macroinvertebrate abundance and composition, which

in turn support the trophic network and fish production

in the fluvial lakes of the St. Lawrence River.

Methods

Study area

The study took place in Lake Saint-Pierre (LSP)

(468100N; 728500W), the largest (402 km2) fluvial lake

of the St. Lawrence River. This broadening of the river

includes an archipelago of over 100 islands located

upstream of an open water body reaching a width of

12 km (Fig. 1). The main body of LSP comprises two

shallow (depth\ 4 m) basins located to the north and

south of an 11.3-m-deep man-made commercial

navigation channel. The morphology of LSP gives

great variation in its habitats. For example, narrow

channels within the LSP archipelago are sheltered

from wind and from the resulting erosion by waves

and water surge (seiche effect), yet can be exposed to

faster currents than sites located in the lake itself.

Within the open lake, the north shore is more exposed

to the dominant southwesterly winds than the south

shore. Accordingly, sediment types also differ from

temporary sand and silty sand in nearshore areas to

Fig. 1 Study area and location of sampling stations in Lake Saint

Pierre, divided into four regions based on site position in the Lake

(L) or the Archipelago (A) (east and west of the dashed line,

respectively), north (N) or south (S) of the 11-m-deep commercial

navigation channel. The arrow shows flow direction.Within each

region (LN, LS, AN, AS), site number is indicated for reference in

the text. Symbols distinguish sites sampled in 2004 (circles), 2005

(triangles), 2006 (squares) or overmore than1 year (stars).Major

types of sediment and the presence of aquatic vegetation are

delimitated by different patterns
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postglacial clay in fast-flowing central areas subjected

to erosion, with little net deposition (Rondeau et al.,

2000) (Fig. 1).

Depending on the position with respect to the plume

of incoming tributaries, the different regions of LSP

are exposed to waters of widely different qualities.

Sites along the north shore are primarily influenced by

waters originating from the Ottawa River and smaller

tributaries (Maskinongé, du Loup and Yamachiche

Rivers, Fig. 1), which drain woodlands, crop, and

dairy farms and show large concentrations of sus-

pended particulate matter, dissolved organic carbon,

and nutrients. In contrast, sites in the southern part of

the archipelago are exposed to transparent, high

conductivity Great Lakes and Richelieu River waters.

Finally, the south shore of the open lake is under the

influence of colored, nutrient-rich waters from the

Saint-François and Yamaska rivers (Fig. 1); the latter

is known as one of the most agriculturally polluted in

Quebec (St-Onge, 1999). To account for the natural

heterogeneity in water masses of this large water body,

sampling sites were selected within the four regions of

LSP, including both the north and south shores of the

archipelago and in the open lake area.

The large size, slow current and sloping shore-

lines of LSP favor the development of large

expanses of emergent and submerged vegetation,

which make it more closely related to a wetland

than to a fast-flowing river. LSP wetlands cover an

area of 18,350 ha representing over 70% of the St.

Lawrence River freshwater marshes (Jean &

Létourneau, 2014). Littoral vegetation is highly

productive, macrophytes and attached epiphytes

contributing together up to 70% of the lake primary

productivity (Vis et al., 2007). Emergent plants

in low marshes are the most abundant primary

producers, comprising bulrushes (Schoenoplectus

fluviatilis (Torr.) M.T. Strong, S. lacustris (L.) Palla,

S. pungens (Vahl) Palla), broad-fruited bur-reed

(Sparganium eurycarpum Engelm.), narrowleaf cat-

tail (Typha angustifolia L.), and broad-leaved arrow-

leaf (Sagittaria latifolia Willd.).

Seasonal and inter-annual variations in water level

play a large role in structuring wetland vegetation,

which exhibits considerable plasticity in response to

hydrology; LSP wetlands shift from deep marshes

during wet years to grass-dominated wet meadows

during dry years (Hudon et al., 2005). Over the last

decade, mean annual water discharge was 10

500 m3 s-1 and seasonal water level variation ranged

from 1.31 to 2.26 m, including some years of

extremely low water levels (Environment Canada,

2012). In addition to wetland vegetation structure,

water level fluctuations have a broad range of effects

on floodplain area (Hudon 1997), water quality

(Hudon & Carignan, 2008), and temperature regime

(Hudon et al., 2010) of LSP, all of which affect its

overall carrying capacity for fish (Hudon et al., 2012).

Sampling design and environmental assessment

Sampling was carried out at 54 sites located in

emergent vegetation of littoral LSP wetlands over

three consecutive years (2004–2006) during Septem-

ber, coinciding with the period of maximum emergent

vegetation biomass. Sampling sites were located along

the north (N) and south (S) shores of the Sorel

Archipelago (A) and of Lake Saint-Pierre (L) yielding

a total of 63 macroinvertebrate samples among four

sampling regions (AN, AS, LN, LS) (Fig. 1; Table 1).

Four sites were sampled every year (AS2, AS3, LN13,

LS3) and one (LN8) in 2005–2006 (Table 1).

Table 1 Number of sites visited and samples collected over each year, for each region of Lake Saint-Pierre

Regions Archipelago North (AN) Archipelago South (AS) Lake North (LN) Lake South (LS) Total

2004 sites/samples 1 3 1 1 6

2005 sites/samples 11 5 11 2 29

2006 sites/samples 8 3 9 8 28

Replicated sitesa 0 2 2 1 5

Total number of samples 20 11 21 11 63

Total number of sites 20 7 18 9 54

a Sites sampled over more than 1 year are shown separately
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Sampling sites were positioned throughout each

region so as to cover the widest possible range of

environmental conditions while maintaining a similar

depth range and emergent plant cover. South shore

sites were fewer (N = 11 in both the southern

archipelago and lake regions) than north shore sites

(N = 20 and 21 in northern archipelago and lake

regions, respectively) (Table 1), owing to the small

area of the archipelago located south of the navigation

channel and the presence of a large restricted access

zone belonging to the National Defense Department in

the south-eastern lake region (Fig. 1). Sampling sites

also reflected an upslope-to-downslope zonation of

forested landscape, agricultural farmlands, swamps,

marshes, and open water (Table 2). The sediment

types were characterized by permanent deltaic sedi-

ments, temporary fluvial and littoral sediments, and

post-glacial silts (Table 2; Fig. 1).

