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Executive summary 

Project Background 

Water levels of Rainy Lake and Namakan Reservoir have been regulated using different 

rule-curves since 1949. The present rule curves (2000RC) dictating target water levels 

will soon be reviewed by the International Joint Commission according to several 

parameters like shoreline properties, fisheries, wetlands, and socio-economics.  

Study objectives 

The present project integrates a large amount of knowledge from other studies and aims 

to quantify the effects of historical water-level regulations on some key species or habitat 

types of the ecosystem: wild rice, cattails, wetlands, loon, muskrat, walleye, and northern 

pike. We used a combination of simple relations (1D) between habitat suitability and 

water-level variations, as well as more complex 2D habitat modeling, to evaluate the 

impact of different water-level management plans on these biological indicators. 

Methods  

We first developed an Integrated Ecosystem Response Model (IERM) based on a 

computation grid covering the entire Rainy-Namakan system with a 20 m resolution. The 

grid was developed from a Digital Elevation Model (DEM) to which we coupled 

hydrological and biological information. This process integrated several habitat models 

concerning key faunal and floral species or group that are sensitive to water-level 

management. The habitat models used quarter-monthly (QM) time steps to analyse four 

long-term water-levels series representing measured levels, as well as simulated levels 

based on natural conditions (absence of water-level management) and two sets of rule-

curves (2000RC and 1970RC). Each water-level time series ranges from 1950 to 2012, 

and simulated series were generated through hydrologic response models using measured 

inflows over the entire period. 

We produced 1D models to evaluate the effect of water-level variations on wild rice, 
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common loon, muskrat, and walleye. Based on literature reviews, expert knowledge and 

available data, we identified the periods during which each species is most sensitive to 

water-level variations and the type of variations that would be detrimental to these 

species. We also developed spatially explicit 2D models to quantify areas of suitable 

habitat for different taxa: wild rice, cattails, submerged and emergent plants, wet 

meadows, and shrubby swamps, as well as northern pike and walleye. These models are 

based on logistic regressions comparing environmental variables (water depth, wave 

energy, flooding cycles, etc.) in the presence and in the absence of each taxon to predict 

the probability of occurrence of each taxon at each grid node. The models were also 

limited by various relevant processes (drying, drowning, vegetation succession, etc.) to 

predict suitable habitat for each modeled species or group. 

Results  

Emergent vegetation 

The modifications of the rule curves in 2000 (2000RC) did not significantly change 

conditions for emergent vegetation in Rainy Lake. The 2000RC, however, appears to 

have slightly decreased the amount of suitable habitat for emergent vegetation in 

Namakan Reservoir. Our 2D model suggests that Natural water levels, though more 

variable, are more favorable to emergent vegetation than regulated (Measured, 1970RC 

and 2000RC) water levels. It is difficult to evaluate whether increasing or decreasing the 

amount of surface area of emergent vegetation would be favorable to an ecosystem. 

While abundant emergent vegetation can support abundant populations of wetland birds 

and mammals, very dense emergent vegetation may become a nuisance to navigation and 

negatively impact some fish species. As such, the diversity of emergent vegetation should 

be favored over its abundance. 

Cattails 

Both models (1D and 2D) suggest that cattails could be present in the Rainy-Namakan 

system under any analysed water-level series. Nevertheless, water level management 
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clearly influenced the suitability of cattail habitat. Regulated water levels promote the 

implementation of monotypic cattail stands, which outcompete other plant species and 

increase the accumulation of organic matter, thus changing the hydrologic regime of the 

ecosystem. The 2000RC provides more stable water levels during the cattail growing 

season which result in slightly less area of habitat suitable to cattails than for 1970RC, 

but ensures a very high survival of that species. Because they are best adapted to semi-

permanent water regimes, cattails may be eliminated by very high but steady water levels 

during the growing season or interannual variation of water levels. Cattails are considered 

invasive in the system, and their increased distribution is thought to be detrimental to a 

number of native species, such as wild rice. 

Wild rice 

Both models (1D and 2D) suggest that the Rainy-Namakan system is naturally suitable to 

wild rice, but conditions could be improved through water-level management. In that 

aspect, the 2000RC appears to result in the most favorable conditions for wild rice among 

the analysed water-level series. Given the results we obtained and the knowledge we 

gathered from the literature, it appears that stable water levels during the growing season, 

combined with variable water levels from year to year, would promote wild rice 

abundance and productivity. Although the 2000RC provides relatively favorable 

conditions for wild rice, the targeted water levels are the same for all the growing 

seasons, which promotes more competitive perennial species, such as cattails. Therefore, 

alternating between a low and high water-level target years could help improve 

conditions for wild rice. 

Submerged vegetation 

Our models suggest that regulated water levels (Measured, 1970RC, and 2000RC) 

resulted in increased submerged vegetation habitat than for the Natural water level series, 

especially for high densities of submerged vegetation. Because similar trends can be 

observed across all available water-level series and results from the 1970RC and the 

2000RC are very similar, water-level management appears to have had a limited impact 
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on the amount of habitat suitable to submerged vegetation. 

Wetland types providing habitat for northern pike during spawning 

Our results suggest that the implementation of the 2000RC increased the amount of 

suitable conditions for wet meadows, especially in Namakan Reservoir. For shrubby 

swamps, the conditions appear to have remained unchanged in both water bodies. The 

Natural water-level series would, however, provide much more surface area of habitat 

suitable to both types of wetland than any regulated water-level series for both water 

bodies. It would be beneficial to increase the interannual variability of water level and 

reduce the period of high water level in summer, and therefore reflect the natural 

variability of the system more closely. This would not only provide more spawning 

habitat for several fish species, but also more habitat for a number of plant and wildlife 

species associated with wet meadows and shrubby swamps.  

Common loon 

The 1D model suggests that the 2000RC improved nesting conditions for loons compared 

to the 1970RC. In general, water-level regulation provides more suitable nesting 

conditions than the Natural water-level series. 

Muskrat 

Muskrats are mostly vulnerable to water-level variations during winter, when they rely on 

their lodge for shelter and access to food is limited by ice. The 1D model suggests that 

the low muskrat abundance in the system is linked to the important water-level decreases 

during winter, which limit muskrat lodge viability. The 2000RC improved conditions for 

muskrats in Rainy Lake, but not in Namakan Reservoir. Even if they are more variable, 

Natural water levels would be more favorable to muskrats than any regulated water-level 

series because they would generally result in smaller water-level decreases during winter. 

The detrimental effects of water-level regulation on muskrat probably contributed to the 

expansion of cattails in the system because muskrats are important consumers of cattails 

and more abundant muskrat populations could have limited the expansion of cattails in 
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the system. 

Walleye 

Both models (1D and 2D) suggest that the walleye spawning conditions improved under 

the 2000RC compared to the 1970RC. This is caused by smaller water-level variations 

during the walleye spawning and egg incubation period. Interestingly, Natural water 

levels would provide more favorable spawning conditions than regulated water levels in 

Namakan Reservoir, while the opposite situation would occur in Rainy Lake. 

Northern pike 

Results from the northern pike spawning habitat model suggest that the 2000RC slightly 

decreased the amount of suitable spawning habitat but increased its quality compared to 

the 1970RC. Nevertheless, natural conditions would remain more suitable to northern 

pike spawning than regulated water levels. With regulated water levels, the quality (or 

suitability) of spawning habitat is limited, as highly suitable spawning habitat is nearly 

non-existant under these conditions. Under the Natural water-level series, however, 

highly suitable spawning habitat would be more abundant and would be present more 

frequently. Our models suggest that habitat suitable to northern pike larvae and YOY is 

much more abundant and widespread than spawning habitat in both water bodies. Our 

results suggest that high water levels soon after ice-out would increase northern pike 

recruitment. Water levels should also remain stable during the spawning period and until 

the eggs hatch and the larvae become mobile. 
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1 Problem statement 

A number of studies conducted between 1986 and 1990 in Voyageurs National Park 

(VNP) suggest that regulation of water levels based on a set of rule curves has degraded 

the biotic resources (e.g., fish populations, wetland distribution, muskrat density, etc.) of 

the Rainy-Namakan ecosystem (Meeker and Harris, 2009). Under the 1970 rule curves 

(1970RC), water-level fluctuations on Namakan Reservoir were more pronounced than 

on the non-regulated Lac la Croix, which is subject to “natural” (unregulated) conditions. 

Water-level fluctuations on Rainy Lake were, however, smaller than for Lac la Croix. An 

example of the impact of water-level management on the ecosystems was highlighted in 

1987 by a study indicating that aquatic vegetation was dominated by mat-forming 

emergent species that are tolerant to extreme drawdowns on Namakan Reservoir, while 

Rainy Lake was dominated by dense erect submerged plants. Vegetation on Lac la Croix 

was intermediate between these two situations (Meeker and Harris, 2009). Management 

rule curves were modified in 2000 (2000RC) as an attempt to improve habitat quality in 

the system. 

The impact these two sets of rule curves had on the ecosystem is a key question that 

require quantitative answers to properly manage the system in the future. The present 

project aims at quantifying the effect of these rule curves on different aspects of the 

ecosystem by implementing spatially-explicit models. Therefore, habitat models were 

used to analyze the effects of water-level regulation on relevant biological resources 

sensitive to hydrological factors. 

The present document is the final report of a 3-year project aiming to develop an 

Integrated Ecosystem Response Model in 2 Dimensions (IERM2D – Morin et al., 2006) 

for the Rainy-Namakan system. The IERM2D uses multiple habitat models to predict the 

effect of long-term water level series. It is integrative because it relies on physical 

variables (e.g., water level, waves) to predict the vegetation (submerged and emergent 

plants) habitat and then on the vegetation habitat to predict on faunal habitat in a 

cascading manner. This final report presents all the models developed and used to 
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determine the effects of different water-management scenarios on the targeted species (or 

groups thereof) in Rainy Lake and Namakan Reservoir. 
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2 Study area 

The study system is located along the Canada-USA border and covers two main water 

bodies: Rainy Lake and Namakan Reservoir. In the present study, the Namakan Reservoir 

represents a chain of four lakes (Namakan, Kabetogama, Crane, and Sand Point lakes), 

which were considered as a single entity (Namakan Reservoir) with a single water level 

(i.e., without slopes in water levels; Figure 1). Namakan and Sand Point Lakes are 

oligotrophic, while Kabetogama is mesotrophic (Christensen et al., 2004). Rainy Lake 

has 405 km of shoreline and more than 340 islands, whereas Namakan Reservoir has 665 

km of shoreline and 375 islands (Windels et al., 2013). These hundreds of small islands, 

combined with the numerous wetlands and backwater channels, offer a diversity of 

habitats for the study’s targeted species. Plant communities are mainly dominated by 

hybrid cattails (Typha x glauca), common reed (Phragmites australis), reed canary 

grasses (Phalaris arundinacea), bulrushes (Scirpus acutus), bur-reeds (Sparganium spp.), 

and water lilies (Nuphar spp. and Nymphaea spp.; (Kallemeyn et al., 2003). Voyageurs 

National Park (VNP) covers a large part of the lands on the USA side of the border and is 

a valuable source of biological data. 
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Figure 1: The study area water bodies with the Canada-USA border in yellow broken line and the 
Voyageurs National Park in green. 

 Evolution of the water level in the study area 2.1

Rainy Lake has been regulated since 1909 at the International Falls dam, while Namakan 

Lake has been controlled since 1914 by Kettle Falls and Squirrel Falls dams. Different 

management plans have been applied prior to the implementation of the current 2000 rule 

curves (RC). Prior to 1949, dams were controlled by local paper companies: Minnesota 

and Ontario Paper Company, Rainy River Improvement Company, Ontario-Minnesota 

Pulp and Paper Company Limited, Boise Cascade Corporation, and Abitibi-Consolidated 

Inc. using the electricity in Fort Frances, Ontario and International Falls, Minnesota. This 

management, based on industrial purposes resulted in high and extremely low waters that 

were close to natural levels. After 1949, a single rule curve was defined for both Rainy 
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Lake and Namakan Reservoir. Since then, water-level management has sought to balance 

hydropower production and interests of other groups, such as the State of Minnesota, the 

Province of Ontario, First Nations, and riparian land owners (IJC, 2001). 

Historical water-level management resulted in more stable water levels in Rainy Lake 

than in Namakan Reservoir. This has been true throughout the different management 

periods (Table 1). For both lakes, the allowed annual variation has been reduced over 

time by targeting the middle portion of the rule curves. The large overwinter drawdown 

occurring on Namakan Reservoir has also been reduced after 1987. There has, however, 

been limited variation in the timing of maximum and minimum levels measured in the 

system among the different management periods.  

Table 1: Mean maximum annual water-level fluctuations (m) of Rainy Lake and Namakan 
Reservoir during different management periods.  

 

Management period Rainy (m) Namakan (m) 
Pre-1948 0.85 2.77 

1949-1956 1.19 2.83 
1957-1969 0.94 2.40 
1970-2000 0.78 2.15 
2001-2013 0.79 1.38 

 

 Rule curves since 1949  2.2

Rule curves are essentially a set of rules implemented to dictate targeted water levels 

during different periods of the year. The rules result in suggested maximum and 

minimum water levels usually represented by curves varying according to the time of the 

year. Since 1949, different rules have been applied to the system; these rules can be 

summarized as follows (IJC, 2001):  

1) 1949RC: Definition of a regulation plan for both water bodies attempting to balance 

water-level needs for different purposes (i.e., navigation, sanitation, domestic water 

supply, power production, recreation, and other beneficial public purposes). Prevention of 

both extremely high and extremely low levels, as well as restriction of lake fluctuations 

within a prescribed range was considered as much as possible. 
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2) 1957RC: Amendment to the previous rules allowed a greater flexibility in water-level 

regulation of Namakan Lake, while no changes were made in the rule curves of Rainy 

Lake. Both an upper and a lower rule curves were defined for most of the year on 

Namakan Lake. The regulated water levels should be maintained within these limits, but 

remains at the companies’ discretion. A single rule curve remained only for the summer 

months.  

3) 1970RC: Further amendment to the 1949 rule curves emphasized the need for 

maintaining certain minimum flows in the Rainy River to avoid exposing unsightly 

fibrous sludge and to prevent the occurrence of low levels of dissolved oxygen. As such, 

prescribed minimum outflows from the lakes were defined. This was accomplished by 

defining the upper and lower rule curves for both lakes, while regulated levels between 

these curves remained at the companies’ discretion.  

4) 2000RC: This version aimed to provide a careful balance between upstream and 

downstream concerns and among the various interests including environmental concerns, 

hydropower production, flooding avoidance, and boating opportunities, as well as the 

improvements of water quality in the Rainy River. It revised the 1970 upper and lower 

rule curves for both lakes, required managers to target the middle portion of the rule 

curves, allowed lower discharges if there was a risk of low-flow conditions, and revised 

the prescribed minimum lakes outflows. Additionally, the overwinter drawdown of 

Namakan Reservoir was reduced by approximately 1 m compared to drawdowns 

occurring under the 1970RC. 

In this project, we modeled the habitat of different species over long time periods (1950-

2013 for 1D models and 1973-2013 for 2D models) and to compare 1970RC with the 

2000RC. It thus required a continuous dataset covering the entire modeled period for 

multiple environmental variables. The following sections will include sources and 

descriptions of the environmental data used in all habitat models.  
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3 Physical models 

 

 Digital Elevation Model (DEM) 3.1

A Digital Elevation Model (DEM) is a grid where the value of each cell represents the 

elevation of the terrain. The DEM can thus be used to model the topography of an area at 

a scale that is defined by the cell’s size. The following section will describe the source of 

all the topographic and bathymetric data that were used, and the transformations that 

were necessary to create a DEM covering the entire study area at a fine scale (10 X 10 m 

cells).  

3.1.1 Vertical Datum Conversions 

We obtained different datasets from various Canadian and American sources, which used 

different vertical and horizontal datum, and different horizontal projections. To use all 

datasets together in the same analyses, we converted all vertical data to the North 

American Vertical Datum of 1988 (NAVD88; see Table 2 for the conversion factors) 

with the Universal Transverse Mercator projection in zone 15 (NAD83 – UTM zone 15). 

This cartographic projection has regularly been used in the Rainy watershed for GIS tasks 

and environmental modeling, and was recommended by Ferreira (2012). 

Table 2: Conversion factors used to standardize vertical datum in the North American Vertical 
Datum of 1988 (NAVD88) (modified from Stevenson and Thompson, 2013). 

 

 

 

3.1.2 Elevation datasets 

We based our Digital Elevation Model (DEM) on seven main datasets: 1) topographic 

data from the Ontario DEM (Version 3), 2) LIDAR data from the State of Minnesota, 

Source Datum Resulting Datum Conversion factor 
USC&GS 1912 CGVD 1928 Subtract 0.254 m 
CGVD 1928 NAVD 1988 Add 0.42 m 
USC&GS 1912 NAVD 1988 Add 0.166 m 
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3) bathymetric data of Rainy and Kabetogama Lakes ordered by the IJC and based on 

contour data from the Minnesota Department of Natural Resources, 4) Multibeam 

echosounding surveys realized in four lake narrows, 5) LIDAR topographic and 

bathymetric data of Kabetogama Lake (Figure 2), 6) a 2014 bathymetric survey 

completed by USGS, and 7) 2014 LIDAR data collected by Quantum Spatial, Inc.  

 

Figure 2: Coverage of the different elevation datasets. The black polygon shows the limits of the 
study area, while grey rectangles are the boundaries (bounding box) of the different 
elevation datasets used (1: Harrison Narrows, 2: King Williams Narrows, 3: Little 
Vermilion Narrows, 4: Namakan Narrows, 5: LIDAR topographic and bathymetric data 
of Kabetogama Lake, 6: LIDAR data from the State of Minnesota, 7: bathymetric data 
of Rainy and Kabetogama lakes based on contour data from the Minnesota 
Department of Natural Resources, 8: topographic data from the Ontario DEM (Version 
3). Note that the two most recent datasets (the 2014 bathymetric survey completed by 
USGS, and 2014 LIDAR data collected by Quantum Spatial, Inc.) covered small 
specific areas in both water bodies and are not shown on this map. The grey dotted 
line represents the Canada-USA border. 
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3.1.3 Ontario’s Topography (Ontario DEM, Version 3) 

The Ontario DEM is designed to represent true ground elevation across the province. It is 

based on three datasets: the Ontario radar Digital Surface Model (DSM), the Ontario 

Base Mapping (OBM) elevation data, and the 2002 Greater Toronto Area Softcopy 

Photogrammetry elevation data (Water Resources Information Program, 2013). This grid 

was originally in Lambert Conformal Conic projection with a raster cell resolution of 30 

X 30 meters for the entire province.  

We first extracted points from relevant tiles of the Ontario DEM, avoiding duplication in 

areas of cell overlap. Then, we kept only the points located in the study area, for which 

we had to convert vertical data from the Canadian Geodetic Vertical Datum of 1928 

(CGVD28) to NAVD88 and horizontal data from Lambert Conformal Conic to NAD83 – 

UTM Zone 15. 

3.1.4 LIDAR Minnesota 

This LIDAR dataset covers the entire state of Minnesota, but we only selected the tiles 

that overlapped with the study area. We used the point classification included with the 

data to select a set of solid ground points with their corresponding elevation. The 

remaining points, located on the water, were removed using shoreline polygons. Finally, 

only points within the study area polygon were uploaded to the database. No vertical or 

horizontal conversion was required because the original data used NAVD88 as a vertical 

datum and NAD83 – UTM Zone 15 as a horizontal datum and projection. We thus 

obtained a high resolution topography covering the American side of the study area with 

a total of 112 623 137 points located every 1 to 3 m, depending on location. 

3.1.5 Bathymetry: Depth Contours of Rainy and Kabetogama  

This dataset (LakeMaster® Contour Elite) included bathymetric contour lines for the 

entire study area. It was produced using different datasets by Johnson Outdoors Inc. To 

be consistent with other data sources, we used depth points rather than contour lines. To 

do so, a Python procedure was developed to extract depth values at points along each 
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contour line. This dataset was in USCGS vertical datum of 1912, which we then 

converted in NAVD88. No horizontal datum conversion was required. We then converted 

depth measurement from feet to meters. Depth contour lines are defined according to a 

reference water level at the time of the survey. Values of depth contour lines thus needed 

to be subtracted from the reference water levels of each lake to obtain the lines’ elevation 

(Table 3; Stevenson and Thompson, 2013). 

Table 3: Reference water level used to set depth contour lines for each lake. 

Lake Water level (m) 
Kabetogama 340.95 
Namakan 340.53 
Rainy 337.72 

 
3.1.5.1 Validation of the bathymetry  

Validation of the bathymetric contour lines and their conversion to the relevant datum 

was done using a bathymetric survey on the three main lakes (Rainy, Namakan, and 

Kabetogama) during fall 2013. The main goals of this survey were to 1) validate the 

relative precision of bathymetric data used in the development of our DEM, 2) validate 

the correction factors used to convert bathymetric data in the NAVD88 vertical datum 

used for all elevation data in our final DEM, and 3) make sure we have consistent data 

among datasets. 

Our bathymetric survey lasted four days between 29 September and 4 October 2013. It 

included four transects in Rainy Lake, one on Kabetogama Lake, and two on Namakan 

Lake (Figure 3). The precise location of each transect was selected on the basis of the 

proximity to geodetic markers and meteorological conditions at the time of the survey. 

We completed the bathymetric survey with an Echotrac CV-200 echosounder placed on a 

small boat able to navigate in shallow water. This echosounder used a high frequency 

transducer of 200 kHz and had a ± 0.10 m precision. We coupled the echosounder to a 

mobile Trimble R6 RTK (Real Time Kinematic) GPS. The latter recorded precise relative 

horizontal location and water level based on real time corrections relative to a fixed 
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station located within a radius 5 km. The fixed station location is defined with Precise 

Point Positioning (PPP) technique which involves continuous communication between 

the station, the mobile GPS on the boat, and GLONASS satellites. 

 

Figure 3: Location of bathymetric survey (transects) completed between 29 September and 4 
October 2013. 

We calibrated the echosounder for each transect based on water temperature, boat draft, 

maximum depth and other parameters. Because we faced highly variable water depths but 

were mainly interested in shallow areas, we set the echosounder parameters to optimize 

readings at depths of less than 25 m. To make sure we accounted for the appropriate 

water level during data post-processing, we recorded water elevation with the RTK GPS 

device at the beginning and at the end of each recording. Additionally, the location of 
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unused geodetic markers in the proximity of each transect was recorded as reference 

points to validate the location obtained during data post-processing. 

3.1.5.2  Data Processing 

We first compared water-depth data with two softwares (Hypack 2012 and Odom 

Echart), to identify and remove data with measurement errors. We also applied 

corrections based on the PPP data. To convert water depth in elevation related to 

NAVD88, we compared the measured water levels to a reference surface level. More 

precisely, the mobile RTK GPS recorded water level based on an ellipsoid. For each 

surveyed point, we extracted the difference in elevation between the latter ellipsoid and 

NAVD88 from a hybrid geoid model (GEOID12A) that enables this calculation using 

software NOAA for vertical datum transformation. We then obtained water levels based 

on NAVD88. We obtained elevation based on NAVD88, by subtracting the measured 

depths from these referenced water levels.  

3.1.5.3 Validation of contour lines elevation 

Once all data were processed, we validated the elevation of Johnson Outdoors Inc. 

contour lines (LakeMaster® Contour Elite) by selecting survey points that we compared 

to contour lines on the basis of the following three criteria: 1) survey points have to be 

within 1 m of contour lines to insure that comparisons are performed on the same 

locations, 2) the area has to have a slope no greater than 5% (a small difference in 

horizontal position may produce a large difference in vertical position in areas with steep 

slopes), and 3) water depths have to be no greater than 25 m because we were mainly 

interested in shallow areas (Figure 4). We calculated the differences in elevation between 

survey points and contour lines for 697 points in Rainy Lake, 598 points in Namakan 

Lake, and 214 points in Kabetogama Lake. Then, we then computed the average 

difference in elevation between survey points and contour lines for each lake to obtain 

elevation correction factors (Table 4).  
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Table 4: Average elevation differences between surveyed points and contour lines, used as 
correction factor for each lake. 

Lake Correction factor (m) 
Kabetogama 0.68 
Namakan 0.28 
Rainy 0.40 

 

 

Figure 4: Example of a surveyed transect section (pink) showing points (Erb) selected to compare 
with adjacent contour lines in the validation process. 
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3.1.5.4 Multibeam echosounding surveys 

Bathymetric data surveys for the narrows or constriction channels connecting the lakes of 

the Namakan chain (i.e. King Williams Narrows, Little Vermilion Narrows, Harrison 

Narrows, and Namakan Narrows) were conducted by the USGS (Stevenson and 

Thompson, 2013) in August 2011. To collect data, we used a RESON SeabatTM 7125 

multibeam echosounder. A 0.5 m grid was used for that purpose, with increased spatial 

resolution in critical parts of the study area (Stevenson and Thompson, 2013). 

This dataset already used the NAVD88 datum and NAD83 - UTM Zone 15 projection, no 

transformations was thus required. Because of the different sizes of the narrows, the 

number of points varied among them (Figure 2; Table 5). 

Table 5: Number of bathymetric data points in each narrows section surveyed by multibeam 
echosoundings in 2011 (Stevenson and Thompson, 2013) 

Section  Number of Points 
King Williams Narrows  1 564 332 
Little Vermilion Narrows  2 702 068 
Harrison Narrows  1 115 442 
Namakan Narrows  1 059 579 

 

3.1.5.5 Topographic and bathymetric LIDAR around Lake Kabetogama  

This dataset included topographic data of the ground around Kabetogama Lake with an 

average density of 1.7 points/m2 and a vertical accuracy, given by the root mean square 

error (RSME), of ±0.02 m. In areas shallower than 2.8 m, bathymetric data were recorded 

with an average density of 2.6 points/m2 and an RMSE of ±0.13 m. Bathymetric point 

densities, however, decreased with depth, from a density of 3.0 points/m2 recorded just 

below the water surface to a density of 0.5 points/m2 recorded at depths around 1.51 m. 

No conversion was required for that dataset. 

3.1.5.6 Recent bathymetric and LIDAR data 

New bathymetric (Bathymetry from USGS 2014) and topometric (LIDAR Quantum 

Spatial, Inc. 2014) data became available during the course of the study (January 2015) 

and were incorporated in the DEM. Although these new data only covered a small 
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number of locations, they proved to be helpful to the model calibration phase in these 

sites. 

3.1.5.6.1 LIDAR data (LIDAR Quantum Spatial, Inc. 2014) 

The airborne topo-bathymetric LIDAR survey performed on some terrestrial and shallow 

areas close to shorelines by Quantum Spatial, Inc. in 2014 had limited success. This 

survey used an airborne topo-bathymetric LiDAR to measure some terrestrial and 

shallow areas close to shorelines. Major problems occurred during data collection: light 

penetration in the water column was very weak and the resulting data thus only 

represented terrestrial elevation. Therefore, we only kept the Canadian portion of the 

terrestrial data, which we added to the DEM data source. 

3.1.5.6.2 Survey of areas with bathymetric uncertainties (Bathymetry from USGS 2014) 

To increase the precision of the DEM in critical shallow areas used for the habitat model 

calibration-validation process, the IJC funded the USGS to carry out a bathymetric 

survey in 20 identified sectors of concern (see section 3.1.6.1 Bathymetric uncertainties). 

This survey finally covered 14 sectors and was completed during fall 2014 (Figure 5, see 

Appendix A). We received the data in January 2015 and incorporated them in the DEM 

building process. 
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Figure 5: Sites surveyed for more precise bathymetric data by USGS in 2014. 

3.1.6 DEM creation 

Once all elevation datasets were integrated in our database, we covered the study area 

with a spatial grid made of 10 X 10 m cells. Given the variability of precision among 

source datasets, we predefined dataset selection priority based on vertical accuracy, 

where the highest priority corresponds to 1 (Table 6). We used the highest priority dataset 

available for each grid cell and then averaged all elevation points of data located in the 

cell. 
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Table 6: Data selection priorities for elevation defined on the basis of vertical precision. 

Priority Elevation Dataset 
1 Harrison Narrows 
2 King Williams Narrows 
3 Little Vermilion Narrows 
4 Namakan Narrows 
5 LIDAR Topo-bathymetry in Kabetogama Lake 
6 LIDAR Minnesota 
7 Bathymetry from USGS 2014 
8 Bathymetry contour lines from Johnson Outdoors Inc. 
9 LIDAR Quantum Spatial, Inc. 2014 
10 Ontario DEM v3 

 

Since we had no elevation point in some 10 x 10 m cells, we used the elevation extracted 

from neighboring cells to triangulate and interpolate cell elevation using the natural 

neighbor method (Sibson, 1981). Our final DEM ranged from 286.47 m to 430.24 m and 

had a horizontal resolution of 10 m (Figure 6, Figure 7). 
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Figure 6: Digital Elevation Model created for the study area with 10 m horizontal resolution.
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Figure 7: Final DEM on a 10 m regular grid showing a seamless topographical sequence from topographic to bathymetric information based on 8 
different datasets.
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3.1.6.1 Bathymetric uncertainties 

In some areas, the final DEM remains uncertain mainly because of a lack of available 

bathymetric points for interpolation. Consequently, these areas have erroneous depth and 

slope values, which might lead to inaccurate predictions by the habitat models. We 

identified and estimated the size of any areas with uncertainty greater than 0.25 km2 to be 

able to take them into account. These areas represented approximately 0.7% (~19 km2) of 

the study area and were mostly located near lakes' shorelines or confluences (Figure 8). 

This is certainly an underestimation since areas of shallow water, mainly in smaller bays, 

are poorly characterised by the contour data obtained from Johnson Outdoors, Inc. Some 

of the identified areas were mapped in detail by the 2014 USGS bathymetric surveys (see 

section 3.1.5.6.2 Survey of areas with bathymetric uncertainties), but the shoreline is so 

long and complex that substantial surveying would be required to cover all these areas 

with sufficient precision. 

 

Figure 8: Areas with low bathymetric point density that were larger than 0.25 km2 (in red) 
represented 0.7% of the study area. 
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3.1.6.2 Terrain slopes 

We used the average maximum technique, also known as the neighborhood method 

(Burrough and Mcdonnell, 1998), to calculate terrain slopes. These techniques consist in 

using the variation in elevation in a 3 cells x 3 cells moving window to estimate the slope 

of the central cell on the basis of the elevation of the eight surrounding cells. Results are 

expressed in slope percentages, with higher slope percentages representing steeper terrain 

(Figure 9). 

 

 

Figure 9: Terrain slopes of the study area expressed in percentage. 

3.1.6.3 Terrain curvature 

We also calculated the terrain curvature, or the shape of the slope, from the DEM. This 

parameter, expressed in centimeters, is often used to understand the convergence of water 

flows. A positive curvature value indicates a convex surface; a negative value indicates a 
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concave surface, while a null value indicates a flat surface (Figure 10). To obtain 

curvature, a fourth-order polynomial regression is fitted to the surface of each cell of a 3 

cells X 3 cells moving window to obtain curvature parameters (Zevenbergen and Thorne, 

1987).  

 

 

Figure 10: Terrain curvature of the study area depicting convex, flat, and concave areas. 

 Environmental Data 3.2

In this section, we began by defining the time scale at which this project was carried out. 

We then described the meteorological (temperature and wind) and water clarity 

observation data used. We then included the source and description of the water levels 

used to model different rules of water-level regulation. The air temperature data have 

been used to determine the annual timing of different biological processes. Wind data 
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have been used in the wave modeling process along with water-levels data, which also 

been an essential descriptor of habitat availability for all studied species. Water-clarity 

data have been used to evaluate the ratio of incidental light reaching the bottom of the 

lake. 

3.2.1 Temporal and spatial units 

We used quarter-monthly (QM) time steps throughout the study. As their name indicates, 

each quarter-month represents the quarter of a month; as such there are 48 QM over the 

12 months of a calendar year. A quarter-month is roughly equivalent to a week, but may 

contain 7 or 8 days depending on the month and year. The main advantages of using 

quarter-months are that they cover each year completely (i.e., always begins on 1 January 

and ends on 31 December), enabling us to avoid complications caused by leap years, and 

ensuring the comparison of the same QM among years. As such, this greatly simplifies 

the implementation of temporal models and interannual comparisons. As we used 

quarter-monthly time-step simulations, all phenomena influencing water levels at shorter 

temporal scales, such as daily fluctuations, were not considered. The meter was used as 

measurement unit throughout the project. 

3.2.2 Water levels 

3.2.2.1 Water-level gauges and historical series 

Several water-level datasets and discharge data series were available from many gauging 

stations in the Rainy-Namakan system (Figure 11, Table 7). Two historical quarter-

monthly water-level series were built, one for Rainy Lake and one for Namakan 

Reservoir using measured mean daily water levels. The mean water level of Rainy Lake 

obtained from a virtual station, known as Rainy Lake Mean Level where the mean lake 

level is retrieved by averaging two gauge stations: the Fort Frances station (Rainy Lake 

near Fort Frances) and the Bear Pass station (Rainy Lake near Bear). These stations may 

be identified by different names or numbers depending on the agency that collected them 

(Table 3). Recordings at the Bear Pass station only began in 1988; only data from the 

Fort Frances station were thus used for previous years (1911-1987). Similarly, mean 
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water levels of Namakan Reservoir (Namakan, Kabetogama, Sand Point, and Crane 

Lakes) were obtained from a virtual station (Namakan Lake Mean Level) averaging 

measurements from different locations. From 1912 to 2001, only the Kettle Falls station 

was used, between 2001 and 2007, data from Kettle Falls and Gold Portage stations were 

averaged, and since 2007, data from Squirrel Island and the Gold Portage stations have 

been averaged. Once transformed in mean quarter monthly water levels, these two water-

level series based on raw measurements were used to reflect true water level on both 

water bodies (Measured water-level time series), which were essential to calibrate and 

compute biological models (Figure 12). 

 

 
Figure 11: Location of available gauging stations for the Rainy-Namakan system. 
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Figure 12: Measured daily mean water levels of Rainy (in red) and Namakan (in blue) lakes from 1912-2012.
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Table 7: Available gauging stations names, locations and periods of measurement in the study 
area.  

ID LWCB[1] USGS[2] Name Latitude Longitude 
Coverage dates 

Begin End 

05PA003 43 - Namakan Lake above 
Kettle Falls dam 48.5000 -92.6389 1912-08-08 2007-

09-25 

05PA013 395 - Namakan Lake at 
Squirrel Island 48.4968 -92.6585 2007-05-23 2013 

05PB007 132 - Rainy Lake near Fort 
Frances 48.6491 -93.3206 1911-08-20 2013 

05PB024 131 - Rainy Lake near Bear 
pass 48.7005 -92.9580 1988-05-31 2013 

06PB025 252 - Rainy Lake at Stokes 
Bay 48.5361 -92.5611 1988-06-01 1979-

07-12 

05PB023 - - Rainy Lake at 
Northwest Bay 48.8417 -93.6000 1988-

1989,2011 2013 

- 313 5129115 Vermilion River near 
Crane Lake 48.2647 -92.5658 2002-07-23 2013 

- 45 5129290 Gold Portage outlet 
from Kabetogama  48,5244 -93.3206 2001-02-19 2013 

- 323 - International Falls 
Power House 48.6078 -93,4048 2001-02-19 2013 

Virtual 132 Virtual Rainy Lake Mean 
Level - - 1911-08-20 2013 

Virtual 188 Virtual Namakan Lake Mean 
Level - - 1912-08-08 2013 

[1] Lake of the Woods Control Board: www.lwcb.ca/ 
    [2] U.S. Geological Survey: www.usgs.gov/  

     

Lake water levels are largely influenced by water inflow and outflow representing the 

total amount of water entering and exiting the water body. In the Rainy-Namakan system, 

the outflows of the main water bodies are controlled by dams. Although inflows are also 

influenced by upstream dams, they are more largely dependent on environmental 

conditions and are thus more variable (Figure 13). Annual inflows have direct impacts on 

water levels and water quality and thus influence the extent of suitable habitat for 

vegetation and wildlife. Since the mid-1980s, it appears that annual inflows are more 

file:///C:/Users/TougasTellierMA/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.MSO/9679FEAC.xlsx%23RANGE!C1
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variables than they used to be. These changing conditions impose modifications of the 

natural habitats (Figure 13). 

 

 

Figure 13: Mean annual total inflow (m3/s) of Rainy Lake between 1950 and 2013. 

 

3.2.2.2 Water levels and water body characteristics 

Water body characteristics are directly influenced by water levels. Higher water levels 

increase perimeter of the lake (Figure 14), surface area (Figure 15), and volume (Figure 

16). The relatively high lake perimeter/surface area and surface area/volume ratios create 

high potential for habitat diversity in these ecosystems (Schindler and Scheuerell, 2002). 

Rainy Lake perimeter is maximal when water level is around 338.0 m; higher water 

levels decrease the lake perimeter as some islands become completely submerged. Below 
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this level, however, increasing water levels begins to increase the lake perimeter, 

especially between 337.5 and 338.0 m. The perimeter of Namakan Reservoir increases 

steadily with water level between 338 and 341.0 m; reaching its maximum when the 

water level is around 341.5 m. Larger perimeters or longer shorelines are generally 

associated with more complex and abundant shoreline habitat essential for most species 

studied in this project.  

 

Figure 14: Perimeter (km) of Rainy Lake (in red) and Namakan Reservoir (in blue) as a function 
of the complete range of water level (m) observed between 1950 and 2013 in each 
water body. 

 

The relationship between water-body surface area and water levels is similar to what was 

observed with the perimeter, except that the surface area cannot decrease with increasing 

water level. Lake surface area can nevertheless increase more or less rapidly with water 

level depending on the shape and structure of the landscape. As such, the water level - 
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surface area relationship is relatively linear for the Namakan Reservoir, while that of 

Rainy Lake is more pronounced between water levels of 337 and 337.5 m that it is 

between the other water levels (Figure 15). Similarly as for the perimeter, larger surface 

areas tend to create more lacustrine habitat, especially in shallow waters where most 

species studied in this project thrive. As such, we expect that water levels associated with 

larger perimeters and larger surface area to provide more abundant habitat for the studied 

species.  

 

 
Figure 15: Surface area (km2) of Rainy Lake (in red) and Namakan Reservoir (in blue) according 

to the complete range of water level (m) observed between 1950 and 2013 in each 
water body. 

 

The volume of water in both Rainy Lake and Namakan Reservoir increases as water 

levels rise because larger volumes of water increase water levels. Both water bodies 

present the same rate of increase between both variable (Figure 16). 
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Figure 16: Water volume (km3) of Rainy Lake (in red) and Namakan Reservoir (in blue) according 

to the complete range of water level (m) observed between 1950 and 2013 in each 
water body. 

 

3.2.2.3 Computed water levels time series 

To evaluate the effects of water-level management, we used three series of simulated 

water-levels that would have occurred between 1950 and 2012 under different 

management rules. The natural time series simulates what water levels would have been 

between 1950 and 2012 in the absence of water-level management, the 1970RC time 

series simulates water levels that would have resulted from the 1970 rule curves for the 

same period of time, and the 2000RC simulates water levels that would have resulted 

from the 2000 rule curves. Like other data, these water levels were simulated for QM 

time steps. 

These three water-level time series were simulated with a hydrologic response model 
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balancing inflows, outflows, and the change in the amount of water stored in each water 

body (Thompson, 2015). Historical inflows were provided by the Lake of the Woods 

Control Board (LWCB) and were calculated using a similar water balance approach. 

Water levels were estimated using a stage-volume curve, which indicates the storing 

capacity of lakes based on water level and topobathymetric data. The hydrological model 

then uses linear interpolation based on the stage-volume curve to compute water level 

from a certain amount of stored water. Similarly, a stage-discharge curve is used to 

estimate the maximum outflow that can occur at a given water level. All simulations 

started at the same initial water level. For the regulated water-level time series (1970RC 

and 2000RC), the model used the rule curves to estimate the amount of water released at 

each time step. To simulate water levels occurring under the 1970RC and the 2000RC, it 

was assumed that each set of rules are constant over the entire period and the middle of 

the rule curves was targeted at all times. For the Natural water-level time series, the 

model’s algorithms were modified to follow natural rating curves estimating the outflow 

of lakes at different water levels. For Rainy Lake, the natural rating curve came from 

recent modeling done by Jenkinson (2010), while the natural rating curve for Namakan 

Reservoir came from the last rule curves review of 2000 (Matt DeWolff, LWCB, 

personal comm. 2014). 

We are thus using four water-level time series (Measured, 1970RC, 2000RC, and 

Natural) representing different water-level management strategies (Figure 17) having 

various effects on the ecosystem. 
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Figure 17: Mean quarter monthly water levels (USC&GS 1912 datum) of Rainy Lake (plain lines), 
and Namakan Reservoir (broken lines) simulated for different rule curves between 
1950 and 2012. “Kab Nam” represents the water level for the entire Namakan 
Reservoir. Purple lines represent the natural water-level time series, green lines 
represent the measured water-level time series level, red lines represent the 1970RC 
water-level time series, and blue lines represent the 2000RC water-level time series. 

3.2.3 Light intensity at the lake bottom 

The amount of light reaching the lake bottom will influence the type and distribution of 

aquatic vegetation. Because the true amount of light reaching the bottom is dependent on 

the weather and is thus highly variable, we used the ratio of incident light reaching the 

bottom in the habitat models. The light intensity reaching the bottom (Iz) is a function of 

depth and local concentration of suspended matter. It is calculated with the following 

function:  

Iz=I0 e-KZ Equation 1  
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Where I0 is the intensity of light at the surface, K is the local extinction coefficient and Z 

is the water depth. The extinction coefficient was estimated using an empirical 

relationship with Secchi disk depth estimating the concentration of suspended matter: 

K = 1.7/SD, Equation 2  

where SD is the measured Secchi disk depth (m). The computed ratio of incidental light 

reaching the bottom used a value of one for the intensity of light at the surface (I0=1). 

Secchi disk depth data were provided by VNP staff who measured Secchi disk depths in 

18 locations throughout the system in June and July, from 2004 to 2012 (Figure 18). We 

used the median measured Secchi disk depth during those years to assign a value of 

Secchi disk depth to each surveyed area of the Rainy-Namakan system (Figure 19). We 

then created homogenous groups of points to identify boundaries of areas with similar 

Secchi disk depth observations. Afterwards, we linearly interpolated the Secchi disk 

depths to all the system with a network of irregular triangles. Finally, we transformed 

Secchi disk depth measures into extinction coefficients. As a single value of Secchi disk 

depth was used in each area, the ratio of incidental light in a site could only change 

according to water depths. We did not have any Secchi disk data for Stanjikoming Bay; 

we used the value recorded in Black Bay, which has a similar turbidity, instead. 
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Figure 18: Locations of Secchi disk depth measurements (in red) by VNP, between 2004 and 
2012. 

 



 

74 

 

 

Figure 19: Values of Secchi disk depth attributed to each area of the Rainy-Namakan system 
based on measurements from VNP between 2004 and 2012. 

 

3.2.4 Hydroperiod variables 

The temporal fluctuation of soil water saturation is a determinant factor of aquatic 

vegetation. As such, the intensity and the duration of seasonal flooding influence the 

structure of wetland vegetation (Toner and Keddy, 1997). 

As species habitats were modeled in 2D, the elevation of the terrain could be accounted 

for in the determination of hydroperiod variables. By subtracting grid node elevation (See 

section 3.3.1 Grid) from water levels, we can obtain the water depth (positive difference) 

or elevation above water (negative difference) and thus the state (wet or dry) of each 

node. These hydrological variables can then be linked to the presence of different vegetal 
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groups or species. Also, when combining these states or depths with time series, it is 

possible to compute new variables for specific life cycle periods such as: the number of 

wet-dry cycles and the percentage of time flooded. 

3.2.4.1 Wet-dry cycles 

This variable represents the number of times the state of a node is changing between 

being under (wet) or above (dry) the water surface. To estimate this, we first looked at the 

difference between the elevation of a node and the water level at each QM. By looking at 

the temporal trend of water level at nodes, we were able to compute the number of times 

the state of these nodes changed during a specific time period. This variable was 

computed for different growing periods depending on the model. 

3.2.4.2 Percentage of time flooded 

This variable was obtained by computing the percentage of QM in which the node is 

under water during a certain period. Once again, this variable was computed for specific 

time periods depending on the model. 

3.2.5 Temperature 

The local climate is characterized by warm, humid summers (mean July temperature = 

19°C) and cold, dry winters (mean January temperature = -10.5°C). Between 1948 and 

2002, the region received an average of 0.62 m of precipitation annually, with about 30% 

falling as snow (Windels et al., 2013). Total annual precipitation declined by 

0.0079 m/decade during the same period (Kallemeyn et al., 2003). According to VNP 

database, between 1930 and 2000, the lake’s ice-out generally occurred around 4 May on 

Rainy Lake and 30 April on Kabetogama Lake. Since the 1990s, ice-out tends to occur 

earlier in spring and appears more variable among years. 

To obtain mean daily air temperatures from 1950 to 2013, we used data from the (US) 

National Oceanic and Atmospheric Administration (NOAA) meteorological station 

located at International Falls International Airport (GHCND:USW00014918). We 

transformed mean daily air temperatures to mean quarter monthly air temperatures to use 
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it in our models. However, the original mean daily temperatures were used for the water 

temperature model, as we needed more precise data. 

3.2.6 Water temperature 

We were unable to find direct water temperature data covering the entire study period 

(1950-2013), so we modeled water temperature of both water bodies using a method 

developed by Matuszek and Shuter (1996). Their model was developed to predict lake-

specific mean daily water temperatures in the littoral zone, which are necessary to 

identify critical life stages for fish species. The model defines a temperature transfer 

function enabling the prediction of water temperature using a linear regression involving 

mean daily air temperature and the time of the year. The best model tested by the authors 

had the form: 

WTEMP = C0 + C1(ATEMP1) + C2(YDAY) + (YDAY)2 + 

C4(INVADYD) + C5(ATEMP2), 
Equation 3  

where ATEMP1 and ATEMP2 are moving averages of mean daily air temperature, 

YDAY is the day of the year (Julian date), and INVADYD is the inverse of YDAY. The 

model also considers the lakes’ ice-out dates as the INVADYD variable is transformed to 

set the annual ice-out dates on day 100. Moreover, because ice cover limits the heat 

transfer between air and water, mean daily air temperatures are only considered after ice-

out occurred. We calibrated this model for each water body using the average daily air 

temperature recorded at International Falls International Airport, between 1950 and 2013. 

These air temperatures were compared with water temperatures recorded daily between 

1997 and 2013 in Rainy Lake (UTM N 15 480785 5393441), and daily between 2007 and 

2013 in Namakan Lake near Squirrel Island (UTM N 15 525216 5371560). Since we had 

a single water temperature value in each water body, we assumed water temperature to be 

homogeneous within Rainy Lake and Namakan Reservoir, respectively. We tested 

different averaging periods to calculate the mean daily air temperature (5, 10, 15, 20 

days). We then estimated that, for both water bodies, a 20-day moving average combined 

with a 5-day moving average best explained water temperature on the basis of AIC 
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(Akaike Information Criteria) scores. Both models were estimated with the first half of 

water temperature data (1997 to 2003 for Rainy Lake and 2007 to 2010 for Namakan 

Lake). We then compared our predictions for the second half of the period with recorded 

water temperature during that period. In Rainy Lake, we obtained a coefficient of 

determination (R2) of 0.95 and a root of mean squared error (RMSE) of 1.2°C between 

predicted data and data recorded at the same location between 2005 and 2013 and an R2 

of 0.98 and a root of mean squared error (RMSE) of 1.2°C between predicted data and 

data recorded at the Rainy River headpond between 2011 and 2013. In Namakan Lake, 

we obtained an R2 of 0.94 and a root of mean squared error (RMSE) of 1.6°C between 

predicted data and data recorded at the same location between 2010 and 2013. We then 

used these two models to estimate daily water temperature during the ice-free season of 

both water bodies between 1950 and 2013. 

Because we used a 20-day moving average of mean daily air temperature, we could only 

begin to predict water temperature 20 days after ice-out. We thus linearly interpolated 

water temperature during the 20 days following ice-out based on the predicted water 

temperature on the 20th day after ice-out and a water temperature of 4 °C at ice-out. 

3.2.7 Ice-out date 

Ice-out dates were available from 1930 to 2013 for Rainy Lake and from 1952 to 2013 

for Namakan Reservoir. Since ice-out dates recorded for Lake Kabetogama were the only 

data available in Namakan Reservoir, they were used to represent ice-out dates for the 

entire Namakan Reservoir. Mean annual ice-out dates were 4 May for Rainy Lake (1930–

2001) and 30 April for Namakan Reservoir (1952–2001), but trend analysis suggests that 

ice-out dates were occurring earlier in recent years (Kallemeyn et al., 2003). Indeed, ice-

out dates during 2004–2006 were all earlier than the long-term average: 1 May, 23 April, 

and 16 April on Rainy Lake and 28 April, 20 April, and 16 April on Namakan Reservoir 

(Windels et al., 2013).  
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3.2.8 Wind 

Wind data were mainly used to integrate the effect of waves for the 2D habitat models. 

Analysed hydrological series covered 1950 to 2012; therefore, wind direction and 

intensities were needed for the same period. Also, wind is a factor that has to be 

estimated at an hourly time scale (few hours to few minutes); we therefore needed hourly 

wind data. Ultimately, as wind data may vary among locations and measurement 

techniques, we needed a continuous dataset that was comparable through time. The 

longest such continuous hourly wind dataset we found covered a 40 years period from 

1973 to 2013 and was taken at the International Falls International Airport weather 

station (no. USW00014918). This dataset was our main limitation for the 2D models; we 

have been, as a consequence, unable to use wind, and therefore wave data, to characterise 

habitats for the entire 1950-2013 water-levels series. We thus had to limit the 2D habitat 

models to the period between 1973 and 2013. 

To be able to consider winds at a relevant time scale (hourly), but nevertheless work with 

the standard QM time steps, we used the observed frequency of each type (direction and 

intensity) winds, on an hourly basis, during a given quarter-month. Winds were first 

regrouped in four intensity classes: 10km/h, 17km/h, 35km/h, and 45km/h representing 

winds from 0 to 10km/h, from 10 to 25km/h, from 25 to 45 km/h, and >45km/h, 

respectively. We then computed frequencies of the four intensity classes (10km/h, 

17km/h, 35km/h ,and 45km/h) for 16 wind direction categories based on cardinal 

directions (S, SSE, SE, ESE, E, ENE, NE, NNE, N, NNW, NW, WNW, W, WSW, SW, 

and SSW) for each QM from 1973 to 2013. The frequency of each of the 64 intensity-

direction combinations was computed for each QM, and then used to calculate wave 

variables such as UBOT (wave velocity near the bottom) from the spatially-explicit wave 

model simulations (see section 3.2.9.2 Wind wave simulations). It is important to note 

that the wind frequencies of a given QM for a specific year remained the same regardless 

of the water-level series and regulation mode (RC) that was analyzed, with only the water 

level changing. 
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Table 8 shows an example of recorded wind frequencies for a given QM as it is available 

in the database. For the 16th QM (last QM of April) of 2008, most of the observed winds 

were relatively strong, with a predominance of the 17 km/h (10 to 25 km/h) and 35 km/h 

(25 to 45 km/h) intensity classes, and mostly coming from the west (W) and the north 

(N). 
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Table 8: Example of wind direction-intensity frequency computed for one QM (16th quarter-month of 2008) from the historical hourly wind data. 

 
 



 

81 

 

3.2.9 Wind-inducted waves 

Wind-inducted waves are a fundamental aspect of any large lake, and the Rainy-

Namakan system is no exception to that rule. The system’s large lakes can have fetches 

longer than 30 km, thereby creating significant waves influencing numerous ecosystem 

components such as substratum composition, water quality, and vegetation distribution. 

As an example, wild rice is found in shallow and sheltered areas where organic sediments 

accumulate and rice leaves and seed are protected.  

The Rainy-Namakan system has a very complex topography with numerous islands and 

embayments. The only suitable way take into account the wave action in this complex 

environment is the use of a fine grid 2D wave model that considers diffraction and 

refraction of wind waves. This type of model allowed us 1) to simulate waves from the 

complete spectrum of water levels (scenarios) and winds (direction and intensity) and 2) 

reconstruct the spatial and temporal variability of the waves’ energy. 

3.2.9.1 Water-level scenarios  

To reduce the number of wind wave simulations, we selected eight representative 

scenarios of water level covering the entire range of observed water levels. This wide 

range of water levels allowed us to simulate the natural conditions, which would be more 

variable than the regulated water levels that have been measured. Eight scenarios were 

deemed a good compromise between limiting computation time and ensuring sufficient 

precision for interpolation between the scenarios. We used the minimum and maximum 

water levels observed in all available series to define the minimal (i.e. lowest water level) 

and maximal (i.e. highest water level) scenarios (Scenario #1 and #8, respectively). All 

other (6) scenarios were defined using a regular step of 0.71 m for Rainy Lake and of 

0.78 m for Namakan Reservoir (Table 9). Moreover, scenario #5 corresponds to the mean 

level measured in both water bodies. When water levels were between two predefined 

scenarios, we linearly interpolated wave actions from the two closest scenarios (below 

and above the actual level) to simulate wave actions at any given water level. 
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Table 9: Water-level scenarios used to model the waves in the Rainy-Namakan system. These 
scenarios covered the entire range of water levels from the 1970RC, 2000RC, 
Measured, and Naturel water-level time series. Scenario #5 (yellow) corresponds to the 
mean level measured in both water bodies.  

  Water level (m) 
 Scenario Rainy Namakan 

1 334.50 337.00 
2 335.21 337.79 
3 335.93 338.57 
4 336.64 339.36 
5 337.36 340.14 
6 338.07 340.93 
7 338.79 341.71 
8 339.50 342.50 

 

3.2.9.2 Wind wave simulations 

Waves were simulated using the SWAN (Simulating Waves Nearshore) model developed 

at Delft University of Technology. SWAN is a third-generation wave model computing 

random, short-crested, wind-generated waves in coastal regions and inland waters. It is a 

spectral wave model, optimized for shallow water and high spatial resolution (Ris et al., 

1999; http://swanmodel.sourceforge.net). It propagates waves over a simulation grid 

while including effects of refraction, shoaling, blocking, and reflection due to variations 

in bottom structure and currents. It also models frequency shifting resulting from currents 

and non-stationary depths, and since waves are generated by wind, it also take white 

capping into account. Waves then dissipate by breaking and bottom friction. Wave-wave 

interactions (quadruplets and triads) allow wave energy to transport between frequencies. 

The model has been shown to provide reliable spatial descriptions of waves: height, 

period, direction, directional spreading, energy dissipation, induced force, and other 

parameters in lakes estuary and other shallow water context. (Alari et al. 2008; Rogers et 

al. 2003; Moeini and Etemad-Shahidi 2007; Seibt et al. 2013) 

 We consider this model as very adequate for the Rainy-Namakan system, because of its 
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bathymetric complexity consequential to the presence of shoals, numerous islands, and 

deep water areas. The experience acquired from an earlier study of several large fluvial 

sections of the St. Lawrence River (Morin and Champoux, 2002) has guided the 

development of the wave simulations for the Rainy-Namakan system. 

For the Rainy-Namakan system, we developed three different computational grids: 1) the 

North Rainy (north of the causeway) and 2) the South Rainy lakes, and 3) the Namakan 

Reservoir. After several preliminary performance tests to estimate computing time, we 

decided to use a 20 m grid. Given the complexity of the shoreline and the large size of the 

area on interest, this grid size represents a very fine grain for a simulation performed at 

such a large spatial scale. While, the computing grid overlaps with the IERM2D grid 

(nodes at the same location), it also covers areas of deep water (see section 3.3 Integrated 

Ecosystem Response Model in 2D (IERM2D) for more details). 