We evaluated the hydrological regime based on

water level fluctuations among three sampling seasons

(2004, 2005, and 2006), while accounting for seasonal

differences (hydroperiods) and data for up to 14 days

prior to sampling (Table 2). Hydroperiods (Winter

November 26th-February 2nd; Spring February

3th-July 23th; Summer July 24th–September 1st; Fall

September 2nd-November 25th) differ slightly from

the astronomical seasons but they reflect more accu-

rately the influence of climate on the hydraulic cycle of

the St. Lawrence River (Marchant & de Lafontaine,

2003). Daily water levels (meters above sea level,

International Great Lakes Datum of 1985, hereafter

referred to as m asl, IGLD85) measured at Sorel

(Gauging Station no. 15,930, Hydat 02OJ022, Fig. 1)

were obtained for 1966–2006 from the Department of

Fisheries and Oceans (DFO, 2007) (http://www.

charts.gc.ca/index-eng.asp). Mean daily long-term

(1966–2006) water level was calculated from the

40-year time-series. For each sampling year and sam-

pling date at each site, we calculated the mean, mini-

mum and maximum water level and the relative (%)

variation in water level during each of the four

hydroperiods (Table 2). We also determined average

water levels (m asl, IGLD85) during periods of 1, 7, and

14 days prior to sampling, to account for short-term

variability. Because all sites within a given year were

sampled over a 2-week span, during which water level

could vary by 10–30 cm, the short-term lake level his-

tory differed among sites, thus allowing us to separate

the effects of ‘‘year’’ and ‘‘water level’’ at different sites.

Landscape features and land use around each

sampling site within a 100 m radius (area:

31,420 m2) of each sampling site were derived from

remote sensing imagery (IKONOS 2002, pixel size

4 9 4 m). This area was selected to represent the

landscape features most likely to affect the relatively

sedentary macroinvertebrate communities at each

sampling site. Landscape analysis allowed us to assess

the proportion of nine categories of wetlands and land-

use classes (see Table 2) (Létourneau & Jean, 2006),

the Simpson’s Index (H) of landscape feature diversity

in wetlands, (spatial analysis and patch analysis from

ArcGIS) and the types of sediment from laboratory

analysis.

At each site, we measured water depth, conductiv-

ity, and pH using a Hydrolab surveyor 4a multiprobe at

the time of macroinvertebrate sampling. Water quality

(total and dissolved phosphorus, nitrate, chlorophyll a,

total and dissolved organic carbon, suspended parti-

cles, water color, alkalinity) (Table 2) was assessed

following standard protocols (Environment Canada,

2004). Dominant emergent macrophyte species were

identified to characterize vegetation habitats using

Fassett (2006). The upper 10–30 cm of sediment was

collected with a modified core sampler for analyses of

granulometry, composition, organic carbon and nitro-

gen contents, and metal contamination (Saskatche-

wan, 1993; Environment Canada, 2004). Trace metal

concentrations were converted into anthropogenic

enrichment ratios (measured/natural background con-

centration in non-contaminated sediment). Ratios

above 1.0 indicate an anthropogenic or natural local

enrichment (Environment Canada & MDDEP, 2007).

Macroinvertebrate sampling and analysis

Macroinvertebrates were collected in emergent veg-

etation using kick sampling with a rectangular net

(length 45.7 cm; width 25.4 cm; depth 25.4 cm;

500-lm mesh size) following the CABIN protocol

(Environment Canada, 2008). At each site on each

date, a single macroinvertebrate sample was collected

(see Table 1) by the same person following concentric

circles for 3 min in shallow water (0.1–0.95 m).

Macroinvertebrates and plant debris were preserved

in 10% buffered formalin for 72 h. In the laboratory,

samples were washed with tap water and put in a 70%

ethanol solution. To reduce sorting time, we used a

Marchant Box sub-sampler (Marchant, 1989) to
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Table 2 Description of environmental factors investigated in the current study; mean values and range (min–max) are indicated for

quantitative variables

Variables Mean Min–max Units

Hydrology

Water level at Sorel 4.48 3.98–4.88 m asl

Water level variation prior sampling date

Within 1 day 3.88 0–4.08 m asl

Within 7 days 4.08 0–4.98 m asl

Within 14 days 4.98 0–4.38 m asl

Mean water level during each hydroperiod

Winter 4.88 3.88–5.18 m asl

Spring 4.98 3.98–5.18 m asl

Summer 4.28 4.08–4.68 m asl

Fall 4.68 4.48–4.98 m asl

Water level variation during each hydroperiod

Winter 24.7 18.9–26.2 %

Spring 45.6 30.4–56.2 %

Summer 32 21–39.8 %

Fall 49.9 45.2–53.5 %

Minimum water level during each hydroperiod

Winter 4.38 4.18–4.78 m asl

Spring 4.28 4.18–4.38 m asl

Summer 4.08 3.88–4.38 m asl

Fall 3.98 3.88–4.18 m asl

Maximum water level during each hydroperiod

Winter 5.48 4.98–5.98 m asl

Spring 6.28 5.78– 6.78 m asl

Summer 4.68 4.38–4.98 m asl

Fall 5.68 5.38–5.88 m asl

Landscape and morphology

Landscape uses and features (% over a radius of 100 m)

Open water 46.74 6.3–98.4 %

Shallow water 0.25 0.0–3.4 %

Low marsh 21.46 0.0–93.2 %

High marsh 8.76 0.0–36.8 %

Shrub swamp 4.88 0.0–17.8 %

Treed swamp 10.02 0.0–37.9 %

Agriculture 5.66 0.0–69.1 %

Forest 0.85 0.0–18.5 %

Buildings 0.5 0.0–9.4 %

Diversity (H of Simpson) 1.2 0.1–2 bits/ind.

Site location (dummy variables)

North/South shore – –

Archipelago/Lake – –

Sediment facies (dummy variables)

Deltaic – –
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Table 2 continued

Variables Mean Min–max Units

Fluvial – –

Littoral – –

Littoral and post-glacial silt – – –

Environmental conditions (physical–chemical–biological)

Water depth at sampling site 0.47 0.1–0.95 m

Water quality variables

Alkalinity 1.19 0.17–2.99 mequiv l-1

Dissolved organic carbon 6.3 2.7–22.2 mg l-1

Total organic carbon 6.3 \3–21.8 mg l-1

Chlorophyll a 6 0.2–37.6 lg l-1

Color 410.8 23.1– 6110 Pt/Co

Suspended particles 47.8 1.5–672.1 mg l-1

Nitrates 0.4 \0.1–3.3 mg l-1

Total phosphorus 0.3 \0.01–6.9 mg l-1

Dissolved phosphorus 0 \0.01–0.3 mg l-1

Turbidity 44.8 0.7– 911 NTU

Conductivity 228.9 60.1–796 lS cm-1

pH 7.6 6.5–8.9 –

Percentage of site occupied by macrophytes

Scirpus 13.9 0–88 %

Typha 7.4 0–80 %

Schoenoplectus 19.1 0–88 %

Bolboschoenus 11.6 0–88 %

Sediment composition

Gravel 1.2 0–13 %

Sand 61.3 3–98.1 %

Silt 29.7 0.4–74.9 %

Clay content 9.8 0.9–67.5 %

Organic carbon 1.4 0–9.7 %

Organic nitrogen 0.1 0–1 %

Sediment particle size 4.2 2.4–9.2 Phi

Anthropogenic contamination ratios

Aluminum 0.9 0.7––1.1 –

Arsenic 1.5 0.5–3 –

Barium 1 0.6–1.3 –

Bismuth 22.5 10–100 –

Cadmium 1.2 0.3–4 –

Cobalt 0.9 0.3–1.6 –

Chromium 0.8 0.1–1.7 –

Copper 0.8 0.1–3.2 –

Iron 0.9 0.4–1.5 –

Gallium 1 0.7–1.5 –

Mercury 0.8 0.25–1.79 –

Lithium 0.8 0.3–2 –
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fractionate each sample into similar aliquots

(n = 10–15). As recommended in bioassessment

protocols (Reynoldson et al., 2001; Environment

Canada, 2002, 2010; Feio et al., 2006; Chessman

et al., 2007; Jones, 2008; Environment Canada, 2010;

Neeson et al., 2013), macroinvertebrates were identi-

fied to the family level for most groups (Annelida,

Insecta, Malacostraca, Mollusca) using Merritt &

Cummins (1996) and Smith (2001). The Oligochaeta,

Polychaeta, Arachnida, Branchiopoda, and Cnidaria

were sorted at the class level. Microscopic (Cladocera,

Rotifera, Copepoda, Nematoda, Nemerta, Ostracoda)

and terrestrial (spiders, earth worms) invertebrates

were not counted. We counted a minimum of 300

individuals per sample, as suggested by Environment

Canada (2002), and analyzed at least half of the total

sample to get good estimates of macroinvertebrate

taxa richness. More details on sampling and analysis

were presented by Tall et al. (2008).

Since the kick-net samples could only be collected

in water\1 m deep and that water levels varied on a

day-to-day basis, we calculated the height of each site

above sea level, by subtracting water depth measured

at the time of sampling from the water level reported at

Sorel on the same date. Site elevation was then used in

conjunction with daily water level variations to

calculate daily water depth at each site over the

previous summer season (from May 1st to the date of

sampling), and to assess the number of days each site

was out of the water or exposed to a depth of water

\10 cm (Table S1, supplemental information).

Statistical analysis

Inter-annual differences in total invertebrate abun-

dance, taxon richness, and percent taxonomic compo-

sition were contrasted at the 5 sites (AS2, AS3, LN8,

LN13, and LS3, Table 1) that were repeatedly sam-

pled in 2004–2006, using one-way ANOVAs. Spatial

differences were assessed by dividing all samples

(N = 63) into 4 regions according to their location in

LSP archipelago or main lake, along the north or south

shore, using one-way ANOVAs. Total macroinverte-

brate abundance data were log10 transformed to ensure

homoscedasticity.

To determine the environmental variables that

significantly (P\ 0.05) contributed to changes in

macroinvertebrate community, we performed a for-

ward selection procedure on the full environmental

matrix (63 samples 9 83 environmental variables; see

Table 2). The eleven variables selected (identified in

bold in Table 2) were then used in a redundancy

analysis (RDA) to explain variation in macroinverte-

brate community structure. The 66 identified taxa were

lumped together at a coarser taxonomic level when

occurrences were low (under 5%) (See taxon groups in

Table 3), yielding a total of 34 taxonomic groups that

were used in the analysis. RDA served to estimate the

Table 2 continued

Variables Mean Min–max Units

Magnesium 0.8 0.3–1.8 –

Manganese 0.9 0.4–1.4 –

Sodium 0.9 0.5–1.3 –

Nickel 1 0.2–2.3 –

Phosphorus 1 0.3–1.6 –

Lead 1.1 0.6–3.7 –

Rubidium 1 0.7–1.7 –

Strontium 0.9 0.5–1.4 –

Uranium 0.9 0.2–1.8 –

Vanadium 0.9 0.3–1.5 –

Zinc 0.9 0.3–2.6 –

Factors in bold are those retained by the forward procedure selection and used in the RDA to explain variation in macroinvertebrate

community structure among sampling sites

Anthropogenic enrichment ratios = measured/natural background concentration in non-contaminated sediment
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Table 3 List of macroinvertebrate taxa with their occurrence (Occ.) and total abundance (Abund.) at the 54 sites (63 samples)