Waves were simulated for each of the eight water-level scenarios (see section 3.2.9.1 

Water-level scenarios), facing each of the four wind intensities (10km/h, 17km/h, 

35km/h, and 45km/h) from each of the 16 wind direction categories (S, SSE, SE, ESE, E, 

ENE, NE, NNE, N, NNW, NW, WNW, W, WSW, SW, and SSW). These resulted in 512 

different scenarios representing all possible combinations of water-level and wind 

direction, with each simulated on three grids (North Rainy, South Rainy, and Namakan), 

for a great total of 1536 simulations. These simulations required 576 hours of computing 

time on a computer with 100 processors to complete. The results were consolidated into a 

binary format layer file readily usable for habitat modeling. The wave model produces 

five main wave variables: period, length, direction, significant height, and Ubot (Figure 

20). However, we only used “Ubot,” which is the “Root-mean-square value (in m/s) of 

the maxima of the orbital motion” in 2D habitat models (Morin et al., 2003). Ubot is 

physically similar to the shear-stress often used to models of fluvial sediment transport. 
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Figure 20: Example of wave simulation showing the significant wave height for water-level 
scenario #5 with 45 km/h wind from the NW direction in the south arm of Rainy Lake. 

To visualize how the frequency distribution of wind intensities and directions varied 

between 1973 and 2013, we plotted the total wind wave energy (i.e. Ubot) integrated 

during the entire wetland growing season (QM 13 to 41) of each year (Figure 21). These 

values were computed for a node located on a shallow reef of Rainy Lake according to a 

constant water level (335.93 m = scenario #3 in Rainy Lake). This site was chosen 

because it is exposed to wind waves from all directions and should thus correctly 

represent the all possibilities of wave energy in the system. The constant water level was 

used to control for the effect of water level on wave energy, as a wave resulting from a 

specific combination of wind direction and intensity will result in higher Ubot values in 

shallower water and lower Ubot values in deeper water. The plotted values suggest that 

wind conditions (intensity and direction), and thus wave energy, are variable among 

years. Besides the peak values obtained in the mid-1970s and the mid-1980s as well as 

the lower values obtained in 1992-1993 and 2013, the range of variability of Ubot has 

remained relatively constant. A decrease in Ubot values had nonetheless been 

consistently observed between 2004 and 2013. 
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Figure 21: Total wave energy (Ubot in m/s) computed for measured frequencies of wind intensity 
and directions during the wetland growing season of each year between 1973 and 
2013. These values were computed at a shallow reef of Rainy Lake exposed to wind 
waves from all directions using a constant water level. This represents the total annual 
amount of wave energy in the system.  

 Integrated Ecosystem Response Model in 2D (IERM2D) 3.3

The IERM2D approach enables us to integrate a wide variety of information and models, 

with their interactions, which are supported by nodes of a grid covering the entire study 

area. That grid is stored into a spatial database containing all environmental data, both 

measured and simulated, for each of the grid nodes. Once the physical aspects of the 

terrain are available, hydrological variables such as wave and water levels can be 

calculated. This information is then used by habitat models to predict the impact of 

hydrological variables on the different species of interest. 
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3.3.1 Grid 

The ecosystem modeling grid (IERM2D grid) covers the study area and is based on the 

DEM described earlier. It is composed of nodes distributed regularly at 20 m spacing 

(Figure 22). To limit the number of nodes analyzed (thus increasing computation time), 

and since all the modeled habitat were located in close to the lake shores, we kept only 

the nodes located within 3 m below the lowest water-level scenario and 0.5 m above the 

highest water level scenario as relevant to the remaining of the present study. A total of 

1 641 483 grid nodes (351 453 nodes in Namakan Reservoir and 1 290 030 nodes in 

Rainy Lake) were thus retained, with depths ranging between 332.5 and 340.3 m of 

elevation in Rainy Lake, and between 334.1 and 343.3 m of elevation in Namakan 

Reservoir. The total surface covered by the grid was 65659.3 ha (14 058 ha for Namakan 

Reservoir and 51 601 ha for Rainy Lake). 

 

Figure 22: Extent of the IERM2D grid of the Rainy-Namakan system where black areas represent 
the distribution of all 1 641 483 nodes. The zoomed box in the top-right corner shows a 
small section of the grid (20 m regular grid). 
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3.3.2 Conceptual database framework 

The conceptual database framework of the IERM2D (Figure 23) relies on a main table 

(IERM GRID table, in gray) that contain the information about the grid nodes for which 

all the aforementioned analyses have been done. This table also contains the basic spatial 

and physical attributes for each node, ensuring the availability of this information for 

each model. All other tables, which are grouped in four types, are thus directly or 

indirectly associated with the IERM GRID table. 

A POLYGONS PRESENCES tables (Figure 13, orange frame) enable the identification 

and the assignment of landscape attributes (watershed, presence of a type of wetland or 

light extinction coefficient of the water) to each spatial polygon-based grid node. These 

attributes can then be used to modify the model on the basis of their location relative to a 

polygon. For examples, attribute may describe in which watershed a point belongs or 

what type of wetland is present at a given location. 

To be able to analyse the effects of water levels, we also created a set of TIME SERIES 

tables reporting the change in conditions through time between 1950 and 2013 (Figure 

23, blue frame). Two tables formed that set, a WATER LEVEL table and a WIND 

FREQUENCY table. The WATER LEVEL table contained the water levels of both 

watersheds computed for each of the four time series (Natural, Measured, 1970RC, and 

2000RC) and recorded at each quarter month (QM) since 1950. By contrasting the water 

levels with the information in the IERM GRID table, we could calculate the water depth 

at each node, for each QM in each of the time series. The WIND FREQUENCY table 

contained the frequency of each of the 64 combinations of the four wind intensities with 

the 16 directions simulated for all QM between 1973 and 2013. 

By combining the information from the TIME SERIES tables with the IERM GRID table, 

we computed lake’s bottom energy from wave action (see section 3.2.9 Wind-inducted 

waves) at each node for a given QM period. The results were compiled in the WIND 

ENERGY table (Figure 13, green-yellow frame) containing the energy at the bottom of 

the water column for each point of the IERM grid, for each wind intensity and direction 
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category, and this, for each of the eight water-level scenarios.  

Results and variables relevant to each biological model were compiled in model-specific 

tables (Figure 23, purple frame). Predictions from each model type were managed 

differently, as 1D models predict the general performance of a species in each water 

body, for every ears, and according to a given time series, while results of 2D models are 

obtained for any given grid node for both water bodies, for every years, and time series. 

Since we obtained species performance for each grid node with the 2D models, we can 

combine these tables and the IERM GRID table to obtain the spatial distribution of the 

results and their associated variables for a given combination of year and water-level time 

series. This was then used to visualize the results and validate models.  

Finally, the GLOBAL RESULT table stores annual results from each model. Only the 

global performance of a species (mostly expressed in terms of survival probability for the 

1D models and in surface area of suitable habitat for the 2D models) is stored in the 

GLOBAL RESULTS table. The GLOBAL RESULT table thus summarizes the 

performance of each species, in each system, for each year of the study, and according to 

each of the four time series. 
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Figure 23: Conceptual database framework of the IERM2D. 
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4 Habitat models 

Species use specific habitats or niches defined by their adaptation to a specific range of 

environmental conditions. As such, their distribution in the environment is closely linked 

to these suitable conditions, and physical variables, along with biological ones, may be 

important predictors of the probability of occurrence of a species in the landscape. 

Multiple techniques may be used to define the often complex relationship between 

environmental variables and species habitat. The choice of the proper technique will 

mostly be defined by the quantity and the quality of available biological and 

environmental data. In this project, we used two main modeling techniques, which were 

sometimes combined to, or supplemented by, additional procedures. Regardless of the 

modeling technique, periods when each species or groups of species are sensitive to given 

water levels and variations of the water level had to be identified to ensure that we used 

the appropriate environmental variables. Using information taken from the literature, 

field data, and expert knowledge, we identified these periods for each species or group of 

species that has been modeled. More details on how we defined these periods are 

reported below in the sections related to the particular species or group of species. 

The first technique, called Habitat Suitability Index (HSI), was used for all 1D models 

and also integrated into some of the 2D models. In that approach, we computed a 

prediction of the habitat suitability for a species that vary between 0, for and unsuitable 

habitat, to 1, for a highly suitable habitat. HSI are based on the assumption that, for each 

environmental variable, a species has a lower and an upper threshold value in between 

which the conditions suitable to its establishment, survival, reproduction success, etc., are 

found. This range of suitable conditions may be defined with information from the 

literature, field observations, or other relevant source of knowledge. Instead of defining 

ranges of suitability for each variable environmental in each model, we selected variables 

considered critical for the targeted taxa (see species-specific sections). 

In all cases, we first estimated threshold values of critical environmental variables 
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indicating the tolerance of each species. With these values, we defined the environmental 

limits of each species’ habitat, beyond which the species is unlikely to occur or survive. 

In presence of these conditions, we assigned a HSI value of 0. For each species, we also 

identified pairs of threshold values representing the range of optimal environmental 

conditions; in which case we assigned a HSI value of 1. To compute a HSI for conditions 

occurring inside the environmental limits but outside of the optimal conditions, we 

simply linearly interpolated his, yielding values between 0 and 1. 

The second approach to habitat modelling, which was used for all 2D models, is to use 

empirical models. Since it uses field information, this technique is potentially more 

powerful (it may predict habitat more precisely) than the aforementioned HSI, which is 

based on the literature, qualitative observations, etc. However, reliance on field data also 

means that it is logistically more demanding to implement. To estimate the relationships 

between the probability for species occurrence and the environmental conditions, 

environmental variables are required for the entire study area. While many different 

statistical methods can be used to build this type of model, but we used binomial logistic 

regression comparing sites where a species was present to sites where that species was 

absent. We had two types of available data to estimate the distribution of organisms: field 

surveys indicating the presence or absence of a taxon at a number of visited sites, or 

distribution maps, where the distribution of a taxon is represented as a set of polygons. 

To obtain environmental variables at surveyed sites, we had to interpolate their values 

from the adjacent grid nodes where their values were available. We could then compare 

the environmental conditions prevailing on sites where a taxon was present to conditions 

on sites where that same taxon was absent. That approach was used to develop the 

models for emergent and submerged vegetation, as well as that for the walleye. When 

distribution maps were available, we used each node of the grid as a discrete site. As 

such, each node located inside of a taxon’s polygons was considered as a presence point. 

We then randomly selected an equal number of grid points, but outside these polygons, as 

absence points. That approach was used to build the cattail and wild rice models. For 

each model, we used the AIC (Akaike Information Criteria) to determine the best 



 

92 

 

combination of variables. This criteria estimates the quality of each model based on a 

trade-off between the goodness of fit and the complexity of the model, which is defined 

as the number of variables in the model (Burnham and Anderson, 2002). In some 2D 

models, the predictions of the logistic regression were combined to the environmental 

limits of a HSI (i.e. probabilities associated with environmental conditions outside the 

threshold values were taken to be 0) to obtain the final description of the suitable habitat. 

Logistic regressions used in 2D models result in a probability of taxon occurrence 

varying between 0 and 1 for any given grid node. We then had to identify a threshold 

probability above which the taxon is considered as being present. In the absence of a 

better criterion, many applications of logistic regression models used a presence threshold 

of p = 0.5 is used as it is the most intuitive decision rule. However, the choice of a 

threshold value may be more adequately chosen on the basis of the total classification 

rate (percentage of correct classification) or, more specifically, the sensitivity (% of true 

presence classified as presence) and the specificity (% of true absence classified as 

absence) of the model (Fielding and Bell, 1997; Manel et al., 1999; Hosmer and 

Lemeshow, 2005). We chose the threshold values of our models using the optimal 

decision threshold (ODT), which tends to balance the costs of mis-classifying species as 

present (sensitivity) or absent (specificity; (Fielding and Bell, 1997). We attempted to 

compute the total classification rate, sensitivity, and specificity following all model 

estimation and the validation. To further evaluate the model accuracy for the 2D models, 

we computed the Cohen’s kappa (ƙ) representing the proportion of specific agreement of 

the model ranging from -1 to 1. This metric assesses whether model prediction could 

result from chance alone as a kappa value of zero indicates no differences with random 

predictions (Fielding and Bell, 1997; Manel et al., 2001). We also calculated the Root-

Mean-Square Error (RMSE) whenever possible. RMSE represents the standard error of 

the differences between predicted values and observed values. RMSE is more strongly 

influenced by large errors than by small errors and ranges from 0 to infinity, with 0 being 

a perfect score (Willmott and Matsuura, 2005). We finally calculated the McFadden 

Rho2, which gives more suitable assessment of the goodness of fit for logistic regression 
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evaluation than the familiar R2. As with the R2, the McFadden Rho2 gives an indication of 

how well a model fit the data. However, McFadden Rho2 values tend to be considerably 

lower than those of the R2 index. For example, rho-squared values between 0.2 and 0.4 

represent excellent fit of the model (McFadden, 1978). 

It is noteworthy that the 2D models developed in this project are models predicting the 

distribution of suitable habitat for several taxa. The fact that a set of environmental 

variables indicate that a habitat is suitable to a taxon does not necessarily imply that that 

taxon is actually present in the habitat. One must keep in mind that a number of un-

modeled factors like competition, predation, past distributions, or population age 

structure will also influence the occurrence of a taxon in the field. As such, the models 

developed in this project give an indication of the extent of the habitat suitable to a taxon 

but should not be taken as the exact distribution of that taxon. 

Each studied species has its own section in the present report and further details on each 

model are found below in sections 5 and 6. 

 Visualisation of the modeling results 4.1

The results of the 2D models have that particularly interesting property that they can be 

mapped; a property that the present study used extensively. Technically speaking, we 

could produce over 160 predictive maps (40 years X 4 time series) for each of the 2D 

model. Since directly reporting such a large number of maps would be excessively 

cumbersome to the present document as well as difficult to interpret, we limited map 

presentation to three years, which were selected as follows: We first present the 2D 

prediction maps for the years when the data for model estimation were taken. That map 

allowed us to compare the field data with model predictions. We then present a second 

maps for years respectively representing conditions under the 1970RC (1980) and under 

the 2000RC (2010). We choose year 1980 for the 1970RC and year 2010 for the 2000RC, 

as these years were ten years within each RC implementation. We assume that period 

allows enough time for conditions to settle after the adoption of a new RC. Because the 

size of the study area makes details difficult to see on large scale maps, we chose four 
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smaller areas (two in Rainy Lake and two in Namakan Reservoir; Figure 24) for which 

we present results from all models. These areas were selected because they show a wide 

array of different habitat where all the species were present. Those areas were also 

chosen because they had precise bathymetric data and were surveyed for most of the 

modeled taxa. It is important to note that the shorelines are subject to change with the 

water level and that those depicted on the maps represent the average location of the 

shorelines. They do not necessarily reflect the extent of the water bodies in a specific 

year. 

In each model section, we present figures showing the global results (probability of 

survival based on water level variation or surface area of suitable habitat) on a yearly 

basis and for each of the four water-level time series (Measured, 1970RC, 2000RC and 

Natural), in both water bodies. In all cases, we first present results of the measured time 

series because it represents the true conditions that were used for model estimation and 

validation. We then show results for each simulated time series is order to compare the 

different management rules. 
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Figure 24: The 4 areas selected to present mapped results of 2D models: the south portion of 
Stanjikoming Bay (SB), the west portion of Black Bay (WBB), Tom Cod Bay (TCB) and 
east of Deep Slough Bay (DSBE). 
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5 Vegetation models 

This section includes general introduction and descriptions of the 2D models developed 

for emergent and submerged vegetation of the Rainy-Namakan system. Emergent 

vegetation is important in the biological cycles of several animal species like northern 

pike, walleye, muskrat, and many other non-modeled species. We developed an emergent 

vegetation habitat model and two specific models on key emergent species, cattails and 

wild rice, since they are of special concern in the study area. A model of the habitat of 

different densities of submerged plants was also developed. This model was used to 

evaluate the impacts of water-level management on the Rainy-Namakan aquatic 

ecosystem, and as an input for habitat models of fish species, namely the northern pike. 

 Emergent vegetation 5.1

Riparian wetlands where emergent vegetation grows are geographic areas saturated with 

water for periods sufficiently long to influence their abiotic and biotic components. These 

conditions favor the occurrence of hydromorphic soils, hydrophilic vegetation, and 

biological processes adapted to humid environments, and in some cases, a biomass 

production rate higher than the decomposition rate. Aquatic vegetation communities 

found in wetlands are strongly influenced by hydrological processes (Nilsson and Keddy, 

1988; Toner and Keddy, 1997). Natural and anthropogenic hydrologic disturbances such 

as water-level variations and hydroperiods, defined by the extent, the duration, and the 

timing of floods, are the main structuring factors of aquatic vegetation (Mitsch and 

Gosselink, 1993; Townsend, 2001). For example, extended flooding periods promote 

emergent marshes and wet meadows, but suppress forested and shrubby swamps 

(Turgeon et al., 2005). Nevertheless, both long term and short term hydrologic 

disturbances are linked to wetland habitat (Grabas and Rokitnicki-Wojcik, 2015). Studies 

found that high water levels periodically eliminate dense-canopy emergent plants, 

whereas low water levels allow less competitive understory species to grow from seed in 

lakes (Keddy and Reznicek, 1986; Maynard and Wilcox, 1997). A good comprehension 

of these structuring factors is thus essential to the spatial and temporal predictions of 
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aquatic vegetation habitat (Tessier et al., 1981; van der Valk et al., 1994; Ellison and 

Bedford, 1995; Tabacchi et al., 1998; Odland and del Moral, 2002). The actions of waves 

and ice are also important variables influencing wetlands’ presence and structure (Keddy, 

1983; Dionne, 1989; Langlais and Bégin, 1993; Jean and Bouchard, 1996). Given the 

number of variables influencing vegetal succession, vegetation communities are 

extremely dynamic both spatially and temporally. Moreover, the number and complexity 

of relevant variables are difficult to model or integrate in ecological studies. The scarcity 

of studies combining "hydroperiod" and "wetland modeling" probably reflect the 

logistical problems associated with complex databases required to calibrate and validate 

such models (Costanza et al., 1990; Townsend, 2001). 

Modeling emergent vegetation changes related to lake-level regulation was a major 

component of the IJC Lake Ontario-St. Lawrence River study (Hudon et al., 2005) and 

included cattails and sedge-grass meadow modeling (Wilcox and Xie, 2007). Habitat 

modeling of emergent vegetation is one of the fields of expertise of the Hydrology and 

Ecohydraulic section of Environment Canada. We previously modeled the distribution of 

emergent vegetation in the St. Lawrence River in the LOSLR study using measured and 

simulated environmental variables. The St. Lawrence River model considered emergent 

vegetation as part of different wetland classes (e.g., wet meadows, deep marshes, etc.) 

and included a vegetation succession process. In that model, emergent vegetation 

distribution was mainly dependent on water current speed, water depth, number of 

hydrological cycles, percentage of the growing season flooded, and wave action 

(Champoux et al., 2002; Turgeon et al., 2004; Morin et al., 2005; Morin et al., 2006). In 

the present model, however, we considered all emergent vegetation species as a whole, 

without separating them into wetland classes. The emergent vegetation model is used to 

1) evaluate the impacts of water-level management on the plant community most 

sensitive to water level, 2) define the limit of the distribution of submerged vegetation 

toward the shore, and 3) define habitat characteristics in the pike spawning and nursery 

habitats model. 
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5.1.1 Group description 

Emergent plants may be found in habitats ranging from heavily forested swamps to 

nearly bare beaches and mudflats. In our case, the emergent vegetation model concerns 

plants with a large portion of their shoots, leaves, or flowering structures above the water. 

These include all emergent macrophytes, such as cattails, bulrushes, wild rice, sedges, 

reeds, and other. 

5.1.2 Emergent vegetation habitat description  

Emergent macrophytes are rooted in the sediment but may grow in water depths of 

approximately 1 m. Their distribution is dependent on hydrology, topography, land use, 

exposure to wind, and proximity to inlets and outlets (Swindale and Curtis, 1957; Nilsson 

and Keddy, 1988; Toner and Keddy, 1997). Water transparency, bottom sediments, and 

water quality are also important factors. 

Emergent vegetation, like submerged vegetation, may act as a refuge and a foraging 

habitat for small fishes (Cazzanelli et al., 2008). Emergent vegetation is also an important 

component of wetland bird habitat (Lantz et al., 2011), may purify water, and helps 

recycle detritus (Pieczyńska, 1993) and phosphorus (Granéli and Solander, 1988), while 

absorbing pollution (de Snoo and de Wit, 1998). 

Although emergent vegetation is subject to frequent or seasonal flooding, it is particularly 

vulnerable to persistent high water levels and major flooding events. (Nilsson, 1988 

#661; (Toner, 1997 #662)). Extended flooding periods result in oxygen-deprived 

sediments, which may lead to an increase of open-water areas (Jean and Bouchard, 1991; 

Jean et al., 1992). Inversely, periods of low water level promote seed bank expression and 

seedling establishment if the amount of litter is limited. 

5.1.3 Emergent vegetation in the study area 

Water-level regulation is one of the main factors influencing the aquatic vegetation 
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communities in the Rainy-Namakan system. Numerous studies looked at wetland 

distribution, composition, and structure over time in Rainy Lake and Namakan Reservoir. 

However, few studies other than Wilcox and Meeker (1991) attempted to evaluate the 

effects of water-level regulation, and more specifically of the 1970RC and 2000RC, on 

aquatic vegetation. Data on the distribution and composition of emergent vegetation 

communities in the study system are nevertheless abundant (Wilcox and Meeker, 1991; 

Hop et al., 2001; Kallemeyn et al., 2003; Meeker and Harris, 2004; 2009; 2011; Grabas et 

al., 2013), but most studies refer to species presence, abundance or variation over time, 

while only two studies (Hop et al., 2001; Grabas et al., 2013) included species or group-

specific spatial analyses. A series of studies followed the evolution of the vegetal cover in 

three lakes of the system (Rainy, Namakan and La Croix Lakes) between 1987 and 2010, 

but did not include spatial analysis (Meeker and Harris, 2004; 2009). Early studies 

concluded that water-level regulation influenced the establishment of dominant species in 

shallow water and modifies plant communities in deeper water (Wilcox and Meeker, 

1991). Subsequent field observations between 2002 and 2005 suggested that vegetative 

cover increased after 1987, particularly for ligneous taxa, in dewatered and shallow areas 

(Meeker and Harris, 2004; 2009).  

A spatially explicit study associated with the USGS-NPS Vegetation mapping program 

completed a vegetation classification and mapping project of Voyageurs National Park 

(Hop et al., 2001). Based on aerial photographs from 1995-1996, wetlands of all types 

covered a total of 23 324 hectares, representing approximately 26% of the park’s area. 

According to this study, northern conifer and hardwood swamps covered 47% of the total 

wetland area of VNP in 1995-1996, wet meadows covered 25%, northern shrub swamps 

16%, and emergent marshes 12% of the park’s wetland. 

A subsequent study (Grabas et al., 2013) using the wetland classification developed by 

Hop et al. (2001) documented changes in wetlands spatial distribution and evaluated the 

impact of the 2000RC over the entire study area. According to this study, wetlands 

bearing emergent vegetation (i.e., emergent marshes and wet meadows) covered 

approximately 6 935 ha of study area in 2008, compared to 9 030 ha in 1995-1997 
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(Grabas et al., 2013). These values were, however, obtained with aerial photography 

taken during period of relatively low water level (1995-1997) and unusually high water 

level (2008); it remained inconclusive on the impact of the 2000RC (Grabas et al., 2013). 

5.1.4 Data on emergent vegetation 

In September 2013, we surveyed aquatic plants (emergent and submerged) in 273 

different sites on Rainy Lake and Namakan Reservoir covering a large spectrum of water 

depths, wave exposure, and sediment types (Figure 25). At each site, we identified every 

emergent plant present, manually measured water depth with a graduated perch, and 

recorded location with a GPS. We also sampled each site with an echosounder and a 

submersible video camera. The echosounder measured water depth, while the 

submersible video camera enabled the identification of submerged plant species. Camera 

observations of macrophyte beds lasted 1 to 5 minutes and covered 20 to 30 m² of the 

lake bottom. In September 2014, we re-visited 142 of the 273 sampled sites to collect 

data for model validation (Figure 25) by re-identifying present species. 
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Figure 25: Location of macrophyte sampling sites visited in September 2013 (in green) and 

revisited in September 2014 (in orange). 

 

5.1.5 Model design 

We aimed to model emergent vegetation habitat by identifying environmental variables 

influencing their spatial and temporal distributions. The resulting model thus estimates 

the evolution of the spatial distribution of this habitat. This model is similar to previous 

models built for the St. Lawrence River but differs in some points as water-bodies of the 

Rainy-Namakan system are lakes with almost non-existent currents. The model presented 

herein is also less complex, as it considers emergent vegetation habitat as a single entity, 

thus removing the possibility of including a vegetation succession process. However, it 

has been determined that the distribution of emergent marshes is determined by water 

levels of the two or three previous years (Turgeon et al., 2004; Morin et al., 2005). We 
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thus accounted for this by averaging environmental variables over the three previous 

growing seasons in the modeling of emergent vegetation habitat. Averaging the variables 

over three years allowed us to predict the presence of emergent vegetation in areas where 

conditions were generally suitable to emergent vegetation over a sufficient period of 

time. As such, plant distribution was less influence by water levels of an exceptional 

year. 

5.1.5.1  Model estimation 

This model was calibrated using data from the 2013 field survey. For each of the 273 

surveyed sites, we interpolated relevant hydrological and environmental data (Table 10) 

from the IERM2D grid. As previously explained, these variables were averaged over the 

three previous growing seasons. The growing season of emergent vegetation was set as 

the 13th QM to the 41st QM annually. This generally represents the ice free period in the 

system. Averaging the variables over three years allowed us to moderate the impact of an 

exceptional year of water level for the estimation. 

Table 10: Variables used in the emergent vegetation model (2D model). All variables were 
averaged over the three previous growing seasons in the calibration process.  

Variables Unit 
Bottom slope % 
Bottom curvature cm 
Mean ratio of incident light at the bottom during the growing season % 
Mean water depth during the growing season m 
Mean number of wet-dry cycles during the growing season cycles 
Mean percent of QM flooded during the growing season % 
Mean UBOT for 10 km/h winds during the growing season m/s 
Mean UBOT for 17 km/h winds during the growing season m/s 
Mean UBOT for 35 km/h winds during the growing season m/s 
Total UBOT during the growing season m/s 

 

5.1.5.2 Statistical analyses  

We compared variables in sites where emergent vegetation was present with sites where 

it was absent. Prior to the regression analysis, Principal Component Analyses (PCA) was 

done to remove collinear variables. Because of the limited number of sites where 

emergent vegetation was observed, we had to modify our usual statistical approach 

slightly (see chapter 4 Habitat models). As such, we used a Firth’s bias-reduced logistic 
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regression approach (Firth, 1993) instead of a regular binomial logistic regression for this 

model. This approach is better suited for cases with a limited number of occurrences 

(such as emergent vegetation in this dataset) but enabled us to keep other aspects of the 

analyses consistent with other models. As such, we selected the variables included in the 

final model using a forward stepwise procedure based on AIC (Akaike Information 

criteria) values. The final model included the following environmental variables averaged 

over the three previous growing seasons: terrain slope and curvature, the mean ratio of 

incident light reaching the lake bottom, the mean number of flooding cycles, and the 

mean water depth. Potential predictors could also include squared terms of variables, as 

well as interactions between variables. All statistical analyses were done with the 

program “R” version 3.1.2 (R Core Team, 2014). 

5.1.5.3 Other processes integrated in the modeling: limitation of emergent vegetation distribution 

The boundary between emergent and submerged vegetation habitat may be broad and is 

difficult to identify precisely. To define the extent of each vegetation type in the 

proximity of this boundary properly, we had to determine thresholds of presence 

probability. We thus limited the distribution of both types of vegetation with the presence 

probability predicted for emergent vegetation (Table 11). To define the threshold values 

of each zone (submerged, mixed, or emergent), we first overlapped the probability of 

presence for emergent vegetation predicted for 2013 with observation data from the 2013 

survey. When then averaged that predicted probability in areas dominated by emergent 

vegetation, dominated by submerged vegetation, or where both groups were observed. 

We then associated each zone with average values of presence probability of emergent 

vegetation and then limit the distribution of both vegetal types according to these values. 

As a result, we assumed that submerged vegetation could be present only if the 

probabilities for emergent vegetation were lower than 0.30. Inversely, when the 

probabilities for emergent vegetation were higher than 0.70, only emergent vegetation 

could be present. When the probabilities for emergent vegetation were between 0.30 and 

0.70, we assumed that both vegetation types could coexist, thereby representing the 

transition zone where both vegetation types may overlap. 
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Table 11: Thresholds values of presence probability of emergent vegetation used to define the 
extent of emergent and submerged vegetation. 

Presence probability of 
emergent vegetation 

Possible presence 
of submerged  

vegetation 

Possible presence 
of emergent  
vegetation 

Zone 

<0.30 Yes No Exclusively submerged  
0.30 to 0.70 Yes Yes Mixed  
>0.70 No Yes Exclusively emergent  
 

5.1.5.4 Model validation 

We compared data from the 2014 field survey with results predicted for that same year to 

validate the model. Because it was not possible to compute Cohen’s kappa (ƙ) and 

McFadden Rho2 with a Firth’s bias reduced logistic regression, we had to remove these 

metrics from the validation process presented in chapter 4 (Habitat models). We 

evaluated the accuracy of the model predictions with the total classification rate, the 

sensitivity, the specificity, and the RMSE. 

5.1.6 Results 

5.1.6.1 Model evaluation 

The model coefficients suggest that the presence of emergent vegetation is related to 

shallow water where light is present (Table 12). Although the effects of the terrain 

curvature and that of the number of wet-dry cycles were not statistically significant at an 

alpha threshold of 5%, these variables were retained in the final model, as the step AIC 

suggested that they nevertheless improved the prediction of emergent vegetation habitat 

distribution. 
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Table 12: Estimates of the coefficients of the logistic regression modeling the emergent 
vegetation habitat. Coefficients estimates and their standard errors (SE) are given only 
for the variables retained in the final model. All variables were averaged over the three 
previous growing seasons. The growing season of emergent vegetation is between the 
13th and 41st QM. 

Regression terms Emergent vegetation 

  Coefficient 
(βx) 

Standard Error 
(SE) 

Constant 0.4623 1.704 
Simple terms     

Bottom slope 0.5588 0.1951 
Bottom curvature 118.7 186.8 
Mean ratio of incident light at the bottom during the 
growing season 7.209 4.289 

Mean water depth during the growing season -2.916 0.792 
Number of cycles during the growing season 0.9368 0.5998 
Quadratic terms      
Mean ratio of incident light at the bottom during the 
growing season 2 -10.25 3.61 

Interaction terms     

Bottom slope * Bottom curvature 13.44 13.39 
Bottom slope * Mean ratio of incident light at the bottom 
during the growing season -1.10 0.38 

 

Despite the small sample size of the data set used to build the model, the model correctly 

classified 85% of the sites surveyed in 2013. In the validation process, the correct 

classification rate of sites surveyed in 2014 remained high at around 78% (Table 13). 

. 
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Table 13: Metrics of performance for the logistic regression model predicting the distribution of 
emergent vegetation habitat. 

Model evaluation Emergent vegetation 
McFadden Rho2 NA 
RMSE NA 
Optimum decision 
threshold 30% 

Estimation   

Total classification rate 85.0% 
Sensitivity 66.7% 
Specificity 86.7% 
Kappa (p<0.05) 0.35 
Prevalence (27/273) 

Validation   
Total classification rate 77.8% 
Sensitivity 72.7% 
Specificity 78.7% 
Kappa (p<0.05) 0.37 
Prevalence (22/144) 

 
 

We mapped examples of suitable habitat predicted for 2013 compared to actual field 

observations made during the same year (Figure 27). 
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Figure 26: Habitat suitable to emergent vegetation predicted for 2013 (in green) and observations 
of emergent vegetation from the 2013 field survey in 2 selected sites: East of Deep 
Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 27: Habitat suitable to emergent vegetation predicted for 2013 (in green) and observations 
of emergent vegetation from the 2013 field survey in 1 selected site: (TCB) and 
Stanjikoming Bay (SB). 

 

5.1.6.2 Emergent vegetation habitat according to the Measured time series 

Results from the Measured water-level series can be split in two periods of different 

water-level management: 1975-2000, when water levels were regulated according to the 

1970RC and 2000-2013, when water levels were regulated according to the 2000RC. 

Very limited differences in the distribution of habitat suitable to emergent vegetation are 

observed between these periods (1980 vs 2010) in Namakan Reservoir (Figure 29) and 

Rainy Lake (Figure 30). The mean surface area of suitable habitat estimated from the 

Measured water-levels series during these periods is also very similar in Rainy Lake. On 

the other hand, surface area of habitat suitable to emergent vegetation slightly decreased 

in Namakan Reservoir after the implementation of the 2000RC (Table 14). This is 

supported by the temporal trend of annual results for the Measured water level series 

between 1975 and 2013 (Figure 28). According to these results, the annual surface area of 

habitat suitable to emergent vegetation has remained relatively stable between 1975 and 

2013 in Rainy Lake, except for a peak around 2003 (Figure 28, Table 14). In Namakan 
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Reservoir however, the amount of habitat suitable to emergent vegetation has slightly 

decreased during the same period (Figure 28, Table 14). 

Table 14: Mean estimated surface area and standard deviation (SD) in hectares (ha) of habitat 
suitable to emergent vegetation in Rainy Lake and Namakan Reservoir according to 
the Measured water-level series during periods of different water-level management 
rules between 1975 and 2013 (1975-2000: water levels regulated according to the 
1970RC; 2000-2013: water levels regulated according to the 2000RC). 

 
1975-2000 2000-2013 

Water body  Mean 
(ha) 

SD Mean 
(ha) 

SD 

Namakan Reservoir 2900 249 2505 409 
Rainy Lake 6185 1188 6640 1981 

 
 
 

 
Figure 28: Annually predicted surface area, in hectares (ha), of habitat suitable to emergent 

vegetation in A) Rainy Lake and B) Namakan Reservoir according to the Measured 
water-level series between 1973 and 2013 (2D model). 
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Figure 29: Distribution of habitat suitable (2D model) to emergent vegetation predicted in 1980 and 2010 according to the Measured water-level 
series for 2 selected sites in Namakan Reservoir: East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB).   
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Figure 30: Distribution of habitat suitable (2D model) to emergent vegetation predicted in 1980 and 2010 according to the Measured water-level 
series for 2 selected sites in Rainy Lake; the western part of Black Bay (BBW) and Stanjikoming Bay (SB).  
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5.1.6.3 Emergent vegetation habitat according to simulated time series 

For Namakan Reservoir, surface areas estimated with the Measured water-level series are 

similar to results obtained with the 1970RC, both of which are higher than areas 

estimated with the 2000RC series (Figure 28, Figure 31, Table 15). In Rainy Lake, 

however, surface areas estimated with the Measured water-level series are higher than 

results obtained with the 1970RC and the 2000RC series. Within each water body, the 

temporal trends of estimated surface area are similar among the regulated series 

(Measured, 1970RC and 2000RC), especially in Namakan Reservoir (Figure 28, Figure 

31, Table 15). Under natural conditions (Natural time series), the surface areas of habitat 

suitable to emergent vegetation would have been greater and more temporally variable 

than under regulated conditions (Figure 31, Table 15). 

Table 15: Mean annual estimated surface area and standard deviation (SD) in hectares (ha) of 
habitat suitable (2D model) to emergent vegetation in Rainy Lake and Namakan 
Reservoir according to simulated hydrological conditions between 1975 and 2012 
based on the Measured water-levels series, on the 1970RC, the 2000RC, and the 
Natural water level time series. 

 1970 RC 2000RC Natural Measured 

Water body Mean 
(ha) SD Mean 

(ha) SD Mean 
(ha) SD Mean 

(ha) SD 

Namakan 
Reservoir 2 707 325 2 083 320 2 906 688 2 758 365 

Rainy Lake 4 508 1 483 4 206 1 400 12 686 3 918 6 348 1 511 
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Figure 31: Annually predicted surface area, in hectares (ha), of habitat suitable to emergent vegetation (2D model) in A) Rainy Lake and B) 
Namakan Reservoir according to simulated hydrological conditions between 1975 and 2012 based on the 1970RC (in red), the 2000RC 
(in blue), and the Natural water-level series (in purple). 
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5.1.7 Discussion 

5.1.7.1 Comparison of the different water-level time series 

The modifications of the rule curves in 2000 (2000RC) did not significantly change 

conditions for emergent vegetation in Rainy Lake. However, the 2000RC appears to have 

slightly decreased the amount of suitable habitat for emergent vegetation in Namakan 

Reservoir. These trends are also noticeable when comparing prediction for the 1970RC 

and the 2000RC time series between 1975 and 2012. As such, it appears that the 

differences between the rule curves are too small during the growing season to 

significantly modify the amount of habitat suitable to emergent vegetation. Our model, 

however, suggests that natural water levels, although more variable, are more favorable 

to emergent plants than regulated (Measured, 1970RC, and 2000RC) water levels. 

5.1.7.2 Most important variables  

Two aspects of the water-level time series mostly explain the temporal trends and the 

differences of predicted emergent vegetation habitat among water-level series. The first 

one is water levels, expressed by the following variables averaged over the three previous 

growing seasons in the model: 1) the water depth and 2) the ratio of incident light 

reaching the bottom. The second aspect is the variability of water levels during the 

growing season. This is expressed as the variable “number of wet-dry cycles during the 

growing season” which is averaged over the three previous growing seasons in the model. 

Both aspects have already been highlighted in the literature. As such, persistent high 

water levels can eliminate emergent plants that are usually only periodically covered by 

water, whereas low water levels reduce competition, allowing understory species to grow 

(Keddy and Reznicek, 1986, Maynard and Wilcox, 1997). Persistent low water levels can 

lead to drier conditions where emergent vegetation can also be eliminated. As such, 

others studies have shown that emergent plant communities are affected by the periodic 

variability of water level in lakes (Wilcox, 2004; Wilcox et al., 2007). Generally, 

emergent plant communities are more diverse in the aquatic-terrestrial transition zone 

where wet-dry cycles are more frequent (Wantzen et al., 2005).Our model does not allow 
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us to draw definitive conclusions about the diversity of the emergent vegetation, but it 

seems that emergent vegetation habitat is more prevalent after a period of high water 

level with more wet-dry cycles. 

Under regulated conditions (Measured, 1970RC, and 2000RC), years for which less 

suitable habitat is predicted for emergent vegetation (Rainy Lake: 1982, 2000, and 2001; 

Namakan Reservoir: 2001, 2008) are associated with lower mean water levels during the 

two or three previous years (Figure 32). As water levels are otherwise very stable, these 

periods of lower water levels induce a reduction of the shoreline and shallow habitats 

(Figure 14 and Figure 15) where emergent vegetation grows. When water levels decrease, 

emergent vegetation would be removed from dried area, but this would also results in 

exposed sediments promoting a response from the seed bank. This would result in a 

temporary reduction of emergent plants, some of which could be replaced by seedlings, 

given favorable conditions (suitable water depth) in the following years. Conversely, 

years for which more suitable habitat is predicted (Rainy Lake: 1977, 1987, 2003; 

Namakan Reservoir: 2004) are associated with slightly higher water levels during the two 

or three previous years (Figure 32). Higher water levels would cover areas previously 

unoccupied by emergent vegetation and result in conditions suitable to their 

establishment. 

The more variable yet larger surface areas of suitable habitat predicted under the Natural 

water-level series are linked to larger interannual and intraannual water-level variations. 

As such, the larger differences between maximum and minimum water levels observed 

during the growing season in the Natural water-level series (Figure 32) reveal that water 

levels is expected by the 2D model to be more variable during that period under natural 

conditions than under regulated conditions. More variable water levels during the 

growing season have two main consequences: 1) the number of wet-dry cycles is likely to 

be higher and 2) the number of sites (nodes) where at least one wet-dry cycle occurs is 

also higher. As our model and van der Valk (2005) suggest that more wet-dry cycles are 

favorable to emergent vegetation, both of these situations should promote emergent 

vegetation habitat and partly explain the larger surface area of suitable habitat predicted 
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with the Natural water-level series. Additionally, the Natural water-level series is linked 

to the higher interannual variability of water levels by the same relationship between 

water levels and shoreline or shallow habitats described previously. 

5.1.7.3 Comparison with other studies 

Other studies besides van der Valk (2005) and the present study have also found that high 

water levels eliminate most emergent species which low water allows emergent 

vegetation to grow from seed invoking water-depth tolerance as the primary determinant 

of distribution of emergent species (Keddy and Reznicek, 1986; van der Valk, 2000; 

Partanen and Hellsten, 2005; Wilcox et al., 2008). These studies generally reveal a 

negative relationship between water level and the abundance of emergent vegetation 

(Hudon, 1997; Keddy and Reznicek, 1986; van der Valk, 2000; Partanen and Hellsten, 

2005; Wilcox et al., 2008). In our case, higher abundances of emergent vegetation habitat 

are linked with high water levels, whereas low abundances are linked with low water 

levels. As emergent vegetation was proportionally more abundant in Namakan Reservoir 

than in Rainy Lake in 1987 (Meeker and Harris, 2009), our results that predict a slight 

decrease of suitable habitat under the 2000RC also support Meeker and Harris (2011), 

who suggest that the vegetal communities of both lakes were converging after 2000. 

After more than 10 years of regulation based on the 2000RC, differences in vegetation 

composition nevertheless remained among the water bodies, while most changes 

occurred in the first years following the implementation of the 2000RC (Meeker and 

Harris, 2011). Our model cannot assess the change in species composition, but our model 

and Meeker and Harris (2011) both suggest that, although the 2000RC changed the extent 

of the emergent vegetation habitat, these changes were small. As such, surface areas of 

emergent vegetation habitat for the 2000RC remained largely similar to the 1970RC. 

Because surface areas of suitable habitat remained similar and the definition of suitable 

habitat remained unchanged, this suggests that conditions also remained relatively similar 

for emergent vegetation. Therefore, changes in species compositions like the increase of 

certain emergent species (see section 5.2), are probably linked to some persistent 

conditions that remained similar among both RCs. It is also noteworthy that the predicted 



 

117 

 

distribution of the habitat suitable to emergent vegetation for 2008 is comparable to 

observations on emergent marshes made by Grabas et al. (2013) on the same year (Figure 

33 and Figure 34). 
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Figure 32: Minimum, maximum and mean water levels during emergent vegetation growing season (QM 13 to 41) from 1973 to 2013 according to 

the four water-level series (Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full 
lines, Namakan Reservoir: dotted lines).
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Figure 33: Emergent marshes observed by Grabas et al. (2013) in 2008 (dark green) and suitable habitat predicted for emergent vegetation in 
2008 (light green) in 2 sites of Namakan Reservoir: East of Deep slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 34: Emergent marshes observed by Grabas et al. (2013) in 2008 (dark green) and suitable habitat predicted for emergent vegetation in 
2008 (light green) in 2 sites of Rainy Lake: A) Stanjikoming Bay (SB) and B) the west section of Black Bay (BBW). 
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5.1.7.4 Relation to other species/models 

As the emergent vegetation model includes multiple species, it gives us an overview of 

how local marshes should react to water-level management in the system. As previously 

mentioned, the distribution of emergent vegetation habitat predicted by the model was 

used to define the limits of the shoreward distribution of submerged plants in the system. 

Also, the distribution of emergent and submerged vegetation was used to model the 

northern pike spawning and nursery habitats (see section 6.4). 

5.1.7.5 Emergent vegetation and water-level management 

Most emergent plant seeds available in the seed bank will germinate in sites exposed 

shortly to air or in very shallow waters, but their submerged and emergent structures will 

benefit from deeper waters. As such, emergent vegetation needs some variation of the 

water level for their different growing stages, but they may grow under and above the 

water surface. Steadily high water levels can typically eliminate most emergent species 

and favor submerged ones, while low water levels allow emergent species to re-

established from seed and promote terrestrial annual vegetation (van der Valk, 2005). 

Therefore, most areas covered by water for parts of the growing season could be suitable 

habitat for emergent vegetation, with drier areas being occupied by shrubs or trees and 

deeper area by submerged vegetation or open water. As such, the less variable water 

levels of Namakan Reservoir, after the implementation of the 2000RC, reduced the 

surface area of habitat that is covered by water at some point during the growing season, 

therefore decreasing the amount of habitat suitable to emergent vegetation. 

The interannual variability of water level also has significant impacts on the distribution 

and the type of emergent vegetation present in a system. The species composition and 

distribution of emergent marshes is defined by water levels of the 2 or 3 previous 

growing seasons (Turgeon et al., 2004; Morin et al., 2005; Turgeon et al., 2005). Some 

emergent species will be favored by stable water levels during these 2 or 3 seasons, while 

other species will benefit from more variable water levels. Cattails are a good example of 

a perennial species favored by stable water levels promoting their expansion and 
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invasiveness. If stable conditions are maintained for multiple years, cattails’ abundant 

litter accumulates, limiting available habitat for other species and favoring the formation 

of floating mats (Vaccaro et al., 2009). Inversely, variable water levels will generally 

favor annual species, which quickly settle on newly exposed substrates, especially if their 

seeds are transported by water movements (Song et al., 2014). Hence, more variable 

water levels from year to year are more suitable to annual species of emergent vegetation 

such as wild rice. 

5.1.8 Recommendations 

It is difficult to evaluate whether more or less surface area for emergent vegetation should 

be favored by ecosystem management policies. Abundant emergent vegetation can 

support abundant populations of wetlands birds and mammals, but very abundant or very 

dense emergent vegetation can also be a nuisance to navigation and can negatively 

impact some fish species. Consequently, we recommend that more diverse emergent 

vegetation be favored over more abundant emergent vegetation. 

The variability of water levels has the potential to define the distribution and the 

composition of emergent vegetation; water-level management can thus be used to control 

emergent vegetation. Emergent vegetation includes multiple species and it is expected 

that different emergent species react differently to fluctuations of the water-level. 

Therefore, each water-level management rule would benefit some species and be 

detrimental to others. We do not judge necessary to manage the system to favor emergent 

vegetation specifically. Water level management should be chosen with care, however, so 

as not to result in catastrophic situations in which emergent vegetation could no longer 

grow, or inversely, would dominate the entire plant community. The decision to promote 

or suppress emergent vegetation habitat is thus dependent on the desired goal set for 

ecosystem management. 

5.1.8.1 To promote emergent vegetation 

In general, more variable water levels should promote emergent vegetation, especially 

annual species. We identified two guidelines that should promote emergent vegetation in 
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the system. These guideless were largely inspired by guidelines stated by Keddy and 

Fraser (2000) to promote wetlands in general, but they largely apply to emergent 

vegetation in our case. 

1. Water level should vary from 1 to 4 m from one growing season to the next. 

Higher water levels will set the lower limit of trees and shrubs, while lower levels 

will set the higher limit of submerged plants. Emergent vegetation should occupy 

the area between the higher and lower water levels 

2. Water level should decrease by 0.5 to 1 m during the growing season to ensure 

some areas are exclusively suitable to emergent vegetation. 

5.1.8.2 To limit emergent vegetation 

Inversely, high and stable water levels should limit the habitat of most emergent plant 

species. High water levels throughout the growing season result in more area remaining 

underwater and therefore promotes submerged vegetation. Stable water levels during the 

growing season reduce the surface area where wet-dry cycles occur and thus reduced 

emergent vegetation habitat. Over the years, higher water levels will set the lower limit 

for trees and shrubs, and lower water levels will set the higher limit of submerged plants. 

Therefore, stable water levels reduce the distance between the lower limit of trees and 

shrubs, and the higher limit of submerged vegetation and thus limit the amount of habitat 

suitable to emergent vegetation. 

However, it is important to note that perennial species like cattails are favored by stable 

water levels. Maintaining stable water levels for prolonged period of time could result in 

an invasion of pure cattail stands favorable to the formation of floating mats. 

5.1.8.3 Future studies 

Since our model predicts the distribution of emergent vegetation habitat, it cannot be used 

to determine if the RCs of Rainy Lake and Namakan Reservoir have influenced emergent 

vegetation diversity. Other models like the cattail, wild rice, and wetland models can 

bring additional information on the subject, but long-term surveys of emergent vegetation 
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would be useful to develop more species specific vegetation models in the future. As 

such, changes in emergent vegetation composition have been linked to water-level 

variations in the past. For example, studies have shown that temporarily lowering water 

levels by regulating the spring flood has enhanced the growth of the common reed 

(Phragmites australis Trin Ex. Steudl), which benefits from a competition-free 

environment during early summer (Van Den Brink et al., 1995; Keto et al., 2002; 

Hellsten et al., 2006). Moreover, areas flooded for long periods contain a smaller number 

of species due to the selective pressure of a flooded habitat (Leira and Cantonati, 2008). 

Finally, emergent plant diversity and biomass tend to decrease in regulated lakes 

(Wagner and Falter, 2002; Turner et al., 2005). 

Some studies have found variation in emergent vegetation composition according to 

water-level changes. For example, studies have shown that temporally lowered water 

levels by regulating the spring flood have enhanced the growth of the common reed 

(Phragmites australis Trin Ex. Steudl), which benefits from a competition-free 

environment during early summer (Van Den Brink et al., 1995; Keto et al., 2002; 

Hellsten et al., 2006). Areas inundated during longer periods of time show a lower 

number of species due to selective pressure of adaptation to a flooded habitat (Leira and 

Cantonati, 2008). Controlled lakes have revealed decreases in emergent plant diversity 

and biomass (Turner et al., 2005; Wagner and Falter, 2002). Since our model predicts the 

presence of emergent vegetation habitat, we are not able to conclude whether the RC of 

Rainy and Namakan have had a positive or negative influence on emergent vegetation 

diversity. Long-term survey of emergent vegetation would be necessary to develop more 

accurate vegetation models in the future. 
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 Cattails 5.2

Cattails are emblematic wetland species that are part of the biological cycle of several 

other wildlife species (e.g., muskrats). Although only one cattail is native to the Rainy-

Namakan system, three cattails are now common throughout the system. Their 

abundance, which has been linked to water-level management, modifies the vegetal 

community of the system and has the potential to affect numerous other species. The 

cattail habitat models developed herein were used to: 1) evaluate the impact of water-

level management on this perennial emergent plant growing in wetlands and 2) evaluate 

the overlap of cattail habitat with the habitat suitable to wild rice and other annual 

emergent species. These models are also later to model the habitat of other wildlife 

species such as wild rice (see section  

5.2.1 Species description 

Cattails belong to the Typha genus, a cosmopolitan taxa with about thirty species of 

monocotyledonous flowering plants within the Typhaceae family. Typha leaves are 

alternate and mostly basal on a single vertical stem reaching up to 3 m of height and a 

maximum single vertical stem up to approximately 2.5 m bearing the flowering spikes 

(Marie-Victorin, 1995; Wilcox, pers. comm.). This plant is monoecious, with numerous 

unisexual flowers developing in dense racemes (Apfelbaum, 1985). Male flowers form a 

narrow spike at the top of the vertical stem, while female flowers form a dense, sausage-

shaped spike just below the male spike (Ricketson, 2001). When ripe, the heads 

disintegrate into a cottony fluff dispersing the seeds attached to the fine hairs 

(Apfelbaum, 1985). Cattails are prolific and can quickly dominate a wetland plant 

community (Zedler and Kercher, 2004). Monotypic stands of cattails reduce overall 

habitat value but are favorable to muskrats and breeding songbirds (Sojda and Solberg, 

1993). 

Four Typha taxa are present in North America: T. latifolia (native), T. angustifolia 

(introduced), T. x glauca (hybrid), and T. domingensis (southern). The three first species 

are the ones found in the study area. Typha angustifolia has similar traits to T. latifolia 
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except for thinner leaves and pistils that are separated from the stigma. As a combination 

of various hybrids of T. latifolia and T. angustifolia, T. x glauca is also very similar to 

both parent species but produces very few seeds and, therefore, reproduces primarily 

vegetatively (Smith, 1987). Morphological differences between the three taxa are difficult 

to detect visually, so molecular markers are sometimes used to identify the species 

(Travis et al., 2010). 

Even if it is possible to find Typha populations containing only one of the three taxa, 

most populations where both parental species (T. latifolia and T. angustifolia) are 

sympatric also contain the hybrid T. x glauca (Galatowitsch et al., 1999). Typha latifolia 

is a cosmopolitan species found in a variety of North American wetlands and mentioned 

in the first floristic surveys conducted on the continent (Grace and Harrison, 1986). 

Although the status of exotic species such as T. angustifolia is still debated (Shih and 

Finkelstein, 2008), it seems that this species was introduced on the Atlantic coast when 

the first European settlers arrived in the early 19th century (Stuckey and Salamon, 1987). 

By the end of the 19th century, the species was observed on the mainland east of the Great 

Lakes (Galatowitsch et al., 1999). Shih and Finkelstein (2008) noticed that the 

distribution of T. latifolia and T. angustifolia has been expanding since the mid-20th 

century. The presence of Typha angustifolia as a dominant species dates back to the 

1970s (Travis et al., 2010), and it is now abundant throughout southern Canada and 

northern United States, from the Atlantic coast to the Rockies (Grace and Harrison, 

1986). The expansion of T. latifolia and T. angustifolia distribution has resulted in a 

greater coexistence of these species and promoted the establishment of T. x glauca. 

T. x glauca has been present in the Great Lakes region for more than 50 years 

(Galatowitsch et al., 1999; Frieswyk and Zebler, 2007; Lishawa et al., 2013) and began to 

expand in some landscapes in the late 1980s (Frieswyk and Zedler, 2007). In different 

water bodies, T.x glauca expanded its distribution in response to higher and more stable 

water levels in regulated water bodies (Seabloom et al., 2001; Wilcox et al., 2008). 

Typha angustifolia presence as a dominant species dates back to the 1970s (Travis et al., 

2010), and it is now abundant throughout southern Canada and northern United States, 
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from the Atlantic coast to the Rockies (Grace and Harrison, 1986). Mitchell et al. (2011) 

found that sites invaded by T. x glauca have plant diversity declined by more than 50% 

between 10 and 25 years after the invasion and soil organic depth was greater after 35 

years compared to invaded sites.  

5.2.2  Cattail habitat description 

Cattails are found in shallow and deep marshes facing limited wave action (Turgeon et 

al., 2004; Morin et al., 2005; Turgeon et al., 2005). Marshes with cattails are also 

characterized by gentle slopes, few flooding cycles and slow-to-moderate water velocity 

(Morin et al., 2005; Table 16). Although they are flood-tolerant, cattails are favored by 

moderate flooding (Harris and Marshall, 1963; Bedish, 1967; Ellison and Bedford, 1995; 

Zedler and Kercher, 2004; Boers et al., 2007), and water depths between 0.50 and 0.90 m 

appear to be optimal for the genus (Grace and Wetzel, 1981; 1982; Waters and Shay, 

1990). T. x glauca, however, tolerates a wider range of depths than its parent species, as 

its vegetative shoots increased in height and dry mass along a water depth gradient up to 

1 m in Manitoba (Waters and Shay, 1990). T. x glauca has been associated with high soil 

nutrients, low light, and large amounts of litter, contrary to the native T. latifolia, which 

produces shallow litter areas (Waters and Shay, 1990; Farrer and Goldberg, 2009). As 

such, invasions of T. x glauca can result in a 50% decline of plant diversity 10 to 25 years 

after the invasion and an increase in the organic layer of the soil after 35 years (Mitchell 

et al. 2011).  
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Table 16: Cattail hydrological and topographical habitat requirements. 

Criteria Ideal Suitable Problematic 

Water depth 0.15-1.00 m  
 

-0.15 to 1.00 m 
 

0.90-1.20 m of water over 
the tops of existing shoots 
in spring. 

Wave energy Low Moderate High 

Number of wet-dry 
cycles 

Few Moderate (Sites flooded for 
more than 5 weeks during 
the growing season tended 
to be dominated by 
T.X glauca) 

Absent or frequent 

Slope No slope Low slope Heavy slope 

 

Typha can either be rooted in hydric mineral or organic soils or established on buoyant 

mats (Krusi and Wein, 1988). These mats contain belowground biomass, dead organic 

material, and minerals (Azza et al., 2006). Most of the time, mat sections closest to shore 

are attached to the lakebed, while sections toward the lake are free-floating. The initiation 

of floating mats occurs when emergent vegetation detaches from the lakebed while 

bringing an upper layer of soil carrying rooted materials. Flooding events may explain the 

detachment from the lakebed, while the accumulation of trapped gases increases floating 

mats buoyancy (Azza et al., 2006). Hogg and Wien (1988) also suggested that specialized 

aerenchyma tissues present in some marsh plants, including Typha, reduce the specific 

density of vegetation and increase their buoyancy. It is thought that, during the first years, 

mat buoyancy is mainly due to Typha rhizomes, after that, gases trapped in the floating 

mats become more important (Hogg and Wien, 1988). As floating mats move with water 

levels and are not really affected by their variations (Krusi and Wein, 1988; Swarzenski 

et al., 1991), the relation between their distribution and environmental variables is 

different than for rooted cattails. In Lake Ontario, floating mats of cattails occurred in 

some sites close to the shore just above the water and did not seem to respond to water-

level variations (Wilcox and Xie, 2007).  
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5.2.3 Cattails in the study area 

The three described taxa are present in the study area, but species-specific data are rare. 

Most available data concern Typha as a genus. The work done by Travis et al. (2010), 

which seems to be the only published historical data on Typha in the study area, 

identified Typha spp. populations through the analysis of aerial photographs. In 

Kabetogama Lake, Typha appeared between 1953 and 1972, while some populations 

were present before 1948 in Rainy Lake’s Cranberry Bay. At present, large Typha 

populations and mats are observed throughout the system (Figure 35). Stabilized water 

levels, large production of propagules, and high nutrient inputs are factors that could 

explain the recent dominance of Typha (Day and Lee, 1988; Newman et al., 1998; 

Svengsouk and Mitsch, 2001; Frieswyk and Zedler, 2007; Boers and Zedler, 2008; 

Lishawa et al., 2013). Within the study area, the interannual stability of water levels 

during the growing season appears to be linked with the dominance of emergent 

vegetation, as a great abundance of tall emergent vegetation was recorded between 1987 

and the mid-2000s in Rainy Lake, the most stable water body (Wilcox and Meeker, 1991; 

Meeker and Harris, 2009). At the same time, the abundance of emergent vegetation was 

lower in Namakan Reservoir where water levels are more variable, while Lac la Croix, 

which is not regulated, was dominated by submerged macrophytes (Wilcox and Meeker, 

1991; Meeker and Harris, 2009). Floating mats have been observed in the Rainy-

Namakan system, but information on their distribution is limited. Nevertheless, floating 

mats are likely to cause perturbations in the system. These perturbations could include 

reducing the habitat available for other vegetal species by blocking the light penetrating 

the water, reducing wildlife habitat by reducing areas of open water, or forming very 

dense stands and pushing the ecological succession towards bog-like conditions by 

favoring the accumulation of organic material (Krusi and Wein, 1988; Baldwin and 

Cannon, 2007).
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Figure 35: Cattail distribution (red polygons) in the southern part of the study area, in 1995-1996 
(adapted from Hop et al. 2001). 

5.2.4 Model design 

According to data from Meeker and Harris (2004), Meeker et al. (2006), Grabas et al. 

(2013), and the USGS vegetation mapping program (Hop et al., 2001), all three Typha 

taxa (T. angustifolia, T. latifolia, and T. x glauca) are present in similar habitat within the 

study area. Moreover, because of their similarities, these taxa cannot be differentiated 

during aerial surveys. We, therefore, built models for the Typha genus as a whole instead 

of modeling each species separately. We began by assessing the survival probability of 

Typha according to water-level variations with a 1D model. We then built a more 

complex 2D model predicting the distribution of cattail habitat through time in the study 

area, according to the four different water-level time series. As floating mats remain on 

the water surface and move with water levels (Krusi and Wein, 1988; Swarzenski et al., 

1991), we expect that their distribution and survival are not influenced by environmental 
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variables in the same way as are rooted cattails. Floating mat modeling thus requires a 

different approach. Therefore, our models cannot be applied to and do not concern 

floating mats but only rooted cattails and monotypic cattail stands. 

5.2.4.1 1D model 

Cattails are quite resistant to water-level variations, as they may tolerate a wide range of 

conditions (Lougheed et al., 2001). Nevertheless, their survival decreases when the soil 

gets too dry or when they are covered by too much water. Low water levels limit cattail 

performance and competiveness towards more terrestrial species. Conversely, high water 

levels, especially in spring when cattail shoots emerge, reduce air supply and create 

anaerobic conditions eventually choking the plants (Grace and Wetzel, 1982; Wilcox et 

al., 1985; Amsberry et al., 2000).  

The 1D model aimed to describe a theoretical relationship between water-level variations 

and habitat suitability for cattails. This model was developed to give us an idea of the 

range of water-level variations that could affect cattail survival. We thus developed a 

Water-Level Suitability Index (WLSI) for cattails based on previous work and 

information from the literature. Previous work suggested that hydrological variables 

averaged over the three previous growing seasons best explained the distribution of 

cattails (Turgeon et al., 2004; Morin et al., 2005; Turgeon et al., 2005). We thus assessed 

water-level differences between each QM of the growing season and the mean level of 

the three previous growing seasons. This gave us an indication of how the water level, 

during a specific QM, compares with the mean water level of the three previous growing 

seasons and enabled us to compute a WLSI for each QM. We then assumed that 

conditions needed to be unfavorable over a complete growing season before they 

decreased the suitability of the habitat for all cattail stages (ex: rooted cattails, monotypic 

cattail stands, etc.; see section 5.2.4.2.1 for more details). As such, we then averaged the 

WLSI over each growing season to obtain the WLSI reported for each year. This resulted 

in an average WLSI representing the mean conditions during the growing season. The 

Typha growing season was defined as QM 13 to QM 41, which generally represents the 
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ice-free period in the system. 

By averaging values from different literature sources, we first estimated that most cattails 

would be found at a mean of 0.70 m (0.50 to 0.90 m) during the growing season (e.g., 

Grace and Wetzel, 1981; 1982; Waters and Shay, 1990). We then hypothesized that as 

cattails usually tolerate up to 1.00 m of water above the existing shoot (Grace and 

Wetzel, 1982; Ball, 1990; Sojda and Solberg, 1993; Olson et al., 2009), water-level 

variations <1.00 m would probably not significantly affect cattails (WLSI= 1). A 1 m 

water-level increase would result in most cattails being at depths of 1.50 to 1.90 m, which 

should still enable plants in the rare case growing up to maximum 2.50 m (Marie-

Victorin, 1995; Wilcox, pers. Comm.) tall to break the water surface. Conversely, a 1 m 

water-level decrease would bring most cattails between 0.10 to 0.50 m above the water 

surface, which should enable most cattails to survive, especially if this occurs for a short 

period (few QMs). Variations greater than 1.00 m, however, have the potential to affect 

cattails significantly. Plants facing a water-level increase >1.00 m would have a hard time 

reaching the water surface and surviving (Grace and Wetzel, 1982; Ball, 1990; Sojda and 

Solberg, 1993; Olson et al., 2009). Conversely, plants facing a water-level decrease > 

1.00 m would probably not have access to a sufficient amount of water to survive and 

successfully compete against more terrestrial species (Sojda and Solberg, 1993). If water-

level variations reached 1.50 m, we considered that cattails probably did not survive 

(WLSI= 0), as they would be at water depths of 2.00 to 2.40 m, or between 0.60 to 

1.00 m above the water surface. When water level decreased by 1.00 to 1.50 m (variation 

of -1.00 to -1.50 m), we determined the WLSI using Equation 4, and when water levels 

increased by 1.00 to 1.50 m (variation of 1.0m to 1.50 m), we determined the WLSI using 

Equation 5. These equations linearly interpolated WLSI according to the previously 

identified water-level variation thresholds. With those restrictions (Figure 36), we could 

compute a WLSI for each QM during a growing season and then a mean annual WLSI in 

each water body according to water-level variations occurring under each time series. 

 WLSI = (2 * water level variation + 3)/10 Equation 4 
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 WLSI = (-2 water level variation + 3)/10 Equation 5 

 

 

Figure 36: Theoretical 1D model estimating Water Level Suitability Index (WLSI) for cattails 
according to water-level variations (m) between each QM of a growing season and the 
mean water level of the three previous growing seasons. 

5.2.4.2 2D model 

The Hydrology and Ecohydraulic section of Environment Canada has developed habitat 

models for Typha angustifolia and Typha latifolia in the St. Lawrence River (Champoux 

et al., 2002; Turgeon et al., 2004) with an approach inspired by Toner and Keddy (1997). 

In short, this approach consists of using hydrological variables such as currents, water 

depth, light penetration, and wave action to predict the distribution of cattail habitat 

(Turgeon et al., 2004; Morin et al., 2005; Turgeon et al., 2005). In the present case, we 

adapted this approach to model the distribution of the cattails genus habitat through time, 

according to four different water-level series.  
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5.2.4.2.1 Data on the distribution of cattails 

Because we needed to compare environmental variables from sites where cattails are 

present with sites where cattails are absent to model cattail habitat, we extracted cattails 

distribution data from the USGS vegetation mapping program (Hop et al., 2001). 

Presence of cattails was defined for each grid node within “Midwest cattails deep marsh” 

polygons, while all other surveyed areas were considered cattail-free and used in the 

random attribution of cattail absence. We obtained 11 526 points (grid nodes) of cattail 

presence and randomly selected 11 950 points (grid nodes) of cattail absence. The USGS 

vegetation map was built with aerial images taken in 1995 for Rainy Lake and in 1996 for 

Namakan Reservoir. The model was thus calibrated with environmental variables from 

1995 for Rainy Lake and from 1996 for Namakan Reservoir. About 85% (19 844 points) 

of the complete dataset (23 476 points) was used in the model estimation process, while 

the remaining 15% (3 632 points), which covered small sections of the study area, was 

used exclusively in the validation process. 

5.2.4.2.2 Model estimation 

For each of the 19 844 IERM2D grid nodes (10 818 presence and 9 026 absence) used for 

the estimation, we extracted environmental variables likely to influence cattails life cycle. 

As such, mean water depth during the growing season appears to be linked with Typha 

density (Farrell et al., 2010). Moreover, three-year averages of water depths, water 

velocity, number of wet-dry cycles, and waves energy, combined with local slope, 

explained Typha distribution in the St. Lawrence River (Morin et al., 2006). We thus 

tested the influence of these variables, averaged over the three previous growing seasons, 

on the distribution of Typha habitat (Table 17). Averaging the physical variables over 

three years allowed us to reduce the effect of a potential exceptional year of water level 

during the calibration year. When the equation was estimated, we used physical variables 

of the previous year and a succession model to predict the presence or absence of cattail 

at a node (see section 5.2.4.2.4). The model could also contain different combinations of 

environmental variables, including squared variables and interaction terms. The Typha 

growing season was again defined as QM 13 to QM 41, which generally represents the 
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ice-free period in the system. Once the equation was calibrated, we used physical 

variables from the previous year and a succession model to predict the presence or 

absence of cattail habitat at a node (see section 5.2.4.2.4). 

Table 17: Variables used in the cattail habitat model (2D model). All variables were 
averaged over the three previous growing seasons in the estimation process.  

Variables Unit 
Bottom slope % 
Bottom curvature cm 
Mean ratio of incident light at the bottom during the growing season % 
Mean water depth during the growing season m 
Mean number of wet-dry cycles during the growing season cycles 
Mean percent of QM flooded during the growing season % 
Mean UBOT for 10 km/h winds during the growing season m/s 
Mean UBOT for 17 km/h winds during the growing season m/s 
Mean UBOT for 35 km/h winds during the growing season m/s 
Total UBOT during the growing season m/s 

 

5.2.4.2.3 Statistical analyses 

We first used Principal Component Analyses (PCA) to remove collinear variables. We 

then used a binomial logistic regression with a forward stepwise procedure to identify the 

combination of environmental variables that best predicted the distribution of cattail 

habitat according to AIC values (Turgeon et al., 2005). We then used the best model to 

predict the occurrence probability of cattail habitat. All statistical analyses were 

computed with R language and environment (version 3.1.2; R Core Team, 2014). 

5.2.4.2.1 Other processes integrated in the modeling: succession of cattail stands 

To take the influence of different densities of cattail cover on other species into 

consideration, we modeled the cattail habitat as a five-state Markov process, with each 

stage representing different levels of establishment and dominance of the cattail stands. 

The steps are defined as follows: 

 

-Stage 1: the habitat has not established cattails (NT); 

-Stage 2: the habitat has established cattails (TSH); 

-Stage 3: the habitat is a dense, monotypic, cattail stand (MT); 
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-Stage 4: the habitat is a dense, monotypic, cattail stand with an impact on plant species 

richness and diversity (MTD); 

-Stage 5: the habitat is a dense, monotypic, cattail stand with significant buildup of 

organic matter and impact on other plant and animal species (MT+). 

 

Those five stages were inspired from a study from Mitchell et al. (2011). They found that 

about 10 years after initial Typha establishment, there is a significant increase in density 

(MT). After 15 years, a marked decrease in plant species diversity occurs (MTD). 

Finally, sites invaded for more than 35 years (MT+) present significant accumulation of 

organic matter that would perpetuate without human intervention (e.g., flooding or 

removal of organic matter; White et al., 2008; Leeds, et al., 2009). 

To model transition between stages, we used a tile variable defined for each node of the 

2D model grid and which accumulated the number of years of conditions favorable to 

cattails invasion for the different stages (Figure 37). A tile number represented the cattail 

stage of a node. Along that tile variable was represented the whole range of possible 

stages from unestablished habitat (NT) to habitat suitable for monotypic stands with 

accumulation of organic matter (MT+). Because previous information suggests that 

conditions from the three previous years influence cattail distribution, we assumed that 

cattails may only establish in an area (i.e., change from stage 1, NT, to stage 2, TSH) 

once conditions have been favorable during the growing season for three consecutive 

years (i.e., when the tile variable change from a value of 3 to a value of 4). Suitable 

conditions at that stage are defined as a predicted probability of presence greater than 

0.60 and water levels between -0.15 and 1.00 m (Table 16) for more than six consecutive 

QM of the growing season. At that stage, whenever the above conditions were unmet 

during a full growth, the tile variable was assigned a value of 1. Once in the TSH stage, 

the tile variable continues to increment (or reset to 1) following the same conditions as 

during the NT stage up to a value of 9. At that point, the conditions to increment from 9 

to 10 are altered (i.e., predicted probability of presence need to be greater than 0.8 rather 

than 0.6; other conditions remained the same) as the site transitioned from the TSH stage 
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to the MT stage. We used a more constraining threshold for MT establishment, since it 

needs more stable conditions than rooted cattails. Transition from MT to MTD occurred 

between tile 14 and 15 following the same conditions as between 9 and 10, with the tile 

variable being incremented under the same conditions between 10 and 14 as it was 

between 1 and 9. From MT (tile variable > 15), a failure the meet the minimal conditions 

that would have reset the tile variable to 1 for a tile of 14 or below did, instead, decrease 

the tile variable by 7. During the MTD stage, the tile was incremented by 1 under the 

same conditions as for the transition between previous stages THS to MT, as well as that 

between MT and MTD. Finally, transition from stage MTD to stage MT+, where 

monotypic cattails stands have a substantial impact on ecosystem properties (Mitchell et 

al., 2011), occurred after 35 cumulative years of favorable conditions (i.e., from status 34 

to status 35) under the same conditions as that to increment the tile variable for values of 

14 and over. At that stage, the node was modeled as a monotypic cattail stand with 

accumulation of organic matter. 

Each year, environmental conditions determined how the state of a node changed status. 

The penalty of seven years for a year on unfavorable conditions given to stages MT, 

MTD, and MT+ involved that older monotypic cattails stands took more years to change 

state than younger monotypic stages. Hence, Mitchell et al. (2011) observed that older T. 

glauca stands (more than 35 years old) require stronger changes to be controlled. 

To be able to use the tile system, we needed to define the state of each node at the 

beginning of the analysed time series (1972-2013). We did not have data describing the 

distribution of cattails at that time, but we know that cattails were already present in the 

system. Travis et al. (2010) found that Typha appeared in the region in the 1950s. 

Lishawa et al. (2013) found similar results in the Great Lakes region, east of the study 

area. Therefore, we did a pre-run of the model during 22 years beginning in 1972 (1972 – 

22 years = 1950) with all nodes at the first tile (absence of cattail). We then used 

environmental conditions from 1994 to establish a basal state representing cattail habitat 

distribution in 1972. We finally re-ran the model for the entire time series. 
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Figure 37 Cattail stand categories according to time and changes in water-level conditions 

5.2.4.2.2 Model validation 

We used 3 635 points (708 presence and 2 927 absence) representing about 15% of the 

complete dataset to validate the cattail habitat model. For that purpose, we used all the 

previously defined metrics: total classification rate, sensitivity, specificity, Cohen’s 

Kappa, RMSE, and McFadden Rho² (see chapter 4 Habitat models, for more details). 

5.2.5 Results 

5.2.5.1 1D Model 

5.2.5.1.1 Water Level Suitability Index (WLSI) for cattails according to the Measured time series 

According to our 1D model, the WLSI for cattails remained high during the entire 

simulated period in both water bodies (Figure 38, Table 18). In Rainy Lake, the WLSI 

remained very close to 1 during the entire Measured water-level time series. In Namakan 

Reservoir, the WLSI is more variable but remained high, especially after 2000. 
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Figure 38: Water-Level Suitability Index (WLSI) relative to water-level variation measured 
between the mean water level of the 3 previous growing seasons and the water level of 
each QM of the annual growing season in A) Rainy Lake and B) Namakan Reservoir 
according to the Measured water level series between 1950 and 2013. 

 
Table 18: Water-Level Suitability Index (WLSI; mean and standard deviation (SD)) for three 

different periods according to Measured water-level time series. The 1D model is 
based on to water-level variations between the mean water level of the 3 previous 
growing seasons and the water level of each QM of the current growing season. (1950-
1970: water levels regulated according to the 1949 and 1957 RC; 1970-2000: water 
levels regulated according to the 1970RC; 2000-2013: water levels regulated according 
to the 2000RC). 

 
1950-1970 1970-2000 2000-2013 

Water body Mean SD Mean SD Mean SD 
Namakan Reservoir 0.88 0.05 0.89 0.06 0.99 0.01 
Rainy Lake 1.00 0.00 1.00 0.00 1.00 0.01 

 

5.2.5.1.2 Water-Level Suitability Index (WLSI) for cattails according to the simulated time series 

As for the Measured water-level series, WLSI of Rainy Lake would have remained very 

close to 1 for the 1970RC and the 2000RC (Figure 38, Figure 39, Table 19). On the other 

hand, natural water levels would have resulted in more variable WLSI that would have 

been about 10% lower, on average, than under regulated water levels (Figure 39, Table 

19). In Namakan Reservoir, WLSI would have been higher and more stable for the 

2000RC than for the 1970RC (Figure 39, Table 19). In both water bodies, the 2000RC 
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would have resulted in WLSI very close to 1 for the entire analysed period. As for Rainy 

Lake, Natural water levels in Namakan Lake would have resulted in more variable WLSI 

than for regulated water levels (Figure 39, Table 19). Nevertheless WLSI would have 

dropped under 0.7 during only one year for Natural water levels and would have been 

very similar, on average, to WLSI resulting from the Measured water-level series (Table 

19). 

Table 19: Water-Level Suitability Index (WLSI; mean and standard deviation (SD)) for three 
different periods according to all water-level time series. The 1D model is based on to 
water-level variations between the mean water level of the 3 previous growing seasons 
and the water level of each QM of the current growing season. (1950-1970: water 
levels regulated according to the 1949 and 1957 RC; 1970-2000: water levels 
regulated according to the 1970RC; 2000-2013: water levels regulated according to the 
2000RC). 

 
1970 RC 2000RC Natural Measured 

 Water body Mean SD Mean SD Mean SD Mean SD 
Namakan Reservoir 0.87 0.05 1.00 0.02 0.90 0.11 0.91 0.07 
Rainy Lake 1.00 0.02 1.00 0.00 0.84 0.20 1.00 0.01 



 

141 

 

 

Figure 39: Water-Level Suitability Index (WLSI) related to water-level variations (1D model) measured between the mean water level of the 3 
previous growing seasons and the water level of each QM of the annual growing season in A) Rainy Lake and B) Namakan Reservoir 
according to simulated water levels between 1950 and 2013 based on the 1970RC (in red), the 2000RC (in blue), and the Natural water 
level series (in purple).  
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5.2.5.2 2D Model 

5.2.5.2.1 Model evaluation 

The best model explaining the distribution of cattail habitat contained topographical 

variables, such as the terrain slope and curvature and several variables averaged over the 

three previous growing seasons: the ratio of incident light at the bottom, water depth, the 

number of wet-dry cycles, and wave energy (Table 20). More precisely, cattails favored 

shallow water areas facing multiple wet-dry cycles and where the bottom is concave and 

more inclined than average. Two wave energy metrics were retained in the best model: 

Mean UBOT from 35 km/h winds during the growing season and Total UBOT during the 

growing season. The first suggests that cattail habitat is associated with relatively strong 

but rare waves, while the second suggest that cattail habitat is not present in areas where 

waves are most frequent. 

This best model was able to correctly classify 85% of the 19 844 points used for model 

estimation (Table 21). It also correctly classified 81% of the 3635 sites used in the 

validation trials. Other metrics used to evaluate the model also indicate good performance 

of the model. Accordingly, the model predicted suitable cattail habitat in most areas 

where cattail marshes were observed in 1995-1996 (Figure 40, Figure 41). As the model 

predicts the distribution of suitable cattail habitat and not cattail presence, it predicted 

more areas of suitable habitat than what is actually occupied by cattails. 
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Table 20: Coefficients of logistic regression model for cattails. Coefficients and standard errors 
(SE) are given only for terms retained in the final 2D model of the stepwise selection procedure. 

Regression terms Cattails 
 Coefficient 

(βx) 
Standard Error 

(SE) 
Constant 20.16 0.96 
Simple terms    
Slope 0.4924 0.0572 
Curvature -352.3 47.3 
Mean light at the bottom during the growing season -48.68 2.01 
Mean water depth during the growing season -15.97 0.73 
Number of cycles during the growing season 0.5107 0.0271 
Mean UBOT from 35 km/h winds during the growing season 383.1 48.1 
Total UBOT during the growing season -93.27 10.81 
Quadratic terms    
Slope2 -0.008138 0.000797 
Mean light at the bottom during the growing season2 29.91 1.09 
Interaction terms 

   
Slope * Curvature -2.308 0.303 
Slope * Mean light at the bottom during the growing season -0.4863 0.0609 
Slope * Mean water depth during the growing season -0.1675 0.0090 
Curvature * Mean light at the bottom during the growing season 399.9 49.4 
Mean light at the bottom during the growing season * Mean water depth 
during the growing season 18.91 0.75 
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Table 21: Evaluation of the logistic regression predicting the distribution of cattail habitat (2D 
model) according to different metrics. 

Model evaluation Cattails 
McFadden Rho2 0.51 
RMSE 0.38 
Optimum decision threshold 60% 
Estimation  
Total classification rate 86.5% 
Sensitivity 89.7% 
Specificity 82.7% 
Kappa (p<0.05) 0.73 
Prevalence (10 818 / 19 844) 
Validation  
Total classification rate 81.3% 
Sensitivity 58.1% 
Specificity 86.9% 
Kappa (p<0.05) 0.43 
Prevalence (708 / 3 635) 
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Figure 40:Total habitat suitable to cattails (2D model) predicted for 1996 (in light orange) and observations of cattails marshes in 1996 (in dark 
orange) according to a VNP survey (Hop et al., 2001) in 2 selected sites: East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 41: Total habitat suitable to cattails (2D model) predicted for 1995 (in light orange) and observations of cattail marshes in 1995 (in dark 
orange) according to a VNP survey (Hop et al., 2001) in the west section of Black Bay (BBW).  
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5.2.5.2.2 Cattail habitat distribution according to the Measured time series 

As was the case for emergent vegetation (see section 5.1.6), the distribution of cattail habitat 

computed with the Measured water-level series for 1980 (regulated according the 1970RC) is 

very similar to the distribution computed for 2010 (regulated according the 2000RC; Figure 

42, Figure 43).  

We computed the total surface area of habitat suitable for all stages of cattails (Total habitat) 

in every year between 1975 and 2013 according to the Measured water-level series in 

Namakan Reservoir and Rainy Lake. From 1975 to 2013, the total surface area of habitat 

suitable to all cattails has remained relatively constant in Rainy Lake, outside of a few three -

year periods during which it was lower, while it appears to have decreased over different 

periods in Namakan Reservoir (Figure 44). For both water bodies, the total estimated surface 

areas of suitable habitat remained stable between 1980 and 2000, before decreasing and 

becoming more variable after 2000. The surface area suitable for the establishment of cattail 

(TSH) decreased over the analysed period in both water bodies. Finally, the total surface area 

of habitat suitable for monotypic cattail stands (Total MT) increased at the beginning of the 

analysed period before becoming relatively stable through time, especially in Namakan 

Reservoir. In Rainy Lake, a large increase of this surface occurred between 1972 and 1980 

(Figure 44). 
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Figure 42: Distribution of habitat suitable to cattails (2D model) predicted for 1980 and 2010 according to the Measured water-level series for 2 
selected sites in Namakan Reservoir; East of Deep Slough Bay (DSBE), Tom Cod Bay (TCB). 
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Figure 43: Distribution of habitat suitable to cattails (2D model) predicted for 1980 and 2010 according to the Measured water-level series for 2 
selected sites in Rainy Lake; the western part of Black Bay (BBW) and Stanjikoming Bay (SB). 
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Table 22: Mean estimated surface areas and standard deviations (SD), in hectares (ha), of 
habitat suitable to different stages of cattails in Rainy Lake and Namakan Reservoir 
according to the Measured water level series during periods of different water-level 
management rules between 1975 and 2013 (1975-2000: water levels regulated 
according to the 1970RC; 2000-2013: water levels regulated according to the 2000RC). 
TSH: Habitat suitable to cattail establishment; MT: habitat suitable to establishment of 
monotypic cattail stand; MTD: Habitat suitable to MT with impact on other plant 
species; MT+: Habitat suitable to MT with accumulation of organic matter; Total MT: 
surface area of MT +MTD+ MT+; Total habitat: total habitat for cattails. 

 
1972-2000 

  TSH MT MTD MT+ Total MT Total habitat 

Water body Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Namakan Reservoir 1171 243 132 56 320 183 237 204 557 32 1728 244 

Rainy Lake 5751 1770 1584 1231 5299 1150 368 347 5667 1314 114186 1165 

  2000-2013 

Namakan Reservoir 758 143 23 22 85 15 497 16 582 4 1340 144 

Rainy Lake 4225 1488 154 185 5051 608 1242 614 6292 17 10518 1499 
 

 

Figure 44: Yearly estimated surface area in hectares (ha) of habitat suitable to cattails (2D model) 
in A) Rainy Lake and B) Namakan Reservoir according to the Measured water-level 
series between 1972 and 2013.Total MT: surface area of habitat suitable to monotypic 
cattail stands; TSH: surface area of habitat suitable to cattail establishment, Total 
habitat: sum of the two previous categories. 
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When we differentiate the habitat suitable to different stages of monotypic cattail stands, 

it is possible to notice a decrease of MT stands through time in both water bodies (Figure 

45). The surface area suitable to MTD stands increased at the beginning of the analysed 

period before decreasing, slightly in Rainy Lake and more significantly in Namakan 

Reservoir, until 2014. The area suitable to MT+ stands increased over the entire analysed 

period in both water bodies (Figure 47; Table 22). 

 
Figure 45 : Yearly estimated surface area in hectares (ha) of habitat suitable to different stages of 

monotypic cattail stand (2D model) in A) Rainy Lake and B) Namakan Reservoir 
according to the Measured water-level series between 1972 and 2013. MT: Monotypic 
cattail stand; MTD: Monotypic cattail stand decreasing plant species richness and 
diversity, MT+: Monotypic cattail stand increasing organic matter accumulation. 

 

5.2.5.2.3 Cattail habitat distribution according to simulated time series  

Results suggest that the 2000RC would have resulted in less total surface area of habitat 

suitable to cattails (Total habitat) than for the 1970RC in Namakan Reservoir (Figure 46, 

Table 23). In Rainy Lake, the surface areas of total habitat suitable to each stage of cattail 

stands estimated with the Measured water-level series is really similar to that obtained for 

the 1970RC and 2000RC, which are almost identical (Figure 44, Figure 46, Table 23). 

The surface areas of habitat suitable to cattail establishment (TSH) are lower and 

decreased for the 1970 and 2000RC in Rainy Lake and for the 2000RC in the Namakan 
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Reservoir during the simulated period (Figure 47). For the 1970RC, the TSH surface area 

was more variable but seems more temporally stable in Namakan Reservoir compared to 

Rainy Lake. The estimated surface areas suitable to all stages of monotypic stands (Total 

MT) are similar under the Measured, 2000RC, and 1970RC time series within each water 

body. 

For the Natural water-level time series, the total surface area of habitat suitable to cattails 

(Total habitat) would have been more variable and much lower than under regulated 

conditions (Measured, 1970RC, or 2000RC time series) in both water bodies (Figure 44, 

Figure 46). Overall, habitat suitable to cattails under the Natural water-level series is 

about 20% under any other time series in Rainy lake and about 50% of the values 

estimated in Namakan Reservoir (Table 23). Moreover, almost no habitat suitable to 

monotypic cattail stands was observed under Natural conditions, except for a short period 

in the late 1990s in Namakan Reservoir.  

Table 23: Mean annual surface area estimated and standard deviation (SD), in hectares (ha), of 
habitat suitable to different cattail categories (2D model) in Rainy Lake and Namakan 
Reservoir according to simulated hydrological conditions between 1975 and 2012 
based on the Measured water level series, the 1970RC, the 2000RC and the Natural 
water-level series. MT: habitat suitable to the establishment of monotypic cattail stand; 
MTD: Habitat suitable to MT with impact on other plant species; MT+: Habitat suitable 
to MT with accumulation of organic matter; Total MT: surface area of Mt +MTD+ MT+; 
Total habitat: total habitat for cattails. 

Water body 1970RC 

 
TSH MT MTD MT+ Total MT Total habitat 

 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Rainy Lake 5594 1890 1208 1235 4892 935 566 400 5458 1125 11052 1533 

Namakan Reservoir 1132 217 76 54 338 183 209 201 548 27 1679 221 

 
2000RC 

Rainy Lake 5210 1803 5004 939 1162 1275 690 581 5694 1142 10904 1275 

Namakan Reservoir 805 188 244 206 61 50 370 242 614 45 1419 151 

 
Measured 

Rainy Lake 5219 1815 1085 1209 5212 994 673 616.48 5885 1096 11104 1345 

Namakan Reservoir 1027 291 94 70 238 186 327 206.43 566 28 1593 283 

 
Natural 

Rainy Lake 1925 2126 55 193 35 112 0.00 0.00 35 112 1960.33 2173 

Namakan Reservoir 813 501 90 165 17 60 0.01 0.02 17 60 830 507 
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Figure 46: Yearly estimated surface area in hectares (ha) of habitat suitable to cattails (2D model) in A) Rainy Lake and B) Namakan Reservoir 
according to simulated hydrological conditions between 1972 and 2012 based on the 1970RC (in red), the 2000RC (in blue), and the 
Natural water level series (in purple). Total MT: surface area of habitat suitable to monotypic cattail stands; TSH: surface area of habitat 
suitable to cattail establishment, Total habitat: sum of the two previous categories. 
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The habitat suitable for the different stages of monotypic cattail stands varied differently under 

the three simulated water-level time series. The habitat suitable to MT stands decreased over time 

in both water bodies under the 1970RC and 2000RC. Inversely, habitat suitable to MT is 

basically the only habitat of monotypic stands observed under natural conditions (Figure 47). In 

both water bodies, the habitat suitable for MTD stands increased during the first part of the 

1970RC and 2000RC time series. In Rainy Lake this habitat stabilized after 1980, while it 

decreased in Namakan Reservoir. Under natural conditions, habitat suitable for monotypic cattail 

stands would have been rare except for some habitat suitable for MT in the 1990’s. Habitat 

suitable for MT+ stands would have never been observed under natural conditions (Figure 47).
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Figure 47 : Yearly estimated surface area in hectares (ha) of habitat suitable to different stages of monotypic cattail stand (2D model) in A) Rainy 

Lake and B) Namakan Reservoir according to simulated hydrological conditions between 1972 and 2012 based on the 1970RC (in red), 
the 2000RC (in blue), and the Natural water level series (in purple). MT: Monotypic cattail stand; MTD: Monotypic cattail stand 
decreasing plant species richness and diversity, MT+: Monotypic cattail stand increasing organic matter accumulation. 



 

156 

 

5.2.6 Discussion 

5.2.6.1 Comparison of the different water level time series 

Both models (1D and 2D) are complementary. The 1D model estimates the suitability of 

water-level variations for cattails in each water body, while the 2D model estimates the 

availability of suitable habitat for each year based on several spatially-explicit 

environmental variables. Overall, both models suggest that regulated water levels create 

conditions favorable to the establishment and persistence of cattails in the system. 

The 1D model revealed that, in Rainy Lake, the WLSI would remain around 1.0 for all 

regulated water-level series (Measured, 1970RC, and 2000RC) but would be lower, 

around 0.93, for the Natural water-level series. There is less difference between the 

Natural and regulated water-level series in Namakan Reservoir, except for the 2000RC, 

which would provide very high and stable WLSI for cattails. According to the Measured 

water-level series, the conditions are more favorable to cattails since the implementation 

of the 2000RC. In Rainy Lake, the implementation of the 2000RC did not significantly 

modify the conditions for cattails, as it was already highly suitable and the predicted 

outcomes of the 1970RC and 2000RC are very similar for that water body (Figure 17). 

This similarity between predictions for the 1970RC and 2000RC in Rainy Lake is also 

apparent in the 2D model, which suggests the amount of habitat suitable to cattails would 

be almost identical for the 1970RC as it is for the 2000RC. As for the 1D model, Natural 

water levels in Rainy Lake appear less favorable to cattails than regulated water levels, 

since the total amount of habitat suitable to cattails would be about 80% smaller with 

Natural water levels. For Namakan Reservoir, the conclusions of the 1D and 2D models 

also had similarities. As with the 1D model, the 2D model suggests that the Measured 

and the 1970RC provide conditions similar to Natural. The main difference is that less 

suitable habitat is predicted for the 2000RC by the 2D model. As water levels are less 

variable under the 2000RC (Figure 48), conditions are more suitable to cattails according 

to the 1D model. However, less variable water levels also result in less surface area of 

suitable habitat in Namakan Reservoir (see the next section for further details). 
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The 2D model provides information about the type of cattail stands that water-level 

management can promote. As such, the surface area of habitat suitable for monotypic 

cattail stands decreasing plant species richness and diversity (MTD) and stands 

significantly increasing organic matter accumulation (MT+) increased under all regulated 

water-level time series (Measured, 1970RC, and 2000RC). This could be related to the 

favorable impact of higher and more stable water levels, which are characteristic of 

water-level management in Rainy Lake and Namakan Reservoir, on T. x glauca (Water 

and Shay, 1990; Seabloom et al., 2001; Wilcox et al., 2008). Conversely, almost no 

habitat suitable to monotypic cattail stands would be observed under more variable 

natural conditions.  

As such, both models (1D and 2D) suggest that cattails could be present in the Rainy-

Namakan system under any for the analysed water-level series. Nevertheless, water-level 

management clearly influences the suitability of cattail habitat, and this should be 

considered in the management plan of the system. Most important variables 

Because the 1D model only used the water-level variations between the actual growing 

season and the three previous growing seasons to determine the suitability of the water 

bodies to cattails, water-level variability is the only environmental variable that can 

explain variations of the WLSI. As such, the lower and more variable WLSI resulting 

from the Natural water-level series were caused by more variable water levels (Figure 

48). The higher WLSI found under regulated conditions in Rainy Lake and under the 

2000RC in Namakan Reservoir were also linked to water levels that were more stable, 

both intraannually (less variations between minimum and maximum levels) and 

interannually (stable mean water levels from year to year; Figure 48). As cattail 

distribution was found to be influenced by water levels from the three previous growing 

seasons (Turgeon et al., 2004; Morin et al., 2005; Turgeon et al., 2005), more stable water 

levels are expected to result in conditions remaining favorable long enough to be suitable 

to cattails. As such, the improvement of the WLSI in Namakan Reservoir between the 

1970RC and the 2000RC may be mostly explained by the change in the RC, which aimed 

to reduce annual water-level variations by increasing the targeted minimum level (Figure 
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48). More stable water levels for the 2000RC decreased the probability that cattails face 

harmful water-level variations. The opposite situation was observed under the Natural 

water-level series, where highly variable mean water levels during the three preceding 

growing seasons resulted in low WLSI (e.g., 1998, 2001, and 2003 in Rainy Lake and 

1978, 2001, and 2005 in Namakan Reservoir). 

The 2D model reveals a different aspect of the relation between water-level variations 

and the cattail habitat. Like other emergent vegetation, cattails may grow under and 

above the water surface. Therefore, all areas with appropriate substrate covered by water 

at least once during the growing season that remain above the minimal water level may 

be suitable cattail habitat. In the 2D model, this relation is highlighted by the positive 

relationship between suitable habitat and the number of wet-dry cycles. Smaller 

differences between the minimum and maximum water levels imply that fewer areas 

experience wet-dry cycles, resulting in less area suitable to cattails under the 2000RC in 

Namakan Reservoir. 

Mean water level during the growing season will also influence the amount of habitat 

suitable to cattails. Like other emergent species, cattails grow in shoreline and shallow 

habitat. The amount of these habitats is, however, dependent the water level, as lower 

water levels involve a reduction of both the shoreline and the surface area of shallow 

habitats (Figure 14 and Figure 15). In Rainy Lake, the lower water levels expected for the 

Natural water-level series during the growing season (Figure 48) also contribute to the 

lower amount of habitat suitable to cattails that was predicted for the Natural water-level 

series compared to that for the regulated water-levels series. 
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Figure 48: Minimum, maximum, and mean water levels during the growth period of cattails (QM 13 to 41) since 1973 for studied time series 

(Measured: green, 1970RC: red, 2000RC: blue and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: 
dotted lines). 



 

160 

 

Additionally, environmental variables, such as water depth, and the time Typha has been 

present in an area will determine the stage of cattail stands present in a wetland. Also, 

time since Typha establishment and stable water levels are important variables to predict 

which type of cattail stands will be present in the wetland. This is also strongly linked to 

the effect of Typha on wetland structure and function (Boers et al., 2007; Farrer and 

Goldberg, 2009, Mitchell et al., 2011). Accumulated litter covers the underlying surface, 

altering water temperature and decreasing species richness (Lishawa et al., 2010). 

Mitchell et al. (2011) suggested that managers should act in the first 10 years following 

Typha establishment to maintain species richness in invaded sites (MTD in our model). 

They also found that unregulated sites that have been invaded for more than 35 years 

(MT+ in our model) require human interventions to eliminate the accumulated organic 

matter. Our model suggest that no such interventions would be required under natural 

conditions because cattail would not reach MT+ stage due to the interannual variations of 

water levels. 

Overall, results from the 1D model suggest that stable water levels among years favor 

cattails by providing suitable conditions for periods sufficiently long for them to establish 

and persist. Results from the 2D model also support the relation between interannual 

water-level stability and the suitability of the habitat for monotypic cattail stands. The 2D 

model also suggests that very stable water levels during the growing season may limit the 

amount of habitat available to cattails. 

5.2.6.2 Comparison with other studies 

An increase in the abundance of invasive cattails has been observed over the last 40-50 

years in Voyageurs National Park (VNP; Meeker and Harris, 2009). Moreover, cattails 

are much more abundant (around 10 times) in Namakan Reservoir than in Rainy Lake 

while they are virtually absent in Lac la Croix, which is not regulated (Meeker and 

Harris, 2011). In nearby Lake Huron, the abundance of T. x glauca has also been 

increasing since the early 1950’s (Lishawa et al, 2010). It was also determined that there 

is a positive correlation between the abundance of Typha pollen and the accumulation of 
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organic-matter in the sediments supporting the hypothesis that Typha drive ecological 

shifts in wetlands by modifying the composition and characteristics of sediments (Farrer 

and Goldberg, 2009; Lishawa et al, 2010; Mitchell et al; 2011). These observations 

support the results of our two models. The increased abundance of monotypic cattail 

stands in regulated water bodies can be linked with more stable water levels from year to 

year providing more suitable conditions for cattails (Waters and Shay, 1990; Seabloom et 

al., 2001). This pattern of increased cattail abundance in water bodies with stable water 

level is consistent with the patterns observed elsewhere in North America (Frieswyk and 

Zedler, 2007; Wilcox et al., 2008). On the other hand, the larger water-level variations 

during the growing season in Namakan Reservoir provide more abundant suitable habitat 

to cattails than the smaller variations occurring during the same period in Rainy Lake. 

Varying water levels play an important role in the establishment and dominance of 

emergent macrophytes, such as Typha, which establishes successfully on exposed 

mudflats (Keddy and Reznicek, 1986)), and are even more successful following high 

water periods (Wilcox et al., 1985; Seabloom et al., 2001). Other environmental variables 

not included in our model, such as nutrient availability, also influence the distribution of 

cattail habitat (Meeker and Harris, 2009). Wind wave action and water-level variations 

have however been identified as the determinant factors of cattail distribution (Azza et 

al., 2006). Both of the variables were included in our 2D model. 

The modeling of cattail habitat distribution is further complicated by cattail’s capacity to 

form floating mats. That situation complicated 2D modeling since floating mats are 

relatively common in the study system (Meeker and Harris, 2004; 2009; 2011) and 

cannot be differentiated from rooted cattail stands from aerial surveys. Floating mats 

move with water levels and are not really affected by water-level variation (Krusi and 

Wein, 1988; Swarzenski et al., 1991). Therefore, the relationships between their 

distribution and environmental variables are different than for rooted cattails. Our models 

nevertheless show that conditions are favorable to the establishment and persistence of 

cattails in the study area, which is preliminary to the implantation of a dominant cattail 

population forming floating mats. As floating mats may be initiated by flooding events or 
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high water-level variations (Azza et al., 2006), their presence in the system may be linked 

to large annual water-level variations like the ones occurring in Namakan Reservoir 

under previous RC. As such, the vegetal community of Namakan Reservoir appears less 

dominated by mat-forming species since the introduction of the 2000RC, which reduced 

the range of annual water-level variation (Meeker and Harris, 2009). 

5.2.6.1 Relation to other species/models 

Cattails are considered as an invasive species in the Rainy-Namakan system, as the 

majority of stands are formed of the non-native T. angustifolia or the hybrid T. x glauca 

(Travis et al., 2010). Their large abundance is relatively recent, as literature data suggest 

that the invasion began between 1953 and 1972 (Travis et al., 2010). Cattails are favored 

by their efficient vegetative reproduction and their persistence and now occupy large 

portions of the system’s wetlands. As previously mentioned, the age and density of 

Typha stands will determine their influence on other species. Given suitable conditions, 

Typha density increases to form monotypic stands 10 years after its establishment when 

the cattails begin to increase the amount of litter in wetlands. After 15 years, Typha 

stands decrease plant species richness and diversity. After 35 years, Typha stands 

significantly increase organic matter accumulation and modify habitat conditions for 

other plant and animal species. Finally, after 55 years, Typha stands can change the 

structure and the function of an ecosystem and modify its ecological services (Mitchell et 

al., 2011). Since a lot of cattail stands are 15 years old or more in our study area, they 

compete with more other plants, like wild rice. (Johnson, 1957). Monotypic cattails 

stands reduce overall habitat value and possibly limit northern pike spawning habitat 

(Franklin and Smith, 1963), but they can sometimes provide suitable habitat for some 

wildlife species like muskrats and certain songbirds (Sojda and Solberg, 1993; Hewitt 

and Miyanishi, 1996). They are nonetheless generally unfavorable to fish, amphibians, 

and submerged vegetation (Mallison et al., 2001). Floating mats may also promote the 

transformation of marshes into less productive fen habitats which will support fewer 

species (Mallik, 1988). 
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5.2.6.2 Cattail and water-level management 

Cattail habitat is largely influenced by water-level variations, but the extent of that impact 

depends on the timing of these variations. As such, large water-level variations from year 

to year limit the amount of habitat suitable to cattails because the changing environmental 

conditions will not provide sufficient time for cattail to settle in suitable areas. This was 

illustrated by our 1D model. Conversely, some water-level variations within a single 

growing season are favorable to cattails, as more areas will face wet-dry cycles, which 

are suitable to cattails. Such water-level variations will also limit the distribution of 

submerged vegetation, as the latter requires being flooded during the entire growing 

season. Cattails nevertheless require soils with sufficient water content during the entire 

growing season and cannot germinate in deep water. Therefore, beyond a certain amount 

of water-level variations, no additional cattail habitat would have been available. As 

such, a certain range of water-level variation during the growing season is favorable to 

cattails, as illustrated with our 2D model. This suitable range of water-level variation is, 

however, difficult to identify and will vary according to local conditions. We estimate 

that it is likely for a water-level fluctuation somewhere between 1.5 and 3 m. 

5.2.7 Recommendations 

Cattail management is an important challenge in multiple wetlands of the Rainy-

Namakan system. Cattails have been in expansion for a number of years, and as their 

suitable habitat is similar to suitable habitat for wild rice, they now appear to limit its 

distribution. To evaluate options available to cattail management in the system, we 

present some of the techniques used in different areas to control cattails distributions. 

Overall, interrupting the aerenchymas function appears to be the most effective means of 

controlling cattails, as it impedes air supplies from reaching rhizomes, stopping sugar 

storage, and eventually killing the plants. However, aerobic conditions in the rhizome are 

restored as soon as a new growing shoot reaches the water surface, so this needs to be 

done thoroughly to be effective. 
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5.2.7.1 Water-level control 

Because they are best adapted to semi-permanent water regimes, earlier stages of cattail 

stands (i.e., especially TSH, MT and MTD) may be eliminated by very high and stable 

water levels during the growing season and variable water levels among years. All 

cattails species can be killed by prolonged, excessive flooding (De Swart et al., 1994; 

Wilcox et al., 2008). High water levels also create conditions causing damage and 

displacement of cattail mats (Farrell et al., 2010). The removal of floating mats exposes 

underlying sediments and seed banks that are favorable to the implementation of other 

plant species. 

The water depth required to kill cattails varies according to temperature and the state of 

the plants. No minimum water depths can be prescribed, but maintaining 0.9 to 1.2 m of 

water over the top of existing shoots in spring has been suggested by different authors 

(Hotchkiss and Dozier, 1949; Harris and Marshall, 1963; Grace and Wetzel, 1981; 1982; 

Apfelbaum, 1985; Grace and Harrison, 1986; Ball, 1990; Sojda and Solberg, 1993; 

Newman et al., 1998; Mitich, 2000; Boers and Zedler, 2008; Olson et al., 2009). 

Conversely, a conversion to a drier water regime limiting the amount of water in the soil 

can shift the competitive edge to more terrestrial species. For example, when drier 

conditions coincide with soil disturbance, dominance of many North American wetlands 

may temporarily shift to annual plants such as smartweeds and wild millets (Sojda and 

Solberg, 1993). Conversely, Wilcox et al. (2008) concluded that increased soil moisture 

at higher elevations in Lake Ontario wetlands reduced the competitive advantage of 

sedges and grasses, thus allowing cattail invasion.  

5.2.7.2 Cutting, crushing, shearing, or disking 

Cutting, crushing, shearing, or disking treatments may be applied during the period of 

low carbohydrate reserve occurring before leaves are fully developed. Cattails are then 

using energy reserved from the rhizomes before they can satisfy their energetic demands 

and will have difficulty regrowing following such treatments (Beule, 1979). Deep disking 

may also delay shoot formation and damage rhizomes, but the effect on plant survival is 
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variable. As such, the effect on the entire cattail stand is minimal when water conditions 

are favorable. Sites that have been invaded for more than 35 years (MT+) will require this 

type of strong intervention combined with flooding (Leeds et al., 2009) to be removed. 

The accumulated organic matter should also be removed to re-establish more “natural” 

sediment types and hydrological regime to prevent further accumulation of organic 

matter (White et al., 2008). 

 

Bulldozers and excavators can be used to remove vegetation but will modify wetland 

morphology. The control of cattails with bulldozers or excavators is the most expensive 

option but the only one available for floating cattail mats, which cannot be removed with 

any other equipment or technique. If the seed bank is dominated by cattails, the effect of 

such a treatment may, however, be short-lived. A combination of water-level 

management limiting recruitment from the seed banks and cutting treatments is then 

required to prevent the return of cattails (Sojda and Solberg, 1993). 

5.2.7.3 Grazing 

Some herbivores native to the study area, like geese, muskrats, or other animals, may 

remove cattails when grazing on young plants without extensive rhizomes (Sojda and 

Solberg, 1993). This can reduce stem density or even eliminate some cattail stands. 

Grazing on mature plants combined with proper water-level management reduces cattail 

survival, as it reduces the aerenchyma connectivity between rhizomes and leaves, as well 

as the storage and conversion of carbohydrates. To minimize carbohydrate storage, 

cattails should be heavily grazed during the three-week period centered on the period of 

low carbohydrate reserve occurring before leaves are fully developed. As the muskrat 

population is small in the Rainy-Namakan system, favoring their survival and thus 

increasing their number could be part of a cattail management plan seeking to limit cattail 

distribution. 

5.2.7.4  Burning 

Marsh burning can sometimes kill vegetation directly by consuming rhizomes (Lynch, 
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1941). Generally, marsh burning must be combined with a subsequent spring flooding to 

cause cattail mortality. Marsh burning is also difficult to control and direct precisely. As 

such, burning conducted in winter is easier to manage because ice allows faster 

movements to cut firebreaks and restart fires (Ball, 1990). Winter fires, however, have 

lower intensities than in warmer months, and the frozen substrate protects rhizomes from 

the fire (Ball, 1990). Burning also reduces competition for light provided by standing 

dead cattails and adds nutrients from standing dead back to the soil. All these factors 

make burning a difficult solution to apply successfully on large areas. 
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 Wild rice 5.3

Wild rice is one of the two cereals native to North America. It was a staple food for early 

North American populations who introduced it to European explorers. Native Americans 

called it manoomin, meaning “good berry” (Oelke, 1993). In addition to being a food 

source for humans, it is also consumed by muskrats, deer, moose, beavers, and other 

herbivores (USDA, 2004). Wild rice provides good cover and brood-rearing habitat for 

ducks, while rice beds can be important nursery areas for fishes and amphibians. Wild 

rice can also maintain water quality of wetlands by tying up nutrients, stabilizing soils, 

and forming a natural windbreak over shallow water (USDA, 2004). 

5.3.1 Species description 

Wild rice (Zizania) is an aquatic, self-sowing annual grass that reaches 50 to 200 cm in 

height (Dore, 1969; Archibold, 1995; MNDNR, 2008). The wild rice growing season can 

be divided into three main stages occurring from April to August: the germination-

submerged stage, the floating stage, and the emergent stage (Figure 49). Wild rice seeds 

lie dormant in the sediments during fall and winter and, given adequate environmental 

conditions, usually germinate between late-April and early-May (15th to 18th QM) in the 

study area’s region. A single primary root appears from the seed base 5 to 12 days 

following the splitting of the seed coat. The first leaves, which are thin and pale green, 

grow rapidly, but remain submerged. They are quickly replaced by subsequent leaves 

reaching the water surface. Growth is vigorous during the plants’ floating stage, generally 

occurring from late-May to mid-June (19th to 23rd QM). During this stage, wild rice 

plants develop long ribbon-like leaves floating across the surface. As the stem internodes 

elongate, the first aerial leaves emerge between late-June and mid-August (24th to 30th 

QM). These aerial leaves vary from 38 to 76 cm in length and from 1.3 to 3.8 cm in 

width. Finally, the reproductive structures appear between late-July and the first two 

weeks of August (UNIES, 1981). Wild rice seeds are cylindrical and approximately 2 cm 

long by 1.5 mm wide. At maturity, seeds detach from parent plants and usually fall in the 

water where they sink to the bottom. Under natural conditions, seed dispersal is usually 
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limited but may occur through ice movements, water currents, and animal or human 

disturbances (UNIES, 1981). 

5.3.2 Wild rice habitat description 

There are four species of wild rice forming the genus Zizania. One is from Asia, while 

the other three are native to North America. These four grass species produce harvestable 

grain, but the northern wild rice (Zizania palustris), present in the study area, is most 

commonly harvested. Wild rice grows in shallow areas of lakes, rivers, and streams, 

mostly in marshes or in protected bays with limited wave action, but with sufficient water 

circulation to carry oxygen and nutrients (Archibold, 1995; Drewes, 2008). Organic, 

organic-clay, and organic over clay sediments normally support the highest wild rice 

productivity (Lee, 1986; Day and Lee, 1988; MNDNR, 2008). While the plants are in the 

submerged stage, the water must be sufficiently clear to let sunlight reach the leaves 

(UNIES, 1981; Archibold, 1995; Wisconsin biology technical note, 2001; MNDNR, 

2008). Slightly tea-colored water appears optimal, as clearer water generally indicates 

oligotrophic conditions, while more turbid water would prevent light from reaching the 

plants. Wild rice plants are very sensitive to weather conditions during the emergent 

stage, as wind, rain, and hail may flatten plants or release maturing seeds (UNIES, 1981). 

Moreover, continuous rain through the pollination period would limit pollen viability, 

and abundant precipitation during the growing season may have a cooling effect on water 

temperature, which could slow down growth (UNIES, 1981). 

Interspecific competition can limit wild rice distribution, as spike rush (Eleocharis 

palustris), cattails (Typha spp.), and purple loosestrife (Lythrum salicaria) are known to 

be strong competitors renewing their growth early in the spring (Rogosin, 1954; 

Archibold, 1995; Pillsbury and McGuire, 2009). Sites with abundant bladderwort 

(Utricularia vulgaris) or white water lilies (Nymphaea odorata) are likely poor sites for 

wild rice, as they are associated with acidic and nutrient-poor conditions (Dore, 1969). 

Pondweeds (Stuckenia pectinata and Potamogeton richardsonii) are, however, generally 

associated with high nutrient availability favorable to wild rice (Lee, 1986; Archibold, 
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1995). Herbivory may also influence wild rice density and distribution, as foraging carp 

(Cyprinus carpio) may uproot young plants, muskrats (Ondatra zibethicus) and deer 

(Odocoileus spp.) relish young plants, and multiple species of migratory birds eat seeds 

(UNIES, 1981; Archibold, 1995; NRCS, 2001; Drewes, 2008; Pillsbury and McGuire, 

2009; Johnson and Havranek, 2010). 