Phylum Taxa Family Occ. Abund. Taxon groups

Annelida Clitellata Arhynchobdellida Erpobdellidae 2 3 Other Annelida

Rhynchobdellida Glossiphoniidae 23 66 Other Annelida

Oligochaeta Oligochaeta Oligochaeta 63 5934 Oligochaeta

Polychaeta Polychaeta Polychaeta 17 560 Polychaeta

Arthropoda Arachnida 51 1252 Arachnida

Branchiopoda 18 307 Branchiopoda

Insecta Coleoptera Dytiscidae 1 1 Others Coleoptera

Elmidae 15 212 Elmidae

Gyrinidae 6 22 Others Coleoptera

Haliplidae 5 8 Others Coleoptera

Hydrophilidae 6 8 Others Coleoptera

Diptera Ceratopogonidae 44 480 Ceratopogonidae

Chaoboridae 1 1 Other Diptera

Chironomidae 63 4052 Chironomidae

Culicidae 1 2 Other Diptera

Dixidae 2 62 Other Diptera

Dolichopodidae 3 3 Other Diptera

Empididae 8 47 Empididae

Ephydridae 1 2 Other Diptera

Psychodidae 9 20 Other Diptera

Sciomyzidae 2 2 Other Diptera

Stratiomyidae 1 1 Other Diptera

Tabanidae 1 1 Other Diptera

Tipulidae 4 5 Other Diptera

Ephemeroptera Baetidae 3 12 Other Ephemeroptera

Baetiscidae 2 2 Other Ephemeroptera

Caenidae 32 2638 Caenidae

Ephemerellidae 1 1 Other Ephemeroptera

Ephemeridae 9 43 Heptageniidae

Heptageniidae 1 1 Other Ephemeroptera

Hemiptera Belostomatidae 3 4 Other Hemiptera

Corixidae 24 1744 Corixidae

Mesoveliidae 2 3 Other Hemiptera

Notonectidae 1 1 Other Hemiptera

Pleidae 5 18 Other Hemiptera

Lepidoptera Pyralidae 9 20 Pyralidae

Megaloptera Corydalidae 1 1 not included

Odonata Coenagrionidae 29 536 Odonata

Corduliidae 1 1 Odonata

Libellulidae 2 3 Odonata

Plecoptera Taeniopterygidae 1 1 not included

Trichoptera Brachycentridae 2 2 Other Trichoptera

Dipseudopsidae 3 12 Other Trichoptera

Helicopsychidae 1 2 Other Trichoptera

Hydroptilidae 18 371 Hydroptilidae
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relationships between the environmental matrix (63

samples 9 11 environmental variables) and the

macroinvertebrate community matrix (63 sam-

ples 9 34 taxon groups). We applied Hellinger’s

transformation to the macroinvertebrate abundance

matrix, which contained many zeros, as recommended

by Legendre & Gallagher (2001). Variance explained

by the two first canonical axes was tested by permu-

tation usingMonte Carlo unrestricted 999 permutation

tests (Legendre & Legendre, 1998). Finally, to com-

pare the relative influence of hydrology, landscape,

and environmental conditions in explaining spatial

variation in macroinvertebrate communities, we used

partial redundancy analysis (Legendre & Legendre,

1998). All analyses were performed using the R

package (Ihaka & Gentleman, 1996; R Development

Core Team, 2012).

The relationships between macroinvertebrate

assemblages and the number of days each site was

exposed to air or to shallow (\10 cm) water were

assessed using parametric (Pearson r) correlations

with log10-transformed macroinvertebrate abundance

and taxonomic richness data (Table S2, supplemental

information).

Results

Hydrology, landscape, and environment

Over the 3-year sampling period, water level at Sorel

followed a characteristic pattern with alternating

floods in the spring months and low water levels in

the summer and fall (Fig. 2). Daily level averaged

4.48 m asl (Table 2). Of the 3 years, 2005 showed the

largest amplitude of water level, with the highest

maximum flood level of 6.78 m asl during the spring,

after which water level dropped to the lowest mini-

mum value of 3.88 m asl during the summer and fall

(Fig. 2; Table 2).

Hydrology in Lake Saint-Pierre followed a strong

seasonal pattern (Fig. 2). Maximum water levels

Table 3 continued

Phylum Taxa Family Occ. Abund. Taxon groups

Lepidostomatidae 1 1 Other Trichoptera

Leptoceridae 35 301 Leptoceridae

Limnephilidae 2 19 Other Trichoptera

Molannidae 1 1 Other Trichoptera

Phryganeidae 9 10 Phryganeidae

Polycentropodidae 3 4 Other Trichoptera

Malacostraca Amphipoda Crangonyctidae 2 12 not included

Gammaridae 53 27,977 Gammaridae

Hyalellidae 13 513 Hyalellidae

Decapoda Cambaridae 3 3 not included

Isopoda Asellidae 39 4879 Asellidae

Cnidaria 8 15 Cnidaria

Mollusca Bivalvia Unionoida Unionidae 2 8 not included

Veneroida Pisidiidae 48 1231 Pisidiidae

Gastropoda Basommatophora Ancylidae 26 484 Ancylidae

Lymnaeidae 22 227 Lymnaeidae

Physidae 43 600 Physidae

Planorbidae 39 1026 Planorbidae

Heterostropha Valvatidae 13 922 Valvatidae

Neotaenioglossa Bithyniidae 5 77 Bithyniidae

Hydrobiidae 20 129 Hydrobiidae

All taxa 56,906

Taxon groups represent the taxonomic grouping used for the RDA
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([5.5 m asl) occurred during spring. Summer had low

water levels, generally\4.5 m asl. In general, water

level during the sampling years (2004–2006) was

below the average water level observed over the last

40 years (1966–2006), with extreme low levels occur-

ring in the summer and fall of 2005 (Fig. 2). During

the fall, water level decreased in 2004 and increased in

2005 and 2006. There were notable differences in

water level between years and seasons: 2004 had the

highest water level during summer and the lowest in

spring and late fall; 2005 had the highest water levels

in spring and the lowest in summer, while 2006 the

highest water levels in fall. These inter-annual changes

are reflected in the range of variation in site emersion

across sampling years (Table S1, supplemental infor-

mation). Water level variation was smaller during

winter and summer (24.7–32% on average) than

during spring and fall (45.6–49.9% on average)

(Table 2).

Site elevation above sea level was 3.94 m on

average and ranged from 3.44 to 4.32 m among sites

(Table S1, supplemental information). The six sites

sampled in 2004 were always underwater (Fig. 2) but

two of them had shallow depths (\10 cm) for 2 and

7 days (Fig. 2). In contrast, more than half of the sites

sampled in 2005 (18/29) were periodically dry in the

weeks prior to sampling, including 9 sites for more

than 10 days. In 2006, only 3 sites from 28 emerged

above the waterline, in two cases for more than

10 days (Fig. 2).

At the time of sampling, water depth was on

average less than 0.5 m but ranged from 0.1 to

0.95 m across sites (Table 2). Water quality showed

a wide range of variation with maximum values for

water conductivity (796 lS cm-1), suspended parti-

cles (672 mg l-1), alkalinity (3 mequiv. l-1), color

(6110 Pt/Co), and turbidity (911 NTU) probably

caused by short-term water pulses from farmland

tributaries (Table 2). Vegetation was dominated by

four emergent macrophyte species, each of them

covering on average 7–19% of the area surrounding

sampling sites. Sediment grain size was also highly

variable (Phi 2.4–9.2); sediment had low organic

carbon and nitrogen content and was mainly com-

posed of fine sand, silt, and clay. Most of the mean

enrichment ratios of metals in sediment were around

Fig. 2 Daily (May 2004–November 2006, full line) and mean

long-term (1966–2006, dotted line) water level variations (m

above sea level, IGLD85 datum) at Sorel (Gauging station

02OJ022). The duration of each hydroperiod is indicated above

the X-axis, as follows: Spring (from February 3rd to July 23th),

Summer (‘‘Su’’ from July 24th to September 1st), Fall (from

September 2nd to November 25th) and Winter (from November

26th to February 2nd). For each year, the elevation of individual

sampling sites (horizontal bars) is indicated with respect to

water level fluctuations, with sites constantly submerged

between May 1st and sampling date (below the horizontal

bar) and sites periodically out of the water shown above the

horizontal bar)
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or slightly above a threshold value of 1, indicating

small anthropogenic input of contaminants in

sediments.

Macroinvertebrate community

Overall, 66 macroinvertebrate taxa comprising 56,906

individuals were collected lake-wide (Table 3).

Macroinvertebrate communities were dominated by

Gammaridae (Amphipoda), which represented half of

the total macroinvertebrate abundance. Other impor-

tant groups included Oligochaeta (Annelida), Aselli-

dae (Isopoda), Chironomidae (Diptera), Caenidae

(Ephemeroptera), Corixidae (Hemiptera), Arachnida,

Pisidiidae (Bivalvia), and Planorbidae (Gastropoda).

These taxa showed the highest abundances and occur-

rences and, taken together, represented 89% of all

macroinvertebrates collected during our 3-year survey.

Macroinvertebrate taxa richness ranged from 7 to 23

taxa across the 54 sampling sites.

Variations among years at 5 sites

Between 2004 and 2006, total invertebrate abundance

dropped by one order of magnitude at all of the 5 sites

that were monitored every year (Table 4A; Fig. 3A).

On average, taxon richness also showed a significant

decrease between 2004 and subsequent years

(Fig. 3B), from 19.5 to fewer than 13 taxa (Table 4A).

Examination of the taxonomic composition at these 5

sites revealed a sixfold drop in the proportion of

Malacostraca (mostly Gammaridae (Amphipoda)) and

a ninefold rise in annelids (oligochaetes) between

2004 and 2006 (Fig. 3C, Table 4A). Relative abun-

dance of mollusks and chironomids did not show

significant differences among years (Table 4A)

although the former group tended to increase with

time (Fig. 3C). The same trends and significant

differences were recorded at all 5 sites, in spite of

their wide geographical dispersion in three of the four

regions (Fig. 1).

Table 4 Results of the analyses of variance (one-way

ANOVAs) testing for differences (A) among years for the 5

sites repeatedly sampled in 2004, 2005 and 2006 and

(B) among regions for the 63 macroinvertebrate samples

located along the north and south shores of the archipelago and

of the main lake

(A) Inter-annual variations (5 sites sampled over 3 years)

Df F value P value Years

2004 2005 2006

Total macroinvertebrate abundance (Log10 transformed) 2 7.23 0.01 1955 357 162

Taxon richness 2 8.91 0.005 19.5 11.4 12.6

Malacostraca (%) 2 5.99 0.02 57.6 19.4 9.2

Chironomida (%) 2 0.30 0.75 8.3 14.3 9.7

Mollusca (%) 2 0.37 0.70 10.9 13.2 20.9

Annelida (%) 2 5.76 0.02 3.9 40.9 36.1

(B) Spatial variations (63 samples among 4 regions)

Df F value P value Regions

AN AS LN LS

Total macroinvertebrate abundance (Log10 transformed) 3 0.60 0.62 373 850 1272 1216