Water levels influence wild rice during each growth stage. Wild rice may germinate at 

water depths up to 1.8 m and grow at water depths up 2.5 m (UNIES, 1981; Stevenson 

and Lee, 1987; Wisconsin biology technical note, 2001; MNDNR, 2008), but ideal water 

depths are usually between 0.50 and 1.20 m (Pip and Stepaniuk, 1988; Archibold, 1995; 

Wisconsin biology technical note, 2001; MNDNR, 2008; Tucker et al., 2011). During the 

germination-submerged stage, occurring in late–April to early-May, water depth is 

critical because young plants have to reach the water surface quickly as they are 

susceptible to drowning if water is too deep (Stevenson and Lee, 1987; Wisconsin 

biology technical note, 2001; MNDNR, 2008). High water levels maintained during the 

germination-submerged stage reduce growth and weaken plants which are then more 

sensitive to wave action and adverse weather conditions (Chambliss, 1940). The duration 

of the germination-submerged stage is positively correlated with water depth because 

growth requirement to reach the floating leaf stage increases with depth. Temperature is 

also an important factor for wild rice germination. After seeds have stayed in dormancy 

for 3-4 months at around 1.6 °C (Rogosin, 1954; Simpson, 1965; MNDNR, 2008), wild 

rice germination begins when water temperature reaches 4.5 to 7 °C for 10 consecutive 

days (Simpson, 1965; UNIES, 1981; Oelke et al., 1997; MNDNR, 2008). Similarly, 

Meeker (1999) found that germination of wild rice begins at ice-out in Lake Superior. 

Germination can be accelerated with warmer temperatures around 10 to 20 °C (Simpson, 

1965; Counts and Lee, 1991; Dukerschein, 1999; MNDNR, 2008).  



 

170 

 

 

Figure 49: Pictures of wild rice during A: floating leaf stage and B and C: mature stage. (Picture 
credits A K. Rodriguez, US EPA, B and C Botany Department of the University of 
Wisconsin-Madison). 
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Water depths greater than 0.90 m during the floating stage limit wild rice total growth 

and yield (UNIES, 1981). Wild rice is also most sensitive to water-level variations during 

the floating stage (Thomas and Stewart, 1969; UNIES, 1981). Nevertheless, wild rice can 

adjust to a limited water-level increase through internodal elongation (Pip and Stepaniuk, 

1988). Increasing water levels, however, force plants to be taller and thus increase the 

duration of the floating stage, producing less vigorous plants bearing fewer seeds 

(Stevenson and Lee, 1987; MNDNR, 2008; Wang et al., 2014). Water-level increase may 

also increase wave-battering of the plants, while a sudden water-level increase has the 

potential to rip young plants with limited root development from the substrate (Oelke et 

al., 1997; MNDNR, 2008; Pillsbury and McGuire, 2009). Inversely, it has been suggested 

that wild rice plants may bend and flatten following a water-level decrease during the 

floating stage. 

When plants reach their emergent stage, water level variations have less impact, but wild 

rice plants cannot be completely submerged and will not tolerate a large water level 

decrease (UNIES, 1981).  

Some research found that a water-level increase greater than 0.15 m during early growth 

stages reduced plant productivity (Chambliss, 1940; UNIES, 1981; Stevenson and Lee, 

1987; NRCS, 2001). Additionally, Stevenson and Lee (1987) found that water-level 

increase greater than 0.30 m during any growth stage following germination reduced 

plant productivity, but increases up to 0.50 m did not affect plant survival. Moyle (1944) 

found that, in Minnesota, the best wild rice crops occurred in years with sub-normal 

rainfall, resulting in decreasing water levels during the growing season. By comparing 

annual crops, he found that an increase of 0.15 m above normal water level during the 

period between May 15th and July 1st reduced the harvest of some stands by more than 

half, while water levels more than 0.30 m above normal resulted in crop failure (Moyle, 

1944). For example, Lake Minnewawa water level was 0.15 to 0.20 m higher in 1941 

than in 1940, and this reduced annual harvest from 60 tons to less than 1 ton (Moyle, 

1944). Additionally, wild rice harvest records, available for Rainy Lake from 1967 to 

1979, indicate that poor harvests occurred in 1968 and 1970, while good harvests 
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occurred in 1972 and 1976 (UNIES, 1981). We combined this information with water 

levels recorded during those years and observed that both years with good harvest had 

relatively stable water levels at approximately 337.6 m from May to August. During poor 

crop years, water levels were higher in May at approximately 338 m and gradually 

decreased to reach lower levels by the end of August. A water-level decrease of 0.15 m 

may also affect young plant survival and productivity (NRCS, 2001; Tucker et al., 2011). 

This somewhat differs from Lee (2015), who stated that wild rice can survive water level 

decreases as long as submerged leaves are not left totally dry for long periods. Overall, 

most reported impacts of water-level variations on wild rice relate to productivity, and 

very few quantitative measures of the impacts on wild rice survival were found in the 

literature. Nevertheless, water-level variations should be limited within a given growing 

season but not be kept too stable over multiple growing seasons as this would favor 

perennial vegetation potentially competing with wild rice (David, 2011). 

5.3.3 Wild rice in the study area 

Although wild rice (Zizania palustris) is present in the study system (Meeker and Harris, 

2004; Kallemeyn et al., 2009; Meeker and Harris, 2009; 2011), no report on its 

distribution and evolution through time is available. It is believed that wild rice 

distribution has decreased over the recent decades in the Rainy-Namakan system and that 

historic wild rice populations were more abundant and covered a larger area than during 

the last 30-40 years (Meeker and Wilcox, 1989; Meeker and Harris, 2009; Chief Earl 

Klyne, personal commm., 2013). Spatial information on wild rice in the study area could 

be extracted from the USGS-NPS vegetation mapping program, which represented “wild 

rice marshes” distribution in 1995-1996 (Hop et al., 2001) (Figure 50). Meeker et al. 

(2005) also sampled the VNP shorelines in 2004 and identified 75 wild rice patches 

covering an estimated total area of 200 ha in Namakan Reservoir. 
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Figure 50: Wild rice (red patches) distribution in the study area, in 1995 for Rainy Lake and in 

1996 for Namakan Reservoir, according to the USGS vegetation mapping program 
(USGS, 2001). 

5.3.4 Model design 

Wild rice habitat requirements have mainly been studied from a production perspective 

(De Datta, 1981; Counts and Lee, 1988; 1990). From that standpoint, Lee and Stewart 

(1983) developed a model evaluating wild rice growth potential in marshes based on 

different water and sediment characteristics. We identified the main wild rice habitat 

requirements from their model and other previously mentioned studies (Table 24). Using 

some of this information, we developed two wild rice models: a 1D model linking water-

level variation during early growth stages and wild rice survival, and a 2D model linking 

diverse environmental variables (water depth, wave action, light, slope, etc.) with the 

distribution of wild rice. This 2D model provided predictions of the amount and the 

spatial distribution of habitat suitable to wild rice under different conditions (years, 
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water-level series). 

Table 24: Habitat requirements for wild rice. 

Criteria Ideal Suitable 
Water depth during 
growing season 

0.5 to 1.2 m (mean 0.80 m)  0.45 to 1.35 m 
minimal: 0.10 to 0.15 m 

Germination depth  Optimal water depths between 
0.2 and 1.0 m 

 Suitable depths up to 1.5 m 
 

Water-level variations Slight and gradual during the 
growing season.  

Moderate and gradual changes during the 
growing season.  
Water-level variation occurring before 
germination in April and after seed 
production in July will have very limited 
impacts. 

Water clarity Bottom sediment visible Good visibility, at least to 0.45 m 

Weeds Cover less than 10% of the 
site 

Cover 10 to 30% of the site 

Site protection Protected from wind and wave 
action 

Sufficient shelter to minimize uprooting of 
young plants 

 

5.3.4.1 1D model  

The 1D model aimed to describe the impacts of water-level variations on wild rice 

survival. The probability of wild rice survival (PRS) was assessed during its most 

sensitive period, between the germination-submerged and the floating stages (Thomas 

and Stewart, 1969; UNIES, 1981). We assumed that wild rice survival would be 

unaffected (PRS =1) by water-level increases smaller than 0.50 m (Equation 6) because 

wild rice plants survive increases of that magnitude regardless of their growth stage 

(Stevenson and Lee, 1987). We then assumed that wild rice would likely not survive 

(PRS = 0) for water level above a maximal height. Given the usual maximum height of 

wild rice (around 2.0 m) and the average water depth in which it grows (around 0.80 m), 

this resulted in a maximum water level increase of 1.2 m (Equation 8). We also assumed 

that wild rice survival between the germination-submerged and the floating stages would 

decrease with increasing water levels between 0.5 m and 1.2 m (Equation 7), as some 
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plants could barely reach the water surface in these circumstances (Figure 51). As very 

limited information on the impacts of water-level decrease on wild rice survival was 

found, we assumed that the range of water-level decrease that affect wild rice would be 

similar to what was found for water-level increase. Given the usual range of water depths 

deemed suitable to wild rice (0.5 to 1.2 m), this seems logical. As such, a 0.50 m water-

level decrease would not affect wild rice survival (PRS=1) as plants would still be at, or 

just below the water surface (Equation 6). A larger water decrease, however, would result 

in some plants being in dry substrate above the water surface, which would reduce wild 

rice probability of survival (Equation 9). Wild rice probability of survival would then 

become null if water level decreased by more than 1.2 m as all plants would be in dry 

substrate above the water surface (Equation 8; Figure 51). 

PRS = 1 (for water-level variation of less than 0.5 m) Equation 6 

PRS = -1.43 * water-level increase + 1.71 (for water-level increase between 0.5 
and 1.2 m) 

 
Equation 7 
 

PRS = 0 (for water-level variation greater than 1.2 m) Equation 8 

PRS = 1.43 * water-level increase +1.71 (for water-level decrease between 0.5 
and 1.2 m) 

 
Equation 9 
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Figure 51: Probability of wild rice survival (PRS) according to water-level variation between the 
germination-submerged and floating stages (1D model). See Equation 6-9 for 
calculation of PRS.  

 

In each year between 1950 and 2012, we defined the beginning of the germination-

submerged stage according to observed ice-out date and air temperature. More precisely, 

we estimated that germination began during the first QM following ice-out during which 

the mean daily air temperature had been ≥5°C for 10 consecutive days. For each year, we 

then calculated the mean water level during the germination-submerged stage (4 QM) and 

identified the maximum and minimum water levels observed during the floating stage (5 

following QM; Figure 52). We then computed the maximum water-level increase and 

decrease between both periods to calculate wild rice survival probability (Equation 6 to 9; 

Figure 51). When both types of water variation (increase and decrease) occurred in the 

same year, we selected the largest, thus most limiting one. 
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Figure 52: Wild rice growth stages per quarter month (QM) 

5.3.4.2 2D model  

5.3.4.2.1 Data on wild rice distribution 

To model suitable wild rice habitat (WRH), we compared environmental variables from 

sites where the species is present with variables from sites without wild rice. To estimate 

our model, we used data recorded around VNP by the USGS vegetation mapping 

program in 1995 and 1996 (Hop et al., 2001). Presence of wild rice was defined for each 

grid node within “Wild Rice Marsh” polygons, while nodes from all other surveyed areas 

were considered without wild rice and used to randomly select absence points. We thus 

obtained 6 651 presence points and randomly selected 7 000 absence points. As the 

USGS vegetation map was built with aerial images taken in 1995 for Rainy Lake and in 

1996 for Namakan Reservoir, environmental variables of those years were used in each 

water body, respectively. 

The second database that was used to validate our model was taken from Meeker and 

Harris (2009). In 2004, the entire shorelines of Kabetogama and Namakan lakes, partial 

sections of Sand Point Lake shoreline, and a small section of Rainy Lake located 

immediately below Kettle Falls, were visually surveyed using binoculars from a slow 

moving boat to detect the presence of wild rice. Each grid node located in a site where 

wild rice was observed during this survey was considered as a presence point, while a 
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similar number of absence points were randomly selected on grid nodes covered by the 

rest of the surveyed shorelines. This resulted in 4 090 wild rice presence points and 9 451 

absence points for 2004. 

5.3.4.2.2 Model estimation 

We extracted environmental variables from the IERM2D grid at each of the 13 651 nodes 

(6 651 presence and 7 000 absence) defined according to the USGS vegetation mapping 

program in 1995 and 1996 (Hop et al., 2001). The influences of the following 

environmental variables were tested in the model: bottom slope and curvature, water 

depth, ratio of incident light at the bottom, number of wet-dry cycles, percentage of QM a 

node is flooded, and the total orbital force of waves as well as that specific to wind 

speeds of 10, 17 and 35 km/h (Table 25). Other than the bottom slope and curvature, 

which do not change through time, other variables were estimated and tested for each of 

the three wild rice growing stages (germination-submerged, floating, and emergent). 

Table 25: Physical variables used to estimate the models of wild rice habitat (2D model). 
Variables were calculated for each of the three main growth stages of wild rice: the 
germination-submerged stage, the floating stage and the emergent stage. 

Variables Unit 
Bottom slope degrees 
Bottom curvature cm 
Ratio of incident light at the bottom  % 

Water depth  m 
Number of wet-dry cycles  cycles 
Mean percentage of QM a node is flooded % 
Total UBOT  m/s 
UBOT for 10 km/h winds  m/s 
UBOT for 17 km/h winds m/s 
UBOT for 35 km/h winds m/s 

5.3.4.2.3 Statistical analysis 

Principal Component Analyses (PCA) were performed prior to logistic regressions to 

remove collinear variables. We then used a binomial logistic regression with a forward 

stepwise procedure to identify the combination of environmental variables that best 

predicted the distribution of wild rice habitat (Turgeon et al., 2004; Morin et al., 2006). 

We then used this best model, selected according to Akaike information criteria 
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(Kobayashi et al.), to predict the presence probability of wild rice habitat. 

5.3.4.2.4 Other processes integrated in the modeling: limitation of wild rice distribution 

To ensure that we predicted suitable habitat where conditions were appropriate for wild 

rice throughout its critical growth stages, we limited suitable habitat using predictions of 

habitat suitable to monotypic stands of cattail and water-depth thresholds during the 

germination-submerged and floating stages. When a node was predicted to support 

adequate conditions for cattail habitat for more than 15 years (see MTD and MT+ in 

section 5.2.4.2.4), it was considered not suitable to wild rice. This node was then 

removed from the prediction of habitat suitable to wild rice to obtain the wild rice habitat 

not influence by cattail (WRH without cattail tile ≥15). Afterwards, nodes first had to be 

at a water depth between 0.05 and 2.50 m during the germination-submerged stage to be 

defined as suitable habitat. Then, nodes also had to be at a water depth between 0.15 and 

1.8 m during the floating stage. As such, the final prediction of suitable wild rice habitat 

(net habitat) computed with the logistic regression was only be define at these nodes, 

while absence of wild rice habitat was predicted for nodes not meeting these water depth 

thresholds.  

5.3.4.2.5 2D model validation 

To validate the model, we used the 2004 data from Meeker and Harris (2009) and 

compared them with our model predictions for 2004. We evaluated this model with the 

same metrics used for other 2D models: total classification rate, sensitivity, specificity, 

Cohen’s Kappa, RMSE, and McFadden Rho (see chapter 4 Habitat models, for more 

details).  

5.3.5 Results 

5.3.5.1 1D Model 

According to our 1D model, the probabilities of wild rice survival (PRS) would be higher 

in Rainy Lake than in Namakan Reservoir under every analysed water-level series (Table 

26, Table 27, Figure 53 and Figure 54). The Measured water-level series resulted in very 
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stable PRS in Rainy Lake throughout the analysed period (Table 26, Figure 53). 

Accordingly, PRS in Rainy Lake would have been very similar throughout the analysed 

period under the 1970RC and the 2000RC (Table 27, Figure 54). Natural water levels of 

Rainy Lake would result in more variable and about 15% lower PRS than regulated water 

levels (Measured, 1970RC and 2000RC). Years with high PRS in Rainy Lake would 

nevertheless be very frequent under natural conditions (Natural water series; Figure 54).  

In Namakan Reservoir, the Measured water-level series resulted in relatively high 

(~80%) but very variable PRS. PRS were, however, higher and more stable after 2000 

than before (Table 26, Figure 53). Accordingly, PRS predicted with the 2000RC were 

also higher than with the 1970RC (Table 27, Figure 54). Moreover, average PRS under 

the Measured water-level series is about midway between the average PRS under the 

1970RC and under the 2000RC. Similar to results from Rainy Lake, Natural water levels 

of Namakan Reservoir Lake would provide slightly more variable and lower PRS than 

Measured water levels (Table 26, Table 27, Figure 53 and Figure 54). Years with high 

PRS in Namakan Reservoir would nevertheless be frequent under natural conditions 

(Natural water series) but less than in Rainy Lake (Figure 54). 

 
Table 26: Mean probabilities of wild rice survival (PRS) and standard deviations (SD) according to 

water-level variations measured between the germination-submerged and the floating 
stages (1D model) during three periods of different water-level management rules. 
(1950-1970: water levels regulated according to the 1949 and 1957 RC; 1970-2000: 
water levels regulated according to the 1970RC; 2000-2012: water levels regulated 
according to the 2000RC) 

Water body 
1952-1970 1970-2000 2000-2012 

Mean SD Mean SD Mean SD 
Namakan Reservoir 0.81 0.37 0.69 0.35 0.95 0.11 
Rainy Lake 0.95 0.10 1.00 0.01 0.96 0.11 
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Table 27: Mean probabilities of wild rice survival (PRS) and standard deviations (SD) according to 
water-level variations between the germination-submerged and the floating stages (1D 
model) according to different water-level series simulated between 1950 and 2012.  

Water body 1970RC 2000RC Natural Measured 
Mean SD Mean SD Mean SD Mean SD 

Namakan 
Reservoir 0.56 0.38 0.93 0.16 0.70 0.37 0.78 0.33 

Rainy Lake 0.99 0.08 0.99 0.05 0.82 0.30 0.98 0.08 
 
 

 

Figure 53: Annual probability of wild rice survival (PRS) from 1950 to 2012 according to variations 
of the Measured water-level series between the germination and floating stages (1D 
model) in A) Rainy Lake and B) Namakan Reservoir. 
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Figure 54: Annual probability of wild rice survival (PRS) from 1950 to 2012 according water-level variations between the germination and floating 
stages (1D model) based on different simulated water-level series in A) Rainy Lake and B) Namakan Reservoir. The red line is for the 
1970RC water level series, the blue line is for 2000RC water level series, and the purple line is for the Natural water level series. 
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5.3.5.1 2D Model 

5.3.5.1.1 Model evaluation 

The best model explaining wild rice habitat distribution (WRH) contained multiple 

variables computed for the germination-submerged and the floating stages but no variable 

from the emergent stage. According to this model, the distribution of wild rice habitat 

was dependent on the bottom slope and curvature, the ratio of incident light at the bottom, 

water depth, the number of wet-dry cycles, the percentage of QM a node is under the 

water, and the wave action (Table 28). More precisely, wild rice favored concave areas 

with a flatter slope than average, facing a low number of wet-dry cycles during the 

germination submerged stage and in shallow water during the floating stage (Table 28). 

Three wave energy metrics were also retained in the best model. They suggest that wild 

rice habitat is positively associated with waves resulting from 10 and 35 km/h winds but 

negatively associated with waves resulting from 17 km/h during both growing stages 

(Table 28). 

The best model explaining wild rice habitat distribution was able to correctly classify 

about 88% of the 13 651 sites used in the calibration (Table 29). This model also 

correctly classified about 83% of the 13 541 sites used in the validation. Other metrics 

used to evaluate the model (high McFadden Rho2 and Kappa, low RMSE) also suggest 

good performance of the model (Table 29). Accordingly, most areas where wild rice 

marshes were observed in 1995-1996 were correctly classified by the model (Figure 55, 

Figure 56). As the model predicts the distribution of suitable habitat for wild rice, and not 

necessarily its presence, it tends to cover more areas than what was actually occupied by 

the species.  
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Table 28: Coefficient and standard error of each variable included in the best model explaining 
wild rice habitat distribution (WRH; 2D model) in the Rainy-Namakan system between 
1950 and 2013  

Regression terms Wild Rice (WRH) 
 Germination stage Floating stage 
 Coefficient 

(βx) 
Standard 
Error (SE) 

Coefficient 
(βx) 

Standard 
Error (SE) 

Constant 24.91 ± 0.99 
Simple terms    
Bottom slope -0.064 ± 0.020 
Bottom curvature -272.1 ± 40.8 
Ratio of incident light at the bottom 49.03 6.63 -105.3 6.0 
Water depth 15.97 1.22 -28.66 1.23 
Number of wet-dry cycles  -0.394 0.093 - - 
Percentage of QM a node is flooded 1.143 0.257 -0.9689 0.2060 
UBOT for 10 km/h winds 2224 252 2556 262 
UBOT for 17 km/h winds -1082 66 -304.2 48 
UBOT for 35 km/h winds 447.1 45.7 1096 112 
Quadratic terms 
Bottom slope2 -0.0062 ± 0.0014 
Ratio of incident light at the bottom 2 -25.09 3.96  57.85 3.60 
Interaction terms 
Bottom slope * Bottom curvature -6.208 ± 0.959 
Bottom slope * Water depth - - -0.2034 0.0160 
Bottom curvature * Ratio of incident 
light at the bottom 

- - 417.2 46.9 

Ratio of incident light at the bottom * 
Water depth 

-16.81 1.33 34.08 1.38 
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Table 29: Summary of the statistics used to evaluate the performance of our wild rice habitat 
model (2D model). 

Model evaluation  
McFadden Rho2 0.59 
RMSE 0.35 
Optimum decision threshold 65% 
Estimation  
Total classification rate 88.0% 
Sensitivity 87.1% 
Specificity 90.0% 
Kappa (p<0.05) 0.76 
Prevalence (6 651 / 13 651) 
Validation  
Total classification rate 82.7% 
Sensitivity 71.2% 
Specificity 87.6% 
Kappa (p<0.05) 0.59 
Prevalence (4 090 / 13 541) 

 

 

For this 2D model, we report 3 different predictions of wild rice habitat. We first present 

the total suitable wild rice habitat as predicted with the logistic regression (WRH). We 

then present wild rice habitat not influence by cattail (WRH without cattail tile ≥15). 

Finally, we present the available habitat which represents WRH without cattail tile ≥15 

and respecting the predefined water level threshold (see section 5.3.4.2.45.3.4.2.4. Other 

processes integrated in the modeling: limitation of wild rice distribution). This prediction 

is called net habitat in our results.  

Most areas where wild rice marshes were observed in 1995-1996 was correctly classified 

by the model when the final prediction of suitable wild rice habitat (net habitat) was 

mapped (Figure 55, Figure 56). As the model predicts the distribution of suitable habitat 

for wild rice, and not necessarily its presence, it tends to predict a greater coverage than 

that actually occupied by the species.  
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Figure 55: Distribution of the final prediction of habitat (net habitat) suitable to wild rice (light red) according to the Measured water-level series 
and observation of wild rice marshes (dark red) in 1996 for 2 selected sites in Namakan Reservoir: East of Deep Slough Bay (DSBE) 
and Tom Cod Bay (TCB). 
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Figure 56: Distribution of the final prediction of habitat (net habitat) suitable to wild rice (light red) according to the Measured water-level series 

and observation of wild rice marshes (dark red) in 1995 for a selected site in Rainy Lake: Western part of Black Bay (BBW).  
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5.3.5.1.2 Wild rice habitat according to the Measured time series 

As with other 2D models, results from the Measured water-level series can be split in two 

periods of different water-level management: 1975-2000, when water levels were 

regulated according to the 1970RC and 2000-2014, when water levels were regulated 

according to the 2000RC. Few differences in the distribution of net habitat suitable for 

wild rice are observed between these periods (1980 vs 2010) in Namakan Reservoir 

(Figure 57) and Rainy Lake (Figure 58). In Namakan Reservoir, net habitat suitable to 

wild rice appears more extensive in 2010 than in 1980 (Figure 57). In Rainy Lake, the 

opposite trend is observed as net habitat suitable to wild rice appears more extensive and 

slightly more lakeward in 1980 than in 2010 (Figure 58). The mean surface area of the 

net habitat suitable to wild rice (light red) according to the Measured water-level series 

and observation of wild rice marshes (dark red) in estimated from the Measured water-

levels series of each water body are also similar in both periods (Table 30; Figure 59). In 

Namakan Reservoir, these mean an annual values nevertheless tended to be higher and 

more variable between 2000 and 2014, when water levels were regulated according to the 

2000RC (Table 30; Figure 59). In Rainy Lake, the loss of wild rice habitat due to 

competition with monotypic cattail stands is around 40%, whereas it is around 20% in 

Namakan Reservoir. 

Table 30: Means and standard deviations (SD) of the predicted surface areas, in hectares (ha), of 
habitat suitable to wild rice according to the Measured water-level series in both water 
bodies during two periods of different water-management rules. (1973-2000: water 
levels regulated according to the 1970RC; 2000-2014: water levels regulated according 
to the 2000RC). WRH: habitat suitable for wild rice; WRH without cattail tile ≥15: WRH 
not occupied by a cattail tile ≥ 15 years old; Net habitat: the habitat suitable for wild rice 
that is available (no monotypic cattail stands and suitable water depths). 

  1972-2000 2000-2012 

 
WRH 

WRH without 
cattail tile ≥15 Net habitat WRH 

WRH without 
cattail tile ≥15 Net habitat 

Water body Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Rainy Lake 9156 2819 5712 2415 3826 1799 9768 3398 5737 1864 3734 1885 

Namakan Reservoir 1727 415 1377 370 324 219 1815 680 1426 607 723 427 
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Figure 57: Distribution of net habitat suitable (2D model) to wild rice (net habitat) predicted in 1980 and 2010 according to the Measured water-
level series for 2 selected sites in Namakan Reservoir; East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 58: Distribution of net habitat suitable (2D model) to wild rice (net habitat) predicted in 1980 and 2010 according to the Measured water-
level series for 2 sites in Rainy Lake; the western part of Black Bay (BBW) and Stanjikoming Bay (SB). 
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Figure 59: Annually predicted surface area, in hectares (ha), of habitat suitable to wild rice in A) 

Rainy Lake and B) Namakan Reservoir according to the Measured water-level series 
between 1973 and 2014. WRH: habitat suitable for wild rice; WRH without cattail tile 
≥15: WRH not occupied by a cattail tile ≥ 15 years old; Net habitat: the habitat suitable 
for wild rice that is available (no monotypic cattail stands and suitable water depths). 

 

5.3.5.1.3 Wild rice habitat according to simulated time series 

In Rainy Lake, the temporal trends of predicted amounts of net suitable habitat to wild 

rice are also similar in all regulated water levels series (1970RC, 2000RC and Measured; 

Figure 59, Figure 60), but especially for the 1970RC and 2000RC water-level series for 

which results are almost identical (Figure 60). The situation is similar, although less 

marked in Namakan Reservoir, where variations in the amount of net habitat predicted 

are more or less synchronised for the 1970RC and 2000RC water level series. The 

2000RC would, however, provide slightly more surface area of net habitat suitable to 

wild rice, as some suitable habitat is predicted every year. Still, in Namakan Reservoir, 

the Natural water-level series would result in more surface area of suitable habitat for 

wild rice than the regulated water-levels series (1970RC, 2000RC, and Measured; Table 

31, Figure 60). The percentages of suitable habitat predicted to be lost due to the presence 

of monotypic cattail stands (WRH-cattail MT)/WRH*100) are similar under all regulated 

series for Namakan Reservoir (from 20 to 23% for 1970RC, 2000RC and Measured 

series) and Rainy Lake (from 38 to 40% for 1970RC, 2000RC and Measured series). 
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Under natural conditions less than 1% of suitable habitat is loss due to the presence of 

monotypic cattail stands in both water bodies (Figure 60).  

Table 31: Means surface area, in hectares (ha) and standard deviations (SD) of habitat suitable 
to wild rice in A) Rainy Lake and B) Namakan Reservoir according to the 1970RC, 
2000RC, Natural, and Measured water-level series between 1973 and 2013. WRH: 
habitat suitable for wild rice; WRH without cattail tile ≥15: WRH not occupied by a 
cattail tile ≥ 15 years old; Net habitat: the habitat suitable for wild rice that is available 
(no monotypic cattail stands and suitable water depths). 

 
1970RC 2000RC 

 
WRH 

 

WRH without cattail 
tile ≥15 Net habitat WRH 

 

WRH without cattail 
tile ≥15 Net habitat 

Water body Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Namakan Reservoir 1809 384 1433 293 311 346 1630 478 1253 404 55 316 

Rainy Lake 9414 2648 5868 1998 3277 1982 9402 2542 5579 2007 3328 1939 

 
MES NAT 

Namakan Reservoir 1758 516 1394 460 463 358 1943 1072 1940 1070 956 400 

Rainy Lake 9369 3007 5721 2215 3794 1807 7337 3736 7330 3730 3755 2829 
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Figure 60: Annually predicted surface area, in hectares (ha), of habitat suitable to wild rice in A) Rainy Lake and B) Namakan Reservoir according 
to the 1970RC (in red), 2000RC (in blue), and Natural (in purple) water-level series between 1973 and 2013. WRH: habitat suitable for 
wild rice; WRH without cattail tile ≥15: WRH not occupied by a cattail tile ≥ 15 years old; Net habitat: the habitat suitable for wild rice that 
is available (no monotypic cattail stands and suitable water depths).Note that very little habitat is lost due to the presence of monotypic 
cattail stands with Natural water levels, this is why only two curve are visible in the figure. The WRH and lost by MT curves overlap.  
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5.3.6 Discussion 

5.3.6.1 Comparison of the different water-level time series 

The models (1D and 2D) are complementary, as the 1D model estimates the survival of 

wild rice in each year based only on water-level variations, while the 2D model estimates 

the extent of suitable habitat available each year based on several spatially explicit 

environmental variables. Overall, both models suggest that regulated conditions 

(1970RC, 2000RC and Measured) of the Rainy-Namakan system can provide suitable 

conditions for wild rice. The more stable conditions of regulated water-level time series 

could favor wild rice, but also promote the presence of monotypic cattail stands that 

compete with wild rice. When we consider this aspect, the more variable natural 

conditions appear to be favorable to the long term persistence of wild rice in the system, 

especially in Namakan Reservoir.  

In the 1D model, which does not consider cattails presence, the probabilities of wild rice 

survival (PRS) in Namakan Reservoir should have increased by almost 40% under the 

2000RC compared to the 1970RC. These improved conditions should have also been 

observed in the results from the Measured water-level series, which predicted increase in 

PRS after the implementation of the 2000RC around 2000. One of the main causes of this 

improvement is probably linked to the reduced intraannual water-level variability dictated 

by the 2000RC for Namakan Reservoir (Figure 61 and Figure 62). In Rainy Lake, the 

PRS should have been very similar under the 1970RC and the 2000RC, which was 

expected given the similarities between both rule curves (Figure 17). The PRS obtained 

for the Natural water-level series suggest that natural conditions would result in very 

variable, but nonetheless suitable, conditions for wild rice. The mean PRS were about 

20% lower than under the 2000RC, but years of high PRS were frequent, occurring about 

two years out of three on average. 

The 2D model suggests a similar picture: most increases in suitable wild rice habitat (net 

habitat) associated with the implementation of the 2000RC were only apparent in 

Namakan Reservoir. Because most habitat suitable to wild rice remains available under 
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natural conditions (less monotypic cattail stands), the 2000RC provides a similar amount 

of suitable habitat as for the Natural water-level series. In Rainy Lake, the 2000RC did 

not really increase the amount of suitable habitat (WRH) compared to the 1970RC but, on 

average, regulated water levels appear to provide more wild rice habitat than Natural 

water levels. This suggests that regulated water levels have the potential to be favorable 

for wild rice, but, when we consider the habitat lost because of the presence of monotypic 

cattail stands, the benefits of more stable water levels are outweighed by the increased 

competition with cattail. 

As such, both models (1D and 2D) suggest that the Rainy-Namakan system is naturally 

suitable to wild rice and natural conditions would tend to limit the competition between 

wild rice and cattail. As such, regulating water levels by following natural conditions 

more closely may help to limit competition between wild rice and cattail and could 

ensure suitable to wild rice. 

5.3.6.2 Most important variables 

By its nature, the 1D model estimating wild rice probability of survival is exclusively 

dependent on water-level variations between the germination-submerged and the floating 

stages. As such, low survival probabilities of wild rice are caused by large water-level 

variations. In Rainy Lake, the water level is really stable between the germination-

submerged and the floating stages under regulated conditions and results in high survival 

probability throughout time series. For natural conditions, however, water-level 

variations are larger, resulting in lower probabilities of survival. With the Natural water-

level series, low survival (< 0.3) resulted from water-level increase between the 

germination-submerged and the floating stages six times out of eight. Water levels during 

the growing season are more variable in Namakan Reservoir than in Rainy Lake for all 

simulated water-level series, thus resulting in lower wild rice survival in Namakan 

Reservoir. This result suggests that, even under natural conditions, Rainy Lake would be 

more suitable to wild rice than Namakan Reservoir. Similar probabilities of wild rice 

survival resulting from the Measured and Natural water-level series in Namakan 

Reservoir suggest that similar water-level variations occur in both time series. Although 
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this similarity is true in terms of the amount of variation, the type of water level variation 

is completely different. As such, under regulated conditions (Measured, 1970RC, and 

2000RC), all low survival probabilities (< 0.3) were the result of water-level increases, 

while 10 of the 11 years with low survival probability (< 0.3) obtained for the Natural 

water-level series resulted from water-level decreases between the germination-

submerged and the floating stages. 

On the other hand, the amount of suitable habitat predicted by the 2D model appears 

mostly related to water levels during the growing season (germination-submerged and 

floating stages). As such, more surface area of suitable habitat is predicted when water 

levels are high during the growing season, and less surface area of suitable habitat is 

predicted when water levels are low (Figure 59- Figure 62). As the surface area and the 

perimeters of water bodies increase with increasing water levels (Figure 14, Figure 15), 

more shoreline and shallow habitat is available at higher water levels. Since wild rice 

distribution is limited to shallow water areas, higher water levels during the growing 

season result in more surface habitat suitable to wild rice. This relation between water 

level and the amount of suitable habitat may also explain the apparent temporal 

synchronicity of the 2D model results among water-level series and water bodies. Even 

when regulated, water levels are largely dependent on climatic conditions influencing the 

amount of water entering the system. These climatic conditions are the same for both 

water bodies and all the analysed water-level series. As such, high and low water levels 

generally occur at the same time among water bodies and water-level series even if 

water-level management rules change under the different water-level series. 

Overall, results from both models suggest that stable water levels between the 

germination-submerged and the floating stages result in higher survival probability for 

wild rice, while high water levels during the first stages of the wild rice growing season 

result in more surface area of suitable habitat. 
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Figure 61: Minimum, maximum and mean water levels during the germination-submerged stage of Wild Rice from 1950 to 2013 for studied time 

series (Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan 
Reservoir: dotted lines). 
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Figure 62: Minimum, maximum and mean water levels during the floating stage of Wild Rice from 1950 to 2013 for studied time series (Measured: 
green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: dotted lines).
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5.3.6.3 Comparison with other studies 

One of the only studies on wild rice distribution in the Rainy-Namakan system suggested 

that the important water-level increase occurring during spring in Namakan Reservoir 

was detrimental to wild rice, especially under the 1970RC (Meeker and Harris, 2009). 

Results from our 1D model support this claim, as the 1970RC resulted in the lowest 

predicted PRS. Moreover, under any regulated conditions (Measured, 1970RC, or 

2000RC), all years with low PRS resulted from excessive water-level increase between 

the germination-submerged and the floating stages. Relatively few years with very low 

PRS were predicted under the Measured water-level series, suggesting that large water 

level increases are not the only factor limiting wild rice distribution in the system. 

We also compared our results with records of wild rice harvest available for Rainy Lake 

(data from 1967-73, 1975-76, and 1979; UNIES, 1981). PRS estimated from our 1D 

model were around 1 for all those years. As our 2D model began in 1973, we could only 

compare predicted surface area of suitable habitat with production for a limited number 

of years. A large volume of wild rice was harvested in 1976, when we predicted an 

average amount of suitable habitat. This suggests that the relation between the amount of 

suitable habitat and harvest is not direct and that more data would be required to 

dependably assess it. The amount of wild rice harvested is also dependent on weather 

during the growing season and the price of wild rice on the market, both of which were 

not accounted for in our analysis. 

5.3.6.4 Relation to other species/models 

Although our models predicted that wild rice survival should have been relatively high 

under the Measured water-level series since 1950 and that some suitable habitat was 

available for wild rice in almost every year since 1973, wild rice is apparently less 

abundant than it used to be in the region (Meeker and Wilcox, 1989; Meeker and Harris, 

2009; Chief Earl Klyne, personal comm., 2013). This could be linked to high interannual 

stability of regulated water levels resulting in intense competition between wild rice with 

other taxa (Meeker, 1996). Although water-level stability during the growing season is 
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favorable to wild rice, interannual stability of water levels promotes more competitive 

perennial species like cattails. Accordingly, cattails cover has significantly increased in 

the system since the 1950s (Travis et al., 2010). Through time, wild rice stands were 

possibly slowly replaced by such perennial or more competitive species favored by high 

interannual water-level stability. Being an annual plant, wild rice is better suited to settle 

and grow in areas with limited vegetal cover often resulting from high interannual water-

level variability. Regulated water levels are more stable during the growing season and 

are thus more suitable to wild rice survival within a growing season. On the other hand, 

natural water levels are more variable from year to year and are probably more suitable to 

wild rice in the long run, because they would limit the competitiveness of perennial 

species. The potential for competition between wild rice and cattail is apparent from the 

overlap of the distribution of suitable habitat predicted for both species which is 

highlighted in our 2D modeling the Rainy-Namakan system (Figure 40, Figure 41). 

Moreover, cattails facing large water-level variations can also form floating mats (see 

section 5.2.2  Cattail habitat description). Once these mats are established, the area 

becomes unsuitable to wild rice, as no light can reach the lake bottom. Through time, 

these mats reduce the amount of habitat available to wild rice. 

5.3.6.5 Wild rice and water-level management 

Water levels have multiple impacts on wild rice. Wild rice requires stable water levels 

during the first stages of the growing season to survive. Higher water levels during the 

growing season provide more abundant suitable habitat for wild rice. Interannual water-

level variations are favorable to wild rice, as they provide more areas with limited vegetal 

cover required for its establishment, while also reducing the competiveness of cattails, 

which are favored by stable interannual water levels. 

5.3.7 Recommendations 

5.3.7.1 Water-level management 

Given the results we obtained and the knowledge we gathered from the literature, it 

appears that stable water levels during the growing season combined with variable water 
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levels from year to year would promote wild rice presence and productivity. The 2000RC 

provides relatively stable water levels during the wild rice growing season, which favor 

wild rice survival during this critical period. However, the targeted water level is the 

same for every growing season, thus promoting more competitive perennials species. As 

such, alternating between a lower and higher water-level target from year to year could 

improve conditions for wild rice in the long term. 

5.3.7.2 Seed dispersal 

Because the dispersal capacity of wild rice seeds is limited (UNIES, 1981), a seed 

dispersal program could be implemented. As such, mature seeds could be collected in 

known wild rice stands with proper handling and then dropped in suitable areas identified 

by our 2D modeling. Given suitable water-level conditions, this could accelerate the 

expansion of wild rice stands in the system. With more stands present in the system, the 

local wild rice population would be more resistant and resilient to adverse conditions. To 

be successful with this procedure, seeds should be handled carefully to ensure 

germination.  

5.3.7.3 Controlling the expansion of cattail 

Reduction of the cattail cover in the area could also benefit wild rice. Therefore, any 

measure that would limit or reduce the expansion of cattail stands (see section 0 Cattail 

Cattail habitat is largely influenced by water-level variations, but the extent of that impact 

depends on the timing of these variations. As such, large water-level variations from year 

to year limit the amount of habitat suitable to cattails because the changing environmental 

conditions will not provide sufficient time for cattail to settle in suitable areas. This was 

illustrated by our 1D model. Conversely, some water-level variations within a single 

growing season are favorable to cattails, as more areas will face wet-dry cycles, which 

are suitable to cattails. Such water-level variations will also limit the distribution of 

submerged vegetation, as the latter requires being flooded during the entire growing 

season. Cattails nevertheless require soils with sufficient water content during the entire 

growing season and cannot germinate in deep water. Therefore, beyond a certain amount 
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of water-level variations, no additional cattail habitat would have been available. As 

such, a certain range of water-level variation during the growing season is favorable to 

cattails, as illustrated with our 2D model. This suitable range of water-level variation is, 

however, difficult to identify and will vary according to local conditions. We estimate 

that it is likely for a water-level fluctuation somewhere between 1.5 and 3 m. 

Recommendations) could potentially favor the expansion of wild rice stands. 
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 Submerged vegetation 5.4

5.4.1 Group description 

Submerged aquatic vegetation represents rooted, vascular plants that grow completely 

underwater. The leaves and stems of most species have extensive systems of lacunal air 

spaces (aerenchymas) for buoyancy, thin cellulose walls for diffusion of gases, and high 

concentrations of chloroplasts in the epidermal layer for light absorption (Thayer et al., 

1984). Finely dissected leaves are also common for submerged macrophytes. Submerged 

vegetation often forms plurispecific floating beds varying in density depending on the 

species presence. In addition to being part of the evaluation of the impacts of water-level 

management on the Rainy-Namakan aquatic ecosystem, the results of this model will also 

be used as inputs for the emergent vegetation habitat model and for the northern pike 

larval and nursery habitat models. 

5.4.2 Habitat description 

Submerged macrophytes grow in permanently water-saturated substrates. They are 

abundant in shallow lake ecosystems where they are an important component of the 

trophic web. Their roles in nutrient cycling, water-flow stabilization and as drivers of 

primary production in lakes, rivers, and coastal ecosystems have long been recognized 

(Spence, 1967; Duarte, 1995; Carr et al., 1997). Dense beds of macrophytes are used by 

different fish species, including northern pike (Casselman and Lewis, 1996) and walleye 

(Pratt and Fox, 2001). They also provide habitat for zooplankton (Basu et al., 2000), birds 

(Noordhuis et al., 2002; Lantz et al., 2010), and small mammals (Messier et al., 1990; 

Wilcox and Meeker, 1992). 

Water movements and wave energy are recognized as the main factors regulating the 

growth and distribution of submerged macrophytes (Madsen et al., 2001). Water depth 

and hydroperiod (the duration and frequency of time an area is covered by water) are also 

important factors controlling their distribution and abundance in lake ecosystems 

(Turgeon and Morin, 2005). Multiple additional factors may, however, influence their 
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distribution: water clarity (Barko et al., 1986), nutrient availability (Carr, 1996; Madsen 

et al., 2001), sediment type (van Wijck et al., 1994), temperature (Thornton and Lessem, 

1978; Toerien et al., 1983; Kirk, 1994), grazing pressure (Sheldon, 1987; Jeppesen et al., 

1997), and salinity (McKee and Mendelssohn, 1989).  

Conversely, dense submerged macrophyte stands may change the physical characteristics 

of their habitat, as leaves limit light penetration (Westlake, 1962; Owens et al., 1967; 

Gosselain et al., 2005). Additionally, macrophytes beds reduce water velocity and absorb 

wave energy (Sculthorpe, 1967; Weiler, 1978; Kobayashi et al., 1993; Madsen et al., 

2001), thus increasing the deposition rate of fine sediments. As such, macrophyte 

vegetation significantly reduces losses of suspended solids in waters ebbing from tidal 

flats and may reduce water turbidity (Bulthuis et al., 1984; Barko et al., 1991; Petticrew 

and Kalff, 1992).  

Habitat modeling of submerged vegetation is one of the fields of expertise of the 

Hydrology and Ecohydraulic section of Environment Canada. Our previous work on the 

spatial distribution of submerged macrophytes in the St. Lawrence River suggests that 

currents, water depth, light penetration, wave action, and fine particle sedimentation are 

important descriptors of the submerged vegetation habitat (Morin, 2001, Turgeon and 

Morin, 2006 and Morin et al., 2006). 

5.4.3 Submerged vegetation in the study area 

Submerged macrophytes are abundant in shallow areas of the Rainy-Namakan system. 

Multiple assessment of the submerged vegetation have been conducted in the area since 

the late 1980s (Wilcox and Meeker, 1991; 1992; Meeker and Harris, 2009; 2011). In 

1987, Wilcox and Meeker (1991) found that the structure and composition of aquatic 

vegetation differed among the system’s lakes. The main focus of their study was on 

emergent vegetation. In the early 2000s, Meeker and Harris (2009) found that Rainy and 

Namakan Lakes had less floating leaf vegetation and structural diversity than the 

unregulated Lac la Croix, thus suggesting that water-level regulation influences the 
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distribution of submerged vegetation. 

5.4.4 Submerged vegetation data 

In September 2013, we surveyed aquatic vegetation in different bays of Rainy Lake and 

Namakan Reservoir (see section 5.1.4 Data on emergent vegetation). At each of the 273 

surveyed sites, we identified submerged plants species by direct observation or using a 

submersible video camera. We also estimated vegetation density semi-quantitatively 

using five categories (Figure 63). Category “A” represented tightly grouped stems 

reaching the water surface. Category “B” represented tightly grouped stems not reaching 

the water surface. Category “C” represented lower stem density where the substrate 

becomes visible. Category “D” represented sparse vegetation. Finally, category “E” 

represented sites without submerged macrophytes. These five categories were then 

simplified to three categories in the modeling process: categories A and B were 

considered as high density, categories C and D were considered as low density and 

category E represented the absence of macrophytes (Figure 63). In September 2014, we 

re-sampled 142 of the 273 survey sites to re-identify plant species and thus gather data 

for model validation (Figure 25).  

 
Figure 63: Categories used to estimate submerged vegetation density. 
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5.4.5 Model design 

We aimed to model submerged vegetation habitat by identifying environmental variables 

influencing their spatial and temporal distributions. Each category of submerged 

vegetation density was modeled separately; thus, three similar logistic regression models, 

one for each density class (absence, low, and high) were developed. The resulting models 

estimate the evolution of the distribution of the habitat associated with each of the density 

classes. These models will be similar to models built for the St. Lawrence River but will 

differ in some points, as water bodies of the Rainy-Namakan system are lakes with 

almost inexistent currents. 

5.4.5.1  Model estimation 

We first interpolated the environmental variables of the IERM2D grid to each surveyed 

site. We then tested the influence of a number of environmental variables (Table 32) on 

the distribution of three categories of submerged plant density (high density, low density, 

and absence). Most of the environmental variables were computed for different periods to 

account for different growth stages of submerged vegetation (Figure 64). As such, 

conditions during spring (14th to 22nd QM), summer (23rd to 33rd QM), and from the 

previous fall (34th to 44th QM) were accounted for in the model. The influence of 

different combinations of wave energy (UBOT) were also tested: sum of spring and fall 

UBOT per wind intensity, difference between spring and fall UBOT per wind intensity, 

and total UBOT (sum for 10, 15 and 35 km/h winds) in each season. The number of wet-

dry cycles and the percentage of QM a node was flooded were computed during the 

submerged vegetation growing season, from the 23rd to the 36th QM (Figure 64). 
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Table 32: Physical variables used to calibrate the models of submerged vegetation (2D model).  

Variables Unit 
Bottom slope  % 
Bottom curvature  cm 
Ratio of incident light at the bottom during fall, spring and summer % 

Water depths during fall, spring and summer m 
Number of wet-dry cycles during the growing season cycles 
Percentage of QM a node is flooded during the growing season % 
Total UBOT during fall, spring and summer  m/s 
Sum of spring and fall UBOT for 10 km/h winds m/s 
Sum of spring and fall UBOT for 17 km/h winds m/s 
Sum of spring and fall UBOT for 35 km/h winds m/s 
UBOT difference between spring and fall for 10 km/h winds m/s 
UBOT difference between spring and fall for 17 km/h winds m/s 
UBOT difference between spring and fall for 35 km/h winds m/s 

  

 

Figure 64: Submerged vegetation growth stage by quarter-month (QM) 

5.4.5.2 Statistical analyses  

We first reduced the number of variables by removing collinear variables identified with 

a Principal Component Analysis (PCA). We then used binomial logistic regressions to 

model the distribution of each of the three density categories according to habitat 

variables. We selected the variables included in the final model using a forward stepwise 

procedure. Of the 19 environmental variables used in the process, 10 were retained in the 

final models. These final models included the following environmental variables: bottom 

slope and curvature, the ratio of incident light at the bottom during spring, the water 
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depth during spring, the number of wet-dry cycles during the growing season, the total 

wave energy in each season, and the difference in wave energy between spring and fall 

for wind of 17 and 35 km/h. The models could also include squared terms of these 

variables, as well as interactions between variables. As we modeled each density class 

separately, the presence of suitable habitat could be predicted for more than one density 

class at a given node. In these cases, we retained the density class with the highest 

probability of presence. All statistical analyses were done with the program “R” version 

3.1.2 (R Core Team, 2014). 

5.4.5.3 Other processes integrated in the modeling: limitation of submerged vegetation 

distribution 

Because submerged vegetation requires specific conditions to grow and cannot suddenly 

colonize new areas, we had to limit its habitat according to pre-existing conditions. As 

such, our model constrained the distribution of submerged macrophytes based on water 

level at different times of the year. 

We first assumed that submerged vegetation requires water cover at all times and could 

not grow in areas above the minimal water level occurring during the growing season 

(23rd to 36th QM; Figure 65-A). 

We also assumed that submerged vegetation could not grow in sites that were exposed 

(above water) during the previous fall as they would have been damaged by ice formation 

and movements. We considered a site as “exposed” if it has been more than 0.15 m above 

the minimum water level between the 39th and the 44th QM of the previous year (previous 

fall; Figure 65-B). 

Moreover, we assumed that submerged macrophytes could not grow in areas that were 

rarely covered by water. As such, we limited the possible growth of submerged 

vegetation to areas that were at least 0.1 m below the mean water level of the three 

previous growing seasons (23rd to 36th QM; Figure 65-C). Even if conditions at any of 

these sites were suitable during the following growing season, no growth of submerged 
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vegetation was allowed by the model. 

Finally, the landward boundary of habitat suitable to submerged vegetation was 

determined by using the emergent vegetation model (see section 5.1.5.3). We limited the 

distribution of both types of vegetation (emergent and submerged) with the presence 

probability computed for emergent vegetation (Table 11). When the presence probability 

of emergent vegetation was lower than 0.30, we assumed that only submerged vegetation 

could be present. Inversely, we assumed only emergent vegetation could be present when 

the presence probability of emergent vegetation was higher than 0.70. When the 

probability of presence for emergent vegetation was between 0.30 and 0.70, we assumed 

that the two vegetation types could coexist in the transition zone. 

5.4.5.1 Model validation 

We validated the models by comparing predicted results for 2014 with the field 

observations recorded when we revisited about 52% of the sampled sites during that year. 

As mentioned in Chapter 4 (Habitat models), we evaluated model accuracy with the total 

classification rate, the sensitivity, the specificity, the Cohen’s kappa (ƙ), the RMSE, and 

the McFadden Rho2 of the model. 
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Figure 65: Schematic of the limitation of submerged vegetation due to: A) minimum water level 
during the growing season, B) exposure of site during the previous fall and C) average 
water level of the 3 previous growing seasons. 
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5.4.6 Results 

5.4.6.1 Model evaluation 

All three logistic regressions were significant, and all variables retained in the final 

models had a p-value <0.05 (Table 33). Water depths during spring best explained the 

presence of submerged vegetation habitat (low and high density). Low and high densities 

of submerged vegetation were associated with shallow depths during spring, while the 

absence of submerged vegetation was associated with greater depths. Wave energy also 

influenced the distribution of submerged vegetation habitat. High density of submerged 

vegetation was associated with low total wave energy (Total UBOT) during fall and high 

total wave energy during spring but in areas where strong (17 and 35 km/h) spring and 

fall winds are more frequent in fall than in spring (UBOT difference). 

In estimation trials, the total classification rates were relatively high for all models, 

ranging from 67.2 to 83.6 % (Table 34). The McFadden Rho2 of each model was also 

high and ranged from 0.17 to 0.45. Because we used the Optimum Decision Threshold 

(see chapter 4 Habitat models), model specificity and sensitivity were similar to the 

classification rate. Cohen’s Kappa values were more variable and ranged from very good 

(0.58 and 0.65) for the high density and absence models to good (0.28) for the low 

density model. 
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Table 33: Coefficients of logistic regression models estimated for the three categories of submerged plants density. Coefficients are given only for 
terms retained by the stepwise selection procedure (p<0.05).  

Regression terms Submerged vegetation density 
 Absence Low High 
 Coefficient 

(βx) 
Standard 
Error (SE) 

Coefficient 
(βx) 

Standard 
Error (SE) 

Coefficient 
(βx) 

Standard 
Error (SE) 

Constant -2.955 0.962 -0.479 0.923 5.478 1.723 
Simple terms       
Bottom slope -0.025 0.060 0.005 0.025 0.344 0.1856 
Bottom curvature 665.3 196.5 -178.6 150.6 -  
Ratio of incident light at the bottom during spring -1.596 1.043 -0.554 1.062 -14.60 4.324 
Water depth during spring 2.293 0.367 -1.108 0.330 -4.302 0.896 
Number of wet-dry cycles during the growing season 0.986 0.355 -  -  
Total UBOT (sum from all wind intensities) during fall 133.5 44.7 -  -6 387 2 437 
Total UBOT (sum from all wind intensities) during spring -  -96.70 41.29 6 225 2 430 
Total UBOT (sum from all wind intensities) during summer -  106.2 47.68 -  
UBOT difference between spring and fall for 17 km/h winds -  -  -6 744 2 637 
UBOT difference between spring and fall for 35 km/h winds 608.0 156.0 -  -6 499 2 463 
Quadratic terms     -  
Bottom slope 2 -  -  -0.071 0.0258 
Bottom curvature 2 -  78 710 30 860 -  
Ratio of incident light at the bottom during spring 2 -  -  9.789 2.737 
Interaction terms       
Bottom slope * Bottom curvature -143.6 33.3 92.38 24.48 -  
Bottom curvature * Ratio of incident light at the bottom during 
spring 

-  -429.9 208.4 -  

Bottom curvature * Water depth during spring  -  -  -  
Ratio incident light at the bottom during spring * Water depth 
during spring  

-3.349 0.662 -2.933 0.744 8.610 2.136 
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In validation trials, the total classification rates of the observations done in 2014 were 

good for the absence (71.5 %) and high (68.1 %) density categories and average for the 

low density (55.6 %) category. Specificity of the three models ranged from 53.8 to 

69.2%, while sensitivity ranged from 57.8 to 93.0 %. Cohen’s Kappa values were good 

for the absence (0.45) and high (0.29) density categories and average for the low density 

(0.18) category (Table 34). Overall, models predicting the absence and the high density 

of submerged vegetation performed better than the model predicting low density. 

Table 34: Model evaluation according to different metrics for three logistic regressions predicting 
the distribution of the habitat suitable to three categories of submerged vegetation 
density. 

Model evaluation Submerged vegetation density 
 Absence Low High 
McFadden Rho2 0.45 0.17 0.38 
RMSE 0.42 0.57 0.41 
Optimum decision threshold 54% 23% 31% 
Estimation    
Total classification rate 82.6% 67.2% 83.6% 
Sensitivity 83.0% 71.0% 84.8% 
Specificity 82.2% 66.1% 83.3% 
Kappa (p<0.05) 0.65 0.28 0.58 
Prevalence (138/317) (98/317) (81/317) 
Validation    
Total classification rate 71.5% 55.6% 68.1% 
Sensitivity 93.0% 57.8% 64.9% 
Specificity 62.4% 53.8% 69.2% 
Kappa (p<0.05) 0.45 0.18 0.29 
Prevalence (43/144) (64/144) (37/144) 

 

We mapped examples of how the habitat suitable to low density and high density of 

submerged vegetation predicted for 2013 compared with actual field observations 

realized during the same year (Figure 67). 
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Figure 66: Predicted distribution of habitat suitable to low (purple) and high (dark blue) density of 
submerged vegetation and observations of submerged vegetation in 2013 for 2 
selected sites: East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 67: Predicted distribution of habitat suitable to low (purple) and high (dark blue) density of 
submerged vegetation and observations of submerged vegetation in 2013 for 1 
selected site: Stanjikoming Bay (SB). 

 

5.4.6.2 Submerged vegetation distribution according to the Measured time series 

Results from the Measured water-level series can be split into two periods of different 

water-level management: 1975-2000, when water levels were regulated according to the 

1970RC and 2000-2013, when water levels were regulated according to the 2000RC. The 

comparison of the distribution of habitat suitable to submerged vegetation between these 

periods (1980 vs 2010) reveals a general displacement towards the shoreline in 2010 in 

both lakes (Figure 68 and Figure 69). This displacement is more apparent in some areas 

(TCB and BBW) than in others (DSBE and SB). It is also possible to detect an increase in 

surface area of habitat suitable to low density of submerged vegetation and a decrease in 

surface area of habitat suitable to high density of submerged vegetation in 2010 

compared to 1980 (Figure 68 and Figure 69). Although it is not always apparent, habitat 

suitable to low density of submerged vegetation generally borders habitat suitable to high 

density of submerged vegetation both lakeward and shoreward. 
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Figure 68: Predicted distribution of habitat suitable to low (purple) and high (dark blue) density of submerged vegetation in 1980 and 2010 for 2 

selected sites in Namakan Reservoir; East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 69: Predicted distribution of habitat suitable to low (purple) and high (dark blue) density of submerged vegetation in 1980 and 2010 for 2 
selected sites in Rainy Lake: the western part of Black Bay (BBW) and Stanjikoming Bay (SB). 
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The mean surface areas of suitable habitat estimated from the Measured water-level 

series show an important interannual variability in both water bodies, especially for high 

densities (Table 35, Figure 70). Although variable from year to year, the total surface area 

of habitat suitable to low density of submerged plant remained relatively stable in both 

water bodies over both periods of water-level management (Table 35, Figure 70). The 

surface area of habitat suitable to high density was 38% lower in Namakan Reservoir and 

35% lower in Rainy Lake during the period the 2000RC was used (2000-2013) than 

during the 1970RC (1975-2000; Table 35). In Rainy Lake, we identified six years (1977, 

1982, 1987, 1999, 2001, and 2005) when the surface area of habitat suitable to high 

density of submerged vegetation dropped markedly, with a major event in 1999, when the 

surface decreased by approximately 90% compared to 1998. In Namakan Reservoir, two 

drops were also identified (2001, 2005). These were, however, less drastic, as the 

reduction in surface area of habitat suitable to high density of submerged vegetation 

occurred over multiple years. 

Table 35: Mean estimated surface area and standard deviation (SD), in hectares (ha), of habitat 
suitable to high and low density of submerged vegetation in Rainy Lake and Namakan 
Reservoir according to the Measured water-level series during the periods of different 
water-level management rules between 1973 and 2013 (1973-2000: water levels 
regulated according to the 1970RC; 2000-2013: water levels regulated according to the 
2000RC). 

  
1973-2000 2000-2013 

Density  Water body Mean  
(ha) 

SD Mean  
(ha) 

SD 

Low 
Namakan Reservoir 1 237 159 1 411 256 
Rainy Lake 7 046 1171 7 539 1 508 

High 
Namakan Reservoir 1 621 245 1 006 343 
Rainy Lake 8 153 2 677 5 274 2 349 

Total 
Namakan Reservoir 2 858 NA 2 417 NA 
Rainy Lake 15 199 NA 12 823 NA 
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Figure 70: Annually predicted surface area, in hectares (ha), of habitat suitable to high density of 
submerged vegetation (full lines and large markers) and low density of submerged 
vegetation (dotted lines and small markers) in A) Rainy Lake and B) Namakan 
Reservoir according to the Measured water-level series between 1973 and 2013. 

5.4.6.3 Submerged vegetation habitat according to simulated time series 

In both water bodies, the annual amount of habitat suitable to each density of submerged 

vegetation would have been almost identical under the 1970RC and the 2000RC (Figure 

71, Table 36). Results would have been slightly less variable under the 2000RC. Results 

from the 1970RC and the 2000RC closely reflect that obtained for the Measured water-

level series (Figure 70, Figure 71, Table 36). For the 1970RC, the 2000RC, and the 

Natural water-level series, the amounts of habitat suitable to each density of submerged 

vegetation would have had a tendency to vary synchronously in both water bodies (Figure 

71). This tendency is also observable, but to a less extent, for the Measured water level 

series. Results obtained for the Natural water-level series were similar for both water 

bodies, while surface areas were generally more variable and lower than those observed 

for all other time series (Figure 70, Figure 71, Table 36). Also, contrary to results for the 

other water-level series, more surface area would have been suitable to low density than 

to high density of submerged plants with the Natural water-level series.  
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Table 36: Mean annual estimated surface area and standard deviation (SD), in hectares (ha), of 
habitat suitable to high and low density of submerged vegetation in Rainy Lake and 
Namakan Reservoir according to simulated hydrological conditions based on the 
Measured water-level series, the 1970RC, the 2000RC, and the Natural water level 
series between 1973 and 2012. 

  1970 RC 2000RC Natural Measured 

Density Water body 
mean 

surface 
area (ha) 

SD 
mean 

surface 
area (ha) 

SD 
mean 

surface 
area (ha) 

SD 
mean 

surface 
area (ha) 

SD 

Low 
Namakan 
Reservoir 1 305 158 1 312 233 861 345 1 296 215 

Rainy Lake 7 182 1 418 7 401 1 344 5 058 1 631 7 203 1 316 

High 
Namakan 
Reservoir 1 486 287 1 409 319 449 395 1 404 414 

Rainy Lake 6 995 2 902 7 386 2 655 3 243 2 194 7 082 2 923 

Total 
Namakan 
Reservoir 2 791 NA 2 721 NA 1 310 NA 2 700 NA 

Rainy Lake 14 177 NA 14 787 NA 8 301 NA 14 285 NA 
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Figure 71: Annually predicted surface area, in hectares (ha), of habitat suitable to high density of submerged vegetation (full lines and large 
markers) and low density of submerged vegetation (dotted lines and small markers) in A) Rainy Lake and B) Namakan Reservoir 
according to simulated hydrological conditions between 1973 and 2012 based on the 1970RC (in red), the 2000RC (in blue), and the 
Natural water-level series (in purple). 
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5.4.7 Discussion 

5.4.7.1 Comparison of the different water-level time series 

Results for submerged vegetation habitat obtained for the Measured water level series 

suggest that areas of the Rainy-Namakan system that are suitable to high density have 

been smaller after 2000 than they were since the mid-. As this trend can be observed 

under all available water-level series and since results from the 1970RC and the 2000RC 

are very similar, this decrease of habitat for high density of submerged vegetation is 

unrelated to the change in water-level management that occurred in 2000 (1970RC vs 

2000RC). It is also noteworthy that, in all the modeled cases, submerged vegetation 

densities appear to vary synchronously in both water bodies, although not in the same 

range. This result suggests that climatic conditions common to both water bodies are 

determinant of submerged vegetation habitats. Nevertheless, the 2000RC should have 

resulted in slightly less interannual variations than for the 1970RC, but this was not really 

observable with the Measured water-level series. Our models finally suggest that 

regulated water levels (Measured, 1970RC, and 2000RC) resulted in more submerged 

vegetation habitat than that which would have been present for the Natural water-level 

series, especially for high density of submerged macrophytes. 

5.4.7.2 Most important variables 

As for emergent vegetation, two aspects of the water-level time series mostly explain the 

temporal trends and the differences of predicted submerged vegetation habitat among 

water-level series. The first aspect is water levels, expressed by the two variables of the 

model: 1) the mean water depth during spring and 2) the average ratio of incident light 

reaching the bottom in spring. The second aspect is the variability of water levels during 

the growing season, which is expressed by one variable of the model: the number of wet-

dry cycles during the growing season. 

Under regulated conditions (Measured, 1970RC, and 2000RC), years in which less 

suitable habitat to high density of submerged vegetation is predicted (e.g., 1975, 1980, 
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1987, 1998, and 2003 in Rainy Lake) are associated with lower mean water levels during 

the two or three previous years (Figure 72). As the water level is otherwise very stable, 

these lower values induce a reduction of the shoreline and shallow habitats (Figure 14 

and Figure 15) where submerged vegetation grows. Inversely, years in which more 

suitable habitat is predicted (1992 to 1997) are associated with more stable water levels 

during the two or three previous years (Figure 72). However, these trends are not 

observed for low density habitats. The marked drop in the amount of high density habitat 

observed in Rainy Lake in 1999 and that lasted a few years (1999-2001) in Namakan 

Reservoir appears to be related to low mean water levels in previous years followed by 

relatively high water levels. Higher water levels are associated with lower ratio of 

incident light at the bottom, while low water levels in previous years limit the expansion 

of submerged vegetation habitat (see Figure 65) that would have resulted from higher 

water levels. Whenever high water levels follow a few years of low water levels, the 

shoreward expansion of submerged vegetation becomes limited by the dispersal capacity 

of the seed bank. Even if some habitat is available for submerged vegetation, seeds may 

thus take more than a year to colonize it. Both the lower ratio of incident light at the 

bottom and the low water levels in previous years have contributed to the important drop 

in high density habitat observed around 1999. Moreover, the lower surface areas of 

suitable habitat predicted for the Natural water-level series is in part due to lower mean 

water level (Figure 72), which limits the amount of shoreline and shallow habitat 

available (Figure 14 and Figure 15). 

This relation between water level and the amount of suitable habitat can also explain the 

apparent temporal synchronicity of the 2D model results among water-level series and 

water bodies. Even when regulated, water levels are largely dependent on climatic 

conditions influencing the amount of water entering the system. These climatic 

conditions are the same for both water bodies and all the analysed water-level series. As 

such, even if water-level management rules change under the different water-level series, 

high and low water levels occur in the same growing season among water bodies and 

water level series (Figure 72). This synchronicity in water levels results in a temporal 
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synchronicity of the amount of suitable habitat. 

As submerged vegetation grows in the shallowest portion of the lakes, water levels will 

also influence the spatial distribution of its habitat. Higher water levels will move suitable 

habitat landward, while lower water levels will move suitable habitat lakeward. As such, 

the more landward distribution of submerged vegetation habitat predicted in 2010 

compared to 1980 (Figure 68 and Figure 69) was mostly related to lower water levels in 

1980. The implementation of the 2000RC, thus, had little to do with this situation. On the 

other hand, the differences in the displacement of submerged vegetation habitat among 

the example bays are probably associated with the lake bottom slope in each bay. Areas 

of suitable habitat will move more from year to year and be wider in bays where the 

bottom slope is flatter. This is because a specific increase in water level will move the 

shoreline further horizontally and more area will be at suitable depths in flatter bays than 

in bays where the bottom slope is comparatively steeper. 

The lower surface areas of suitable habitat predicted for the Natural water-level series is 

also linked to larger intra and interannual water-level variations. The larger differences 

between maximum and minimum water levels observed in the Natural water level series 

(Figure 72) reveal that water levels are more variable within single growing seasons. 

More variable water levels during a growing season have two main consequences: 1) the 

number of wet-dry cycles is likely to be higher and 2) the average number of sites (nodes) 

where at least one wet-dry cycle occurs is also higher. As our model suggests, wet-dry 

cycles are related to the absence of submerged vegetation (Table 33), and more variable 

water levels during the growing season will limit submerged vegetation habitat and partly 

explain the smaller surface areas of suitable habitat predicted for the Natural water level 

series. This suggests that more stable regulated water levels during the growing season 

are favorable to submerged vegetation in the system. 
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Figure 72: Minimum, maximum, and mean water levels during submerged macrophyte growth 
period (from QM 23 to 36) from 1973 to 2012 for studied time series (Measured: green, 
1970RC: red, 2000RC: blue, and Natural: Purple) in both water bodies (Rainy Lake: full 
lines, Namakan Reservoir: dotted lines). 

Waves are also an important factor to predict the submerged vegetation habitat. Strong 

waves can uproot or break plants and clear nutrient-rich substrate, so submerged 

vegetation is usually found in areas sheltered from wave action (Madsen et al., 2001). 

The relations between wind waves and the submerged vegetation habitat highlighted by 

our models are complex, but they generally suggest that high wave energy during the fall 

reduces submerged vegetation habitats. Strong waves in the fall may destroy remaining 

plant structures and thus limit plant presence in the following spring (Madsen et al., 

2001). 
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5.4.7.3 Comparison with other studies 

As previously mentioned, our results suggest that stable water levels are favorable to 

submerged vegetation in the system. This suggestion is also supported by Hop et al. 

(2001) who stated that more stable water level from year to year in the Rainy- 

Namakan system would favor wetlands with submerged and floating vegetation, as well 

as open water. The marked difference between results from the regulated water-level 

series (Measured, 1970RC, and 2000RC) and the Natural water-level series supports the 

Meeker and Harris (2009) suggestion that water-level regulation influences the 

distribution of submerged vegetation in the system. However, they found that Rainy and 

Namakan lakes had less floating leaf vegetation than the unregulated Lac La Croix, while 

we suggest that water-level management has increased the amount of suitable habitat for 

submerged vegetation in Rainy Lake and Namakan Reservoir. Lac la Croix is however, 

smaller than the two other lakes and thus has shorter fetches creating wind waves with 

less energy than in Rainy Lake or Namakan Reservoir. As waves limit submerged 

vegetation habitat, this could explain part of the difference between the lakes. 

In 2008, Grabas et al. (2013) mapped the distribution of three different types of wetlands: 

rooted and floating marshes, emergent marshes, and wet meadows. Although rooted and 

floating marshes include numerous plant species, most of them could be classified as 

submerged vegetation. We compared the distribution of rooted and floating marshes in 

the Rainy-Namakan system in 2008 with the distribution of habitat suitable to submerged 

vegetation predicted by our 2D model for 2008 (Figure 73, Figure 74). Most of the rooted 

and floating marshes identified by Grabas et al. (2013) where located in areas where we 

predicted habitat suitable to submerged vegetation. Once again, as our models predict the 

distribution of suitable habitat and not the presence of particular species, it is expected 

that the actual distribution of these species is will be much narrower than that of the 

entire area suitable to them. We also expect that a number of un-modeled aspects, like 

competition, predation, past distributions, or year class strength will influence the 

presence of a group of submerged plant species. 
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Figure 73: Rooted and floating marshes observed by Grabas et al. (2013) in 2008 (red) and suitable habitat predicted for low (purple) and high 
(dark blue) density of submerged vegetation in 2008 in 2 sites of Namakan Reservoir: East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 74: Rooted and floating marshes observed by Grabas et al. (2013) in 2008 (red) and suitable habitat predicted for low (purple) and high 
(dark blue) density of submerged vegetation in 2008 in 2 sites of Rainy Lake: A) Stanjikoming Bay (SB), and B) the western part of Black Bay 
(BBW).
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5.4.7.4 Relation to other species/models 

As the submerged vegetation model includes multiple species, it gives us an overview of 

how marshes with this type of vegetation would react to water-level management in the 

system. The submerged vegetation model was closely linked to the emergent vegetation 

model, as submerged vegetation habitat could have only been predicted in areas where 

the probability of presence of emergent vegetation habitat was low (see section 5.1.5.3). 

As submerged vegetation is an essential component of the ecosystem and of the 

biological cycle of several wildlife species (fishes, water birds, herpetofauna, aquatic 

invertebrates, etc.), its presence is required to have a healthy lacustrine ecosystem. The 

modeled distribution of submerged vegetation habitat will be used to model northern pike 

spawning and nursery habitats in the Rainy-Namakan system. 

5.4.7.5 Implication for water-level management 

Submerged plants require permanently saturated substrates and sufficient light to grow. 

They are thus confined to permanently flooded, shallow areas. Large water-level 

variations resulting in too little or too much water are not favorable to submerged 

vegetation, as they will tend to respectively favor emergent vegetation or open water. 

Because the amount of shoreline and shallow habitat available generally increases with 

water level (Figure 14 and Figure 15), water levels remaining high for a few growing 

seasons will tend to result in more habitat suitable to submerged vegetation. 

Recommendations 

It is difficult to evaluate whether more or less submerged vegetation habitat is detrimental 

or not for an ecosystem. Abundant submerged vegetation can support abundant 

populations of benthos and fish species, but too much or too dense submerged vegetation 

can also be seen as a nuisance to navigation and other species. High densities of 

submerged vegetation also have the potential to modify their habitat and thus change 

environmental conditions and affect other species. These side-effects are mostly apparent 

through the reduction of the concentration of dissolved oxygen from biomass 

decomposition, reduction of water movement, and reduction of light penetration (i.e. 
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lowering photosynthesis) in the water column. It is thus easier to assess the amount of 

“desired” submerged macrophytes by linking their presence to wildlife species using 

them as a habitat. As such, their inclusion in the habitat models of other taxa is expected 

to facilitate the recommendations for the most suitable amounts of submerged vegetation 

habitat in the Namakan-Rainy system. For example, northern pike normally spawn in wet 

meadows, where the larvae stick to the remnant structure of submerged or emergent 

vegetation from the previous growing season. Northern pike larvae and young of the year 

also use submerged vegetation habitat because it provides food and shelter. Some density 

of submerged vegetation therefore represents good habitat for northern pike spawning, 

larvae and young of the year. 

It is not necessary to manage the system specifically to favor submerged vegetation. 

Water-level management should be chosen with care, however, so as not to result in 

situations in which submerged vegetation would not grow, or inversely, would grow to a 

sub-optimal extent. The decision to promote or reduce submerged vegetation habitat is 

thus dependent on the desired effect sought in managing the ecosystem. 

Below, we identified actions that would promote and limit emergent vegetation habitat. 

5.4.7.6 To promote submerged vegetation 

High water levels stable during spring (QM 14 to 22) and from a year to another would 

likely favor a high density of submerged vegetation. 

5.4.7.7 To limit submerged vegetation 

Low water-levels variables during the growing season and from a year to another would 

likely limit the presence of high densities of submerged vegetation.  
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 Model of wetland types providing habitat for northern pike 5.5

during spawning (Wet meadows and Shrubby swamps) 

This section includes a general introduction on wetlands and the description of the 2D 

models developed for the different wetland types of the Rainy-Namakan system. 

Wetlands are an essential component of the ecosystem and are involved in the biological 

cycles of several wildlife species, such as the northern pike, the walleye, the muskrat, and 

multiple others not modeled in the present project. The main objective of this section is to 

evaluate the distribution of two wetland types closely linked to the northern pike 

spawning habitat: wet meadows (WM) and shrubby swamps (SS). Because wetlands are 

spatially and temporally dynamic, we also modeled other wetland types (rooted and 

floating marshes (RFM), emergent marshes (EM), forested swamp (FS), and open-water 

habitat (WAT) to properly model WM and SS over a long period (1973-2013). Although 

each of these six wetlands types were modeled, we only present the results for wet 

meadow (WM) and shrubby swamps (SS) habitat, which were then used in the northern 

pike models. 

5.5.1 Group description 

Multiple wetland classifications based on habitat type exist (e.g., bog, fen, peatland, mire, 

moor, swamp, marshes, etc.). There are, however, no unanimous definition of the 

different types of wetland ecosystems (Vymazal, 1995). We used the following 

definition, which were adopted by a number of studies (e.g. Cowardin et al., 1979; 

Couillard and Grondin, 1986; Zoltai, 1988; Guay and Morin, 2001; Hop et al., 2001; 

Champoux et al., 2002; Grabas et al., 2013) to develop wetlands models in the Rainy-

Namakan system: wetlands are terrestrial areas saturated with water for periods 

sufficiently long to influence their abiotic and biotic components favouring the 

occurrence of hydromorphic soils, hydrophilic vegetation, and biological processes 

associated with humid environments. 
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5.5.2 Wetlands habitat description 

By definition, wetlands are strongly influenced by hydrological processes (Nilsson and 

Keddy, 1988; Toner and Keddy, 1997). To predict wetland distribution spatially and 

temporally, it is essential to consider whether hydrologic disturbances from natural or 

anthropogenic origins, such as water-level variations and hydroperiods, are basic 

structuring forces to wetland dynamics (Tessier et al., 1981; van der Valk et al., 1994; 

Ellison and Bedford, 1995; Tabacchi et al., 1998; Odland and del Moral, 2002). The 

hydroperiod, which is defined by the extent, the duration, and the timing of floods, is 

recognized as the main environmental factor influencing the distribution of aquatic 

vegetation communities and ecosystems (Mitsch and Gosselink, 1993; Townsend, 2001). 

For example, extended flooding periods promote flood-tolerant wetlands like emergent 

marshes and wet meadows, but suppress other wetlands, such as forest and shrubs 

swamps, associated with drier conditions (Turgeon et al., 2005). On the other hand, wet 

meadows can also be favored by lower water levels (Wilcox et al. 2008) as they can 

support conditions at the boundary of terrestrial an aquatic condition better than wetlands 

associated with wetter conditions. When water levels increase, the abundance of wet 

meadows can also decrease (Wilcox et al. 2008) if conditions favor wetlands associated 

with wetter conditions. Therefore, the influence of water level will depend on the wetland 

community and the physical characteristics of a lake. The actions of waves and ice are 

also important variables influencing wetlands’ presence and structure because they may 

break or uproot plants and influence the nutrient composition of sediments (Keddy, 1983; 

Dionne, 1989; Langlais and Bégin, 1993; Jean and Bouchard, 1996). As such, both long-

term and short-term hydrologic disturbances shape wetland distribution (Grabas and 

Rokitnicki-Wojcik, 2015).  

5.5.3 Wetlands in the study area 

The temporal evolution of the distribution, composition, and structure of wetlands has 

been the subject of numerous studies in the Rainy-Namakan system. As such, data on the 

temporal evolution of species composition is abundant for the study system (Wilcox and 
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Meeker, 1991; Hop et al., 2001; Kallemeyn et al., 2003; Meeker and Harris, 2004; 2009; 

2011; Grabas et al., 2013). Only two of these studies (Hop et al., 2001; Grabas et al., 

2013), however, included spatial analyses based on wetland types. Moreover, few studies 

attempted to evaluate the effects of water level regulation, and more specifically, that of 

the 1970RC and 2000RC, on wetlands. For example, a series of studies followed the 

evolution of the vegetal cover in three lakes of the system (two regulated: Rainy and 

Namakan lakes, and one non-regulated: La Croix lakes) between 1987 and 2010 (Wilcox 

and Meeker, 1991; Meeker and Harris, 2009; 2011). These studies clearly identified some 

effects of water-level regulation on plants abundance and diversity, but focused mainly 

on species composition and not on wetlands types (Wilcox and Meeker, 1991; Meeker 

and Harris, 2009; 2011). Based on field surveys from 2002 to 2005, Meeker and Harris 

(2001; 2009) suggested that the vegetative cover increased after 1987, particularly for 

ligneous taxa, in dewatered and shallow areas. 

A spatially-explicit study classified and mapped vegetation of the VNP according to 

wetland types (Hop et al., 2001) (Figure 75). Based on aerial photographs from 1995-

1996, Hop el al. (2001) found that wetlands covered a total of 23 324 hectares (ha), or 

about 26% of VNP. These wetlands are located throughout the VNP, so they are not 

necessarily influenced by the water-level regulation of the Rainy-Namakan system. 

According to that latter study, FS covered 47% of the total wetland areas in 1995-1996, 

WM covered 25%, while SS and EM, respectively, covered 16% and 12% of VNP 

wetland areas. 

A subsequent study by Grabas et al. (2013) used the wetland classification developed by 

Hop et al. (2001) to document the spatial distribution of wetlands in 2008 and identify the 

effects of the 2000RC. They focused on only three wetland types: EM, WM, and RFM. 

Based on aerial photographs, they mapped lacustrine wetlands over the entire study area 

(Rainy, Crane, Namakan, Kabetogama, Sand Point, and Little Vermillon lakes) for two 

periods--1995-1997 and 2008 (Figure 76). They found that the total wetland area and the 

surface area covered by each analysed wetland type, especially meadow marshes, 

decreased between 1995-1997 and 2008 (Grabas et al., 2013). For example, the surface 
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area covered by EM and WM decreased from approximately 9 030 ha in 1995-1997 to 

about 6 935 ha in 2008 in the Rainy-Namakan system. These values were, however, 

obtained with aerial photography taken during period of relatively low water level (1995-

1997) and unusually high water level (2008), so the study remained inconclusive on the 

impact of the 2000RC (Grabas et al., 2013). 
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Figure 75: Distribution of rooted and floating marshes, emergent marshes, wet meadows, shrubby swamps, and forested swamps in 1995-1996, 
according to Hop et al. (2001). Rat River Bay and the north shore of Rainy Lake were not sampled by Hop et al. (2001). 
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Figure 76: Distribution of rooted and floating marshes, emergent marshes, and wet meadows in 2008 according to Grabas et al. (2013).  
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5.5.4 Model design 

The objective of our wetland model was to predict the spatial distribution of two wetland 

types (wet meadows, WM, and shrubby swamps, SS) used by northern pike for spawning 

(section 6.4). Because of the dynamic nature of wetlands, the distribution of all the six 

aforementioned wetland types had to be considered to properly evaluate the distribution 

of the two wetland types of interest (Table 37). Although open water (WAT) is not a 

wetland type per se, we also developed a model that specifically predicted its distribution 

in order to limit the spatial distribution of RFM and EM lakeward. In this document, open 

water was thus considered as a type of wetland for simplicity. We developed six wetland 

models (EM, WM, RFS, SS, FS, and WAT); a single model for each wetland type, using 

environmental variables as descriptors. This approach was previously adapted and tested 

for similar models in the St. Lawrence River by the Ecohydraulic and Hydrology section 

of Environment Canada (Champoux et al., 2002; Turgeon et al., 2004). During these 

previous projects, it was determined that wetland distribution in a given year is dependent 

on water levels from the three previous years (Turgeon et al., 2004; Morin et al., 2005). 

We thus averaged environmental variables over the three previous growing seasons to 

estimate the parameters of each habitat model. Because the six models were independent, 

more than one type of wetland could be predicted at a single grid node. When the 

occurrence probability of more than one type of wetland was above its optimal decision 

threshold at a node, we used a classification tree to identify which wetland type should be 

present (De'ath and Fabricius, 2000). This classification tree considered the probability of 

occurrence determined for each wetland type to assign a single wetland type to a node in 

a given year. These probabilities of occurrence were computed with environmental 

conditions from the previous year, but because environmental conditions need to be 

maintained for a certain period before they induce a modification of wetland types, we 

included a succession model to obtain the final predictions in a given year (Tessier et al., 

1981; Jean et al., 1992). 
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5.5.4.1 Data on wetlands 

The extent and the quality of the datasets available from Hop et al. (2001) and from 

Grabas et al. (2013) were sufficient to calibrate and validate all 6 wetland models (open-

water habitat (WAT), rooted or floating marshes (RFM), emergent marshes (EM), wet 

meadows (WM), shrubby swamps (SS), and forested swamps (FS)) in the Rainy-

Namakan system. 

5.5.4.2  Model estimation 

We estimated each wetland model using the wetland map developed by Hop et al. (2001) 

for VNP (Figure 75). Since the Hop et al. (2001) wetland map was built with aerial 

images taken in 1995 for Rainy Lake and in 1996 for Namakan Reservoir, the model was 

calibrated for these years in each respective water body. The three-year average was used 

because wetlands cannot appear or disappear in a single season, as suitable conditions 

must be maintained for some time before a wetland type can be present. We assumed that 

three-year averages represented a good indication of the recent conditions that have 

shaped wetland distribution. 

We removed wetlands that were not directly influenced by the water level of the lake to 

make sure our results could be compared to that of Grabas et al. (2013) and be used for 

the analysis of the different water-level time series (RC). The wetland growing season 

was defined as the 13th QM to the 41st QM of each year. Although environmental 

variables included in each wetland model may vary, the following variables were 

included in most of them: the percentage of time the node is flooded, the number of wet-

dry cycles, the mean water depth, the energy of wind waves (UBOT), terrain slope and 

curvature (Table 38). Each model could also include interaction terms between variables 

as well as the squared variables. 
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Table 37: Wetlands classification, including ecological subgroups and dominant species found in 
the study area. Adapted from (Hop et al., 2001). 

 

 

Wetland 
types Ecological subgroups Main dominant species 

Rooted and 
Floating 
Aquatic 
Marshes 
(RFM) 

Midwest Pondweed Submerged 
Aquatic Wetland 

Potamogeton spp., Nymphaea odorata, Valesneria 
americana, Myriophyllum sibiricum, Najas flexilis 

Northern Water Lily Aquatic 
Wetland 

Nymphaea odorata, Nuphar lutea ssp. variegata, 
Brasenia schreberi, Potamogeton spp. 

Emergent 
marshes (EM) 

Freshwater Bulrush Marsh Scirpus tabernaemontani, Scrirpus acutus, Scirpus 
fluviatilis 

Wild Rice Marsh Zizania palustris,Potamogeton spp. 

Eastern Reed Marsh Phragmites australis 

Midwest Cattail Deep Marsh Typha latifolia, Typha angustifolia 

Wet meadows 
(WM) 

Canada Bluejoint Eastern 
Meadow Calamagrostis canadensis 

Wet Meadow/Fen 
Mosaic/Complex Carex lacustris, Carex vesicaria, Carex rostrata 

Shrubby 
swamps (SS) 

Dogwood-Pussy Willow Swamp Cornus spp. - Salix discolor - (Rosa palustris) Shrubland 

Speckled Alder Swamp Alnus incana Swamp Shrubland 

Forested 
swamps (FS) 

Black Ash-Mixed Hardwood 
Swamp 

Fraxinus nigra - Mixed Hardwoods-Conifers / Cornus 
sericea / Carex spp. Forest 

White Cedar-Black Ash Swamp Thuja occidentalis - Fraxinus nigra Forest 

Black Spruce/Alder Rich Swamp Picea mariana / Alnus incana / Sphagnum spp. Forest 

Northern Tamarack Rich Swamp Larix laricina / Alnus incana Forest 

White Cedar-(Mixed 
Conifer)/Alder Swamp (rich soil 
phase) 

Thuja occidentalis - (Picea mariana - Abies balsamea) / 
Alnus incana Forest 

Black Spruce/Labrador Tea Poor 
Swamp (evergreen phase) 

Picea mariana / Ledum groenlandicum / Sphagnum spp. 
Forest 

Black Spruce/Labrador Tea Poor 
Swamp (mixed phase) 

Picea mariana / Ledum groenlandicum / Sphagnum spp. 
Forest 
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Table 38 : Physical variables used as explanatory terms in the emergent vegetation model (2D 
model). All the variables averaged over the three previous growing seasons.  

Variables Unit 
Bottom slope % 
Bottom curvature cm 
Mean ratio of incident light at the bottom % 

Mean water depth m 
Mean number of wet-dry cycles cycles 
Mean percentage of QM a point is flooded % 
Mean UBOT from 10 km/h winds m/s 
Mean UBOT from 17 km/h winds m/s 
Mean UBOT from 35 km/h winds m/s 
Total UBOT  m/s 

 

For each model, we compared environmental variables from sites where a specific 

wetland type was present and sites where that wetland type was absent. Wetland types 

were considered present at each grid node located within polygons of this wetland type 

defined by Hop et al. (2001). A similar number of random points were selected outside 

these polygons for each wetland type. Because only the EM, WM, and RFM models 

could be validated with Grabas et al. (2013) data, points concerning the SS, FS, and 

WAT models were resampled to use 90 % in the estimation process, while 10 % were 

saved for the validation process. 

5.5.4.3 Statistical analyses 

For each of the six wetland types, we first used Principal Component Analyses (PCA) to 

remove collinear variables (De'ath and Fabricius, 2000). We then used binomial logistic 

regressions with AIC-based forward stepwise variable selection to identify the 

combination of variables that best predicted the distribution of habitat suitable to each 

wetland type. We then used the best model defined for each wetland type to predict the 

probability of occurrence for each wetland type at all grid points over the study area. All 

statistical analyses were computed with the program “R” version 3.1.2. 

5.5.4.4 Classification tree 

Classification trees, which we used to sort out cases of multiple predicted occurrence, use 

recursive binary partitioning to identify thresholds that best classify different categories 
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at each tree node on the basis of maximum likelihood (Crawley, 2007; Therneau et al., 

2011). We used the function “rpart” of the program “R” to identify these thresholds and 

build the classification tree. The classification tree used the predicted probability of 

occurrence of each wetland type in order to assign a single type to any given node and 

year. This enabled us to identify the wetland type that is the most likely to be present 

according to the predictions of the logistic models and the environmental conditions of 

the previous year. 

 
Figure 77: Classification tree attributing wetland type to every grid nodes according to the 
probability of occurrence obtained from each of the six logistic regressions (PROB: probability, 
RFM: Rooted and floating marshes; EM: Emergent marshes, WM: Wet meadows, SS: Shrubby 
swamps, FS: Forested swamps, WAT: open water). 

 

5.5.4.5 Vegetation succession model 

Since environmental conditions need to be maintained for a certain period of time before 

they induce a modification of wetland types, we included a succession model to estimate 

the final predictions for a given year (Tessier et al., 1981; Jean et al., 1992). Each of the 

six wetland types considered for this project can be sorted along a hydrosere from the 
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wetter, most lakeward, “open water” (WAT) to the drier, most landward, “Forested 

swamps (FS)” (Figure 78). The succession model predicts the distribution of each 

wetland type according to the temporal variations of the environmental variables under 

each of the water-level series. It predicts the wetland type at each grid node using the 

wetland type predicted by the classification tree for the current year, the physical 

variables of the previous growing season, the state of the wetland predicted in the 

previous years, and the time required before environmental conditions result in a change 

of wetland type as descriptors. Changes in a node state occur when environmental 

conditions have been more suitable to a different wetland type for a sufficiently long 

period of time. The suitability of a node to a given wetland type is defined by the type of 

wetland predicted in each year and some critical values of specific environmental 

variables, like water depth and the percentage of time a node is flooded. The duration of 

the period required for a change of state varied between 1 and 20 years, depending on the 

wetland type and the change of environmental conditions. For example, three consecutive 

years of conditions suitable to a drier wetland type (i.e. WM, SS, or FS) are required to 

induce a change from an EM to a WM (Figure 78). If conditions are suitable to the 

wetland type that is already present at a node before a change in succession is completed, 

the number of years required for a change of state is reset to its initial value. 

The duration of the periods required to change between wetland types were determined 

with information from the literature (Figure 78). Several studies suggest that vegetation 

of emergent marshes (EM) is eliminated following two or three years of unsuitable high 

water levels (van der Valk and Davis, 1978; van der Valk et al., 1994; Seabloom et al., 

2001). Similar observations have been made for wet meadows (WM), which can also be 

affected by the percentage of time they are flooded during the growing season (Millar, 

1973; Squires and Valk, 1992). As such, we determined that three consecutive years of 

unsuitable, dry, conditions were required to change the state of an EM towards a drier 

state (i.e. WM, SS, or FS) and that two consecutive years of high water levels were 

required to change state of an EM towards a wetter state (i.e. RFM or WAT; Figure 78). 

Turgeon et al. (2005) suggested that high water level could eliminate the vegetation of 
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rooted and floating marshes (RFM) after only a single growing season, since many 

species of this type of wetland are annuals. Therefore, we assumed that a single season of 

high water level changed RFM to open water in the succession model (Figure 78). On the 

other hand, two consecutive years of unsuitable drier conditions were required to change 

the state of a RFM to a drier state (Figure 78). It has been suggested that the growth of 

forested wetlands, such as shrubby swamps (SS) and forested swamps (FS), was reduced 

and the regeneration of these ecosystem was interrupted when they were flooded for 

more than 40 to 50% of the time over two growing seasons (Hall and Smith, 1955; 

Kozlowski, 1997; Toner and Keddy, 1997; Ernst and Brooks, 2003). As such, we 

determined that, after two years of unsuitable wetter conditions, these wetland types (SS 

and FS) would change towards their next wetter state (i.e. EM and SS, respectively; 

Figure 78). On the other hand, SS flooded for less than 50% of the growing season or for 

which we predicted a drier wetland type for 15 consecutive years were assumed to 

change into FS (Gauvin et al., 1998). Finally, we assumed that FS had to be flooded for 

less than 50% of the growing season and found at water depths < 0.5 m for 20 

consecutive years to change into terrestrial forests (Figure 78) (Gauvin et al., 1998). 

As done previously for cattail stands, a tile system involving a state variable representing 

all the possible wetland states was created to define the state of each grid node during 

each year in order to implement the wetland succession model. The tiles system stretches 

along the hydrosere from the wetter, most lakeward, “open water”, (tile 1) to the drier, 

most landward, “Forest” (tile 105; Figure 78). As such, the succession can move forward 

or backward given the state of the node predicted from the classification tree in that year 

or the limiting environmental conditions defined in the previous paragraph. When the 

classification tree predicted the presence of a drier wetland type for a year and/or when 

critical environmental variables are drier, the state of the node moved up one tile. 

Inversely, the state of a node went down one tile when the classification tree predicted the 

presence of a wetter wetland type and/or when critical environmental variables were 

wetter (Figure 78). If the classification model predicted the presence of the wetland type 

that is already present at a node, the tiles goes back to the base state for that wetland type. 



 

244 

 

For example, tiles 63 to 85 all represented forested swamp, and tile 65 was set as the base 

tile for that wetland type. Tiles 63 and 64 represent FS that is transitioning toward a 

wetter wetland type, while tiles 66 to 85 also represent FS, but this time, transitioning 

towards a dry forest ecosystem. Some conditions may prevent the succession to proceed 

through each wetland type in the aforementioned order; the state of a node has to be 

decided differently in that latter cases. In such scenarios, the state of the node is defined 

using the “wild” tile (the red square in Figure 78), in which case the state of the node is 

defined only by the prediction of the classification model for the current year. 

5.5.4.6 Model validation 

To validate the WM model, we used data from Grabas et al. (2013) to compare 

observations during 2008 and results predicted for that same year. For SS, we only had 

data from the wetlands map that was used for estimation (Hop et al., 2001). We thus used 

the 10% of the data that were not used for the estimation, to evaluate our predictions for 

the distribution of SS during 1995 and 1996. We evaluated these models using the same 

metrics as for the previous models: total classification rate, sensitivity, specificity, 

Cohen’s kappas (ƙ), RMSE, and McFadden Rho (see section 4 for more details). The 

models were validated at three different steps of the modeling process. For the first 

validation, the wetland presence was predicted solely by the highest probability of 

occurrence among all logistic regressions computed at a node. For the second validation, 

the wetland presence was further predicted using the classification tree for the current 

year. For the third validation, the wetland presence was predicted as the final prediction 

obtained from the succession model. 
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Figure 78: Successional pathways of the different wetland types according to time and changes in water-level conditions.
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5.5.5 Results 

5.5.5.1 Models evaluation 

The logistic regression coefficients revealed that wet meadows are associated with steep 

concave slope, shallow water, high luminosity and areas that are flooded for short 

periods. Shrubby swamps are located in sites with gentler convex slope that are rarely 

flooded (Table 39).  

Table 39: Coefficients of the logistic regression models that predict habitat suitability to wet 
meadows and shrubby swamps. Coefficients are given only for terms retained by the stepwise 
selection procedure. Variables were averaged over the three previous growing seasons. 

 

In general, metrics for the validation trials had similar values as the metrics assessing the 

quality of fit of the models. However, sensitivity tended to be lower for validations than 

Regression terms Wet meadows Shrubby swamps 
  βx  SE  βx  SE 
Constant 6.018 0.663 -10.80 1.13 
Simple terms     
Slope 0.1590 0.0258 -0.0645 0.0556 
Curvature -18.77 5.335 338.1 71.4 
Mean light at the bottom  -21.46 1.42 28.48 2.96 
Mean water depth  -4.534 0.382 0.8900 0.0248 
Mean percent of QM under the water  -1.228 0.074 -4.461 0.142 
Mean number of wet-dry cycles  0.5559 0.0171 -0.2480 0.0214 
Mean UBOT for 10 km/h winds  793.9 110.2 - - 
Mean UBOT for 17 km/h winds  -225.1 23.4 - - 
Mean UBOT for 35 km/h winds  81.59 35.57 - - 
Total UBOT  - - -98.14 7.44 
Quadratic terms     
Slope2 - - 0.0018 0.0001 
Light2 17.17 0.81 -15.30 1.90 
Interaction terms     
Slope * Curvature -0.5417 0.1865 - - 
Slope * Mean light at the bottom  -0.3179 0.0285 -0.1935 0.0596 
Slope * Mean water depth  -0.0500 0.0035 -0.0146 0.0064 
Curvature * Mean light at the bottom  88.82 - -433.8 76.7 
Curvature * Mean water depth  -1.294 2.80 -52.71 5.306 
Mean water depth * Mean light at the bottom  5.530 0.384 - - 
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for estimation, especially for the SS model (Table 40). This could be due to the low 

prevalence of that type of wetland, which makes the model seem less sensitive. 

Metrics of estimation and validation trials suggest that the logistic regressions predict the 

distribution of both wetland types more precisely than the regression tree and the vegetal 

succession model (Table 40). This was expected, as each logistic regression predicts the 

distribution of a single wetland type. However, the goal of the present models was to 

predict the distribution of all six wetland types while making sure only one wetland is 

present at each node on a specific year. In general, the vegetal succession improves the 

classification tree results. All results presented hereafter were obtained using the vegetal 

succession model. 

Additionally, to validate the model spatially, we compared the spatial distribution of 

suitable habitat predicted for both wetlands types in 1995-1996 with the observations 

made during these years (Table 40). We also compared the spatial distribution of habitat 

suitable to wet meadows predicted for 2008 with observations during that year (Figure 81 

and Figure 82).  
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Table 40: Evaluation for the logistic regression, classification trees, and vegetal succession 
models predicting the distribution of wet meadows and shrubby swamps according to 
different metrics assessing model performance. 

Model evaluation Wet meadows Shrubby swamps 
McFadden Rho2 0.44 0.47 
RMSE 0.44 0.42 
Optimum decision threshold 56% 59% 
Estimation of the logistic regression 
Total classification rate 80.5% 82.6% 
Sensitivity 80.7% 82.5% 
Specificity 80.2% 82.6% 
Kappa (p<0.05) 0.61 0.65 
Prevalence (29 926/59 925) (20 921/47 795) 
Estimation of the classification tree 
Total classification rate 55.5% 76.1% 
Sensitivity 39.7% 68.5% 
Specificity 96.8% 88.4% 
Kappa (p<0.05) 0.25 0.51 
Prevalence (4 058/5 610) (2 162/4 597) 
Estimation of the vegetal succession 
Total classification rate 51.9% 76.6% 
Sensitivity 34.5% 72.2% 
Specificity 97.2% 85.1% 
Kappa (p<0.05) 0.21 0.53 
Prevalence (4 058/5 610) (2 162/4 597) 
Validation of the logistic regression 
Total classification rate 80.2% 81.8% 
Sensitivity 81.1% 85.8% 
Specificity 79.2% 77.8% 
Kappa (p<0.05) 0.60 0.63 
Prevalence (2 415/3 124) (3 656/7 365) 
Validation of the classification tree 
Total classification rate 47.2% 55.5% 
Sensitivity 33.3% 12.0% 
Specificity 94.4% 98.3% 
Kappa (p<0.05) 0.16 0.15 
Prevalence (2 415/3 124) (3 656/7 365) 
Validation of the vegetal succession 
Total classification rate 56.2% 60.7% 
Sensitivity 44.6% 23.8% 
Specificity 94.8% 97.0% 
Kappa (p<0.05) 0.24 0.15 
Prevalence (2 415/3 124) (3 656/7 365) 



 

249 

 

 

 

Figure 79: Predicted habitat suitability to wet meadows (yellow) and shrubby swamps (light blue) for 1996, with observations of these wetland 
types for 1996 by Hop et al. (2001) in 2 selected sites in Namakan Reservoir: East of Deep slough Bay (DSBE) and Tom Cod Bay 
(TCB).
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Figure 80: Predicted habitat suitability to wet meadows (yellow) and shrubby swamps (light blue) for 1995, with observation of these two wetland 
types by Hop et al. (2001) for 1995 in 1 selected site of Rainy Lake: Western part of Black Bay (BBW). 
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Figure 81: Predicted habitat suitability to wet meadows (yellow) and shrubby swamps (light blue) for 2008, with observations of wet meadows by 
Grabas et al. (2013) for 2008 in 2 selected sites of Namakan Reservoir: East of Deep slough Bay (DSBE) and Tom Cod Bay (TCB).
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Figure 82: Predicted habitat suitability to wet meadows (yellow) and shrubby swamps (light blue) for 2008, with observations of wet meadows by 
Grabas et al. (2013) for 2008 in 2 selected sites of Rainy Lake: the western part of Black Bay (BBW) and Stanjikoming Bay (SB).  
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5.5.5.2 Wetland habitat according to the Measured time series 

Results from the Measured water-level series can be split in two periods of different 

water-level management: 1975-2000, when water levels were regulated according to the 

1970RC and 2000-2013, when water levels were regulated according to the 2000RC. The 

surface area of habitat suitable to wet meadows increased slightly after 2000 in both 

water bodies under the Measured water level series (Figure 83). Although the difference 

between both periods of water-level management is difficult to observe locally (Figure 85 

and Figure 86), surface area of habitat suitable to wet meadows increased by about 20% 

in both water bodies (Figure 83, Table 41). 

 

Figure 83: Yearly estimated surface area, in hectares (ha), of habitat suitable to wet meadows in 
A) Rainy Lake and B) Namakan Reservoir according to the Measured water-level 
series between 1975 and 2013. 

The surface area of habitat suitable to shrubby swamps also increased after 2000 in 

Namakan Reservoir under the Measured water-level series, but remained stable, except 

for a peak in 2004, in Rainy Lake (Figure 84, Table 41). The increase of about 25% of 

the surface area of habitat suitable to shrubby swamps predicted in Namakan Reservoir 

after 2000 is also visible in some areas of the reservoir (Figure 85). As the surface area of 

habitat suitable to shrubby swamps remained stable in Rainy Lake, no noticeable changes 

in distribution can be observed between both periods (Figure 86). 
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Figure 84: Yearly estimated surface area, in hectares (ha), of habitat suitable to shrubby 
swamps in A) Rainy Lake and B) Namakan Reservoir according to the Measured 
water-level series between 1975 and 2013. 

Table 41: Mean estimated surface area and standard deviations (SD), in hectares (ha), of habitat 
suitable to wet meadows (WM) and shrubby swamps (SS) in Rainy Lake and Namakan 
Reservoir according to the Measured water-level series during periods of different 
water-level management between 1975 and 2013 (1975-2000: water levels regulated 
according to the 1970RC; 2000-2013: water levels regulated according to the 2000RC). 

  
1975-2000 2000-2013 

Wetland 
type Water body mean surface  

area (ha) SD mean surface 
 area (ha) SD 

WM 
Namakan Reservoir 430 38 513 30 

Rainy Lake 1 412 57 1 703 101 

SS 
Namakan Reservoir 668 104 837 71 

Rainy Lake 3 731 193 3 807 408 
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Figure 85: Predicted habitat suitable to wet meadows (yellow) and shrubby swamps (light blue) for 1980 and 2010 under the Measured water- 
level series in 2 selected sites in Namakan Reservoir: East of Deep slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 86: Predicted habitat suitable to wet meadows (yellow) and shrubby swamps (light blue) for 1980 and 2010 under the Measured water-level 

series in 2 selected sites in Rainy Lake: the Western part of Black Bay (BBW) and Stanjikoming Bay (SB).
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5.5.5.3 Wetland habitat according to simulated time series 

In Rainy Lake, the temporal trends of the surface area of habitat suitable to wet meadows 

estimated for the 1970RC and the 2000RC are very similar, but more surface areas is predicted 

under the 2000RC (Figure 87, Table 42). This temporal trend is also similar to results from the 

Measured water-level series, which, however, predicted more abundant suitable habitat (Table 

42, Figure 83, Figure 87). In Namakan Reservoir, the mean surface area predicted under the 

1970RC is similar to that obtained under the Measured water-level series (Table 42) while the 

2000RC would have provided more suitable habitat to wet meadow (Table 42, Figure 87). Out of 

the four analysed time series, the Natural water-level series would have provided the greater 

surface area of habitat suitable to wet meadows in both water bodies; about twice as much as for 

the Measured water-level series (Table 42, Figure 87). The tendency is most notable is Rainy 

Lake. 

The mean amount of habitat suitable to shrubby swamps is similar under the 1970RC and 

2000RC in both water bodies (Table 42). In Rainy Lake, the temporal trend for the 1970RC and 

the 2000RC are almost identical, while the variability of surface area of habitat suitable to 

shrubby swamps is lower under the 2000RC than for the 1970RC in Namakan Reservoir (Table 

42, Figure 88). In Rainy Lake, the Measured water-level series would have resulted in similar 

amount of suitable habitat as for the 1970RC and 2000RC. In Namakan Reservoir, more surface 

area of suitable habitat would have been available under the Measured water level series than for 

the 1970RC and 2000RC time series. The Natural water-level series would have resulted in more 

variable, but more abundant, habitat suitable to shrubby swamps than any regulated water-level 

series in both water bodies (Table 42, Figure 88). 
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Table 42: Mean estimated surface area and standard deviations (SD), in hectares (ha), of habitat suitable to wet meadows (WM), and shrubby 
swamps (SS) in Rainy Lake and Namakan Reservoir according to simulated hydrological conditions between 1973 and 2012 based on 
the Measured, 1970RC, 2000RC, and Natural water-level time series. 

  
1970RC 2000RC Natural Measured 

Wetland 
type Water body mean surface 

area (ha) SD mean surface 
area (ha) SD mean surface 

area (ha) SD mean surface 
area (ha) SD 

WM 
Namakan 
Reservoir 410 38 672 53 821 93 459 53 

Rainy Lake 1004 69 1378 76 3736 39 1514 159 

SS 
Namakan 
Reservoir 586 89 594 47 1115 188 727 123 

Rainy Lake 3876 931 3773 826 4912 1547 3758 284 
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Figure 87: Yearly estimated surface area in hectare (ha) habitat suitable to wet meadows in A) Rainy Lake and B) Namakan Reservoir according 
to simulated hydrological conditions between 1973 and 2012 based on the 1970RC (in red), 2000RC (in blue), and Natural water-level 
series (in purple). 
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Figure 88: Yearly estimated surface area, in hectares (ha), of habitat suitable to shrubby swamps in A) Rainy Lake and B) Namakan Reservoir 

according to simulated hydrological conditions between 1973 and 2012 based on the 1970RC (in red), 2000RC (in blue), and Natural 
water-level series (in purple). 



 

261 

 

5.5.6 Discussion 

5.5.6.1 Comparison of the different water-level time series 

Our results suggest that the implementation of the 2000RC increased the amount of habitat 

suitable to wet meadows, especially in Namakan Reservoir. For shrubby swamps, the conditions 

appear to have remained unchanged in both water bodies. Our model predicted that the Natural 

water-level series would have provided much more surface area of habitat suitable to both types 

of wetland than any regulated water-level series in both water bodies. 

 

5.5.6.2 Most important variables 

The two wetland types included in this section are favored by occasional flooding that provided 

conditions that were either too wet for more terrestrial habitats, such as forested swamps or 

terrestrial forests, or too dry for more aquatic habitats, like emergent marshes. This requirement 

of short flooding periods was illustrated in the model through the association of these wetland 

types with low percentage of QM for which sites were underwater. These conditions can result 

from unusually high water levels or by peak levels maintained for short periods every year. 

Unusually high water levels are rare under regulated conditions since it is a purpose of water 

regulation to avoid large fluctuations of the water level (Figure 89). In contrast, Natural water 

levels are more variable and results in more frequent flooding events. Moreover, periods of high 

water levels are also shorter under natural conditions than under regulated conditions (Figure 17). 
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Figure 89: Minimum, maximum and mean water levels during the wetland growing season (QM 13 to 41) from 1950 to 2013 for studied time series 
(Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: 
dotted lines).
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5.5.6.3 Comparison with other studies 

Meeker and Harris (2011) found that water depth is the main factor influencing the 

composition of aquatic plant communities in the Rainy-Namakan system. Water-level 

regulation is, however, not the only factor influencing the composition of aquatic plant 

communities in the Rainy-Namakan system. As such, even in the absence of water-level 

regulation (Lac La Croix) or following slight changes of the RC, vegetation composition 

of surveyed water bodies changed between 1987 and 2010 (Meeker and Harris, 2011). 

Therefore, climate changes, taxa pools, and incoming invasive species may all be linked 

to changes in the vegetal communities (Meeker and Harris, 2009; 2011). Our model, 

which is based on the impact of different water-level time series, was able to predict the 

general distribution of both wetland types, but the precision of this model was generally 

lower than other models because the actual composition and distribution of wetlands can 

be influenced by a number of un-modeled aspects. The wide range of species included in 

each wetland type also limited the model precision. 

Grabas et al. (2013) found that the total wetland area and the surface area covered by 

each analysed wetland type, especially meadow marshes (wet meadows), decreased 

between 1995-1997 and 2008. These values, however, were obtained from aerial 

photography taken during period of relatively low water level (1995-1997) and unusually 

high water level (2008), so the study remained inconclusive about the impact of the 

2000RC (Grabas et al., 2013). Contrary to their findings, our models suggest that the 

2000RC provided conditions that are more suitable to wet meadows and that the surface 

area of habitat suitable to wet meadows has increased since the implementation of the 

2000RC, especially in Namakan Reservoir. This more significant increase in Namakan 

Reservoir compared to Rainy Lake is linked to the more pronounced hydrologic changes 

consequential to the 2000RC in Namakan Reservoir. As such, our study suggests that the 

large differences in water level between 1995-1997 and 2008, as well as the different 

resolution and quality of the two sets of aerial photo used by Grabas et al. (2013) may 

have influenced their results. 
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Our model also suggested that natural conditions would have provided more surface area 

of habitat suitable to the modeled wetland types. The higher suitability of natural 

conditions to wetland types that are associated with occasional flooding was also 

expected by Wilcox and Meeker (1992). They suggested that more gradual drawdowns 

during summer, which are closer to natural conditions, favor such vegetation. 

Accordingly, our model suggests that the 2000RC and the Natural water-level series, both 

of which having a more gradual drawdown during summer (Figure 17), are more suitable 

to wet meadows and shrubby swamps than the 1970RC or Measured water-level series. 

5.5.6.4 Relation to other species/models 

Wetlands are an essential component of the ecosystem and are involved in the biological 

cycles of several wildlife species. This section was developed to provide input data for 

the northern pike spawning habitat model. Given appropriate water depths, the two 

modeled wetland types provide the best spawning substrate for northern pike. The 

distribution of these wetland types was combined with the emergent, submerged 

vegetation, and cattail models to provide vegetation cover data in the model evaluating 

northern pike spawning and nursery habitat (section 6.4).  

Because of the dynamic nature of wetlands, the distributions of four other wetland types 

were taken into account to properly evaluate the distribution of the targeted wetland types 

(WM and SS). The interaction between the different wetland types was modeled through 

the vegetation succession model. This process is an example of the spatial and temporal 

relation between wetland types reminding us that the health of a wetland does not only 

depend on the surface area that it covers, but also on the diversity of wetland types it 

includes. As different vegetal and faunal species are associated with each of the wetland 

types, we expect that more diverse wetlands support more diverse communities that are 

both more resistant and resilient to disturbances. 