Taxon richness 3 1.23 0.31 13.6 14.4 13.1 15.7

Malacostraca (%) 3 0.62 0.60 30.8 28.8 34.7 43.5

Chironomida (%) 3 0.30 0.82 11.6 14.6 14.4 11.0

Mollusca (%) 3 3.64 0.02 19.6 15.8 8.8 6.6

Annelida (%) 3 0.49 0.69 24.3 26.6 24.6 17.1

Total macroinvertebrate abundance was log10 transformed for the ANOVAs, but non-transformed mean values are presented for

convenience
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Differences in macroinvertebrate community com-

position also coincided with the inter-annual differ-

ences in emersion conditions among years, which

were clearly visible for the 5 sites sampled over

multiple years. In the southern archipelago region, site

AS2 was always under water in 2004 and 2006 and

emerged intermittently for 14 days in 2005. This site

was also under\10 cm of water for 19 and 20 days in

2005 and 2006. Site AS3 was always underwater in

2004 and 2006 and was exposed to air (4 days) or

under\10 cm of water (7 days) for short periods in

2005. In the north lake region, site LN8 emerged

above water or had only very shallow water for

considerably longer periods (18 and 23 days, respec-

tively) in 2005 than in 2006 (2 days in water\10 cm-

deep). Site LN13 also was either dry (14 days) or in

shallow water (22 days) in 2005 but always sub-

merged in 2004 and 2006, with only 7 days of shallow

water exposure. In contrast to the general inter-annual

pattern indicating more emersion in 2005 than 2004

and 2006, site LS3 was always under water in 2004

and 2005 but was sporadically above water for 25 days

prior to sampling in 2006.

Fig. 3 Between-year comparison of total macroinvertebrate

abundance (A), taxa richness (B), and taxonomic composition

(C) at 5 sites repeatedly sampled in 2004, 2005 and 2006.

Individual sites were located in the southern Archipelago (AS2,

AS3), northern lake (LN8—sampled 2005 and 2006 only,

LN13) and southern lake (LS3) regions, as identified by stars in

Fig. 1. See Table 4A for ANOVA results

Fig. 4 Comparison of total macroinvertebrate abundance (A),
taxa richness (B), and taxonomic composition (C) among

samples collected at sites located within four regions of Lake

Saint-Pierre, representing the north and south shores of the

archipelago and main lake. For each box-plot, the mean and

25–75% percentiles (gray box), 95% confidence interval and

outliers (black dots) are indicated. Numbers of samples (N) for

each box-plot are specified for each group. See Table 4B for

ANOVA results
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Variations among regions

Regional differences in the macroinvertebrate com-

munities were far less important than inter-annual

differences, owing to the large level of variability

within region (Fig. 4). Macroinvertebrate abundances

were highly variable among sites, with maxima higher

than 10,000 individuals and minima lower than 100

individuals. Accordingly, no significant difference

was observed in total macroinvertebrate abundance

and taxon richness among the four regions of LSP.

However, regardless of the shore, sites located in the

archipelago supported a two-fold higher proportion of

Mollusca than lake sites (Table 4B).

Modeling of macroinvertebrate–environment

relationships

Variations of the macroinvertebrate communities

among sites and years were best explained by a subset

of eleven environmental variables, accounting

together for 31% of the total variance of the data set

(Table 5; Fig. 5). Water depth (R2 12%) and three

hydrological variables (water level drop 1 and 14 days

prior to sampling, and maximum spring water level)

accounted for most of the explanatory power

(Table 5). Water depth at the time of sampling can

be considered as a surrogate variable indicating low-

elevation sites with a low number of episodes out of

the water. Indeed, a negative correlation was observed

between water depth and site elevation above sea level

(Pearson r = -0.33, P = 0.01) and the number of

days when sites were exposed or under \10 cm of

water (Pearson r = -0.50 and -0.66, respectively;

P = 0.001). An additional 12% was explained

by various habitat and landscape variables (low

marsh area, organic nitrogen in the sediment and

fluvial sediments, Typha cover, water pH) each of

which explained 2–3% of the total variation in

macroinvertebrates.

The first axis of the RDAmodel explained 21.7% of

the total variation (Fig. 5A) with opposing up-slope

swamp sites, mainly submerged during maximum

spring flooding (negative side) to deeper down-slope

(generally submerged) sites located on littoral sedi-

ments and post-glacial silts (positive side). The second

axis (6.4% of total variance) contrasted sites located in

low marsh subjected to short-term water level fluctu-

ation (positive side) with sites exposed to more

alkaline waters (negative side).

Macroinvertebrate taxa distribution within the

RDA (Fig. 5B) revealed a strong association along

the first axis of Gammaridae (Malacostraca) with

down-slope deeper sites characterized by post-glacial

silt. At the opposite end of axis 1, Oligochaeta

(Annelida) dominated in up-slope sites located in

shallow waters with shrub swamp, and cattail-domi-

nated marshes. Other macroinvertebrate groups such

as Caenidae (Ephemeroptera), Asellidae (Isopoda),

and Planorbidae (Mollusca) were associated with low

marsh habitats in fluvial sediments, whereas Pisidiidae

(Bivalvia) were found in alkaline waters.