5.5.6.5 Wetlands and water-level management 

Our results and the literature suggest that water-level management has a direct impact on 

the distribution and the composition of lacustrine wetlands (Coops et al., 2003; Hudon et 
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al., 2005). Each wetland type is associated with a level of water saturation or a range of 

water depths. The diversity of wetland types present in a system is therefore largely 

dependent on the variability of water levels. More variable water levels were found to 

result in more diverse wetlands, which, in turn, are expected to support a more diverse 

flora and fauna. As such, it seems important that water level management plans include a 

certain level of inter and intraannual variability to make sure the ecosystems support a 

sufficient diversity of wetland types and species. For example, wet meadows and shrubby 

swamps, which are favored by water levels that are more variable than the ones dictated 

by current water level management, are marginal wetland types in the Rainy-Namakan 

system. They are, however, important for spawning northern pike (Alldridge and White, 

1980; Mingelbier et al., 2008), and increasing their coverage would likely favor the 

northern pike reproduction and recruitment.  

5.5.7 Recommendations 

Our results suggest that the Natural water-level series would provide more abundant 

suitable habitat for wet meadows and shrubby swamps. It would thus be beneficial to 

increase the interannual variability of water levels and reduce the period of high water 

level in the summer to reflect the natural variability of the system more closely. This 

would not only provide more spawning habitat for northern pike (Alldridge and White, 

1980; Mingelbier et al., 2008; section 6.4), but also more surface abundant area of habitat 

for a number of plant and wildlife species that are associated with wet meadows and 

shrubby swamps.  
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6 Animal models 

 Muskrat 6.1

6.1.1 Species description 

Muskrats (Ondatra zibethicus) are an important component of wetland ecosystems, 

serving as a food source for many predators (Errington, 1943; 1954; 1963) and having 

major impacts on wetland vegetation (Errington, 1961; 1963). Muskrat population 

density varies seasonally, with lower spring density followed by higher fall density due to 

recruitment (Ervin, 2011), and also varies interannually as a function of water-level 

variations (Erb and Perry, 2003). Winter is the most critical season for muskrat survival 

due to harsh climatic conditions and limited resource availability. Muskrat winter 

survival is, however, more closely associated with water-level variations than resource 

availability (Errington, 1963; Messier et al., 1990; Virgl and Messier, 2000). As such, our 

analyses of muskrat performance were centered on the effects of water-level variation 

occurring in the Rainy-Namakan system during winter. 

6.1.2 Habitat description and alimentation 

Muskrats are found in wetlands over a wide range of climates and habitats. With their 

foraging and house-building activities, muskrats may have significant impacts on wetland 

composition and diversity (Allen and Hoffman, 1984; Clark, 1994).  

During summer, muskrats’ diet is mostly composed of easily accessible emergent aquatic 

plants, such as: cattails (Typha spp.), bulrushes (Schoenoplectus spp.), reed canary grass 

(Phalaris arundinacea), sedges (Carex spp.), reed acorus (Acorus calamus), arrowheads 

(Sagittaria spp.), pickerelweed (Pontederia cordata), and bur-reed (Sparganium 

eurycarpum) (Traversy et al., 1994; Bourget, 2006). In general, muskrats consume plants 

in their early growth stages, as they later become highly fibrous (Bednarik, 1956). 

Among consumed species, muskrats, however, show a clear preference for cattail 

(Bellrose, 1950; Allen and Hoffman, 1984; Lacki et al., 1990). Fecal pellet analysis has 
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shown that cattails are consumed throughout the year and often represent most of 

muskrats’ diet (Bednarik, 1956). This plant provides highly nutritious rhizomes, 

particularly sought after in winter (Cook, 1952) when other plants become senescent and 

lose their nutritional properties (Allen and Hoffman, 1984; Campbell and MacArthur, 

1998). As such, studies have shown that muskrats inhabiting cattail-rich environments are 

heavier and larger, while also having greater fat percentage than individuals feeding on 

other emergent species (Bednarik, 1956; Friend et al., 1964). A study in Saskatchewan 

showed that muskrats appear to avoid open water areas and select rooted vegetation areas 

more frequently than areas with floating mats (Ervin, 2011). The author suggests that this 

could be caused by floating vegetation mats offering less stability for lodges than rooted 

vegetation and rhizomes of floating vegetation being more susceptible to freezing, which 

would make them inaccessible as a food resource. Muskrats use and maintain channels, 

allowing them to move under the ice during winter to access their food supply (Errington, 

1939). Muskrats were also observed using air pockets formed in the ice column to move 

between lodges and food sources (Prowse and Gridley, 1993). 

Muskrats use a variety of plant species to build lodges. These species are selected 

according to their availability. Lodges are often built near boundaries between different 

types of vegetation, possibly because of differences in food quality through time that 

modify muskrats’ preferences (Danell, 1978; Welch, 1980; Campbell and MacArthur, 

1995; 1998). The vegetation’s ability to trap snow may also influence site selection 

(Clark, 1994). Typically, muskrats begin to build lodges during fall and build the last one 

just before winter (Bellrose and Brown, 1941; Errington, 1961). Ouellet and Morin 

(2006) found that, in the St. Lawrence River, muskrats build their final lodge in 

November, just before ice establishment. Muskrats generally use vegetation located 

within a 6- to 12-m radius around the lodge for its construction. This behaviour creates an 

area cleared of most emergent plants around the lodge (MacArthur, 1978). These 

clearings may be useful to other species, including fish spawning in marshes (Danell, 

1978). As highlighted by many studies, cattails (Typha spp.) is again a preferred species 

when it comes to lodges construction material (Bellrose and Brown, 1941; Mirka et al., 
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1996; Campbell and MacArthur, 1998; Connors et al., 2000). Muskrats consolidate 

lodges with mud and submerged plants to get a unified and well-insulated structure, 

which protects them from harsh winter conditions. The size of lodges varies depending 

on the availability of materials and construction sites (Bednarik, 1956; Darchen, 1964; 

McNicoll and Traversy, 1985).  

Muskrat lodges are generally constructed to allow some adaptation to fluctuating water 

levels, as muskrats can raise the chamber floor by gnawing vegetation from the top of the 

lodge when water levels rise (Ouellet and Morin, 2006). Variations exceeding critical 

thresholds, however, will flood lodges and may directly or indirectly increase muskrat 

winter mortality. Generally, lodge height is between 0.50 and 1.20 m above the water 

surface, while width varies between 1.20 and 1.80 m (Bellrose and Brown, 1941; Proulx, 

1981; Bélanger and Léveillé, 1983; Blanchette, 1991). A lodge contains a single chamber 

typically located 0.15 to 0.25 m above the water level, with an approximate height of 

0.13 m (Bélanger, 1986). Therefore, muskrats can tolerate water-level increases lower 

than 0.15 m without any impacts (Dr. William R. Clark, personal comm., January 2014). 

Chambers will usually have two exits to facilitate escape when necessary (e.g., when a 

predator enters the chamber; (Darchen, 1964)).  

Suitable muskrat habitat requires a permanent supply of still or low velocity water 

(Errington, 1963). Muskrats are more abundant in lakes with stable water levels than in 

lakes with fluctuating water levels (Bellrose and Brown, 1941). High water levels may 

force muskrats out of lodges and result in habitat modification by altering the 

composition of vegetation (Ouellet and Morin, 2006). Muskrat survival is, however, more 

affected by changes in water level during winter than by the types of available emergent 

vegetation (Errington, 1963; Messier et al., 1990; Virgl and Messier, 2000). Low water 

levels in winter are more detrimental to muskrat survival than in summer (Perry, 1982), 

as they result in reduced food availability (Errington, 1939). Muskrats are very well-

adapted to winter through their high thermoregulation capacities and their increased body 

mass during fall (Campbell and MacArthur, 1998). The cold season is nevertheless 

critical for muskrats, as population reductions of 60 to 75% have been observed over 
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winter in a regulated southern Ontario marsh (Proulx and Gilbert, 1983). Several factors 

may cause winter mortality: food availability, extreme weather events, cold temperatures, 

ice thickness, and water-level variations. It is, however, very difficult to differentiate the 

direct impacts of water-level variations on mortality rates from their side effects, such as 

increased predation or reduced food accessibility. Nevertheless, over-winter survival of 

muskrats depends on environmental variables around lodges, such as water depth and 

vegetation cover (Clark and Kroeker, 1993; Virgl and Messier, 2000). Water depth 

around lodges must be sufficient to prevent freezing of underwater substrates to allow 

access to rhizomes and other underground plant parts throughout winter. Lodges located 

in shallow water expose muskrats to increased predation risk (Clark and Kroeker, 1993) 

and are more vulnerable to ice forming at or below the entrances, which would limit 

muskrat access to vegetation and force them to travel above the ice. This would make 

them more exposed to cold temperatures, increasing thermoregulation needs and food 

requirements, which are presumed to reduce survival, while also reducing resource 

availability. Vegetation can trap snow, which acts as an insulator reducing ice thickness 

and preventing freezing of the substrate (Messier et al., 1990; Ervin, 2011). Clark (1994) 

found that snow depths in Typha stands, which are selected by muskrats for winter lodge 

construction, are around 0.33 m, while ice thickness is around 0.27 m, almost half the ice 

thickness observed in bulrush stands. The absence of snow cover may promote heavy ice 

formation, increasing risks of frozen lodge access or frozen vegetation and thus, reducing 

probabilities of muskrat survival (Seabloom and Beer, 1964; Clark, 1994).  

Muskrats may have a certain tolerance to water-level decrease during winter, but no 

quantitative data were found in the literature. Several studies have evaluated that water 

depths between 0.02 to 1.50 m were found around muskrat lodges, with preferred depths 

being between 0.30 and 0.70 m (Bellrose and Brown, 1941; Lay, 1945; Aldous, 1947; 

Bellrose, 1950; Dilworth, 1966; Danell, 1978; Bélanger and Léveillé, 1983; Proulx and 

Gilbert, 1983; Clark, 1994; Richards, 2007). Similarly, Clark (1994) found that more than 

90% of muskrat winter lodges in Manitoba were located at water depths greater than 0.10 

m, with an average depth of 0.38 m. Similar ranges have been reported for a variety of 
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wetland conditions (Errington, 1963; Danell, 1978; Proulx and Gilbert, 1983). In 

addition, 70% of lodges become unusable during winter at water depths of 0.12 m or less 

(Bellrose, 1950). Finally, less than 50% of lodges may freeze at water depths around 0.25 

m (Bellrose, 1950). As ice thickness is around 0.27 m in Typha stands during winter, 

muskrats may need a minimum of 0.37 m of water depth to maintain access to 0.10 m of 

unfrozen water during winter in a system with minimal water-level variations.  

6.1.3 Muskrats in the study area 

Muskrats are an important ecological component of wetland ecosystems and a resource of 

interest for Voyageurs National Park (VNP), the Minnesota Department of Natural 

Resources (MDNR), and the Ontario Ministry of Natural Resources and Forestry 

(OMNRF). In VNP, a muskrat population was present when dam installation occurred on 

the Rainy-Namakan system (Thurber and Peterson, 1988). Between 1985 and 1987, 

greater muskrat densities were observed in Rainy Lake than in the Namakan Reservoir 

(Thurber et al., 1991). In comparison with other areas like the St. Lawrence River, where 

9 to 230 muskrat lodges were counted in 5 different bays, only few muskrat lodges have 

been observed in the study system over the last decade (17 houses observed in 2004 and 2 

in 2005 in VNP, Figure 90). This is quite surprising given that wetland composition in 

the Rainy-Namakan system seems suitable to a large muskrat population. In wetlands 

hosting large population of muskrats, vegetation is often riddled with channels traced 

through rhizomes and plants allowing muskrats to move under the ice during winter to 

access their food sources (Errington, 1939). These structures are not present in the Rainy-

Namakan system, probably because of the small muskrat population observed (field 

observation J.Morin and M.Bachand; Thurber et al. 1991). The few muskrat lodges 

sampled between 2004 and 2006 in VNP were located at water depths of about 0.83 m 

(data from VNP). The minimum water depth observed was 0.40 m, while the maximum 

was 1.34 m. In Delta Marsh, Manitoba, which has similar climatic conditions, the 

majority of muskrats built their lodges in waters averaging depths of 0.38 m, while more 

than 90% of lodges were located in waters depths greater than 0.10 m (Clark, 1994). As 

previously mentioned, muskrats are important herbivores, which could structure wetlands 
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and help control the abundant cattails in the study area (Meeker and Harris, 2009) (See 

section 5.2 Cattails for more details). Since muskrats have been common in the region 

according to historical trapping data from Ontario Ministry of Natural Resources (Figure 

91), we hypothesized that their near absence or low abundance in the Rainy-Namakan 

area is linked to water-level regulation in winter.  

 

Figure 90: Muskrat lodge (yellow dots) distribution around VNP between 2004 and 2005. 
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Figure 91: Annual muskrat harvest from 1948 to 2008 (pink bars) for the Fort Frances District in 
which Rainy Lake is located. The figure also shows the average price of muskrat pelts 
per year (blue line). These data were provided by the Ontario Ministry of Natural 
Resources and Forestry. 

6.1.4 Model conception 

We developed a winter lodge viability model to assess the effect of water-level regulation 

on muskrat winter survival. The model used water-level variation to predict the 

probability of muskrat lodge viability (PLV) throughout winter (0 = lodge is unusable 

and 1 = lodge is not affected). As such, this model used the principal requirements of 

muskrat lodge viability in terms of water-level variation to assess the performance of 

muskrats in the Rainy-Namakan system (Table 43).  
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Table 43: Habitat requirements for muskrat lodge establishment and viability. 

Criteria Ideal Suitable Problematic 
Water depth 
during fall (Oct.-
Nov.) 

Between 0.30 
and 0.70 m. 

Between 0.15 and 1.40 m. Less than 0.10 m excluding 
ice 
Less than 0.37 m including 
ice  
 

Water-level 
variations during 
winter (Dec. to 
end of Feb.) 

Less than 
0.15m.  

Increases less than the 
height between the roof of 
the chamber and the top of 
the lodge.  
Decreases which maintain 
access to water and food 
under the ice. 

Increases greater than ≈ 
0.30 m 
 
Decreases greater than 
≈1.00 m 

As muskrats build their winter lodges just before the onset of winter and before ice 

establishment (Bellrose and Brown, 1941; Errington, 1961; Ouellet and Morin, 2006), we 

determined the period of winter lodge building in the study area by identifying the period 

of ice formation based on air temperature. We established that ice formation begins when 

daily minimum air temperature is around -5 ⁰C (field observation). This means that in the 

study area, muskrats should build their lodges between mid-October and mid-November 

(Figure 92). 
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Figure 92: Averaged (large dots) and observed (small dots) daily minimum air temperature for 
October and November (37th to 44th QM), between 1950 and 2012 at the International 
Falls meteorological station, MN, USA. 

Our model uses typical lodge sizes to determine the lodges’ adaptation potential, as 

muskrats could raise the chamber floor using vegetation from the top of the lodge when 

water level increases. We used information from available studies (Bellrose and Brown, 

1941; Errington, 1961; Ouellet and Morin, 2006) and the VNP field observations 

database to determine typical lodge dimensions: chamber height = 0.13 m, chamber floor 

height above the water surface = 0.15 m, total lodge height above the water surface = 

0.66 m and minimum wall thickness = 0.20 m (Figure 93). With this information, we 

determined whether muskrats had the potential to raise the floor of their chamber 

sufficiently when facing rising water levels. The potential for lodge adaptation (LA) is 

defined by the subtraction of the chamber floor height above the water surface (HPM), 

the chamber height (0.13 m), and the minimum wall thickness (0.20 m) from the total 
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lodge height above the water surface (HHM = 0.66 m; Equation 7). 

LA=HHM-HPM-0.13-0.20 Equation 10 

 

Figure 93: Typical winter lodge size used in the water-level impact model (modified from Ouellet 
et al., 2005). 

Therefore, LA is equal to the vertical distance available for raising the chamber floor. 

Given the average dimension of muskrat lodges, about 0.18 m should be available to raise 

the chamber floor (LA). If this space is completely used and the chamber floor becomes 

leveled with water, water level could increase by a maximum of 0.33 m before flooding 

the lodge. Exceeding this potential during winter (mid-November to end of February) 

would result in chamber flooding and freezing, making the lodge unusable. We 

considered that from early March onward, the ice may begin to melt and become less 

limiting to muskrats. Muskrat lodges can tolerate water-level increases less than 0.15 m 

without any impacts, therefore, smaller increase should result in a PLV of 1 (Dr. William 

R. Clark, personal comm., January 2014., Table 43). The lodge was considered inactive 

(PLV=0) when flooded and active (PLV=1) when water-level increases remained within 

the lower thresholds of 0.15 m. On the other hand, water-level increases greater than 

0.33 m resulted in a PLV of 0. The PLV related to water-level increases between 

0.15 and 0.33 m is given by Equation 11 
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833.1556.5  xPLV  Equation 11 

 

where PLV represents the probability of muskrat lodge viability and x the water-level 

increase in meters (Figure 94).  

We are aware that muskrat lodges may tolerate some water-level decrease, but we did not 

find data that could quantify this. With the help of the same renowned expert on muskrat 

(Dr. William R. Clark, personal comm., January 2014), we fixed this tolerance at 0.15 m. 

Dr. Clark also mentioned that according to his field observations, a water-level decrease 

greater than 0.60 m may be fatal for the majority of muskrats. As such, we attributed a 

PLV of 1 when water-level decreases ranged from 0.0 to 0.15 m and a PLV of 0 when 

water level decreases by more than 0.60 m. The PLV for water-level decreases between 

0.15 and 0.60 m is calculated with the Equation 12.  

333.1222.2  xPLV , Equation 12 

 

where PLV represented the probability of muskrat lodges viability and x the water-level 

decrease in meters (Figure 94). 
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Figure 94: Probability of muskrat lodge viability (PLV) according to water-level variation between 
the establishment of lodges in fall (October –November) and the end of February.  

The muskrat winter lodge viability model was applied using long-term water-level series. 

We first calculated the average water levels in fall, set as mid-October to mid-November 

(39th to 42nd QM), for each year since 1950. We then calculated the maximum and 

minimum water levels during each winter, defined as mid-November to end of February 

(43rd to 8th QM). We could, thus, compare the following winter water levels with the 

precedent fall water levels to obtain a positive or negative water-level variation. When 

lodges faced increased and decreased water levels in the same winter, we calculated both 

associated PLV and kept the most limiting results. We thus evaluated the performance of 

muskrats in Rainy Lake and Namakan Reservoir in each year from 1950 to 2012 and for 

each water-level series.  
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6.1.5 Results 

In the Rainy-Namakan system, muskrat lodges faced important drawdowns every winter 

from 1950 to 2012 (Measured water-level series), and this would have been true for other 

regulated water-level series (1970RC and 2000RC). As such, all PLVs obtained with 

these time series were affected by water level decrease. The measured water-levels series 

show that Rainy Lake faced an average water-level decrease of 0.50 m during winter, 

while it was of 1.42 m in Namakan Reservoir (Figure 95). 

 

Figure 95: Frequency of water level variation between average level in fall (mid-October to mid-
November) and minimum level during winter (mid-November to end of February), 
measured from 1950 to 2012 in Rainy Lake (red bars) and Namakan Reservoir (blue 
bars). 

Lodges in Rainy Lake presented higher PLVs than in Namakan Reservoir for every non-

natural water-level series. These PLVs nevertheless remained low in Rainy Lake (Table 

44, Figure 96, Figure 97). The PLVs were more variable under the Natural water-level 

series but generally higher than with the other water level series (Figure 97). This is 
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particularly obvious with results from Namakan Reservoir, where PLVs remained at zero 

for all regulated water-level series. The Natural water-level series resulted in the highest 

mean PLV of all modeled series in Namakan Reservoir, while it resulted in the second 

highest mean PLV in Rainy Lake (Table 44, Table 45, Figure 97). 

Table 44: Mean probabilities of muskrat lodge viability (PLV) and standard deviations (SD) 
according to water-level variations measured between fall (October-November) and the 
end of winter (end of February) during three periods of different water-level 
management rules. (1950-1970: water levels regulated according to the 1949 and 1957 
RC; 1970-2000: water levels regulated according to the 1970RC; 2000-2014: water 
levels regulated according to the 2000RC) 

 
1950-1970 1970-2000 2000-2014 

 Water body mean PLV SD mean PLV SD mean PLV SD 
Namakan 
Reservoir 0.00 0.00 0.00 0.00 0.00 0.00 
Rainy Lake 0.35 0.35 0.16 0.24 0.38 0.22 

 

Table 45: Mean probabilities of muskrat lodge viability (PLV) and standard deviations (SD) under 
different water-level time series between 1950 and 2012.  

 
1970 RC 2000RC Natural Measured 

 Water body mean PLV SD 
mean 
PLV SD 

mean 
PLV SD 

mean 
PLV SD 

Namakan 
Reservoir 0.00 0.00 0.00 0.00 0.47 0.39 0.00 0.00 
Rainy Lake  0.21 0.17 0.38 0.10 0.31 0.33 0.27 0.29 

 

 

Figure 96: Probabilities of muskrat lodge viability (PLV) in A) Rainy Lake and B) Namakan 
Reservoir from 1950 to 2012 under the Measured water-level series.
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Figure 97: Probabilities of muskrat lodge viability (PLV) in A) Rainy Lake and B) Namakan Reservoir from 1950 to 2012 for different water-level series defined by 

rule curves and the projected Natural water-levels series. 
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6.1.6 Discussion 

6.1.6.1 Comparison of the different water-level time series 

Past and current water-level regulations of the Namakan Reservoir appear to eliminate muskrat 

lodge viability over winter. The situation is less critical in Rainy Lake, especially since the 

implementation of the 2000RC, but conditions nevertheless remain very challenging for 

muskrats. As such, the 2000RC resulted in higher and more stable PLVs than the 1970RC or the 

measured level series in Rainy Lake. This result suggests that by following more closely the 

2000RC, muskrat survival should be higher than under the 1970RC in Rainy Lake. This has 

already been apparent under the Measured water-level series, as the PLVs dropped below 0.2 

only once since 2000 but did so more regularly before the implementation of the 2000RC. On the 

other hand the 2000RC did not improve conditions for muskrat in Namakan Reservoir. Our 

analysis shows that water level regulations dictated by the 1970RC and 2000RC and reflected by 

the measured water levels, have been disastrous for muskrats in both water bodies, especially 

under the 1970RC. According to our model, the viability of muskrat lodges would be highly 

variable in both water bodies under the Natural water-level series, with one fair year every 2 to 3 

years, separated by poor and bad years. The Natural water-level series would however often 

result in better conditions than the 1970RC and the 2000RC water-levels series. This result 

suggests that it is possible to improve water-level regulation to favor muskrat lodge viability and 

muskrat survival in the Rainy-Namakan system. 

6.1.6.2 Most important variables 

Because it is the only variable included in this 1D model, the water-level variations between fall 

and the end of winter explain the results of this model. In Namakan Reservoir, Measured water 

levels dictated by the 1970RC and the 2000RC decrease too much between fall and the end of 

winter to ensure muskrat lodge viability. Although this decrease has been reduced under the 

2000RC, these improvements were insufficient to provide suitable wintering conditions for 

muskrats. Since 1950, water level of Namakan Reservoir decreased by an average of 1.4 m 

during winter. In comparison, the water level of Rainy Lake decreased by an average of 0.48 m 

during the same period (Figure 98).  
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Figure 98: Average water levels (INST AVG in intermediate color) during the winter lodge installation period (mid-October to mid-November: 39th to 
42nd QM), minimum water levels (WINTER MIN in dark color) and maximum (WINTER MAX in light color) during winter (mid-November 
to end of February: 43rd to 8th QM) from 1950 to 2012 for studied time series (Measured: green, 1970RC: red, 2000RC: blue, and 
Natural: Purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: dotted lines).
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The Namakan Reservoir RC should thus be improved to ensure the presence and persistence of a 

healthy muskrat population in this part of the system. In Rainy Lake, the water-level decrease 

occurring in winter is smaller and provides conditions more suitable to muskrats. The smaller 

water-level decrease in winter is still too large to provide high PLV. In all cases, it appears that 

the regulated water-level series involve a significant water-level decrease in winter that is 

unsuitable to muskrat lodge viability. Water-level decreases under the Natural water-level series 

are often smaller than what would occur under regulated conditions, especially in Namakan 

Reservoir (Figure 98). Natural water levels are thus more suitable to muskrats than the past and 

present water-level regulations. 

6.1.6.3 Comparison with other studies 

As our model predicts that conditions have been disastrous for muskrats in Namakan Reservoir 

for a number of years, it is not surprising that Thurber et al. (1991) found the lowest muskrat 

density of VNP in this water body. This study identified that the large drawdown occurring 

during winter in Namakan Reservoir resulted in muskrats abandoning lodges, which increased 

their mortality risk (Thurber et al., 1991). Studies on muskrats from the 1980s also concluded that 

the species was adversely affected by large winter drawdowns occurring under the 1970RC 

(Thurber and Peterson, 1988; Thurber et al., 1991). Accordingly, low water levels are known to 

have a more direct impact on muskrat habitat and population dynamics than high water levels 

(Friend et al., 1964; Danell, 1985). Lodge site selection appears to be limited by low water levels 

in winter, which may cause freezing of the food resources or its access, and increase 

thermoregulation needs (Errington, 1943; 1954; 1963; MacArthur, 1978; Messier et al., 1990; 

Virgl and Messier, 1992). Our results suggest that the generally poor conditions for muskrat in 

the Rainy-Namakan system are caused by winter drawdowns. Our results also suggest that the 

Rainy-Namakan system has been unsuitable to muskrats over the last 60 years, which support 

past studies reporting higher muskrat densities in other similar areas not affected by water-level 

regulation (Errington, 1939; Bellrose and Brown, 1941; Donohoe, 1966). 

6.1.6.4 Relation to other species/models 

Muskrats often rely on cattails as a food resource and a lodge building material (Bellrose and 
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Brown, 1941; Bellrose, 1950; Allen and Hoffman, 1984; Lacki et al., 1990; Campbell and 

MacArthur, 1998). The study area contains an abundance of rooted and floating cattails mats. 

Muskrats prefer to build their lodge in rooted vegetation but may also use floating mats (Ervin, 

2011). Floating mats, however, offer limited stability for lodges, while their rhizomes are more 

susceptible to freeze in winter (Ervin, 2011). Because floating cattails mats are less favorable to 

muskrats than rooted cattail stands and abundant in the Rainy-Namakan system, muskrats could 

be less abundant than in other areas of similar size supporting similar cattail density. Because 

they are important consumers of cattails, larger muskrat populations in the system could limit the 

extent and the expansion of cattail stands (Sojda and Solberg, 1993). This could be beneficial to 

wild rice, a competitor of cattails and for northern pike, which generally avoid dense cattail 

stands for spawning and during their first life stages (Johnson, 1957; Franklin and Smith, 1963). 

The poor wintering conditions that have been occurring in the system for a number of years may 

have resulted in a sink habitat for muskrats, influencing their abundance in surrounding wetlands 

and creating a source/sink dynamic among habitats (Virgl and Messier, 1996). As such, improved 

conditions in the system could also increase abundance of muskrats in neighboring water bodies. 

6.1.6.5 Implication for water-level management 

The large water-level decrease occurring during the coldest periods of winter in Namakan 

Reservoir means that muskrats cannot reach their food supply in water and if they reach it, it 

would be frozen. Because Typha is normally found at water depths of < 1 m during summer and 

submerged vegetation is found at depths of < 1.2 m (Thurber et al., 1991; Grace and Wetzel, 

1998), water-level decreases larger than 1 m leave very little vegetation accessible to muskrats 

under water. Such water-level decreases also force muskrats to leave their lodge, making them 

more vulnerable to predation and the harsh climatic conditions of winter. Water level should thus 

be more stable during winter to improve the viability of muskrat lodges and thus the survival rate 

of muskrats. In any case, many aspects of the relation between muskrats and water levels, like the 

influence of water levels on resource availability and on floating cattails mats, as well as the 

suitability of cattail mats for muskrats could be better understood through future studies. 
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6.1.7 Recommendations  

6.1.7.1 Water-level control 

Water-level manipulation is the primary regulation technique used to control muskrat populations 

(Erb and Perry, 2003), which respond to water-level variations occurring naturally (Errington, 

1963; Clay and Clark, 1985) or imposed by managers (Kroll and Meeks, 1985; Clark, 2000; 

Toner et al., 2010). Periodic droughts, or regulated drawdowns, can re-establish emergent 

vegetation used as food resource, building material, and reproductive habitat by muskrats (Kroll 

and Meeks, 1985). In the Rainy-Namakan system, however, the low muskrat abundance does not 

appear to result from a lack of available resources, but most likely from a large decrease of water 

level in winter. Large water-level decreases reduce the possibility of moving under the ice and 

force muskrats to walk over the ice to feed during winter. This makes them more vulnerable to a 

number of threats like predation and cold weather. To ensure favorable wintering conditions for 

muskrats, water-level decreases during winter should be limited to less than 0.15 m for good 

survival rate, or to a maximum of 0.5 m for minimal survival rate in both water bodies (Dr. 

William R. Clark, personal comm., January 2014). This would increase muskrat access to food 

resources and improve their overwinter survival rate. In the cases where greater water-level 

decreases are unavoidable, the period of low water levels should be as short as possible.  

6.1.7.2 Reintroduction 

Because of the currently low muskrat abundance in the system, expansion of the muskrat 

population could be slow, even in favorable conditions. To accelerate an eventual muskrat re-

colonization process, some individuals could be brought into the system from adjacent water 

bodies. These individuals should be released in proximity of suitable habitat to maximize their 

survival. We, however, believe that, given sufficient time, a healthy muskrat population would 

occupy the Rainy-Namakan system through natural dispersion, limiting the reliance on re-

introduction efforts. 

6.1.7.3 Build channels 

The Rainy-Namakan system has several locations with extensive cattails mats. Cattails are 

covering large areas with a high stem density and monospecific colonisation. In some areas, the 
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stem density is so high that floating mats are forming at the deepest portion of the hydrosere 

(Black Bay is a good example). In these extensive cattail beds, the stem density does not allow 

muskrats to move easily and limits their exploitation of this resource, as they can only access the 

margin of the mats. This is also true for fish species using wetlands for spawning. In a natural 

system supporting a healthy muskrat population, wetlands are structured by muskrats maintaining 

channels of different width (Lynch et al., 1947). These channels are non-existent in the studied 

system. Channel digging could be used to cattails consumption by muskrats, which may 

eventually help control their abundance. Channels that are approximately 2 m wide and which 

penetrate the extensive cattails beds landward from the free water should be created to improve 

access for muskrats. 
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 Common loon 6.2

With the collaboration of S.K. Windels from Voyageurs National Park, MN, USA 

6.2.1 Species description 

The common loon (Gavia immer) is a symbol of northern wilderness and a recognized indicator 

of aquatic health status (Evers, 2006; Figure 1). Common loons are large, truly aquatic diving 

birds with a rounded head and a dagger-like bill. They have a long body and a short tail, which is 

usually not visible. In Minnesota, adults can range from 66 to 91 cm in length, with a 106 to 144 

cm wingspan (Evers et al., 2010). Loons swim underwater to catch fish, propelling themselves 

with their feet. They are rarely observed on land except for copulation, nest building or tending, 

during conspecific conflicts, or when injured (Evers et al., 2010). Their legs are placed far back 

on their bodies, allowing efficient swimming, but resulting in awkward movements on land 

(McIntyre, 1975; Vlietstra and Paruk, 1997). The diet of loons consists of northern pike, perch, 

sunfish, trout, and bass (McIntyre and Barr, 1997). Loons require a long distance to gain 

momentum for take-off and are ungainly at landing (Evers et al., 2010). The protection of loon 

breeding habitat is essential to maintain the population integrity and avoid degradation of critical 

habitat (Evers, 2006). The common loon is frequently used as an indicator species because of its 

high trophic-level position, limited dispersal ability, and slow replacement rate (Evers, 2006). 

Likewise, loons are good indicators of water quality, since brood mortality may occur in acid 

lakes or in presence of high mercury concentrations (McNicol et al., 1987; Alvo et al., 1988; 

Franson et al., 2003). Several studies have documented the role of regulated water level 

variations in the decline of loon populations in the northeastern and central portions of the United 

States. Water-level variations are linked to nesting inhibition caused by nest flooding, nest 

abandonment following water drawdowns, or depredation of unattended nests (McIntyre, 1975; 

Barr, 1979; Fair, 1979; Metcalf, 1979; Sawyer, 1979; Wood, 1979; Ewert, 1988; Mcintyre, 1988; 

Windels et al., 2013). As loons are most vulnerable to water-level variation during the nesting 

season, our analyses were centered on this period of their life cycle. 
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6.2.2 Nesting habitat description 

Typically, common loons use large open water bodies, mostly lakes of 10 to 24 ha, for nesting. 

They will also seek clear water since they are visual predators (McIntyre, 1975; Masse, 1995; 

Clay and Clay, 1997). Loons prefer lakeshore sites protected from wind, currents, and waves to 

build their nests. They also use marshes, sedge mats, cranberry bogs, floating bogs, and even the 

tops of muskrat (Ondatra zibethicus) houses or logs as nesting sites (Olson and Marshall, 1952; 

Palmer, 1962; Vermeer, 1973; Alvo, 1981); Evers et al, 2010). Nest site selection (Table 46) is 

determined by the availability of nest building materials, with a preference for Carex spp, the 

presence of stable water levels, the proximity and visibility of the nearest neighbors, predation 

risk, and food abundance (McIntyre, 1975).  

 

Figure 99: Typical Gavia immer nest (from Evers et al., 2010). 

 

6.2.2.1 Sensitivity to water-level variations 

Because of their poor walking ability, loons build their nests close to water to facilitate access 

(Figure 1; McIntyre, 1975; Vlietstra and Paruk, 1997). The nests are usually located within 0.5 m 

of the water’s edge and 0.07 to 0.10 m above the water surface (Titus and Vandruff, 1981; Reiser, 

1988; Evers, 2004), exposing them to flooding or stranding. Observations at Voyageurs National 
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Park (VNP) support information from the literature suggesting that a 0.15 m water-level increase 

is sufficient to induce flooding of some nests and reduces nesting success (Natural Heritage and 

Endangered Species Program, 2007; Windels et al., 2013). In fact, water-level variations caused 

24% of common loon nest failures in the northeastern United States between 1976 and 1991 

(Rimmer, 1993).  

Table 46: Habitat requirements for the common loon. 

Criteria Ideal Suitable 
Open water 
surface area 

24 ha 10 ha 

Water-level 
variations 

Water level should be relatively 
stable. 

Depending on the shoreline 
topography, some small water level 
variations could be tolerated. 
 

Water clarity Secchi depth > 1.5 m When Secchi depth ≤ 1.5 m, the 
feeding behavior is affected. 
 

Water movement No exposure to waves.  Limited wave exposure not 
reaching the nests. 

Water quality Acidity-related brood mortality can 
occur on lakes with pH <6.3. 
Lakes with high concentration of 
available mercury are associated 
with breeding failure. 

N. A. 

Nest materials and 
surrounding 
vegetation 

Marshes, sedge mats, cranberry 
bogs, floating bogs, and even tops 
of muskrat houses or logs are use 
as nest site. Documented 
preferences for Carex spp.as a 
building material  
 

N. A. 

Food availability Loons eat about 10% of their body 
weight in fish and other aquatic 
organisms per day. Main preys are 
northern pike, perch, sunfish, 
trout, and bass. 
 

N. A. 

Preferred nest 
sites 

Sheltered islands have lower 
predation risk. 

Lake shorelines. 

 

Significant or frequent water-level variations threaten loon nesting success in a number of ways. 

Rising water can flood nests or exacerbate the effects of wave action. Given a slow and limited 
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water-level increase, loons may raise nests by adding vegetation (Vermeer, 1973; Barr, 1986). 

This adaptation is, however, not possible when water-level increases are large or rapid (Barr, 

1986; Gutreuter et al., 2013). As such, a model of loon reproductive success developed by 

Gutreuter et al. (2013) and based on observations from Minnesota lakes predicted that loon 

nesting success decreased by about 50% when they faced a 1 m water-level increase.  

Loon nesting success also decreases when they face a water-level decrease greater than 0.30 m 

(Natural Heritage and Endangered Species Program, 2007). As such, nesting success was 

predicted to decrease by about 20% when loons face a 1 m water-level decrease (Gutreuter et al., 

2013). When water level decreases, nests are further from the water, rendering movements 

between the water and the nest difficult due to the loon’s poor walking capacities (Titus and 

Vandruff, 1981). Moreover, this would restrict loons’ escape aptitude and may increase their 

vulnerability to predation (Barr, 1986). Low water levels may increase predation of nests located 

on islands by facilitating access to nest sites by mammalian predators. Water-level drawdowns 

also create longer, more visible paths from nests to water, increasing the predation risk. 

Moreover, newly-hatched chicks are more vulnerable to predators and susceptible to fatigue 

when nests become farther from the water edge (Fair, 1979). Potential predators of loons of all 

ages are abundant and include American crows (Corvus brachyrhynchos), common ravens 

(Corvus corax), herring gulls (Larus argentatus), ring-billed gulls (Larus delawarensis), bald 

eagles (Haliaeetus leucoephalus), American mink (Neovison vison), fishers (Mustela pennati), 

striped skunks (Mephitis mephitis), raccoons (Procyon lotor), and red foxes (Vulpes vulpes) 

(Windels et al., 2013). 

Water-level variations and waves tend to increase water turbidity, which is not favorable to loons 

as they rely on clear water to hunt for fish. Frequent water-level variations, either between years 

or within a single season, may result in debris accumulating on the changing shoreline, making 

traditional nest sites inaccessible to loons, as they usually re-use nests from year to year (Strong 

and Bissonette, 1987).  

6.2.3 Common loon in the study area  

Effects of water-level fluctuations on loons have been documented in the study area for several 
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decades. Reiser (1988) reported that nest failures were more likely in the Namakan Reservoir 

than on Rainy Lake because of larger water-levels variations. To assess loon nesting success, 

Windels et al. (2013) located nests within VNP and its surroundings during three nesting seasons: 

2004, 2005, and 2006 (Figure 100) and found that water-level fluctuation was the primary cause 

of nest failure (Windels et al., 2013). Most nests observed were located on the south shore of 

Rainy Lake. 

 

 

Figure 100: Common loon nest distribution around VNP between 2004 and 2006 (From Windels et al. 
2013). 

6.2.4 Model conception 

6.2.4.1 Timing of nesting activities  

In northern United States and southern Canada lakes, loons reach their nesting territories soon 
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after ice-out. Data from the Canadian Wildlife Service show that nesting in the region occurs 

between May and July, more rarely in April and August, while reaching maximum intensity 

between June and mid-July (BSC, 2014). Data from VNP collected by Windels et al. (2013) 

show that nesting initiation from 2004 to 2006 occurred between the 18th and the 27th QM, with a 

peak between the 20th and the 22nd QM (Table 47). As nest initiation dates vary interannually 

according to meteorological conditions, we wanted to obtain a reliable time frame of nest 

initiation accounting for each year’s weather conditions. Therefore, we used nest initiation dates 

recorded by Windels et al. (2013) between 2004 and 2006 to assess their relationship with ice-out 

dates of Rainy and Namakan Lakes. Using the date at which 50% of the nests were initiated as 

the peak of nest initiation period, we estimated that for all years in the data set, the peak of nest 

initiation period occurred approximately 6 QMs after ice-out. To validate this, we also looked at 

nest initiation dates recorded by the Canadian Wildlife Service in Algonquin Provincial Park, 

Ontario (BSC, 2014; Rousseu and Drolet, In prep.). We obtained 48 nest initiation dates from 

1965 to 2009, which we compared to ice-out dates in Opeongo Lake for the corresponding years. 

This confirmed that 6 QMs after ice-out is a good estimation of the mean nest initiation period. 

Also, detailed field observations from Windels et al. (2013) enabled calculation of the mean 

length of the nest initiation period (8 QM) and the average percentage of newly initiated nests 

during each QM, between 2004 and 2006 (Table 47). We linked these data with the timing of nest 

initiation relative to ice-out to obtain the mean percentage of nest initiated during each QM 

following the ice-out date.  

Table 47: Mean percentage of common loon nests initiated during each QM from 3 QMs to 10 QMs 
following ice-out, based on data recorded from 2004 to 2006 in VNP, MN (Windels et al. 2013).  

QM after ice-out % of nests initiated 
3  7.8 
4 13.6 
5 16.7 
6 17.4 
7 16.2 
8 13.4 
9  9.3 

10  4.5 
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Nest construction normally takes several days (1 QM), but replacement nests can be built within 

a day. Most nest building observations made in July occur on the second nest required after a first 

failed attempt (Evers, 2007). Nest reconstructions are rarely observed during August (Mcintyre, 

1988; Campbell et al., 2008). Clutching also takes about 1 QM, while incubation lasts 

approximately 28 days (4 QMs), during which water levels must be stable to avoid nest flooding 

or stranding while eggs are present. The loon is a precocial species, meaning chicks leave the nest 

almost immediately after hatching, making them less vulnerable to water-level variations (Evers 

et al., 2010). In the event of nest failure, loons will re-nest up to two times within a breeding 

season (Evers, 2007). When a nest is unsuccessful (no eggs hatched) or abandoned because of 

water-level variations, approximately 48% of the loon pairs will attempt to re-nest. Ultimately, 

14% of breeding pairs that were also unsuccessful in the second attempt will attempt a third nest 

(Windels et al., 2013).  

6.2.4.2 Loon nest viability model  

To assess the performance of common loons in relation to the different water-level series, we 

developed a model predicting the probability of loon nest viability (PLNV) according to the 

effects of water-level variation during the nesting season. Most available data concerned nesting 

success, and no precise threshold values of water-level variation resulting in loon nest failure 

were found in the literature. We therefore considered that any decreases in nest viability would 

result in decreased nesting success, as nest viability is essential to nesting success. As such, we 

used different information sources to identify water-level variations that would affect nest 

viability. We began with The Natural Heritage and Endangered Species Program (2007), which 

stated that loon nesting success decreases when water level increases by more than 0.15 m or 

decreases by more than 0.30 m. We thus estimated that water-level variation within these values 

(-0.3 to 0.15 m) would not affect loon nest viability (PLNV =1). A recent model on loon 

reproductive success in Minnesota suggested that a 1 m water-level increase during the nesting 

season decreases nesting success by about 50%, while a 1 m water-level decrease reduces nesting 

success by about 20% (Gutreuter et al., 2013). Their model is, however, different from ours in a 

number of ways, as they modeled nesting success instead of nest viability and based their model 

on a 60-day nesting season, while our model follows nests initiated in different QM for 5 QMs 
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(about 38 days) each, over a nesting season lasting up to 16 QMs (about 122 days; see details 

below). Given information from The Natural Heritage and Endangered Species Program (2007) 

and Gutreuter et al. (2013), we determined that the tolerance of loon nests to water-level decrease 

is about twice their tolerance to water-level increase. We then used data from Windels et al. 

(2013) to determine that, at the time of their initiation, loon nests in the Rainy-Namakan system 

are located 0.10 m above the water level on average and always less than 0.40 m above the water 

level. We thus estimated that water level increases of 0.40 m or greater would result in flooding 

of all nests and induce a PLNV of 0. As water-level increase appears about twice as limiting as 

water-level decrease, we estimated that a water-level drop of 0.80 m or greater would also reduce 

the PLNV to 0. We then used these values to determine the PLNV according to water-level 

variations (Equations 10 and 11; Figure 101). 

For the duration of the nesting period (from the 3rd QM after ice-out to the 33rd QM of the year), 

the probability of nest viability in each QM was multiplied by the percentage of loon nests active 

during this QM (Table 33). Based on known clutching and incubation duration, nests were 

considered active for at least 5 QMs following the nest initiation QM. In cases of failure, re-

nestings were attempted until the 27th QM (Figure 102). As such, the final model predicts the 

PLNV over each nesting season based on water-level variation during the nesting period of each 

breeding pair. 
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Figure 101: Probability of loon nest viability (PLNV) according to water-level variation between nest 
initiation and the end of the nesting period. See Equation 13 for calculation of the PLNV when 
water level increases between 0.15 and 0.40 m during the nesting period and Equation 2 for 
calculation of the PLNV when water-level decreases of 0.30 to 0.80 m during the nesting period.  

 

PLNVincrease = -4.000x + 1,600 Equation 13 

PLVNdecrease = 2,000x + 1.600 Equation 14 
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Figure 102: Schematic of the probability of loon nest viability model. 

6.2.4.3 Validation with observed data 

Model validation was done using data from Windels et al., (2013). In this study, field observers 

checked on incubating loons every 3 to 5 days to monitor nest status. Nests were classified as 

successful or failed. Failed nests were classified as predated, flooded, stranded, or unknown. 

Since our model only considers the impact of water-level variations, we only kept nests classified 

as successful, flooded, or stranded to calculate an observed probability of nest viability for each 

year in Rainy Lake and Namakan Reservoir. Therefore, nests classified as predated or unknown 

were not considered in the validation process. 

6.2.5 Results 

6.2.5.1 Annual performance of the loon nesting model 

The probabilities of loon nest viability (PLNV) are higher in Rainy Lake than in Namakan 

Reservoir for all analysed water-level series but the 2000RC (Table 49; Figure 104). As such, 

before 2000, the mean PLNV determined with the Measured water levels were higher in Rainy 

Lake than in Namakan Reservoir (Table 48; Figure 103). Under the 1970RC (1970 to 2000), the 

PLNV increased in Rainy Lake but decreased in Namakan Reservoir, resulting in large 
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differences between both water bodies. A reverse trend was then observed under the 2000RC, 

when similar PLNV were obtained in both water bodies. The regulated water-level series of both 

water bodies also produced higher PLNV than the Natural water-level series (Table 49), but 

interannual variability remained high (Figure 104). As such, the lowest PLNV would have 

occurred under natural conditions in both water bodies, while highest PLNV would have 

occurred under the 2000RC (Table 49). 

Table 48: Mean probabilities of loon nest viability (PLNV) and standard deviations (SD) determined with 
the measured water-level time series during three periods of different water management rules 
(1950-1970: water levels regulated according to the 1949 and 1957 RC; 1970-2000: water 
levels regulated according to the 1970RC; 2000-2012: water levels regulated according to the 
2000RC) in in two water bodies at the Ontario, Minnesota border.  

 

 
1950-1970 1970-2000 2000-2012 

 Water body mean  
PLNV SD mean  

PLNV SD mean  
PLNV SD 

Namakan Reservoir 0.70 0.32 0.54 0.27 0.72 0.24 
Rainy Lake 0.82 0.19 0.90 0.14 0.71 0.30 

 
 
Table 49: Mean probabilities of loon nest viability (PLNV) and standard deviations (SD) that would have, 

and have occurred under different water-level management between 1951 and 2012, in two 
water bodies at the Ontario, Minnesota border. 

 

 
1970RC 2000RC Natural Measured 

 Water body 
mean 
PLNV SD mean 

PLNV SD mean  
PLNV SD mean  

PLNV SD 

Namakan Reservoir 0.50 0.29 0.86 0.18 0.42 0.31 0.63 0.29 
Rainy Lake 0.85 0.17 0.86 0.17 0.48 0.30 0.83 0.21 
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Figure 103: Probability of loon nest viability in A) Rainy Lake and B) Namakan Reservoir from 1950 to 
2013 determined with the measured water-level time series.
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Figure 104: Probability of loon nest viability in A) Rainy Lake and B) Namakan Reservoir from 1950 to 2013 determined with different water-level 

time series. The red line is for the 1970RC water-level series, the blue line is for 2000RC water level series and the purple line is for the 
natural water-level series. 



 

300 

 

6.2.5.2 Loon nest viability according to the nest initiation QM  

We also verified how the PLNV varied according to the QM of nest initiation to identify 

which portion of the nesting season was most affected by water-level variations under 

each water-level series (Figure 105). By combining this information with the percentage 

of nests initiated during each QM, we can gain a better comprehension of the influence of 

water-level variation on loon nest viability.  

As such, our model suggests that under natural conditions, PLNV was relatively stable 

but low regardless of the QM of nest initiation. Nevertheless, PLNV under natural 

conditions appeared slightly higher for nests initiated during the first half of the breeding 

season, particularly in Namakan Reservoir (Figure 105). The situation was different 

under regulated water levels, where PLNV were lower early in the nesting season but 

then increased as the nesting season advances (Figure 105). Causes of nest failure were 

also different between natural and regulated water levels. Under natural conditions, nest 

failure was caused by decreasing water levels about 65% of the time. Under regulated 

levels, however, nest failure was caused by increasing water levels about 70% of the 

time. As was the case for annual PLNV, the PLNV of nests initiated in each QM were 

similar for all regulated water-level series in Rainy Lake, while the 2000RC improved 

conditions for all nests regardless of the initiation QM compared to the 1970RC in 

Namakan Reservoir. Relatively high PLNV (> 0.70) were usually reached by the 4th QM 

after ice-out in Rainy Lake and in Namakan Reservoir since the implementation of the 

2000RC. 
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Figure 105: Mean probabilities of loon nest viability (PLNV) and standard deviations for nests 
initiated during different quarter months (QM) after ice-out for each water-level series 
from 1950 to 2012. Blue bars are for Namakan Reservoir while red bars are for Rainy 
Lake. The black line represents the percentage of nests initiated during each quarter 
month. 

6.2.5.3 Nesting success validation 

Using data from Windels et al. (2013), we were able to compare observed nesting success 

between 2004 and 2006 with simulated PLNV obtained from the model. Although the 

model simulates loon nest viability according to water-level variations and not nesting 

success, both should follow a similar trend. As such, we only kept nests classified as 

successful, flooded, or stranded (Windels et al., 2013) to calculate an observed 

probability of nest viability for each year in each water body. Simulated and observed 

PLNV followed similar trends in each water body, being relatively stable in Namakan 

Reservoir and higher in 2004 and 2006 but lower in 2005 in Rainy Lake (Table 50). 
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Table 50: Simulated and observed probabilities of loon nest viability (PLNV) in 2004, 2005, and 
2006 in Rainy Lake and Namakan Reservoir. 

 Namakan Reservoir Rainy Lake 
Year Simulated PLNV Observed PLNV Simulated PLNV Observed PLNV 
2004 0.91 0.70 0.99 0.59 
2005 0.90 0.67 0.78 0.36 
2006 0.87 0.73 0.95 0.55 

 

6.2.6 Discussion  

6.2.6.1 Comparison of the different water level time series 

Our results suggest that the regulated water levels of the studied system are more 

favorable to loon nest viability than Natural water levels. Results from the Measured 

water-level series, and the comparison of the results from the 1970RC and the 2000RC 

water-level series, also suggest that loon nesting conditions improved with the 2000RC in 

Namakan Reservoir. Since the 1970RC and the 2000RC were very similar in Rainy Lake 

during loon nesting season, they resulted in very similar PLNV predictions (Table 4; 

Figure 103). Accordingly, predictions based on the 1970RC water-level series show that 

under these rules, conditions would have been much more suitable in Rainy Lake than in 

Namakan Reservoir (Table 4; Figure 104). With the improved conditions of the 2000RC, 

the PLNV have, however, become similar in both water bodies. The Natural water-level 

series also produced similar results in both water bodies, although PLNV would be very 

variable from year to year and generally lower than under regulated conditions. As such, 

the large lakes of the Rainy-Namakan systems do not appear to be naturally very well-

suited for loon nesting as PLNV would be above 0.5 only once every three years on 

average. This should be sufficient to sustain a loon population, but suggests that 

recruitment rates would probably be very variable and relatively low compared to highly 

suitable water bodies.  

6.2.6.1 Most important variables 

Because it is the only variable include in this 1D model, the water level variations during 
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the nesting period explain the results of this model. Before 2000, variations of the 

Measured water-level series of Rainy Lake appeared more suitable to loons than water-

level variations of Namakan Reservoir (Figure 103). This was linked to the more stable 

water levels in Rainy Lake, which limited the risk of nest flooding or stranding. A 

smaller increase and earlier peak in water levels in spring, as dictated by the 2000RC, 

reflect natural water-level patterns more closely than the 1970RC and improved loon 

nesting conditions. 

As such, lower PLNV for nests initiated early in the season under regulated water levels 

mostly resulted from the increasing water levels during this period. The percentage of 

nests initiated at this period is, however, limited. Therefore, with regulated water levels, 

failed nests would have mostly been caused by increasing water levels early in the 

nesting season, while nesting failure would have mostly been caused by decreasing water 

levels throughout the nesting season under natural conditions. The predicted PLNV 

according to the nest initiation QM suggest that the timing of water-level increase is 

appropriate for the majority of nesting loon pairs in both water bodies under the 2000RC. 

Reaching peak water level a few QM earlier would further improve the PLNV in the 

system. This analysis also suggests that more stable regulated water levels are more 

suitable to loon nest viability than variable natural conditions. 

Predictions obtained for the measured water-level series suggest that PLNV decreased in 

Rainy Lake following the implementation of the 2000RC. This was probably caused by 

difficult environmental conditions, namely flooding events, which occurred in five years 

between 2000 and 2012 and brought water levels above values dictated by the 2000RC. 

These poor conditions were also reflected in the lower PLNV predicted with the natural 

water-level series after 2000. 

6.2.6.2 Comparison with other studies 

The similar nesting conditions predicted for the 1970RC and the 2000RC in Rainy Lake 

were reflected in the field, where little to no change in the average number of loon chicks 

was observed on Rainy Lake between 1983-1986 (water level regulated according to the 



 

304 

 

1970RC) and 2004-2006 (water level regulated according to the 2000RC) (Reiser, 1988; 

Windels et al., 2013). Our results also suggest that loon nesting condition should have 

improved in Namakan Reservoir with the 2000RC. As such, Windels et al. (2013) 

observed a significant improvement in loon nesting success in Namakan Reservoir after 

2000 when loon chick presence tripled and a record number of 37 loon chicks were 

observed in 2006. 

Predicted and observed probabilities of loon nest viability had similar trends between 

2004 and 2006, suggesting that our model was able to predict the relative probability of 

nest viability in different years. However, our model tended to overestimate the 

probabilities of nest viability, especially in Rainy Lake. Predicted probabilities should, 

perhaps, be seen as a semi-quantitative rather than a quantitative performance indicator. 

This discrepancy between observed and predicted PLVN could partly be linked to the 

determination of nest status in the field by Windels et al. (2013). Nests that were 

considered flooded or stranded may thus have, in fact, been deserted for other 

unidentified causes, which would have resulted in an overestimation of the number of 

flooded or stranded nests in the field. Also, our model does not account for loons’ 

individual variability in the ability to cope with water-level variation. Therefore, our 

model could overestimate the viability of nests in good years by not considering 

individual loons that are less tolerant to water-level variations. In all cases, it appears that 

loons are somewhat less tolerant to water-level variations than the model suggests. Others 

factors such as slope, nesting site geometry, and wave action may be considered in future 

models to better predict PLNV. 

6.2.6.3 Relation to other species/models 

Loons have limited relations to other modeled species or groups. However, they require a 

healthy fish community to feed and are an indicator of a healthy aquatic environment. As 

such, their presence in an area should be promoted as it indicates suitability to a number 

of other wildlife species. Because loons are sensitive to wave and anthropogenic 

disturbances, all nearshore anthropogenic activities such as boating should be reduced to 

a minimum during the nesting period to maximize egg survival (Barr, 1986).  
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6.2.6.4 Implication for water-level management 

Although loon nesting conditions are generally suitable under the 2000RC, the impact of 

water-level regulation on loon nesting could still be reduced. The main factor influencing 

loon nesting performance in the Rainy-Namakan system appears to be the stability of 

water levels during the egg-laying and incubation period, which lasts about 5 QMs for 

each breeding pair. Reducing water-level variability during this period could improve 

loon productivity across a large domain, and it may be more easily applicable than other 

solutions such as artificial nest platforms or predator management. Most loons will 

initiate their nest about 6 QM after ice-out. As such, given that ice-out usually occurs 

around the 15th QM in the system, most loon eggs will be in the nest and sensitive to 

water-level variations between the 20th and 27th QM each year. Water levels should thus 

be kept stable during this period. Water-level variations occurring outside this critical 

period should have more limited impact, as young loons rapidly leave the nest and follow 

their parents in the water following hatching. Failure of the first nest may result in loons 

attempting to re-nest. These subsequent reproductive attempts will, however, be 

desynchronized with other nesting pairs and eggs could be present in nests until late 

August. 

Although human-made reservoirs pose a challenge to loon nesting success, they can 

provide excellent habitat for nesting loons when carefully controlled (Mcintyre, 1988). 

For example, management efforts on Lake Umbagog in New Hampshire targeted a 

specified water level, which was then stabilized at ± 0.15 m during the nesting season. 

This doubled the number of loon nests fledging chicks from 6 to 12 per year (Fair and 

Poirier, 1993). 

6.2.7 Recommendations  

6.2.7.1  Water-level management 

To limit the negative effects of water levels increasing during the reproductive season, 

the peak water level should occur before the peak nest initiation period, usually occurring 

6 QMs after the ice-out date. During this period, water-level variations should be limited 
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to increases of less than 0.20 m and decreases of less than 0.40 m. In an ideal situation, 

water level would be maintained stable for the entire nesting season. Otherwise, 

maintaining stable water levels around the peak of nest initiation and for at least the five 

following QMs (approximately from the 20th to the 27th QM) would provide favorable 

breeding conditions for most breeding pairs. 

6.2.7.2 Artificial nests 

Compensatory measures can also be used to promote loon nesting in areas where water 

levels cannot be stabilized. Artificial nesting islands (floating rafts) are deployed in loon 

territories to lessen the incidence of nest failures due to water-level variation or predation 

(DeSorbo et al., 2008). Before rafts can be deployed, regular surveys are required to 

locate loon territories and document nest failures. Rafts can then be deployed rapidly in 

areas where water-level variations during the nesting season are deemed detrimental to 

loons (Fair, 1979; Sutcliffe, 1979; Barr, 1986; Belant and Anderson, 1991; DeSorbo et 

al., 2007). A protocol implemented in northeastern USA suggests that when shoreline 

predation or water-level variation has caused nest failure for three consecutive years, rafts 

can be used in known loon territories (DeSorbo et al., 2008). To maximize the chances of 

success of such measures, areas exhibiting extensive shoreline development or other 

factors known to reduce nest success are generally avoided (Heimberger et al., 1983; 

Spilman, 2006; DeSorbo et al., 2007). 

6.2.7.3 Research and development 

To improve the predictive models of loon nesting success, we would need significantly 

more field observations of loon nests over entire nesting seasons to identify the effect of 

water-level variations and other factors influencing nest viability (predation, prey 

availability, weather). A precise description of nest locations relative to the water edge 

and a better understanding of loons’ capacity to raise their nests would also be required to 

improve our assessment of the variability in loon nest tolerance to water-level variations. 

A reliable nesting predictor could also be used to help predict the period during which 

water level of the Rainy-Namakan system should be stabilized.  
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 Walleye 6.3

With the collaboration of J.Papenfuss and P.Venturelli from the Department of Fisheries, 

Wildlife, and Conservation Biology, University of Minnesota. 

Walleye fishing is an important touristic and economic activity for the Rainy-Namakan 

region, which is renown by fishermen for its large walleyes. Walleye angling represents 

60% of the total fishing effort in the area and supports the numerous lodging and lake- 

related services of the region (Kallemeyn et al., 2003). Walleye abundance has varied in 

the system; for example, it was lower between 1965 and 1985 than after 1990 in Rainy 

Lake (Chevalier, 1977; Kallemeyn, 1987; Johnson, 1996; Kallemeyn et al., 2003), but the 

influence of water level regulation on walleye recruitment has yet to be clearly defined. A 

better understanding of the impact of the different RC on this emblematic species would 

be useful to the different stakeholders. Walleye reproductive habitat models were 

produced in partnership with Dr. Paul Venturelli and graduate student Jason Papenfuss 

from the University of Minnesota. They provided all of the data on walleye spawning 

used in this project and a method to determine the timing of the different stages of 

walleye reproduction based on water temperature. Using the information that they 

provided and knowledge from the literature, we developed a habitat model predicting the 

availability and suitability of spawning habitat under different water management 

regimes. 

6.3.1 Species description 

The walleye (Sander vitreus) is a freshwater fish native to North America. It is an 

important sport fishing species throughout its range (Colby et al., 1979) and has been 

fished commercially for a number of years in several water bodies, including the large 

lakes of the Rainy-Namakan system (Kallemeyn et al., 2003; Palmer et al., 2005). The 

walleye is one of the largest members of the Percidea family, growing to about 80 cm in 

length and weighing up to 9 kg. Walleye larvae and fry mostly consume zooplankton 

such as Daphnia, while juveniles and adults are mostly piscivorous, commonly feeding 

on yellow perch (Perca flavescens), alewife (Alosa pseudoharengus), rainbow smelt 
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(Osmerus mordax), and suckers (Catostomus spp.) (Colby et al., 1979). During all life 

stages, walleyes may also feed on invertebrate organisms, especially in early summer. A 

number of fish and bird species may feed on walleye fry and larvae, but larger juveniles 

and adults have few aquatic predators outside of the northern pike (Esox lucius) and 

muskellunge (Esox masquinongy). Loons (Gavia immer) and cormorants (Phalacrocorax 

auritus) are known to consume small and medium size walleyes (Colby et al., 1979). 

6.3.2 Habitat description 

Walleye are abundant in water bodies larger than 100 ha (Kerr et al., 1997). They are 

mostly found close to hard bottom substrates ≤15 m deep. They tend to avoid areas 

covered by dense submerged vegetation, while sparse vegetation provides suitable resting 

and feeding habitat (Colby et al., 1979). Walleyes are considered temperate mesotherms, 

favoring temperatures between 20 and 23°C, while temperatures above 31°C may be 

lethal (Hokanson, 1977). Adult and juvenile walleyes are very sensitive to light, they 

therefore seek cover at the bottom of turbid waters where light penetration does not 

exceed 2 m. Walleyes may be found closer to the water surface at night when feeding 

(Kerr et al., 1997). Being large predators high in the trophic chain, walleyes have a 

structuring influence on lake communities through their top-down interactions with 

multiple aquatic species (Mion et al., 1998). 

6.3.2.1 Spawning and recruitment 

Walleye recruitment is highly variable and explains most of the fluctuation in population 

abundance (Bush et al., 1975; Shuter and Koonce, 1977; Hatch et al., 1987). Recruitment 

is directly related to egg abundance and survival during the first year, which are 

dependent on the availability and quality of spawning and nursery habitat (Carlander and 

Payne, 1977; Koonce et al., 1977; Kerr et al., 1997). Egg mortality is highly variable but 

often high (Johnson, 1961). Water temperature, depth, and velocity, as well as the type of 

bottom substrate were found to be reliable descriptors of the spawning ground quality and 

the survival rate of walleye eggs (Johnson, 1961; Bush et al., 1975; Colby et al., 1979; 

Kallemeyn, 1987). 
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Walleye spawning occurs soon after ice-out, generally beginning when the water 

temperature reaches 5 or 6°C and peaking when water temperature is around 8°C. The 

optimal fertilization temperature ranges from 6 to 11°C (Colby et al., 1979; Paragamian, 

1989; Roseman et al., 1996; Manny et al., 2010). Water temperature and warming rate in 

spring are directly correlated to the number of eggs produced and the time required 

before hatching (Bush et al., 1975; Colby et al., 1979). Warmer temperature associated 

with a steady warming rate around 0.28°C/day will shorten the incubation period. Shorter 

incubation periods increase egg survival by reducing the time eggs are vulnerable to 

mortality from unsuitable environmental conditions or predation (Bush et al., 1975; Jones 

et al., 2003; Roseman et al., 2006). Shorter incubation also results in greater larvae and 

fry survival (Bush et al., 1975).  

Walleyes spawn in both lacustrine and riverine environments (Zhao et al., 2009). In 

lakes, walleyes may spawn at depths of up to 10 m but generally spawn at depths <5 m, 

with the majority of successful spawning occurring at <1.5 m (Johnson, 1961; Bush et al., 

1975; Roseman et al., 1996; Zhao et al., 2009). Walleye may spawn in water as shallow 

as a few centimeters (Colby et al., 1979). The nature of the substrate is also important to 

walleyes. They prefer gravel or cobbles providing many small interstitial spaces that 

shelter the eggs from displacement or predation (Zhao et al., 2009) and ensure greater 

hatching success (Johnson, 1961; Corbett and Powles, 1986; Jones et al., 2003). These 

areas are also associated with limited sedimentation that could cover the eggs and limit 

their oxygen supply (Colby et al., 1979). As such, water movement maintains spawning 

substrates that are clear of sediments or detritus and provide sufficient dissolved oxygen 

to eggs (Colby et al., 1979; Cooley and Franzin, 2008). It has been suggested that 

walleyes prefer to spawn in areas battered by waves at least occasionally during the year 

(Colby et al., 1979). High water velocity may, however, displace eggs into deeper, colder 

water or onto unfavorable substrate, resulting in lower egg survival (Humphrey et al., 

2012). Water currents are limited in lakes, but strong winds may create significant waves 

and currents that could be detrimental to walleye eggs (Roseman et al., 1996). Wind 

events may also significantly stir water from different depths and thus decrease water 

temperature and oxygen concentrations in shallow areas (Bush et al., 1975). Ice-scour 
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and temporary exposure to air could also contribute to maintain proper spawning 

substratum. In summary, walleyes, which are broadcast spawners, will normally spawn in 

relatively shallow water to benefit from warming temperatures and wave or wind action 

that maintain proper substrate conditions (Johnson, 1961; Colby et al., 1979). 

Walleye eggs usually hatch about three weeks after spawning depending on water 

temperatures. Once hatched, larvae have limited swimming capability for the first two 

weeks. They survive on the energy reserves contained in the yolk while passively drifting 

with the water currents (Colby et al., 1979; Jones et al., 2003). Favorable currents are 

thus required to bring larvae towards suitable nursery grounds (Corbett and Powles, 

1986; Jones et al., 2003). As such, the number of larvae reaching the nursing grounds has 

a strong influence on the walleye recruitment rate at the end of the first summer (Mion et 

al., 1998). Walleye nursery grounds are usually located in shallow lacustrine habitat rich 

in zooplankton (Colby et al., 1979; Jones et al., 2003; Roseman et al., 2005). The 

substrate found in nursery grounds is variable (from vegetated area to gravel shorelines) 

(Kerr et al., 1997). Clean substrate, which appears to be preferred in the early larval 

stage, facilitates the detection of zooplankton, while more vegetated or structured habitat 

provides shelter from predation and light (Kerr et al., 1997). Nursery grounds are also 

associated with warm water, low water clarity, and high oxygen concentration as walleye 

larvae benefit from these conditions (Colby et al., 1979; Roseman et al., 2005). 

6.3.2.2 Impact of water-level management 

Water-level management will modify the extent of walleye spawning grounds because 

water levels influence the amount of proper substrate located at suitable depths 

(Kallemeyn, 1987; Cheng et al., 2006). Water levels will also influence the strength and 

direction of the wave energy that maintains hard substrates that are clear of silt, muck, or 

detritus and might displace eggs from suitable areas (Cooley and Franzin, 2008). In 

spring, water levels should be sufficient to enable spawning and maintain eggs 

underwater until they hatch. Later in the season, however, water levels should decrease to 

ensure that waves can maintain clean substrates for the following spawning season 

(Kallemeyn et al., 2009). 
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6.3.3 Walleye in the study area 

The Rainy-Namakan system is known for its abundant walleye population, containing 

large individuals, and walleye fishing is an important activity for the region (Vondra, 

2012). High walleye recruitment in the study area has been linked to high water level in 

spring, which increases the quantity and quality of spawning habitat available to walleyes 

(Kallemeyn, 1987). Based on regional ice-out dates, walleye spawning should occur 

around late April and early May in the area. 

Under the 2000RC, we expect water levels in the Namakan Reservoir to be higher during 

spring than under the 1970RC. Walleye spawning habitat should therefore be flooded 

earlier, improving walleye spawning conditions (Kallemeyn et al., 2009). The 2000RC 

also suggests decreasing water levels through summer to increase the exposure of 

spawning habitats to the cleaning action of waves. Walleye index netting data from 

Namakan Lake suggest that both walleye abundance and age structure have improved 

since 2000 (McLeod and Trembath, 2007). Estimates of walleye year-class strength in 

other upstream lakes, however, suggest that recruitment remains low after 2000, 

especially in Kabetogama Lake. Between 2008 and 2010, natural production of young 

walleye was nevertheless relatively high in Kabetogama Lake, suggesting that suitable 

spawning and nursery habitats are present (Vondra, 2012). The influence of the 2000RC 

on these disparate responses remains to be established. It has thus been recommended to 

identify essential walleye spawning habitat to determine how its availability has been 

affected by the 2000RC (International Joint Commission, 2012). Although multiple 

environmental and biological factors can also influence walleye productivity, this 

information should improve our understanding of the impact of water-level management 

on the walleye populations of the Rainy-Namakan system.  

6.3.4 Models design 

We developed two models (1D and 2D) to evaluate the state of walleye spawning habitat 

for each year and water-level time series. The 1D model estimated walleye egg survival 

probability (WESP) as a function of water-level variations during the spawning and egg 
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incubation period. The 2D model estimates the extent of suitable spawning and egg 

incubation habitat (SSEIH) according to multiple environmental variables. 

6.3.4.1 Determination of the spawning and incubation period  

We estimated the annual spawning and egg incubation period following (Papenfuss et al., 

2015). We used ice-out dates and water temperatures computed via a water temperature 

model (section 3.2.6 Water temperature) to identify the spawning and egg incubation 

period in each year (Figure 106). For modeling purposes, we defined the spawning period 

as beginning at ice-out and ending when modeled water temperature reached 11°C, the 

upper limit of the optimal spawning temperature (Colby et al., 1979; Paragamian, 1989; 

Roseman et al., 1996; Manny et al., 2010). We then assumed that the last deposited eggs 

would hatch at a cumulative degree day of 138.3 °C days above a base temperature of 2.1 

°C as found by Venturelli et al. (in prep.). We added an additional day following the end 

of hatching to ensure that newly hatched larvae had time to enter the water column as 

passive particles (Scott and Crossman, 1973; Li and Mathias, 1982) and were therefore 

no longer vulnerable to water-level variations. 

 

Figure 106: Timing of the different periods used to model walleye spawning habitat. The 
spawning and egg incubation period begins at ice-out and finishes when hatching is 
completed according to cumulative degree day. Spring (15th to 23rd QM) and fall (35th to 
42nd QM) were used to compute wave energy (Ubot) values influencing the location of 
spawning sites in the 2D model. 
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6.3.4.2 1D model 

The 1D model estimates the impact of water-level variations on egg survival. Because a 

single water-level-variation event is sufficient to influence walleye egg survival, we used 

the most limiting water-level variations occuring during the spawning and egg incubation 

period in each water body and year to predict egg survival. The most limiting water-level 

variation was identified by the lowest Walleye Egg Survival Probability (WESP) as 

defined by the procedure that is decribed in the following section. 

6.3.4.2.1 Impact of water level on egg survival  

We used spawning depth data from (Papenfuss et al., 2015, IJC report in prep.) and the 

literature to identify critical water-level variations that could influence egg survival. 

Spawning depth data collected by (Papenfuss et al., 2015, IJC report in prep.) suggested 

that the great majority of walleye eggs are found at depths of <1.0 m in Kabetogama and 

Namakan lakes. This finding is similar to the literature, which suggests that the majority 

of successful walleye spawning occurs at depths ranging from a few centimeters to 1.5 m 

(Colby et al., 1979). We therefore assumed that water-level decreases of <0.1 m would 

not decrease egg survival probability (WESP = 1.0; Figure 107) because all eggs would 

remain at suitable depths. Conversely, water-level decreases >1.0 m should result in very 

high egg mortality (WESP = 0.0) because most eggs would be above the water surface. 

Egg survival probability for water-level decreases between 0.1 m and 1.0 m were linearly 

interpolated as follows (Figure 107): 

WESP = 1.11* water level variation + 1.111.  Equation 15 

On the other hand, water-level increases are not as detrimental as decreases. Water-level 

increases will result in eggs being in deeper and colder water, which increases the egg 

incubation period and decreases hatching success (Bush et al., 1975; Jones et al., 2003). 

Because optimal incubation conditions are usually mainained at depths below <1.5 m, we 

assumed that a water-level increase of less than 0.5 m would not significantly influence 

egg survival probability (WESP =1) because most eggs would still be at depths <1.5 m. 

Larger water-level increases, however, would results in eggs being outside of their 
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optimal depths range and therfore experience reduced survival. We also assumed that if 

the water level increased by >2.5 m, most eggs would at depths that are unlikely to 

provide suitable temperature, and perhaps oxygen concentration, for timely incubation. 

We therefore assumed that water-level increases >2.5 m would result in a WESP of 0.0, 

while WESP for water level increased by 0.5 m to 2.5 m were estimated as follows: 

WESP = -0.5 * water level variation + 1.25.  Equation 16 

We could then identify the most limiting water-level variations by assessing which of the 

maximum water-level increases or maximum water level decreases resulted in the lowest 

WESP. We then used the lowest predicted WESP for each year between 1950 and 2012, 

and for each water body to assess the influence of water-level variations on walleye egg 

survival. It is important to note that a WESP of 1.0 does not mean 100% survival, but it 

indicates that egg survival should not be significantly reduced by water-level variation. 

 

 

Figure 107: Walleye egg survival probability (WESP) according to water-level variation during the 
spawning and egg incubation period. See Equation 15 and 16 for calculation of WESP. 
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6.3.4.3 2D model 

The 2D model aimed to estimate the distribution of walleye spawning habitat in each year 

according to different water-level regulations. We used a similar approach as for the other 

2D models, by comparing environmental characteristics of walleye spawning habitat with 

other areas of the system through a logistic regression (see section 4 Habitat models). 

Because the presence of clean and coarse material is a critical aspect characterizing 

walleye spawning grounds, the absence of a good substratum map remained a challenge 

for the present modeling exercise. We thus used physical metrics like bottom slope and 

wind wave energy (Ubot) as proxies to lake substrate. These variables were combined 

with water depths to identify suitable spawning grounds. 

6.3.4.4 Data on walleye spawning (2D) 

Papenfuss et al. (2015, IJC report in prep.) identified and surveyed walleye spawning 

habitat in Namakan Reservoir between 2012 and 2014 (Figure 108). In 2012, they visited 

109 potential spawning locations based on information in available reports and historical 

studies. They chose 44 of these sites, all with confirmed spawning as study sites. They 

surveyed bottom substrates at all of these sites and assessed relative egg abundance at 

different water depths at 10 of these sites. These data were instrumental in building our 

models. 
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Figure 108: Location of potential spawning sites sampled by J. Papenfuss between 2012 and 
2014 within Namakan Reservoir. 

6.3.4.4.1  Model estimation 

Because the number of known spawning sites is small from a statistical standpoint, we 

had to combine different information to define presence points used in the model 

estimation. We began with the 44 study sites used by (Papenfuss et al., 2015, IJC report 

in prep.). These confirmed spawning sites were surveyed between 2012 and 2014 in 

Namakan Reservoir, and their extents could be estimated with polygons. Within each 

polygon, we randomly defined two or three presence points depending on the size of the 

site, for a total of 106 presence points. We then added a presence point in each site where 

eggs were observed in 2012, but which were not included in Papenfuss et al. (2015, IJC 

report in prep.) 44 study sites. This approach resulted in 141 presence points. We could 

then compare 2012’s environmental variables from these presence points with variables 

from available points (defined below) throughout Kabetogama and Namakan lakes to 
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identified characteristics of walleye spawning habitat. We made sure that available nodes 

were flooded during the sampling period, away from presence sites, but within the total 

extent of sites surveyed by (Papenfuss et al., 2015, IJC report in prep.). Because logistic 

regression is less reliable when the number of presence sites is small (Barbet-Massin et 

al., 2012), we compared the 141 presence sites with 141 random sites in 1 000 iterations 

to assess model performance. For each iteration, we used a different combination of 

available points randomly selected among 1 000 available nodes previously selected 

randomly from the IERM grid.  

6.3.4.4.2 Statistical analyses  

We compared different models via AIC to select the combination of variables that best 

explained the distribution of walleye spawning grounds. Based on the previously 

mentioned literature, we assumed that lake bottom slope and water depth during the 

spawning and egg incubation periods were essential variables to explain the distribution 

of walleye spawning grounds. These variables were thus forcibly included in all tested 

models. The relation to the other important descriptor, wind wave energy (Ubot), is more 

complex because it can be either favorable or detrimental to walleye spawning depending 

on wave intensity, direction, and timing. We therefore compared different periods of 

Ubot estimates to determine which one best explained the distribution of walleye 

spawning grounds. Because larger waves usually occur in spring (15th to 23rd QM) and 

fall (35th to 42nd QM) when strong winds are more frequent, we used Ubot computed for 

these seasons to identify walleye spawning grounds (Figure 106). Within each season, we 

considered only Ubot resulting from 10 to 25 km/h winds (17 km/h class) and 25 to 45 

km/h winds (35 km/h class) because weaker winds are unlikely to create waves with 

sufficient energy to influence the lake substrate and stronger winds are rare and therefore 

difficult to integrate in a statistical model. We compared three combinations of seasonal 

waves: seasonal waves considered separately, the sum of fall and spring waves, and the 

difference between fall and spring waves. Each of the three combinations was also 

considered over different time scales (1, 3, 5, or 10 previous years), which might be 

required to form and maintain suitable substrates. This procedure suggested that the 
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difference in Ubot between fall and spring over the three previous years best explained 

the distribution of walleye spawning grounds defined by the 141 presence points in 2012 

(Table 51). 

Table 51: Physical variables used as explanatory terms in the walleye spawning habitat model 
(2D model). Ubot variables were summed over the three previous seasons before 
computing the differences. 

Variables Unit 
Bottom slope % 
Bottom curvature cm 
Mean water depth m 

UBOT from 17 km/h winds during fall minus 
UBOT from 17 km/h winds during spring m/s 

UBOT from 35 km/h winds during fall minus 
UBOT from 35 km/h winds during spring m/s 

6.3.4.4.3 Determination of area with potentially suitable substrate 

Because suitable substrate is likely to remain in the same area from year to year, we 

decided to identify the complete extent of potentially suitable substrate and then 

estimated annual spawning grounds for any year and RC by identifying which sites of 

potentially suitable substrate were found at suitable depths during the spawning and egg 

incubation period. 

We began by predicting the distribution of potentially suitable substrates for each of the 

eight water-level scenarios with the best model identified earlier (Table 51) and the 

environmental data from 2012 (using wind waves conditions from 2009, 2010, and 

2011). Because we could not obtain valid Ubot estimates close to the shorelines or 

predict the suitability of a node without the Ubot estimate, we assumed that if a node was 

considered suitable, then the adjacent nodes were also suitable if they were in shallower 

depths and remained under water throughout the spawning and egg incubation period. All 

sites that were predicted as suitable at least once were then included in the grid of 

potentially suitable spawning substrate. This process resulted in a matrix of IERM nodes 

representing the distribution of potentially suitable substrate according to each of the 

eight water-level scenarios and environmental conditions of 2012. From this grid, we 

identified nodes that remained at depths of 0.1 to 1.5 m during the spawning and egg 
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incubation period in each year, and under each water-level time series, to estimate the 

extent of the suitable spawning and egg incubation habitat (SSEIH). 

6.3.4.4.4 Other processes integrated in the modeling: limitation of suitable sites with wave energy 

(Ubot) 

Once the eggs are deposited on the lake bottom, they are sensitive to water movements 

that could move them beyond suitable depths. We assumed that waves exceeding Ubot 

value of 0.125 m/s were sufficient to move eggs (Raabe, 2006) and that if such Ubot 

occurred, egg incubation conditions would not be suitable and would likely result in egg 

mortality. As such, all sites where Ubot values exceeded 0.125 m/s at least once during 

QMs of the spawning and incubation period were considered unsuitable. We assumed 

that if a node experienced Ubot ≥ 0.125 m/s, the adjacent nodes also experienced a 

similar or stronger Ubot value if they were in shallower depths while remaining flooded. 

We used this approach because we could not obtain valid Ubot estimates close to the 

shorelines and because a wave’s Ubot increases as water depth decreases. These nodes 

were therefore also considered unsuitable to walleye egg incubation. This reduces the 

precision of the estimated suitable spawning and egg incubation habitat, but because the 

approach was applied to all analyses, results from the different time series could be 

compared.  

6.3.4.4.5 Model validation 

Because the 2D model was produced in two main steps (the determination of potential 

spawning grounds according to the eight water-level scenarios followed by the 

identification of annual spawning site using water depths), we evaluated both steps 

separately. As previously mentioned, the determination of potential spawning grounds 

was completed using logistic regression similarly to other 2D models. We could thus 

evaluate the model predictions by assessing the classification rates of spawning sites in 

2012 based exclusively on the logistic regression predictions obtained for measured 

conditions.  

We evaluated the second step of the 2D model via a spatial and a temporal technique. We 
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first determined how well we were able to predict the spawning sites surveyed by 

Papenfuss et al. (2015, IJC report in prep.). Because these sites do not correspond to 

IERM grid nodes, we could not predict suitability directly. We thus compared the spatial 

distribution of predicted and observed spawning grounds visually and assessed the 

distance between each known spawning site and the closest grid point considered as 

suitable to that year. We also obtained Fall Walleye Index Netting (FWIN) data from 

2007, 2008, and 2009 in Rainy Lake from the Ontario Ministry of Natural Resources and 

Forestry in Fort Frances (McLeod and Rob, 2009; McLeod and Bisson, 2011; McLeod 

and Denyes, 2011) to validate the model temporally. By identifying strong year class 

through the FWIN, we could estimate the relative recruitment in Rainy Lake between 

2000 and 2009. We could then determine if years with high recruitment corresponded to 

years for which we predicted more surface area of SSEIH. 

6.3.5 Results 

6.3.5.1 1D model 

In Rainy Lake, the walleye egg survival probability (WESP) remained high and stable for 

the entire period under the old rule curve (Figure 109, Table 52). In Namakan Reservoir, 

the WESP was more variable and lower than in Rainy Lake, but both the 1970RC and the 

2000RC increased and stabilized WESP compared to previous rule curves (Figure 109, 

Table 52). It should also be noted that almost all suboptimal WESP (WESP<1) predicted 

in both water bodies are caused by water-level increase. 
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Figure 109: Walleye egg survival probability (WESP) according to water-level variations during 
the spawning and egg incubation period in Rainy Lake and Namakan Reservoir under 
the Measured water-level series between 1953 and 2013. 

 

Table 52: Mean walleye egg survival probabilities (WESP) and standard deviations (SD) 
according to water-level variations during the spawning and egg incubation period in 
Rainy Lake and Namakan Reservoir under the Measured water-level series during the 
periods of different water-level management rules between 1953 and 2013 (1953-1970: 
water levels regulated according to the 1949 and 1957 RC; 1970-2000: water levels 
regulated according to the 1970RC; 2000-2013: water levels regulated according to the 
2000RC). 

 
1953-1970 1970-2000 2000-2012 

  mean WESP SD mean WESP SD mean WESP SD 
Namakan Reservoir 0.66 0.18 0.79 0.15 0.88 0.10 
Rainy Lake 0.97 0.04 0.99 0.03 0.99 0.02 
 

In Rainy Lake, WESP estimated with the Measured water-level series are very similar to 

those estimated for the 1970RC and the 2000RC, which are almost identical (Table 53). 

The Natural water-level series, however, resulted in lower and more variables, WESP 

than any regulated water-level series. In Namakan Reservoir, WESP obtained with the 

Measured water-level series also reflect results obtained from the 1970RC and the 

2000RC because WESP are higher and more stable under the 2000RC than under the 

1970RC. Contrary to the situation in Rainy Lake, the Natural water-level series resulted 
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in higher WESP than regulated water levels in Namakan Reservoir (Table 53). However, 

results of the 2000RC and the Natural water- level series are relatively similar. 

Table 53: Mean annual walleye egg survival probabilities (WESP) and standard deviations (SD) 
according to water-level variations during the spawning and egg incubation period in 
Rainy Lake and Namakan Reservoir under the four water-level series, 1970RC, 2000RC, 
Natural, and Measured, between 1953 and 2012. 

 
1970 RC 2000RC Natural Measured 

  
mean 
WESP SD 

mean 
WESP SD 

mean 
WESP SD 

mean 
WESP SD 

Namakan Reservoir 0.75 0.18 0.85 0.10 0.89 0.13 0.77 0.17 
Rainy Lake 0.99 0.03 0.99 0.03 0.87 0.16 0.98 0.03 
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Figure 110: Walleye egg survival probability (WESP) according to water-level variations during the spawning and egg incubation period in A) 

Rainy Lake and B) Namakan Reservoir under the 1970RC (in red), the 2000RC (in blue), and the Natural water-level series (in purple) 
between 1953 and 2012. 
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6.3.5.2 2D model 

6.3.5.2.1 Model evaluation 

The best model used to estimate potential spawning sites suggests that they are associated 

with shallow water, steep bottom slope, and higher Ubot during the fall than during the 

spring over the three previous years (Table 54). 

Table 54: Variables retained in the best model predicting walleye spawning habitat. Coefficients 
(βx) and standard errors (SE) were estimated using a logistic regression based on 
observations and environmental conditions of 2012. Wave variables (Ubot) were 
summed over the three previous seasons before computing differences. 

Regression terms Walleye spawning habitat 

  Coefficient 
(βx) 

Standard Error 
(SE) 

Constant -1.343 0.0110 
Simple terms     

Bottom slope 0.6550 0.0022 
Bottom curvature -37.60 2.69 
Mean water depth during the spawning and incubation period -1.314 0.006 
UBOT from 17 km/h winds during fall minus UBOT from 17 
km/h winds during spring 38.44 1.21 

UBOT from 35 km/h winds during fall minus UBOT from 35 
km/h winds during spring 65.24 4.02 

Quadratic terms      

Bottom slope 2 -0.0125 0.00006 

 

The model was able to classify the great majority of the points used in the estimation 

process correctly using a decision threshold of 0.63 (Table 55). 

Table 55: Evaluation of the logistic regression predicting the distribution of potential spawning 
habitat for walleye. 

Estimation  
Total classification rate 88.7% 
Sensitivity 88.6% 
Specificity 88.7% 
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We evaluated the final predictions (integrating suitable depths and potentially suitable 

spawning grounds) by visually comparing the spatial distribution of observed spawning 

grounds and predicted SSEIH (Figure 112, Figure 113) and by assessing the distance 

between observed spawning grounds and the closest SSEIH predicted for 2012 and 2013. 

We predicted SSEIH within 50 m of 24% of observed spawning grounds and within 100 

m of 39% of observed spawning grounds in 2012. In 2013, we predicted SSEIH within 

50 m of 32% of observed spawning grounds and within 100 m of 53% of observed 

spawning grounds (Figure 111). 

 

Figure 111: Distance between known spawning sites and predicted suitable spawning and egg 
incubation habitat (SSEIH) for 2012 and 2013 in Namakan Reservoir. 

Using the netting data (FWIN) from 2007, 2008, and 2009, we determined that 2001 and 

2006 represented years with particularly strong walleye recruitment (McLeod and Rob, 

2009; McLeod and Bisson, 2011; McLeod and Denyes, 2011). According to our model, 

these years represent two of the three years with the most abundant SSEIH for walleye in  
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Figure 112: Comparison of the distribution of observed spawning grounds and predicted suitable spawning and egg incubation habitat (SSEIH) for 
2012 in western Namakan Lake. 
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Figure 113: Comparison of the distribution of observed spawning grounds and predicted suitable spawning and egg incubation habitat (SSEIH) for 
2013 in western Namakan Lake. 
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Rainy Lake between 2000 and 2009 (Figure 114). There are, of course, numerous factors 

that may influence walleye recruitment other than the amount of SSEIH available, but 

high recruitment would be improbable if SSEIH was limited. Given all this information, 

we concluded that the process used to determine SSEIH, while not perfect, is 

nevertheless useful and, to our knowledge, the best such model given the available data. 

6.3.5.2.2  Distribution of suitable spawning and egg incubation habitat (SSEIH) for walleye 

according to the Measured water-level series  

The amount of SSEIH was highly variable, increasing or decreasing by a factor of three 

from one year to the next (Figure 114). The mean amount of SSEIH has, however, 

remained relatively stable in Rainy Lake between 1973 and 2013. In all of Namakan 

Reservoir, the amount of SSEIH increased and became more stable after 2000 because 

years with very limited SSEIH no longer occurred (Figure 114, Table 56). As with other 

2D models, results from the Measured water-level series can be split in two periods of 

different water-level management: 1975-2000, when water levels were regulated 

according to the 1970RC, and 2000-2014, when water levels were regulated according to 

the 2000RC. Few differences in the distribution of SSEIH were observed between these 

periods (Figure 115 and Figure 116) because SSEIH remained limited and was located in 

the same areas. 

 

Figure 114: Annually predicted surface area, in hectares (ha), of suitable spawning and egg 
incubation habitat (SSEIH) for walleyes in A) Rainy Lake and B) Namakan Reservoir 
according to the Measured water-level series between 1973 and 2013. 



 

329 

 

 

 
Figure 115: Suitable spawning and egg incubation habitat (2D model) predicted for walleye in 1980 and 2010 according to the Measured water 

level for 2 selected sites in Namakan Reservoir: East of Deep Slough Bay (DSBE) and Tom Cod Bay (TCB). 
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Figure 116: Suitable spawning and egg incubation habitat (2D model) predicted for walleye in 1980 and 2010 according to the Measured water 

level series for 2 sites in Rainy Lake; the western part of Black Bay (BBW) and Stanjikoming Bay (SB).
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Table 56: Mean estimated surface areas and standard deviations (SD), in hectares (ha), of 
suitable spawning and egg incubation habitat (SSEIH) for walleye in Rainy Lake and 
Namakan Reservoir according to the Measured water level series during period of 
different water level management rules between 1973 and 2013 (1973-2000: water 
levels regulated according to the 1970RC; 2000-2013: water levels regulated according 
to the 2000RC). 

 
1973-2000 2000-2013 

  mean surface 
area (ha) SD mean surface 

area (ha) SD 

Namakan Reservoir 155 102 212 77 
Rainy Lake 1 167 422 1 298 450 

 

6.3.5.2.3 Distribution of suitable spawning and egg incubation habitat (SSEIH) for walleye 

according to simulated water-level series  

Results from the Measured water level series are largely reflected in the results from the 

1970RC and the 2000RC in both water bodies. In Rainy Lake, results from all regulated 

water-level series (Measured, 1970RC and 2000RC) have very similar temporal trends, 

mean values, and variability (Figure 114, Figure 117, Table 36). In Namakan Reservoir, 

more abundant and temporally stable SSEIH was predicted for the 2000RC compared to 

the 1970RC (Table 36, Figure 117). This was also reflected by similar modifications 

observed under the Measured water-level series after 2000. The Natural water-level series 

resulted in more variable SSEIH than the regulated water-level series, but also resulted in 

smaller differences in SSEIH between water bodies (Table 36, Figure 117). As such, the 

amount of SSEIH would be lower with the Natural water-level series than with any of the 

regulated water levels series in Rainy Lake. Conversely, results for Namakan Reservoir 

suggest that the amount of SSEIH would be greater with the Natural water level series 

than with any of the regulated water-levels series (Table 36, Figure 117). 
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Table 57: Mean surface areas and standard deviations (SD), in hectares (ha), of suitable 
spawning and egg incubation habitat (SSEIH) for walleyes predicted annually in Rainy 
Lake and Namakan Reservoir according to simulated hydrological conditions under the 
1970RC, the 2000RC, the Natural, and the Measured water level time series between 
1973 and 2012. 

 
1970RC 2000RC Natural Measured 

  
mean surface 

area (ha) SD 
mean surface 

area (ha) SD 
mean surface 

area (ha) SD 
mean surface 

area (ha) SD 
Namakan 
Reservoir 142 115 184 97 269 130 174 97 

Rainy Lake 1 194 335 1 214 334 678 433 1 210 431 
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Figure 117: Annually predicted surface area, in hectare (ha), of suitable spawning and egg incubation habitat (SSEIH) for walleye in A) Rainy Lake 

and B) Namakan Reservoir according to simulated hydrological conditions between 1973 and 2012 based on the 1970RC (in red), the 
2000RC (in blue) and the Natural water-level series (in purple). 
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6.3.6 Discussion 

6.3.6.1 Comparison of the different water-level time series 

The models (1D and 2D) are complementary in that the 1D model estimates the survival 

probability of eggs through the spawning and incubation period, while the 2D model 

estimates the extent of habitat suitable to walleye spawning and egg incubation. Results 

from both models follow very similar trends and can be interpreted simultaneously for 

the most part. 

In Rainy Lake, regulated water level series (1970RC, 2000RC, and Measured) are more 

favorable to walleye than the Natural water-level series because they result in higher and 

more stable WESP and in a more abundant and temporally stable, suitable spawning and 

egg incubation habitat (SSEIH). In both models, the 1970RC and the 2000RC produced 

very similar results, which are also reflected in the results from the Measured water-level 

series. As such, the implementation of the 2000RC did not improve the suitability of 

Rainy Lake for walleye spawning. Conversely, Natural water levels are more favorable to 

walleye spawning than regulated water levels in Namakan Reservoir because they result 

in higher WESP and more abundant SSEIH on average. Both models also suggest that, in 

Namakan Reservoir, the 2000RC improved walleye spawning conditions compared to the 

1970RC. This is observable by comparing results from both water-level series (1970RC 

vs 2000RC) and by assessing the temporal trend of the results from the Measured water-

level series. In each case, both the WESP and the amount of SSEIH were higher and less 

variable under the 2000RC.  

Rainy Lake and Namakan Reservoir would be suitable to walleye spawning under natural 

conditions. Water-level regulations, however, increased this suitability in Rainy Lake, 

while it seems to have decreased it in Namakan Reservoir. This suggests that water-level 

regulation has the potential to influence the suitability of water bodies for walleye 

spawning and that modifications of the RC could improve walleye spawning conditions, 

especially in Namakan Reservoir.  



 

335 

 

6.3.6.1 Most important variables 

Because the 1D model estimates WESP based solely on water-level variations during the 

spawning and incubation period, this variable is the only one that can explain model 

results. As such, the high WESP obtained for all regulated water-level series in Rainy 

Lake reflects the very limited water-level variations occuring during the spawning and 

incubation period in these water-level series. This water-level stability is illustrated by 

the small differences between maximum and minimum water levels in any given year 

under regulated water-levels series (1970RC, 2000RC, and Measured ; Figure 118). As 

such, the lower and more variable WESP predicted under the Natural water-level series in 

Rainy Lake is a result of the larger and more variable differences between maximum and 

minimum water levels under this water-level series (Figure 118). The opposite situation 

occurs in Namakan Reservoir, where the differences between the maximum and 

minimum water levels during the spawning and egg incubation periods, although 

variable, are generally smaller under the Natural water level series than under regulated 

water-level series. Results from the 1D model also reflect an increased stability of water 

levels during the spawning and egg incubation period under the 2000RC. As such, the 

WESP increased under the 2000RC compared to the 1970RC, while WESP also 

increased and became less variable after 2000 under the Measured water level series. It 

should also be noted that almost all suboptimal WESP (WESP<1) predicted in both water 

bodies are caused by water level increase, which cause eggs to incubate in deeper, colder 

water. This result was expected because walleye spawning occurs just after ice-out when 

snowmelt is flowing into the reservoirs.  

Results from the 2D model are also influenced by water-level variations during the 

spawning and egg incubation period because suitable sites must remain at water depths 

between 0.1 and 1.5m throughout the period. As such, all of the relations between water-

level variations and WESP decribed in the previous paragraph are also true for the 

amount of SSEIH. Because the amount of SSEIH represents a surface area, actual water 

levels, and not only their variability during the spawning and incubation period, must be 

considered. This conditions is due to the positive relation between water levels and the 
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Figure 118: Minimum, maximum and mean water levels during the walleye spawning and incubation period from 1950 to 2013 for studied time 
series (Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan 
Reservoir: dotted lines).



 

337 

 

total amount of shallow habitat near the shoreline of a water body (Figure 14 and 15). In 

the present case, the positive relation between water levels and the total amount of 

shallow habitat near the shoreline is mostly reflected by the less abundant SSEIH 

predicted for the Natural water-level series in Rainy Lake. This is a result of higher water 

levels occurring during the spawning and egg incubation period under regulated water-

level series than under the Natural water-level series in this water body (Figure 118). The 

same pattern is observed when comparing the 1970RC and the 2000RC in Namakan 

Reservoir, in that the 2000RC results in more abundant SSEIH due to higher water levels 

during the spawning and egg incubation period. This relation between water levels and 

SSEIH is in large part dependent on the presence of suitable spawning substrate on the 

lakeshore. Suitable substrate is often present on lakeshores because these areas 

experience the most wave energy during most of the ice-free season (Roseman et al., 

1996). When high water levels occur, these areas are then at suitable depths and provide 

SSEIH. Extremely high water levels could, however, be detrimental to walleye spawning 

if sites that usually experience high wave energy are under too much water while the 

areas of suitable depths are located at higher elevation than the usual lake shoreline where 

terrestrial vegetation is present. However, given the volume of water that is required to 

create such an extreme water level, this situation is improbable, especially with regulated 

water levels.  

Results from both models, therefore, suggest that high and stable water levels during the 

walleye spawning and egg incubation period would be most favorable to walleye 

reproduction. 

Our 2D model also suggests that wave energy (Ubot) is an essential variable to consider 

when determining the distribution of walleye spawning habitat. The wave energy metrics 

included in our final model suggest that walleyes use spawning sites that experience 

relatively high Ubot in fall and relatively low Ubot in spring. These conditions ensure 

that spawning sites are cleared of accumulated debris during fall and, therefore, maintain 

suitable substrate for walleye spawning. Conversely, lower Ubot during the spring 

favours the survival of walleye eggs because they are less subject to resuspension 
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movement away from preferred incubation habitat. 

6.3.6.2 Comparison with other studies 

By assessing walleye spawning conditions according to different rules of water-level 

management, our study refined our comprehension of the relation between water-level 

regulation and fish reproductive success. As such, our results suggest that higher water 

levels during the spawning and incubation period are favorable to walleye reproduction. 

This positive relationship between higher water levels and walleye reproduction has been 

suggested in the past (Chevalier, 1977; Kallemeyn, 1987; Kallemeyn et al., 2003). Higher 

water levels are generally associated with improved conditions for fish because they 

increase the amount of available spawning (Miranda et al., 1984; Ploskey, 1986; Kohler 

et al., 1993) and nursery (Miranda et al., 1984) habitat, while also increasing habitat 

complexity (Miranda et al., 1984; Kohler et al., 1993) and system productivity (Grimard 

and Jones, 1982; Ploskey, 1986). 

The influence of water-level variations on walleye spawning conditions has been less 

studied. Our results suggesting that more stable water levels during the walleye spawning 

and egg incubation period are more suitable to walleye reproduction are supported by 

statements suggesting that receding water levels limit spawning habitat availability 

(Johnson, 1961; Priegel, 1970). Our models also suggest that walleye spawning 

conditions would be quite variable from year to year under natural conditions. In general, 

walleye recruitment is known to be highly variable from year to year in most water 

bodies (Bush et al., 1975; Shuter and Koonce, 1977; Kallemeyn et al., 2003; McLeod and 

Denyes, 2011). Although walleye recruitment is influenced by a number of un-modeled 

factors, like natural and anthropogenic predation, this suggests that at least part of the 

variability in walleye recruitment is due to variability in spawning conditions. According 

to the netting surveys (FWIN), the general health of the walleye population has improved 

in Rainy Lake since the 1990s (McLeod and Denyes, 2011). Because our models suggest 

that spawning conditions in Rainy Lake have remained relatively stable during those 

years, this improvement is probably related to un-modeled environmental factors or 

changes in fishing regulations.  
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6.3.6.3 Relation to other species/models 

Walleye spawning habitat is characterised by clean, hard substrate that is mostly devoid 

of vegetation (Johnson, 1961; Corbett and Powles, 1986; Jones et al., 2003; Zhao et al., 

2009). As such, its distribution should be linked to the absence of most of the other 

modeled habitat in this project. However, submerged and emergent vegetation are 

essential to walleye nursery habitat because they provide food and shelter for young 

walleye (Kerr et al., 1997). Besides the walleye, other fish species like sauger (Sander 

canadensis) and white sucker (Catostomus commersonii) use similar spawning habitat, 

while some like yellow perch (Perca flavescens) spawn during the same period (Scott and 

Crossman, 1973). Therefore, water-level conditions resulting in successful walleye 

spawning would likely provide suitable conditions for most of these other species. 

Walleye are large predators feeding on a number of smaller fish and invertebrate species 

(Colby et al., 1979). Their abundance therefore has the potential to influence the 

abundance of many prey species and the structure of the aquatic community. In return, 

young walleye can be preyed upon by larger northern pike or aquatic birds. Including the 

possible interaction between walleye and other species in future models could help to 

improve our understanding of walleye population dynamics. 

6.3.6.4 Walleye and water- level management 

The modeling of walleye spawning habitat highlighted the significant influence of water-

level management controlling the timing and the amplitude of water-level variations. As 

such, large water-level variations during the spawning and egg incubation period are 

deemed detrimental to walleye reproduction, while higher water levels during the same 

period increase the amount of available suitable habitat. Water levels during the rest of 

the year should also enable the maintenance of clean, hard substrate in shallow areas. 

6.3.7 Recommendations 

The extent of SSEIH predicted is much larger than what is actually used by walleye in 

any given year. This would imply that walleye spawning is probably centered on the sites 
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that have resulted in the greatest reproductive success in the past or spawning habitat is 

not limited in the system. Given the WESP and the amount of SSEIH predicted for Rainy 

Lake, it is unlikely that current water-level regulations impede the availability of walleye 

spawning grounds. The amount of SSEIH could, however, be increased in Namakan 

Reservoir to be at least closer to the amount available under natural conditions, and thus 

ensure that water-level regulation is not detrimental to walleye spawning. 

Walleye reproduction is favored by relatively high and stable water levels during the 

spawning and egg incubation period. The timing of the spawning and egg incubation 

period is influenced by temperature but usually occurs between the end of April and 

early-June in the Rainy-Namakan system. As such, walleye spawning conditions could be 

improved, especially in Namakan Reservoir, by maintaining higher and more stable water 

levels during this period. Our results suggest that maintaining water levels of Namakan 

Reservoir around 341.0 m for the entire spawning and egg incubation period would 

provide about 400 ha of SSEIH for walleye. This would approximately double the 

average amount SSEIH available under the 2000RC and would correspond to the amount 

of SSEIH available during the most favorable years of the Natural water-level series. This 

suggested level is not essential to ensure the presence of sufficient walleye spawning 

habitat. Maintaining water levels of both water bodies close to the mean annual level of 

the three or four previous years should also ensure that spawning habitat is available. 

Under these circumstances, the shallow areas would have been subject to wave energy 

over the previous years and suitable spawning substrates should then be found at suitable 

depths. Water levels during the rest of the year should also enable the maintenance of 

clean, hard substrate in shallow areas. 

It is not essential to maximize the extent of spawning grounds every year to maintain a 

healthy walleye population. Walleye will still be able to reproduce if water levels are 

lower in spring, but recruitment will probably be lower. As such, at least one year of good 

reproduction every three to five years should be sufficient to maintain walleye numbers. 

Water-level stability during spawning and incubation is, however, more critical because 

large water-level variations could result in complete year-class failure. Such an event 
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could have long-standing effects by limiting the number of spawning walleye in 

subsequent years. As such, water level should not increase by more than 1.5 to 2 m 

during the spawning and egg incubation period to ensure the survival of most eggs. Given 

the timing of the spawning and egg incubation period, water-level decreases are unlikely 

to be common or of great amplitude during this critical period. Water-level decreases 

should nevertheless be avoided or limited to less than 0.5 m because their effect can be 

fatal to walleye eggs that would be found above the water surface.  

Recruitment rates of walleye are largely influenced by the number of larvae reaching 

nursery habitat through water movements. It would therefore be useful to gather more 

knowledge on the characteristics and the extent of nursery habitat, as well as their 

connection with spawning habitat to better understand walleye reproduction in the 

system. In any case, sufficient nursery habitat should be maintained to ensure good 

walleye recruitment. 

Additional data on walleye spawning sites (location, extent, and intensity of use), 

substrate, and the effect on wave on egg survival could help improve the spawning 

habitat model. Further improvements of walleye recruitment would likely require more 

detailed knowledge of walleye larval and young-of-the-year stages, the interactions 

between walleye and other fish and wildlife species, and the influence of fishing 

regulations.  
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 Northern Pike 6.4

With the collaboration of A. Timm from USDA Forest Service, Baltimore, MD 

The objective of this model is to determine the effect of water-level regulation on 

northern pike (Esox lucius) spawning and nursery habitat (larval and young-of-the-year, 

YOY). It was completed in collaboration with Anne Timm and Rod Pierce, who have 

been analysing the abundance of pike larvae and YOY in several locations of Rainy Lake 

and Namakan Reservoir since 2012. With their collaboration and the data they provided, 

we developed habitat models predicting the influence of water levels on the availability 

and the suitability of spawning and nursery habitats. Several models describing the 

vegetal cover of different species or groups, presented in the vegetation models section, 

were used as input data for the northern pike models: the emergent vegetation model 

(section 4.1), the submerged vegetation model (section 4.4), the cattail model (section 

4.2), and the wetlands model (section 4.5). 

6.4.1 Species description 

Northern pike are the most widely distributed species of the Esox genus, the only 

remaining genus in the esocidea family (Inskip, 1982). The northern pike is a large 

freshwater species found throughout the northern hemisphere (Raat, 1988). In North 

America, it is an important sport fishing species present in 45% of freshwater bodies 

(Casselman and Lewis, 1996). Northern pike have an elongated cylindrical body reaching 

lengths of 60 to 100 cm depending on the region and the type of water body (Raat, 1988). 

Northern pike are large piscivorous predators located at the highest trophic level in most 

water bodies. They, therefore, largely influence the structure of the fish community. 

Northern pike are mostly found at depths of less than 5.0 m, and their habitat is largely 

influenced by water temperature and food availability. The presence of aquatic 

vegetation, which is limited to shallow waters, is the main descriptor of the northern pike 

habitat (Inskip, 1982). Vegetation enables northern pike to remain unnoticed from their 

prey, which facilitates their ambush hunting tactic (Inskip, 1982). Vegetation also 

provides cover from younger, smaller individuals, which may be preyed upon by other 
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fish species or larger northern pike (Inskip, 1982; Casselman and Lewis, 1996; Timm and 

Pierce, 2015a). Northern pike under 15 cm long use deeper waters and less densely 

vegetated areas as they grow, and their cover requirements change over their first year 

(Casselman and Lewis, 1996).  

6.4.2 Habitat description 

Based on their distribution, northern pike are cool-water fish, yet they remain in the 

warmer (around 16°C), shallower portion of lakes (Mingelbier et al., 2008). High water 

transparency, which promotes vegetation growth, is beneficial to pike, and they feed 

more efficiently and become heavier in areas with deeper Secchi depths (Craig and 

Babaluk, 1989). High water levels, associated with greater ecosystem productivity, as 

well as increased prey and habitat availability, are favorable to northern pike (Bodaly and 

Lesack, 1984).  

6.4.2.1 Spawning habitat 

Northern pike usually seek shallow water, sloughs or marshes located in lake tributaries 

or close to lakeshores to spawn (Clark, 1950; Raat, 1988). Females may lay up to 100 000 

eggs per spawning season, laying groups of 5 to 60 eggs in multiple, randomly selected 

areas at the grassy margins of lakes, in slow-moving streams, or in sloughs. Northern pike 

lay their eggs over densely vegetated areas containing various types of vegetation 

(Johnson, 1957; Mccarracher and Thomas, 1972; Inskip, 1982; Cook and Bergersen, 

1988; Raat, 1988; Casselman and Lewis, 1996; Timm and Pierce, 2015a). Flooded wet 

meadows are often considered optimal spawning sites, as they provide thin-leaved 

vegetation preferred by northern pike (Mingelbier et al., 2008; Larochelle et al., 2015). 

Conversely, cattails and floating aquatic plants are usually avoided by spawning northern 

pike (Johnson, 1957; Franklin and Smith, 1963; Mccarracher and Thomas, 1972; Raat, 

1988). The eggs stick to grass, rock, or flooded vegetation for about two weeks before 

hatching. Sticking to vegetation and substrate enables eggs to remain above the bottom of 

a water body where the level of dissolved oxygen is lower (Casselman and Lewis, 1996). 

Vegetation present in spawning sites also promotes the presence of zooplankton, which is 
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consumed by larvae once the eggs hatch (Casselman and Lewis, 1996; Timm and Pierce, 

2015a).  

The spawning period usually occurs soon after ice-out and lasts about 10 days (Johnson, 

1957). When water temperature reaches 5°C, northern pike start to move towards 

spawning grounds (Raat, 1988), where they usually spawn in water between 7 and 12°C 

(Clark, 1950; Raat, 1988; Casselman and Lewis, 1996). Spawning may be interrupted by 

cold weather, strong wind, water-level drawdown, or abundant rain (Clark, 1950; Inskip, 

1982). Since spawning occurs just after ice-out, when air and water temperatures are 

increasing, water levels are often maximal at the end of the spawning period when most 

of the snow has melted (Johnson, 1957; Inskip, 1982; Raat, 1988; Casselman and Lewis, 

1996). High water levels enable northern pike to spawn in densely vegetated flooded 

areas (Johnson, 1957; Mccarracher and Thomas, 1972; Raat, 1988; Casselman and Lewis, 

1996). Pike usually spawn at depths between 0.10 m and 1.50 m (Clark, 1950; 

Mccarracher and Thomas, 1972; Raat, 1988). As such, spawning northern pike select the 

warmest water available, often found in shallow sheltered areas (Mingelbier et al., 2008). 

Warmer water reduces the egg incubation period and increases hatching success. Warm 

water is also highly productive and provides abundant resources for larval growth 

(Franklin and Smith, 1963; Inskip, 1982). Casselman and Lewis (1996) identified the 

optimal spawning condition as being over moderately dense hummocks of sedge grass, in 

shallow (between 0.10 and 0.70 m) sheltered waters warming rapidly in spring, and 

sufficiently connected to main water bodies to enable movement of spawning and 

juvenile northern pike. In the absence of preferred spawning habitat, northern pike will 

spawn in deeper water above submerged vegetation even if water temperature will warm 

more slowly in these areas (Farrell et al., 1996) 

6.4.2.2 Nursery habitat 

Once the eggs have hatched (usually when water temperature reaches 12°C), larvae 

remain around the spawning habitat for a few weeks. They first use the energy contained 

in the yolk sac before starting to feed actively on zooplankton (Franklin and Smith, 1963; 

Raat, 1988; Casselman and Lewis, 1996). Fry soon become piscivorous and may engage 
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in cannibalism within 2 to 3 weeks following hatching (Inskip, 1982). Growth of young 

northern pike is positively correlated with water temperature and is optimal at 21°C 

(Inskip, 1982). Once they reach about 20 mm long, young northern pike begin to move to 

deeper and less densely vegetated habitat (Raat, 1988; Casselman and Lewis, 1996). 