The distribution of sampling sites along the first two

axes of the RDA (Fig. 5) showed more important

differences among years than among regions/shores. In

2004, all sites were located in down-slope deep waters

and supported large densities of Gammaridae (Mala-

costraca) and Caenidae (Ephemeroptera) (Fig. 5B and

Table 5 Contributions of

the eleven environmental

variables to the RDA model

explaining spatial variation

in macroinvertebrate

community structure among

sampling sites and years

Selected variables Variable type R2 Adj R2 Cum P

Depth Physical 0.12 0.10 0.001

Maximum water level during spring Hydrology 0.05 0.14 0.002

Water level variation 1 day prior sampling Hydrology 0.05 0.17 0.001

Low marsh Landscape 0.04 0.21 0.002

Organic nitrogen in sediment Chemical 0.03 0.22 0.012

Fluvial sediment Morphology 0.03 0.24 0.007

Cattail (Typha angustifolia) Biological 0.02 0.26 0.034

Water level variation 14 days prior sampling Hydrology 0.02 0.27 0.026

Water pH Chemical 0.02 0.28 0.027

Littoral sediment and post-glacial silt Morphology 0.02 0.30 0.018

Shrub swamp Landscape 0.02 0.31 0.045
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C). In 2005, most archipelago sites were clustered on

the left side of the ordination, coinciding with up-slope

shallow water habitats supporting communities dom-

inated by Oligochaeta (Annelida). In contrast, lake

sites were more dispersed in the ordination space

(Fig. 5D). In 2006, most of the sites from the south

shore of the lake clustered in the upper right quadrant,

characterized by deep open water and low marsh and

were dominated by Asellidae (Malacostraca). Sites

from the north shore of the lake, located in the lower

quadrants of the ordination, were dominated either by

Oligochaeta (Annelida) (left) or Gammaridae (Mala-

costraca) (right) (Fig. 5E).

Overall, macroinvertebrate taxonomic composition

tended to follow the same trends as those documented

for the 5 sites. Gammaridae and Asellidae (Malacos-

traca) tended to be more frequent in 2004 and 2006

whereas the Oligochaeta (Annelida), Chironomidae

(Diptera), and Planorbidae (Mollusca) were more

common in 2005.

Discussion

Our 3-year survey, and previous studies in Lake Saint-

Pierre (Tall et al., 2008; Tessier et al., 2008; Tourville-

Poirier et al., 2010), indicate that cumulative taxo-

nomic richness of macroinvertebrates in the St.

Lawrence River is in the same range (48–66 taxa) as

found in the Great Lakes coastal wetlands (Kashian &

Burton, 2000; Cooper et al., 2007; Gathman & Burton,

2011) and in other large rivers in New Zealand (Collier

& Lill, 2008), USA (Strayer et al., 2006), and China

(Pan et al., 2011). Macroinvertebrate communities are

dominated by a few relatively abundant and wide-

spread taxa: four groups (Malacostraca, Oligochaeta,

Chironomidae, and Mollusca) accounted for most of

the taxa richness and abundance.

Comparison of macroinvertebrate communities at

the same 5 sites sampled over the course of 3 years

revealed significant drops in total abundance, taxon

richness and changes in composition, under the

unequivocal control of prevailing hydrological condi-

tions. In the St. Lawrence River, hydrological factors

appear as primary drivers of variation in macroinver-

tebrate communities, well ahead of morphological

(exposure to wind, waves, and current at sites from

different regions) and water quality variables. Water

depth (12% of the total variation alone) and three

hydrological variables (for an additional 12%) were

the most meaningful variables explaining variability

in macroinvertebrate communities in St. Lawrence

River wetlands. Water level at sampling sites can be

considered as a proxy reflecting the up-slope/down-

slope elevation gradient, which is also well correlated

with wave energy, organic sediment deposition and

vegetation habitats, as observed in the Great Lakes

coastal wetlands (Cooper et al., 2007). Maximum

spring water level and water level variation over the

14 days prior to sampling were also major factors

explaining macroinvertebrate community variation.

Water level fluctuations are recognized as important

drivers of both vegetation habitats and associated

macroinvertebrate communities and their structure in

wetlands of the Great Lakes (Burton et al., 2002). In

Lake Saint-Pierre, seasonal water level fluctuations

are important (Hudon, 1997) and affect emergent plant

and macroinvertebrate distributions (Tall et al., 2008;

Tessier et al., 2008).

As observed in the Great Lakes, macroinvertebrate

taxa distribution in emergent marsh in the St.

Lawrence varied primarily with up-slope down-slope

gradients in flooding regime and water level, and

secondarily with sediment and vegetation types along

the wetland continuum (Euliss et al., 2004; Gathman

& Burton, 2011). At the upper edge of the wetland

continuum, very shallow (\10 cm) up-slope sites are

flooded during spring and are subjected to large

fluctuations in water level, including dry periods

during summer. Such shallow-water habitats are also

likely to experience the effects of wave erosion, wind-

induced seiches, and episodic extreme water temper-

ature. Indeed, water temperatures[25�C were expe-

rienced at shallow-water sites during a period of

rapidly falling levels coinciding with hot, sunny

weather, leading to massive carp mortality (Hudon

et al. 2010). In the St. Lawrence River, up-slope,

unstable environments are colonized and dominated

by resistant endobenthic specialists such as Oligo-

chaeta (Annelida), Chironomidae (Diptera), and

Planorbidae and Physidae (Mollusca). These taxa

can readily colonize newly flooded habitat during

spring since they can be moved passively along the

shore slope with water-level changes and can sustain

low-oxygen and organic-rich conditions.

At the lower end of the shoreline continuum, down-

slope sites (up to 1 m water depth) are relatively deep-

water, stable habitats, less affected by wave energy
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and water level fluctuations than the up-slope sites.

Deep marsh habitat supports robust perennial vegeta-

tion which further stabilizes the habitat substratum and

favors the accumulation of organic, nitrogen-rich

sediment. Such constantly flooded down-slope habi-

tats are dominated by time-lagged responders such as

Fig. 5 Redundancy analysis (RDA) plots representing A the

contributions of the 11 environmental variables selected at each

scale in the model and B the distribution of the macroinverte-

brate taxa in the ordination plan. Sampling sites were

represented in different ordination plots for 2004 (C), 2005
(D), and 2006 (E). Adjusted R2 are given for axis 1 and 2 with

P\ 0.0001
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Gammaridae and Asellidae (Malacostraca) which feed

on vegetal organic matter and detritus in wave-

protected fringing wetlands (Burton et al., 2002;

Cooper et al., 2007). In summary, the differential

response of macroinvertebrate taxa to a range of water

depths and associated environmental conditions could

explain the opposite distribution pattern observed for

Oligochaeta (Annelida) and Gammaridae (Malacos-

traca) along the up-slope/down-slope elevation gradi-

ent in the St. Lawrence wetlands.

Other abundant taxa such as the Chironomidae

(Diptera), Caenidae (Ephemeroptera), Asellidae

(Malacostraca), Pisidiidae, and Planorbidae (Mol-

lusca) showed different preferential habitats across

wetland vegetation and water masses. These taxa have

been sorted according to their responses to environ-

mental gradients in Great Lakes coastal wetlands

(Gathman &Burton, 2011). Past studies in Lake Saint-

Pierre (Tall et al., 2008) have shown Gammaridae

(Malacostraca) and oligochaetes (Annelida) to dis-

criminate between reference fluvial sites and sites

chronically exposed to the plume of farmland tribu-

taries. The absence or low abundance of other taxon

groups such as insect larvae (Ephemeroptera other

than Caenidae, Trichoptera, Coleoptera) was another

indication of a benthic fauna characteristic of

impacted wetlands in the Great Lakes region (Kashian

& Burton, 2000).

In our study, comparisons among many sites in

different regions of LSP, using univariate metrics,

such as taxa richness and total abundance, showed

highly significant differences among years when the

same sites were sampled over three years of widely

different hydrological conditions. This is in contrast

with other biomonitoring studies reporting that single

measures lacked the sensitivity to detect changes in

macroinvertebrate communities owing to high vari-

ability among sites (Flinn et al., 2005, 2008; Meyer &

Whiles, 2008; Masson et al., 2010). On average, lake-

wide macroinvertebrate abundance (370–1200 ind./

sample) and taxa richness (13–16 taxa/sample) were

highly variable among LSP sites but were within the

range of values reported for other large rivers (Collier

& Lill, 2008; Gallardo et al., 2008).

Multivariate metrics such as macroinvertebrate

assemblages (taxa presence/absence or relative abun-

dance) are also efficient tools for assessing changes in

benthic fauna (this study, Tall et al., 2008; Masson

et al., 2010). Macroinvertebrate taxa composition in

the St. Lawrence wetlands responded to environmen-

tal gradients related to water depth, water level

fluctuations, vegetation habitats, and local conditions.

These findings are also consistent with other studies on

benthic fauna in rivers, which have shown that

multiple environmental variables explain major

macroinvertebrate assemblages and diversity patterns

(Gallardo et al., 2008; Hugues et al., 2008; Skoulikidis

et al., 2009).

Our study also showedminor, yet significant effects

of landscape and morphological features as factors

modulating variations in macroinvertebrate commu-

nities. They included the organic nitrogen content in

the sediment, the occurrence of low marsh vegetation

dominated by cattail (Typha), and fluvial sediments.

The following variables most likely integrate envi-

ronmental factors that affect macroinvertebrate habi-

tats: sediment grain size, compaction or mobility,

vegetation structure and current regime (Strayer et al.,

2006; Strayer & Malcom, 2007). They are also

indirectly related to hydrological conditions, because

water level variations determined the distribution of

emergent plants in the St. Lawrence wetlands (Hudon,

1997). Organic nitrogen in sediment may also reflect

the effect of agricultural input of nitrogen (Gallardo

et al., 2008).

The lack of significant influence of water chemistry

(12 variables) or of anthropogenic contamination

ratios in the sediment (23 variables) was unexpected,

especially given the wide range of values encountered

within LSP regions and the poor quality of its major

tributaries (Hudon & Carignan, 2008). Such lack of

response may result in part from the instantaneous

nature of water quality and temperature measure-

ments, whereas macroinvertebrate communities, habi-

tat features, and landscape variables integrate longer

time spans. Other studies have documented macroin-

vertebrate responses to restored and natural wetlands

degraded by agricultural practices (Meyer & Whiles,

2008) and to sediment quality along a contamination

gradient (Masson et al., 2010). In our study, water pH

was the only variable showing a significant positive

correlation and that only with Pisiidae (Mollusca).

High pH values may reflect intense primary produc-

tion in the hard waters originating from the Great

Lakes, which constitute a preferential habitat for these

small bivalves. Small Pisidiidae were reported to be

generally more abundant in natural than in restored

wetlands (Meyer & Whiles, 2008).
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Although our study did not measure submerged

aquatic vegetation or vertebrate predators, biotic

interactions may also be important drivers of the

unaccounted variance in macroinvertebrate commu-

nities. Macrophyte structural complexity and compo-

sition have been shown to affect macrobenthos, insect

and fish communities, and aquatic food-webs (Bos-

tröm & Bondorff, 2000; McAbendroth et al., 2005;

Willis et al., 2005; Matias et al., 2010; Cunha et al.,

2012; Bolduc et al., 2015). Batzer (2013) also

emphasized the importance of predation by fish and

salamanders on wetland macroinvertebrates. Our

study demonstrates the overwhelming effect of hydro-

logical regime on macroinvertebrate communities in

Lake Saint-Pierre, coinciding with a sharp drop in

their abundance over a three-year period, which may

be an underlying factor in the recent collapse in perch

recruitment in Lake Saint-Pierre.
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& T. Muotka, 2008b. Assessing stream condition using

macroinvertebrates and macrophytes: concordance of

community responses to human impact. Fundamental and

Applied Limnology 172(3): 191–203.

Neeson, T. M., I. Van Rijn & Y. Mandelik, 2013. How taxo-

nomic diversity, community structure, and simple size

determine the reliability of higher taxon surrogates. Eco-

logical Applications 23: 1216–1225.

Pan, Bao-Zhu, Hai-Jun Wang, Xiao-Min Liang & Hong-Zhu

Wang, 2011. Macrobenthos in Yangtze floodplain lakes:

patterns of density, biomass, and production in relation to

river connectivity. Journal of North American Bentholog-

ical Society 30: 589–602.
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