Depth of nursery habitat is rarely reported in the literature, but nursery habitat is 

associated with warm shallow water sustaining abundant vegetal cover (Franklin and 

Smith, 1963; Casselman and Lewis, 1996). As such, Timm and Pierce (2015a) used 

depths between 0.15 and 0.65 m to sample young northern pike in their nursery habitat.  

Most literature on northern pike recruitment concerns spawning habitat. However, recent 

studies tend to show that nursery habitat is probably the main driver of pike recruitment 

(Casselman and Lewis, 1996; Timm and Pierce, 2015a). As such, Casselman and Lewis 

(1996) showed that northern pike year-class strength was positively correlated with 

temperature in July and August and negatively correlated with water levels between 

August and October. Spawning is, however, already completed during these periods, and 

young northern pike are in nursery habitat. Ideal nursery habitat should be at least 10 

times larger than adjacent spawning habitat, and 40 to 90 % of the area should be covered 

by submerged or emergent vegetation to satisfy the different life stages of young northern 

pike (Casselman and Lewis, 1996). A number of different plant species has been 

suggested as preferred substrates for nursery habitat, but ultimately, the cover and feeding 

potential provided by vegetation is dependent on the physical structure of the vegetation 

rather than its species (Timm and Pierce, 2015a). Nevertheless, it seems that juvenile 

northern pike are more abundant close to submerged vegetation than close to emergent 

vegetation (Holland and Huston, 1984; Timm and Pierce, 2015a). As with spawning, 

cattail stands appear to be avoided during the nursery stages (Franklin and Smith, 1963; 

Timm and Pierce, 2015a). Because nursery habitat is located in shallow water close to the 

shores, it is vulnerable to modification of shoreline characteristics resulting from human 

activity (Timm and Pierce, 2015a). Therefore, it appears essential to assess the quality 

and quantity of available nursery habitat to evaluate the influence of water-level 

regulation on northern pike recruitment.  
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6.4.2.3 Impact of water level management 

Water-level management has the potential to determine the availability of spawning and 

nursery habitat by defining the extent and the location of flooded or submerged 

vegetation. High water levels in the spring are linked to more abundant spawning areas 

over flooded vegetation and generally result in high northern pike recruitment (Johnson, 

1957; Inskip, 1982; Mingelbier et al., 2008). Because they are laid in shallow waters, 

northern pike eggs are vulnerable to water-level decrease following spawning (Clark, 

1950; Inskip, 1982). Consequently, water level should be maximal at the end of the 

spawning period and remain stable for 6 to 8 QMs. This would provide sufficient time for 

the eggs to hatch and for larvae to become mobile, so they can follow receding water 

(Casselman and Lewis, 1996). Water-level management may also have significant 

impacts on the composition and structure of shoreline vegetation, which is essential for 

northern pike spawning and nursery habitat (Wilcox and Meeker, 1992). For example, 

stable water levels may promote the expansion and the dominance of cattails in shallow 

water areas. This would push northern pike to use suboptimal, deeper, and colder water as 

spawning and nursing habitat (Farrell et al., 1996; Cooper et al., 2008). Dams also limit 

fish dispersion and affect population structure. As such, Ouellet-Cauchon et al. (2014) 

showed that high interannual water-level variations force spawning pikes to use different, 

sometimes distant, spawning areas in subsequent years. Since regulated water levels are 

more stable than natural water levels, they tend to limit genetic mixture and promote 

population structure. 

6.4.3 Northern pike in the study area 

Sport fishing has always been a popular activity in the area. Anglers annually harvest 

over 90 000 kg of fish from Rainy Lake and Namakan Reservoir, of which, about 25 to 

38% is northern pike, the third-most sought-after species in the area (Kallemeyn et al., 

2003; McLeod and Denyes, 2011). In Rainy Lake, abundance of northern pike was 

relatively stable between 1965 and 2000 (McLeod and Rob, 2009). Since 2000, however, 

abundances appear to have slightly decreased in Rainy Lake, while increasing in 

Namakan Reservoir (McLeod and Trembath, 2007; Pierce et al., 2007; McLeod and 
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Denyes, 2011). Northerrn pike larvae (Figure 119) and YOY (Figure 120) have been 

surveyed in different locations of the system since 2012 (Timm and Pierce, 2015a). 

6.4.4 Model design 

The Hydrology and Ecohydraulic section of Environment Canada has developed habitat 

models for northern pike in the St. Lawrence River (Champoux et al., 2002; Turgeon et 

al., 2004). As with other models, the approach consists in using environmental variables 

(hydrological and biological) such as currents, water depth, light penetration, wave 

energy, and vegetation cover to predict the distribution of northern pike habitat. In the 

present project, we modeled the distribution of the habitat suitable to northern pike 

spawning, larval, and YOY stages to assess the influence of water-level management on 

northern pike spawning and nursery habitat (International Joint Commission, 2011).  

6.4.4.1 Data on the distribution of northern pike 

6.4.4.1.1  Spawning data 

We did not have data on the distribution of northern pike spawning sites within the study 

area. Preferred spawning sites are usually found in shallow water over flooded vegetation 

(Turgeon et al., 2004; Mingelbier et al., 2008; Larochelle et al., 2015), so we used water 

depth and the distribution of different vegetation types to predict the distribution of 

spawning sites. As such, we used the distribution of wet meadows and shrubby swamps 

predicted by the wetlands model (section 4.5), as well as the emergent (section 4.1) and 

submerged (section 4.4) vegetation distribution predicted for the previous year (moribund 

and perennial vegetation remaining from previous summer) to estimate the availability of 

habitat suitable to northern pike spawning in each year and under each water-level time 

series.  

6.4.4.1.2  Larvae data 

The data used to model the distribution of northern pike larvae were obtained from field 

surveys completed by Dr. Anne Timm and her team in several bays of Rainy and 

Kabetogama lakes during 2012 and 2013 (Figure 119). Field surveys were conducted 
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with light traps in shallow bays, two weeks after ice-out. During each night of sampling, 

18-20 light traps were set within representative dominant vegetation types of a bay. Light 

traps were set for 2 hours, beginning 30 minutes after sunset, and floated from 1.2-m-long 

fiberglass stakes driven into bottom substrates at water depths ranging from 0.2 to 1.5 m. 

Northern pike larvae were then counted in each trap (Pierce et al., 2007). For more details 

on this survey, see (Timm and Pierce, 2015b). 

 

 

Figure 119: Location of northern pike larvae sampling completed using light trap in 2012 and 
2013. 

6.4.4.1.3 YOY data 

The data used to model the distribution of YOY were also obtained from field surveys 

completed by Dr. Anne Timm in 2012 and 2013. YOY were surveyed by trap-netting 
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within Rainy, Namakan, and Kabetogama lakes (Figure 120). Trap-nets were set 

perpendicular to the shoreline and randomly distributed throughout a bay within targeted 

vegetation types. The number of trap-nets set in each bay varied from three to six 

depending on the size of the bay and the vegetation types present. Trap-nets were set 

during late morning or early afternoon and retrieved the next day, as close to 24 hours 

later as possible. Water temperature and depth, as well as GPS location and the number of 

northern pike YOY, were recorded for each trap-net location. For more details on this 

survey, see Timm and Pierce (2015). 

 

 

Figure 120: Location of northern pike young of the year (YOY) sampling completed using trap 
nets in 2012 and 2013. 
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6.4.4.2  Model estimation 

6.4.4.2.1 Timing of reproduction stages 

The northern pike spawning period usually occurs soon after ice-out when water 

temperature is between 7 and 12°C and lasts about 10 days (Clark, 1950; Raat, 1988; 

Casselman and Lewis, 1996). Historic light trap data also suggest that northern pike 

spawn at ice-out (Pierce et al., 2007). Lake ice-out occurs over at least a few days 

because shallow areas warm more quickly than deeper areas. As recorded ice-out dates 

identify lake-wide ice-out, ice-out in shallow areas where northern pike spawn likely 

occurs before these dates. Given the previously mentioned information, the warming rate 

of lakes, prior knowledge, and field data, it appears that the spawning period is centered 

on ice-out QM and lasts about 3 QMs (Pierce et al. 2007, Dr. Anne Timm, personal 

comm. March 2015; Figure 121). On the basis of information about the warmest suitable 

spawning temperature reported, indication that northern pike larvae are typically present 

two weeks after ice-out, and prior knowledge (Pierce et al. 2007, Dr. Anne Timm, 

personal comm. March 2015), we assumed that the larval stage began when water 

temperature reached 12°C (Figure 121). Also, since northern pike fry historically begin to 

move towards nursery grounds 16 to 24 days after hatching in Minnesota and given that 

field data suggest that they grow for up to 40 days following ice-out (Franklin and Smith, 

1963; Pierce et al., 2007), we assumed that the larval stage lasts 4 QMs (Figure 121). By 

once again using prior knowledge (Dr. Anne Timm, personal comm. March 2015), we 

assumed that the YOY stage begins 7 QMs after the initiation of the larval stage and last 

5 QMs (Figure 121). 
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Figure 121: Periods used to model pike spawning, larval, and young of the year stages. 

6.4.4.2.2 Spawning model 

To estimate the distribution of habitat suitable to northern pike spawning, we adapted a 

theoretical habitat suitability index (HSI; based on preference curves) first developed by 

Casselman and Lewis (1996) and adapted by Mingelbier (2008) to the present situation. 

The adapted HSI is based on specific habitat requirements in terms of water depth and 

vegetation cover. The HSI varies between 0 and 1, representing unsuitable and highly 

suitable habitat, respectively. The HSI is computed for each grid node as consists in the 

multiplication of three distinct potentials: water-depth potential (DP), cattail potential 

(CP), and vegetation potential (VP) as illustrated in Equation 17. 

VPCPDPHSI **  Equation 17 

The DP was modeled as a binary variable taking either a value of 1.0 when water depths 

remain between 0.15 and 1.5 m throughout the spawning period, or a value of 0 

otherwise. The CP was modeled as a binary variable taking a value of 0 where dense 

monotypic cattail stands of more than 35 years (MT+) were predicted by for nodes with 

cattail tile over 35 (i.e. MT+) according to the cattail habitat model (section 4.2) and a 

value of 1 otherwise. Finally, the value of VP was defined by the type of vegetation 

present. Since wet meadows (WM) and shrubby swamps (SS) are preferred spawning 

substrate, a VP value of 1 was given at nodes where these wetlands were predicts by the 

wetlands habitat model (section 4.5; (Alldridge and White, 1980). Emergent vegetation 
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(section 5.1), which is also suitable although less than WM and SS, was given a VP of 

0.5. High density of submerged vegetation (section 5.4), which is used when other 

substrates are not available, was given a VP of 0.1. In presence of any other type of 

vegetation or open water, VP was given a value of 0. 

The values of those potentials were attributed according to the scientific literature on the 

subject. For example, more than 140 observations of northern pike reproduction in 

Conesus Lake, NY indicated that northern pike spawning habitat was mostly correlated 

with depth, while multiple vegetation types were used as long as they were found at 

suitable depths. As such, northern pike spawned over any available vegetation as long as 

water depths were within 0.25 to 1.00 m and cattail or brush were absent (Alldridge and 

White, 1980). For our HSI model, we increased that range to allow the model to take 

further variability in the water levels during the spawning period without having an 

exaggerated impact on the predicted HSI. Also, several studies suggest that northern pike 

tend to avoid dense cattail stands when spawning (Johnson, 1957; Franklin and Smith, 

1963; Mccarracher and Thomas, 1972; Raat, 1988).  

Although the level of suitability defined for each vegetation type (VP) was largely 

inspired by values used by Mingelbier et al. (2008), other studies suggest similar relations 

between spawning northern pike and vegetation. For example, spawning activity of 

northern pike was reported for wetlands with taxa like Phragmites, Carex, or Equisetum 

(Carlander, 1952) and over grass or sedges (Kennedy, 1969), suggesting high suitability 

for wet meadows. On the other hand, Farrell (2001) observed that northern pike were 

pushed away from their preferred spawning habitat, flooded wet meadows, to use colder 

deep habitat in late spring. Facing those conditions, northern pike can spawn over 

permanently submerged vegetation when preferred substrate is not available (Farrell et 

al., 1996; Farrell, 2001). 

As such, the HSI represent the overall suitability of a site to northern pike spawning. The 

surface area of suitable habitat was computed by multiplying the surface covered by each 

grid node (0.04 ha) by its HSI, so highly suitable sites accounted for a greater share of the 
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suitable area than less suitable sites. We also recorded the surface area covered 

specifically by each category of HSI (high=1, medium =0.5, and low =0.1). Given the 

specific values of each of the three potentials involved in the calculation of the HSI, each 

HIS category represented the type of vegetation present within the range of suitable 

depths. 

6.4.4.2.3 Larvae and YOY models  

Data from the 2012 field surveys by Dr. Anne Timm were used to calibrate the larvae and 

YOY models. Variables included in the model selection process were water depth during 

the spawning and YOY development periods, light intensity at the bottom, terrain slope 

and curvature, wave energy (Ubot), submerged plant density, as well as the presence of 

emergent plants and cattails during the previous and current year (Table 58). The 

presence of each type of vegetation was predicted by the models developed in the present 

study for these species or groups. 

6.4.4.3 Statistical analyses 

We first used Principal Component Analyses (PCA) to remove collinear variables. We 

then used a binomial logistic regression with a forward stepwise procedure to identify the 

combination of environmental variables that best predicted the distribution of the 

different habitats suitable to northern pike of each life stages according to the AIC. Then, 

we used the best model to predict the occurrence probability of pike habitats. All 

statistical analyses were computed with the program “R” version 3.1.2. 

6.4.4.4 Model validation 

We used the data from the 2013 field surveys to validate the larvae and YOY habitat 

models. We evaluated these models with all the metrics defined previously: total 

classification rate, sensitivity, specificity, Cohen’s Kappa, RMSE, and McFadden Rho 

(see chapter 3). It was not possible to validate the spawning habitat model since we did 

not have empirical spawning data from the study system. 
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Table 58: Physical and biological variables selected as descriptors for the northern pike larvae 
and YOY habitat models (2D model). 

Variables Larvae YOY Unit 

Bottom slope X X %s 

Bottom curvature X X cm 

Mean ratio of incident light at the bottom during larval stage X X % 

Mean ratio of incident light at the bottom during YOY stage  X % 

Mean water depth during larval stage X X m 

Mean water depth during YOY stage  X m 

Mean number of wet-dry cycles during larval stage X X cycles 

Mean number of wet-dry cycles during YOY stage  X cycles 

Mean percentage of QM a point is flooded during larval stage X X % 

Mean percentage of QM a point is flooded during YOY stage  X % 

Mean UBOT from 10 km/h winds during larval stage X  m/s 

Mean UBOT from 17 km/h winds during larval stage X  m/s 

Mean UBOT from 35 km/h winds during larval stage X  m/s 

Mean UBOT from 10 km/h winds during YOY stage  X m/s 

Mean UBOT from 17 km/h winds during YOY stage  X m/s 

Mean UBOT from 35 km/h winds during YOY stage  X m/s 

Total UBOT during spawning X X m/s 

Total UBOT during larval stage X X m/s 

Total UBOT during YOY stage  X m/s 
Probability of occurrence for emergent vegetation in the current 
year  X % 

Probability of occurrence for emergent vegetation in the previous 
year X  % 

Probability of occurrence for cattail in the current year  X % 

Probability of occurrence for cattail in the previous year X  % 
Probability of occurrence for low density of submerged vegetation 
in the current year  X % 

Probability of occurrence for low density of submerged vegetation 
in the previous year X  % 

Probability of occurrence for high density of submerged vegetation 
in the current year  X % 

Probability of occurrence for high density of submerged vegetation 
in the previous year X  % 
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6.4.5 Results 

6.4.5.1 Model evaluation 

The model best explaining the distribution of larval habitat contained the following 

variables: the terrain slope and curvature; and several other variables that were averaged 

over the duration of the larval stage: the ratio of incident light at the bottom, water depth, 

and wave energy. The presence of low densities of submerged and emergent vegetation 

predicted for the previous year was also included in the model (Table 59). More 

precisely, northern pike larvae selected areas with shallow water, high ratios of incident 

light at the bottom and steep and convex bottom slopes. The relationship with wave 

energy (total UBOT during the spawning period) was found to be negative, thereby 

suggesting that larval habitat is found in areas with few waves. Larval habitat is also 

negatively associated with the probability of occurrence of low density of submerged 

vegetation and of emergent vegetation during the precedent growing season. 

The best model explaining the distribution of YOY habitat also contained one constant 

variable: the terrain slope and several variables averaged over the duration of the YOY 

stage: the ratio of incident light at the bottom, water depth, and the probability of 

occurrence of emergent vegetation and high density of submerged vegetation in the 

current growing season. More precisely, northern pike YOY selected areas of shallow 

water, where the ratio of incident light at the bottom is high and where the lake bottom 

slope is steep with respect to the conditions observed in the system. YOY tended to avoid 

areas where the predicted suitability to emergent vegetation was high, while they selected 

areas where the predicted suitability to high densities of submerged vegetation was high. 
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Table 59: Coefficients of the logistic regression models used to model northern pike larvae and 
YOY habitats. Coefficients and their standard errors (SE) are given for the terms that 
were retained by the stepwise selection procedure. 

Regression terms Northern Pike 
 Larvae YOY 
 Coefficient 

(βx) 
Standard 
Error (SE) 

Coefficient 
(βx) 

Standard 
Error (SE) 

Constant 100.4 43.6 -0.5399 4.3543 
Simple terms     
Bottom slope 1.584 0.595 4.241 1.503 
Bottom curvature 6 066 3 670 - - 
Ratio of incident light at the bottom -282.8 123.8 6.949 4.509 
Water depth -81.06 28.13 -2.852 2.148 
Emergent plant in the current year - - -5.655 2.312 
Emergent plant in the previous year -3.754 2.638 - - 
High density of submerged vegetation in the 
current year 

- - 3.996 1.399 

Low density of submerged vegetation in the 
previous year 

-1.773 1.598 - - 

High density of submerged vegetation in the 
previous year  

- - - - 

Total UBOT during spawning -243.7 120.2 - - 
Quadratic terms     
Ratio of incident light at the bottom 2 186.7 81.1 - - 
Interaction terms     
Bottom slope * Bottom curvature 46.30 20.03 - - 
Bottom slope * Ratio of incident light at the 
bottom 

-2.096 0.703 -4.962 1.632 

Bottom slope * Water depth - - -1.613 0.699 
Bottom curvature * Ratio of incident light at the 
bottom 

-6 251 3 868 - - 

Bottom curvature * Water depth -3 374 1 864 - - 
Ratio of incident light at the bottom * Water depth 141.4 50.2 - - 

 

The best model explaining the distribution of larval habitat correctly classified 92.7% of 

the 232 points used to estimate the model as well as 74.2% of the 318 sites used for the 

validation trials (Table 60). The predictive power of the model was also corroborated by 

the other metrics used to evaluate model performance. Such a good performance was also 

found for the YOY habitat model, with the best model correctly classifying 93% of the 

258 sites used for model estimation and 91.7% of the 254 sites used for the validation 

trials (Table 60). 
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Table 60: Metrics of performance for the logistic regression models predicting the distribution of 
northern pike larvae and YOY. 

Model evaluation Larvae YOY 

McFadden Rho2 0.71 0.70 

RMSE 0.27 0.26 

Optimum decision threshold 57% 65% 

Estimation   

Total classification rate 92.7% 93.0% 

Sensitivity 92.9% 92.2% 

Specificity 92.5% 93.7% 

Kappa (p<0.05) 0.84 0.86 

Prevalence (85/232) (116/258) 

Validation   

Total classification rate 74.2% 91.7% 

Sensitivity 62.0% 91.1% 

Specificity 87.1% 92.1% 

Kappa (p<0.05) 0.49 0.83 

Prevalence (163/318) (113/254) 

 

We then evaluated the larvae and YOY models by visually comparing the spatial 

distribution of the field survey observations with the suitable habitat predicted for each 

nursery stage (larvae and YOY) (Figure 122, Figure 123). 
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Figure 122 : Habitat predicted to be suitable to northern pike larvae (dark pink) and observations of larvae (black stars) during field surveys 
performed in 2012 and 2013, in a southern section of Kabetogama Lake. 
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Figure 123 : Habitat predicted to be suitable to norther pike YOY (purple) and observations of norther pike YOY (black stars) during field surveys 
performed in 2012 and 2013, in a southern section of Kabetogama Lake. 
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6.4.5.2 Northern pike habitat distribution according to Measured time series 

We computed the surface area of habitat suitable to each of the three modeled northern 

pike life stages from 1976 to 2013 in Namakan Reservoir and Rainy Lake. As with other 

2D models, results from the Measured water-level series can be split in two periods of 

different water-level management: 1975-2000, when water levels were regulated 

according to the 1970RC, and 2000-2014, when water levels were regulated according to 

the 2000RC. The mean amount of surface area suitable to each life stage during each 

period (Table 61) and the temporal trends of the surface area of suitable habitat over the 

entire period (Figure 130, Figure 131, Figure 132) suggest that these habitats have been 

relatively stable over the last 40 years, especially in Rainy Lake. Accordingly, very 

limited differences in the distribution of suitable habitat suitable are observed between 

these periods (1980 vs 2010) for each life stage, and this, for both water bodies (Figure 

124-Figure 129). It is important to note that this does not suggest that year-class strengths 

are constant through time. The model predicts the amount of suitable habitat but does not 

consider other variables influencing year class strength such as water temperature, 

competition, and predation. Therefore, even if the amount of habitat has been relatively 

stable, some good and bad year classes occurred during the analysed period. 

The total surface of habitat suitable for northern pike spawning has slightly changed after 

2000, decreasing in Rainy Lake and increasing in Namakan Reservoir. These differences 

are probably not significant given the variability of the predictions (Figure 130, Table 

61). The quality of the spawning habitat appears to have improved after 2000 in Namakan 

Reservoir where the mean surface area of spawning habitat with medium quality almost 

doubled while the mean surface area of low quality remained variable but relatively 

stable (Table 62, Figure 130). In Rainy Lake, the surface area of medium quality 

spawning habitat is stable through time, but the surface area of low quality habitat 

decrease slightly after 2000 (Figure 130). Almost no habitat of high quality was predicted 

in the system throughout the entire analysed period. 

In Namakan Reservoir, the surface area of habitat suitable to larvae is more variable after 

2000, while the variability of the surface area of habitat suitable to YOY has decreased 



 

361 

 

during the same period in both water bodies. The surface area of suitable habitat suitable 

to northern pike spawning (Figure 130) was always about 10 times smaller than the 

surface area of that suitable to larvae (Figure 131) and YOY (Figure 132) in Rainy Lake, 

whereas for Namakan Reservoir, a factor of around 5 was observed (Table 61). We 

reported the total surface area of suitable spawning habitat (Table 61, Figure 130) to 

compare it with that of other life stages, and represented the surface area of each category 

of HSI to evaluate the quality of the spawning habitat. This comparison revealed that 

spawning habitat is less abundant than habitat suitable to the other life stages and that is 

quality is affected by RC. As such, sites highly suitable to spawning are almost never 

predicted under regulated conditions but occasionally appeared on some years under the 

Natural water-level series (Figure 124 to Figure 129). Moreover, sites with low suitability 

for spawning are more abundant than sites with medium suitability under regulated 

conditions, while the opposite is observed with the Natural water-levels time series. 
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Table 61: Total mean estimated surface area and standard deviation (SD), in hectares (ha), of habitat suitable to northern pike spawning (2D 
model), larvae (2D model) and YOY (2D model) in Rainy Lake and Namakan Reservoir according to the Measured water-level series 
during periods of different water-level management between 1976 and 2013 (1976-2000: water levels regulated according to the 
1970RC; 2000-2013: water levels regulated according to the 2000RC). 

 Spawning Larvae YOY 
 1976-2000 2000-2013 1976-2000 2000-2013 1976-2000 2000-2013 

Water body 
Mean 
(ha) SD Mean 

(ha) SD Mean 
(ha) SD Mean 

(ha) SD Mean 
(ha) SD Mean 

(ha) SD 

Namakan Reservoir 224 150 346 175 747 168 843 316 1259 313 1 178 155 
Rainy Lake 840 341 683 225 7 993 2 464 7 958 2 445 9 727 2 338 9 385 1 728 

 

Table 62: Total mean estimated surface area and standard deviation (SD), in hectares (ha), of categories of quality habitat for northern pike 
spawning (2D model) in Rainy Lake and Namakan Reservoir according to the Measured water-level series during periods of different 
water-level management between 1976 and 2013 (1976-2000: water levels regulated according to the 1970RC; 2000-2013: water levels 
regulated according to the 2000RC). 

 High Mean Low 
 1976-2000 2000-2013 1976-2000 2000-2013 1976-2000 2000-2013 

Water body 
Mean 
(ha) SD Mean 

(ha) SD Mean 
(ha) SD Mean 

(ha) SD Mean 
(ha) SD Mean 

(ha) SD 

Namakan Reservoir 0.1 0.1 0.0 0.0 365 303 628 345 408 274 329 202 
Rainy Lake 0.9 2.5 0.2 0.7 1 028 465 977 336 3 248  1 594 1 941 804 
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Figure 124: Distribution of the habitat suitable to northern pike spawning predicted in 1980 and 2010 for the Measured water-level series in 2 
selected sites of Namakan Reservoir; East of Deep Slough Bay (DSBE), Tom Cod Bay (TCB). 
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Figure 125: Distribution of the habitat suitable to northern pike spawning predicted in 1980 and 2010 for the Measured water-level series in 2 

selected sites of Rainy Lake; the western part of Black Bay (BBW) and Stanjikoming Bay (SB). 



 

365 

 

 

 

 
Figure 126: Distribution of the habitat suitable to northern pike larvae predicted in 1980 and 2010 for the Measured water-level series in 2 selected 

sites of Namakan Reservoir: East of Deep Slough Bay (DSBE), Tom Cod Bay (TCB). 
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Figure 127: Distribution of the habitat suitable to northern pike larvae predicted in 1980 and 2010 for the Measured water-level series in 2 selected 

sites of Rainy Lake: the western part of Black Bay (BBW) and Stanjikoming Bay (SB). 
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Figure 128: Distribution of the habitat suitable to northern pike YOY predicted in 1980 and 2010 for the Measured water-level series in 2 selected 

sites of Namakan Reservoir: East of Deep Slough Bay (DSBE), Tom Cod Bay (TCB). 
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Figure 129: Distribution of the habitat suitable to northern pike YOY predicted in 1980 and 2010 for the Measured water-level series in 2 selected 

sites of Rainy Lake: the western part of Black Bay (BBW) and Stanjikoming Bay (SB). 
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Figure 130: Yearly estimated surface area of habitat suitable to northern pike spawning (in 
hectares, ha) in A) Rainy Lake and B) Namakan Reservoir for the Measured water-
level series between 1976 and 2013. Suitable habitat was split into three levels of 
suitability according to HSI values (High: darkest colors, Medium: medium colors, and 
Low: light colors). 

 

 

Figure 131: Yearly estimated surface area of habitat suitable to northern pike larvae (in hectare, 
ha) in A) Rainy Lake and B) Namakan Reservoir for the Measured water-level series 
between 1976 and 2013. 
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Figure 132: Yearly estimated surface area of habitat suitable to northern pike YOY (in hectares, 
ha) in A) Rainy Lake and B) Namakan Reservoir for the Measured water level series 
between 1976 and 2013. 

6.4.5.3 Northern pike habitat distribution according to simulated time series 

6.4.5.3.1 Spawning habitat 

Results from the Measured water-level series are largely reflected in the results from the 

1970RC and the 2000RC in both water bodies. As such, the total amount of suitable 

spawning habitat would have been slightly lower under the 2000RC than under the 

1970RC in both water bodies (Table 63, Figure 133). Suitable habitat would have also 

been slightly less variable under the 2000RC for both water bodies, but especially in 

Namakan Reservoir. Under natural conditions, the amount of habitat suitable for 

spawning would have been higher and more variable than under any managed water-level 

series (Figure 133). As such, years with large surface area of suitable spawning habitat 

would be more frequent under natural conditions than under managed water levels in both 

water bodies. In both water bodies, high quality spawning habitat would have been 

almost absent under the 1970RC and 2000RC while low quality habitat would have been 

the most abundant (Table 64). Under natural conditions, spawning habitat quality would 

have been much more variable, but high quality habitat would be more frequent and 

abundant reaching a peak every 5 or 6 years (Figure 133). 
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Table 63: Mean annual surface area estimates and standard deviations (SD) of total habitat 
suitable to northern pike spawning (2D model) in Rainy Lake and Namakan Reservoir (in 
hectare, ha) for simulated hydrological conditions between 1976 and 2012 based on the 
Measured, the 1970RC, the 2000RC and the Natural water-level time series. 

 

1970RC 2000RC Natural Measured 

Water body 
Mean 

(ha) SD 

Mean 

 (ha) SD 

Mean 

 (ha) SD 

Mean 

 (ha) SD 

Namakan Reservoir 269 168 231 95 357 291 268 169 

Rainy Lake 707 217 665 165 907 653 782 310 

 

Table 64: Mean annual surface area estimates and standard deviations (SD) of each quality 
category of habitat suitable to northern pike spawning (2D model) in Rainy Lake and Namakan 
Reservoir (in hectare, ha) for simulated hydrological conditions between 1976 and 2012 based on 
the Measured, the 1970RC, the 2000RC and the Natural water-level time series. 

 

 1970RC 2000RC Natural Measured 

Water body Category Mean 

(ha) 

SD Mean 

(ha) 

SD Mean 

(ha) 

SD Mean 

(ha) 

SD 

Namakan Reservoir High 0.1 0.2 0.5 0.1 106 290 0.1 0.1 

 Medium 307 242 355 191 481 278 462 340 

 Low 370 282 532 218 115 155 379 250 

Rainy Lake High 20 90 2 11 207 498 0.6 2 

 Medium 825 326 775 276 1 213 946 1 009 418 

 Low 2 747  955 2 753 903 946 1 121 2 767 1 489 
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Figure 133: Yearly estimated surface area of habitat suitable to northern pike spawning (2D model; in hectare, ha) in A) Rainy Lake and B) 

Namakan Reservoir for simulated hydrological conditions between 1976 and 2012 on the basis of the 1970RC (in red), the 2000RC (in 
blue) and the Natural water-level series (in purple). Suitable habitat was split into three levels of suitability according to HSI values 
(High: darkest colors, Medium: medium colors, and Low: light colors). 
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6.4.5.3.2 Larval habitat 

In both water bodies, the amounts of habitat suitable to larvae were similar under the 

1970RC and the 2000RC (Table 65, Figure 134). Results from the Measured water-level 

time series were again largely coherent with the results from the 1970RC and the 2000RC 

in both water bodies, but the Measured water-level time series appeared to provide more 

suitable larval habitat than that for the 1970RC and the 2000RC. The Natural water-level 

time series provides the most abundant and variable surface area suitable to northern pike 

larvae in Namakan Reservoir (Table 65, Figure 134). In Rainy Lake, the higher mean 

amount of suitable habitat was found under the measured water-level series, while the 

lowest would have been under the Natural water-level series, which would have, once 

again, resulted in more variable surface areas (Table 65, Figure 134). As with the 

spawning habitat, years with large surface area of habitat suitable to larvae would have 

been more frequent in both water bodies under natural conditions than under the 

regulated water levels. 

Table 65: Mean annual surface area estimated and standard deviation (SD) of habitat suitable to 
northern pike larvae (2D model; in hectare, ha), in Rainy Lake and Namakan Reservoir 
for simulated hydrological conditions between 1976 and 2012 based on the Measured, 
the 1970RC, the 2000RC and the Natural water-level time series. 

 
1970RC 2000RC Natural Measured 

Water body 
Mean 

 (ha) SD 

Mean 

 (ha) SD 

Mean 

 (ha) SD 

Mean 

 (ha) SD 

Namakan Reservoir 666 286 751 229 955 561 780 230 

Rainy Lake 6 367 2 296 6 552 2 322 5 273 3 242 7 981 2 425 
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Figure 134: Yearly estimated surface area of habitat suitable to northern pike larvae (2D model, in hectares, ha) in A) Rainy Lake and B) 
Namakan Reservoir for simulated hydrological conditions between 1976 and 2012 based on the 1970RC (in red), the 2000RC (in blue) 
and the Natural water-level time series (in purple). 
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6.4.5.3.3 YOY habitat 

The amount of habitat suitable to YOY was generally higher than that for the other 

modeled life stages (Table 66). In Namakan Reservoir, the amount of suitable habitat 

predicted for YOY was generally higher and more stable under the 2000RC than under 

the 1970RC water-level time series. These changes were also noticeable under the 

Measured water-level time series (Table 66, Figure 132, Figure 135). In Rainy Lake, the 

predicted amounts of habitat suitable to YOY northern pike were similar for all regulated 

water-levels time series (1970RC, 2000RC and Measured), but lower for the Natural 

water-level series (Figure 135). The amount of habitat suitable to YOY would have been 

lower for the Natural water-level series than under any of the regulated water-level series 

in both water bodies. 

Table 66: Mean annual surface area estimates and standard deviations (SD) of habitat suitable to 
northern pike YOY (2D model; in hectare, ha), in Rainy Lake and Namakan Reservoir 
for simulated hydrological conditions between 1976 and 2012 based on the Measured 
water-level time series, the 1970RC, the 2000RC and the Natural water-level time 
series. 

 
1970RC 2000RC Natural Measured 

Water body 
Mean 

 (ha) SD 

Mean 

 (ha) SD 

Mean 

 (ha) SD 

Mean 

 (ha) SD 

Namakan Reservoir 1 144 359 1 327 107 765 270 1 232 270 

Rainy Lake 9 958 2 265 10 027 2 237 3 781 2 085 9 610 2131 
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Figure 135: Yearly estimated surface area of habitat suitable to northern pike YOY (2D model; in hectare, ha) in A) Rainy Lake and B) Namakan 
Reservoir for simulated hydrological conditions between 1976 and 2012 based on the 1970RC (in red), the 2000RC (in blue), and the 
Natural water-level time series (in purple). 
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6.4.6 Discussion 

6.4.6.1 Comparison of the different water level time series 

Results of the northern pike spawning habitat model suggest that the adoption of the 

2000RC slightly decreased the total amount of suitable spawning habitat compared to the 

situation prevailing under the 1970RC. This smaller amount of suitable habitat was of 

better quality. In any case, Natural conditions would have nevertheless remained more 

suitable to northern pike spawning than those prevailing under any of the regulated water 

levels. Earlier water level peaks dictated by the 2000RC in Namakan Reservoir has 

probably resulted in more abundant flooded vegetation in the month following ice-out, 

when northern pike are usually spawning. Although the implementation of the 2000RC 

slightly increased the total amount of medium quality habitat in Namakan Reservoir, it 

did not increase the amount of highly suitable spawning habitat. As such, the 

improvements in spawning conditions under the 2000RC were marginal compared to that 

under the 1970RC. Under natural conditions, the total mean surface area of habitat 

suitable to spawning would have been higher than under regulated conditions, and years 

with abundant high quality habitat were more frequent in both water bodies. These years 

should have resulted in higher northern pike recruitment, which might have been 

sufficient to maintain a healthier northern pike population. Suitable spawning habitat was 

not only less abundant than nursery habitat, but its suitability was also limited, especially 

under the three regulated conditions. As such, highly suitable spawning habitat was 

nearly non-existant under the regulated conditions. This indicates that the preferred 

spawning substrates (wet meadows and shrubby swamps) are almost never found at 

suitable depths during the spawning period in such circumstances regulated. Under these 

conditions, spawning northern pike could have been forced to use less suitable emergent 

or submerged vegetation as spawning substrate. That use of a suboptimal spawning 

substrate could have resulted in lower reproductive success. Under the Natural water-

level time series, however, highly suitable spawning habitat would have been more 

abundant and would have been present more frequently. Moreover, the Natural water-

level series would have resulted in even more medium quality spawning habitat (over 
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emergent vegetation) and less low quality spawning habitat (over submerged vegetation) 

than the three regulated water levels time series. 

Our models predict that in both water bodies, the habitat suitable to northern pike larvae 

and YOY is much more abundant and widespread than that suitable to spawning. This 

result suggests that pike recruitment is more likely limited by the spawning habitat than 

by the larval or YOY habitats for. In both water bodies, all regulated water-level time 

series resulted in a similar amount of larval and YOY habitat. However, the 2000RC 

appears to have slightly improved habitat availability for these life stages by reducing the 

variability and the number of years with little suitable habitat. These improved conditions 

are most noticeable in Namakan Reservoir. Although the Natural water-level time series 

would have been more suitable to northern pike larvae than the regulated water levels, the 

current water-level management approach nevertheless provided a greater abundance of 

habitat suitable to northern YOY than did the management approaches used in the past. 

As such, it is likely that the implementation of the 2000RC improved the overall 

conditions for northern pike reproduction compared to previous management plans. 

Future management plans would have to follow natural conditions more closely to 

increase the amount of nursery habitat for the larval stage, but more importantly, such a 

decision would significantly increase the availability of spawning habitat of a higher 

quality. 

6.4.6.2 Most important variables 

The theoretical spawning habitat model is based on two main variables: water depth and 

vegetal cover. Spawning sites must be covered by suitable vegetation and must remain in 

water depths between 0.15 and 1.50 m throughout the spawning period. As such, water-

level variations must be limited during the spawning period to provide suitable habitat. 

Because the most suitable spawning substrates (wet meadows and shrubby swamps) are 

located higher on the hydrosere, higher water levels during the spawning period are 

associated with more abundant and more suitable spawning habitat for northern pike 

(Figure 130, Figure 133, Figure 136). As such, the absence of highly suitable spawning 
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habitat under any of the regulated series indicates that water levels are always too low to 

cover wet meadows or shrubby swamps with sufficient water to enable northern pike 

spawning. Conversely, the more variable Natural water-level time series results in some 

highly suitable spawning habitat in years when water levels are unusually high during the 

northern pike spawning period. 

Northern pike nursery habitat (larval and YOY) is generally characterised by the presence 

of vegetation in shallow water protected from waves. By nature, these sites are located 

close to the shoreline and, as with many other models; the amount of habitat suitable to 

nursery stages is also influenced by water levels during these periods. Higher water levels 

during these periods will result in more abundant shallow areas that will provide more 

suitable nursery habitat for northern pike. This is partly why less area of suitable habitat 

is predicted for YOY under the Natural water-level series. During this stage water levels 

would be lower in the Natural water-level series than under any of the regulated water 

level time series (Figure 138). Moreover, the more variable amount of suitable spawning 

and nursery habitat predicted with the Natural water-level time series is also associated 

with more variable water levels both intra- and interannually (Figure 136, Figure 137, 

Figure 138). 

Our models suggest that northern pike tend to avoid emergent vegetation during the 

larval stage. As such, years for which the amount of suitable habitat predicted for larvae 

is low (for example, Rainy Lake in 1988 and 2003 and Namakan Reservoir in 1998) are 

associated with abundant emergent vegetation in the previous year (Figure 28). The 

opposite situation where abundant larval habitat is associated with scarce emergent 

vegetation in the previous year is also true (for example, Rainy Lake in 2000 and 

Namakan Reservoir in 2008). Habitat suitable to northern pike YOY is associated with 

the presence of high density of submerged vegetation. As such, years with limited 

amount of suitable habitat for YOY are linked to years for which the abundance of high 

density submerged vegetation (Figure 69) is also low (for example, Rainy Lake in 1980 

and 1987 and Namakan Reservoir in 1977 and 1987). Conversely, when YOY habitat is 

abundant, high density of submerged vegetation is also abundant. 
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Figure 136: Minimum, maximum, and mean water levels during the northern pike spawning period from 1976 to 2013 for the studied time series 

(Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: 
dotted lines). 

 



 

381 

 

 
Figure 137: Minimum, maximum, and mean water levels during the northern pike larvae stage from 1976 to 2013 for the studied time series 

(Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: 
dotted lines). 
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Figure 138: Minimum, maximum, and mean water levels during the northern pike YOY stage from 1976 to 2013 for the studied time series 

(Measured: green, 1970RC: red, 2000RC: blue, and Natural: purple) in both water bodies (Rainy Lake: full lines, Namakan Reservoir: 
dotted lines).
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6.4.6.3 Comparison with other studies 

Our model of larval habitat suggested that larvae would probably be found in areas with 

high density of submerged vegetation remaining from the previous year, as pike tend to 

avoid emergent vegetation and low density of submerged vegetation. A different analysis 

concerning northern pike larvae in the Rainy-Namakan system also revealed that northern 

pike larvae were more abundant in areas with aquatic vegetation than in areas without 

aquatic vegetation (Timm and Pierce, 2015b). That study showed that more larvae were 

caught in areas where hybrid cattail (Typha x glauca) was present (Timm and Pierce, 

2015b). However, this appears to be mostly due to the dominance of hybrid cattails in 

shallow areas of the Rainy-Namakan system, as that hybrid was present in almost all 

surveyed sites (Timm and Pierce, 2015b). Although monotypic cattail stands are present 

in the study area, most of them have not been established for long enough (under 35 

years) to deteriorate every sites suitable to northern pike larvae. We included the presence 

of cattails as an explanatory variable in the larvae and YOY models, but it was not 

retained for the final models, as other variables were apparently more relevant to model 

northern pike habitat. 

Our results suggest that northern pike reproductive conditions for northern pike have 

slightly improved with the implementation of the 2000RC. Other studies showed that the 

abundance of northern pike YOY and gill net catch rates have increased since 2000 in 

Namakan Reservoir (Kallemeyn et al., 2015), indicating that reproductive success has 

improved and is more consistent (Timm and Pierce, 2015a). These improved spawning 

conditions in Namakan Reservoir probably result from water level increasing earlier in 

spring under the 2000RC. Our results also suggest that higher water levels during the 

early life stages of northern pike provided greater abundance of suitable habitat, which 

would have been favorable to recruitment. Accordingly, the highest mean catch rates of 

northern pike YOY in the Rainy-Namakan system were obtained in years with the 

highest monthly mean water levels in May and June under both 1970RC and 2000RC 

(Kallemeyn et al., 2015).  
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6.4.6.4 Relation to other species/models 

Studies have found that cattail stands are generally avoided by spawning northern pike 

(Franklin and Smith 1963; Casselman and Lewis 1996; Farrell 2001). As water-level 

regulation of the Rainy-Namakan system seems to promote cattail expansion (see section 

4.2 on cattail), this reduces the suitability of spawning substrate located at suitable depths 

during the spawning period. 

The northern pike models are largely dependent on vegetation models developed in this 

project. Therefore, all variables influencing the vegetation models used in the northern 

pike models (emergent vegetation, submerged vegetation, and cattail) have the potential 

to ultimately influence the distribution of northern pike spawning and nursery habitat. For 

example, removal of aquatic vegetation and increases in water transparency may 

drastically reduce the population size of young northern pike, as the absence of 

vegetation tends to increase predation pressure on YOY (Raat, 1988). For instance, the 

elimination of aquatic vegetation caused by a large winter drawdown resulted in the 

reduction of the population of YOY in Murphy Flowage, WI (Beard, 1973; Snow, 1974; 

1978). 

The shallow, warm water habitat used by northern pike during spawning and early life 

stages are the lakes’ most productive areas. As such, multiple other species rely on these 

areas to fulfill their needs, making them essential for the entire lacustrine community. 

6.4.6.5 Northern pike and water-level management 

Northern pike are known to spawn in flooded areas, so both the intensity and the duration 

of flooding may have an important effect on year-class strength (Johnson, 1957). 

Environmental alterations caused by water-level management have led to the reduction of 

reproductive success in other northern pike populations (Farrell, 2001). Farrell et al. 

(1996) observed that modification of the natural water levels resulting from water-level 

regulation promoted large and dense monotypic cattail stands unsuitable to northern pike 

spawning in Point Marguerite Marsh. Northern pike were observed spawning over 
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submersed macrophyte beds in deep and slow warming water, most likely because of a 

lack of access to shallow spawning habitats (Farrell, 2001).  

Larvae are less sensitive to water-level variation than eggs because they drift in water. 

Nevertheless, even small water-level variations (0.10 m) occurring over a short period 

have the potential to increase larval mortality rate (Geiger et al., 1975). As such, drastic 

and large water-level variations should be avoided during this stage, especially during the 

first few weeks when larvae are less mobile. 

Because northern pike are largely dependent on vegetation to provide cover and habitat 

for their prey during their early life stages, water-level management should ensure that 

vegetation cover is maintained in the system to provide suitable habitat for young fish. 

6.4.7 Recommendations 

6.4.7.1 Water-level management 

Our results and the knowledge from the literature suggest that high water levels occurring 

soon after ice-out would increase northern pike recruitment. Water levels should also 

remain stable during the spawning period and until the eggs hatch and the larvae are 

mobile. The temporary stability of water levels is favorable because large water-level 

variations could result in eggs drying out or being washed on shore, while larvae are also 

vulnerable to rapid fluctuation of water level. Northern pike do not require maximized 

recruitment every year to have a healthy population, as some recruitment should occur 

even if water levels remain at a lower level during the spring. Very good water-level 

conditions (high water level soon after ice-out remaining stable for 5-6 QMs) occurring 

every three to five years should be sufficient to sustain the northern pike population. The 

stability of water level is, however, essential every year, as large water-level variations 

could lead to a high egg or larvae mortality, which could eliminate a year-class and have 

lasting consequences for the population age structure. Water-level management should 

also ensure that vegetation types used as spawning and nursery habitat are present in the 

system and found at suitable depths during the different life stages (for more details on 
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the water-level conditions favorable to each vegetation type, see Section 5). For example, 

high water level must be followed by a gradual decrease, and peak water level should 

vary from year to year to promote the presence of wet meadows and shrubby swamps, 

which are the preferred spawning habitat for northern pike.  

6.4.7.2 Controlling cattail expansion 

Since cattails are generally avoided by spawning northern pike and their dense stands 

could limit access to shallow water, the reduction of the cattails cover in the system could 

improve the availability of northern pike spawning and nursery habitat. For details on 

how to limit or reduce the expansion of cattail stands, see section 0. 

6.4.7.3 Improved spawning marshes 

The production of northern pike YOY could also be increased by improving existing 

spawning marshes or by creating artificial ones. Artificial marshes can be created by 

controlling water levels in small bays or in some sections of tributaries that are accessible 

to, or supplied with adult northern pike. Low water levels are maintained in these areas 

for most of the year to promote the growth of vegetation used as spawning substrates. 

The resulting marshes are then flooded in early spring to provide suitable spawning 

habitat for the brood stock (Brautigman, 2008). These objectives could be reached more 

easily in tributaries, by establishing small structures that would enable the flooding of 

some portion of floodplains during the spring freshet. This would come at a cost and 

should therefore be planned properly. Improvement of the natural spawning by modifying 

water-level management plan should be completed before engaging in such a process.  

6.4.7.4 Research and development 

More field observations of spawning northern pike would be required to improve the 

spawning habitat model in the Namakan-Rainy system. The mandate of this project was 

to model the reproduction habitats of northern pike in lacustrine habitat of both water 

bodies. However, even if northern pike spawns frequently in lacustrine sites, it is known 

that northern pike also spawns in riverine habitats (Inskip, 1982). Tributaries where 
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northern pike could spawn are numerous in the region of Rainy Lake and Namakan Lake 

area but were not assessed in part of the present modeling effort. As such, a better 

knowledge of the location of lacustrine and riverine spawning sites, indications on the 

proportion of the northern pike population that uses each type of spawning sites, and 

information on the nature of spawning substrate (depth, vegetation type) would be 

essential to build a more robust model. The nursery habitat model could also be improved 

by broader field surveys. Finally, the connectivity between sites suitable to each life cycle 

may be an important aspect in developing a single, more powerful, model of northern 

pike reproductive habitat in the study area. 
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7 Synthesis of the performance of the different indicators 

in response to water levels  

Water-level management has influenced several aspects of the Rainy-Namakan 

ecosystem. In the present project, we documented and modeled the effects of water levels 

and other environmental variables on the performance of different ecosystem indicators. 

Indicator performance was assessed with habitat models according to four water-level 

series representing different water-level management. As such, indicator performance can 

be quantified and compared under each management plan. The developed models could 

also be used to determine the effects of any other water-level series projected for the 

system. For example, it would be possible to compute the effects of climate change or of 

a new management plan if we had the corresponding hydrological time series. The 

developed models and the knowledge integrated into them can be used to establish more 

suitable water-level rule curves. It is therefore possible to define the characteristics of a 

new management plan adapted to the local system that considers the effect of water levels 

on the different species, be they desired or not. 

In this section, we synthesize the knowledge gathered on each modeled species or group 

and their relations to water levels. The goals are to present a simplified interpretation of 

the results and determine “water-level objectives” that should be considered in a revised 

set of rule curves. As such, references for the information stated in this section can be 

found in each species or group section that were previously presented in this document. 

 Emergent vegetation 7.1

7.1.1 State of the resource 

Emergent vegetation includes all plants with a large portion of their shoots, leaves, or 

flowering structures above the water but with roots usually remaining under water or in 

saturated soil. These include all emergent macrophytes such as cattails, bulrushes, wild 

rice, sedges, reeds, and others. In this model, we considered all emergent vegetation 

species as a whole, without separating them into wetland classes. Emergent vegetation is 
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an important component of wetlands in the study area. The amount of wetlands with 

emergent vegetation (i.e., emergent marshes and wet meadows) seems to have declined 

by around 20% between 1995 and 2008, but the field data underlying that assessment are 

weak at the moment, leaving inconclusive results. Inversely, ligneous taxa and cattail 

stands also appear to have increased over that same period. 

7.1.2 Importance and relevance 

Emergent vegetation is an essential habitat structure for several bird, mammal, and fish 

species. The modeled distribution of emergent vegetation is used to define the boundary 

of submerged vegetation distribution and is thus included in the northern pike spawning 

and nursery habitat models. 

7.1.3 Influence of water levels 

Emergent vegetation requires shallow water enabling some light to reach the bottom and 

multiple wet-dry cycles. Emergent vegetation distribution is linked to water level 

variations during the 3 previous growing seasons. 

7.1.4 Evaluation of the different water-level time series through habitat 

modeling 

Water-level regulation in the Rainy-Namakan system has stabilized the conditions for 

emergent vegetation, as the mean water level during the growing season is almost the 

same every year. The modifications of the 2000RC did not significantly changed 

conditions for emergent vegetation in Rainy Lake. The 2000RC, however, appear to have 

slightly decreased the amount of suitable habitat for emergent vegetation in Namakan 

Reservoir. Our model suggests that natural water levels, although more variable, are more 

favorable to emergent plants than regulated (Measured, 1970RC, and 2000RC) water 

levels. 

7.1.5 Recommendations for water-level control 

As emergent vegetation consists of multiple species with different requirements, each 
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water-level series will favor some species. We believe that it is not necessary to manage 

the system water levels specifically for emergent plants, but complete dominance or 

eradication of emergent vegetation should be avoided. The decision of favoring or 

reducing emergent vegetation should depend on the desired management objective for the 

ecosystem. 

7.1.6 Recommendations for regional wildlife management 

It is challenging to evaluate if more or less surface area of emergent vegetation is 

advantageous or detrimental to an ecosystem. Abundant emergent vegetation can support 

multiple animal species, but very dense emergent vegetation can also be seen as 

detrimental to navigation, for swimming, and to some animal species. More diverse 

emergent vegetation promoting more diverse animal species should thus be favored 

instead of more abundant emergent vegetation. 

 Cattails 7.2

7.2.1 State of the resource 

Cattails are a common emergent plant in wetlands of North America. The hybrid, Typha x 

glauca, is dominant in the study area and invasive. It was first documented in the area in 

the early 1950s. The invasive cattails now occupy and dominate most large wetlands of 

the Rainy-Namakan system. Some dense cattails stands also form floating mats. 

7.2.2 Importance and relevance 

The dominance of cattails in many wetlands of the Rainy-Namakan system is a nuisance 

to many species. It lowers biodiversity, as it forms dense monospecific stands choking 

wetlands and limiting the connectivity between open water and shallow areas that is 

essential to many species such as the northern pike. We have also shown that cattails and 

wild rice habitat are really similar. Cattails are, however, perennial and can efficiently 

reproduce vegetatively by rhizomes. They are thus favored by stable water levels from 

year to year typical of regulated conditions. After several years of stable water levels, 
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cattails can form monotypic stands that are even more competitive for other species. The 

older is the monotypic stand, the more likely it is to become a floating mat and that would 

then be difficult, if not impossible, to control using water-level fluctuations. Cattails 

stands of reasonable sizes can nevertheless provide habitat and food to some species, like 

muskrat. 

7.2.3 Influence of water levels 

Cattail expansion is favored by interannual water-level stability. As such, water-level 

regulation resulting in almost identical water levels from year to year during the growing 

season has created very good conditions for cattails expansion and the development of 

monotypic stands. Large water-level variations (>1 m) from year to year maintained for 

an entire growing season can help control the expansion of cattail stands. After less than 

15 years of stable conditions, monotypic cattail stands can influence the distribution, 

abundance and diversity of others plant species. After 35 years of stable conditions, the 

monotypic stands have accumulated large amount of organic matter and can be difficult 

to control through water-level management. Also, floating cattail is less sensitive to 

water-level variations. 

7.2.4 Evaluation of the different water-level series through habitat 

modeling 

The cattail habitat models show that regulated water levels that are more stable 

interanually are favorable to cattails. Water-level management resulting in higher mean 

water levels and more variable water levels during the growing season also tends to 

provide more abundant suitable habitat. Our analysis of regulated water-level series 

shows that stable conditions from year-to-year create good condition for implementation 

of monotypic cattail stands. Monotypic cattail stands would be almost absent under 

natural conditions. 

7.2.5 Recommendations for water-level control 

Once cattails are present in such a large system as the Rainy-Namakan, it is difficult to 
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remove them by using water-level control only. Complete flooding or drying enabled by 

water-level variations of several meters maintained for a few years would be required. 

Interannual fluctuations of the mean water level during the growing season as observed in 

the Natural water-level series would slow cattail expansion. 

7.2.6 Recommendations for regional wildlife management 

Water-level control could be combined with management actions favoring the presence 

of a large muskrat population to be more effective. We also recommend that once 

muskrats have become more abundant in the system, artificial access could be opened in 

dense cattail stands to help muskrats access the entire wetland area and therefore improve 

connectivity for other species. 

 Wild rice 7.3

7.3.1 State of the resource 

Historic wild rice populations in the Rainy-Namakan area are thought to have been more 

abundant and larger than they have been in the last four decades. 

7.3.2 Importance and relevance 

Wild rice is an economically and culturally important resource in the area. It is a 

traditional food source for native communities. Wild rice also provides good cover and 

brood rearing habitat for ducks, while rice beds can be important nursery areas for other 

aquatic vertebrates.  

7.3.3 Influence of water levels 

Wild rice is very sensitive to water-level variations during two stages of its life cycle: the 

germination-submerged and the floating stages. Water depth is critical during the 

germination-submerged stage because young plants may drown in too deep sites and does 

not allow them to reach the water surface quickly. During the floating stage, a sudden 

water-level increase has the potential to rip young plants with limited root development 
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from the substrate. 

Wild rice germination begins after ice-out, during the first QM in which the daily mean 

temperature has been ≥5°C for 10 consecutive days. The germination-submerged stage 

lasts for 4 QM, while the floating stage occurs over the 5 following QMs. According to 

available information, we estimated that wild rice survival would not be influenced by 

water-level variations smaller than 0.5 m between the germination-submerged and 

floating stages. More substantial fluctuations between the germination-submerged and the 

floating stages would, however, decrease wild rice survival, and wild rice would not 

survive to variations greater than 1.2 m. 

7.3.4 Evaluation of the different water-level series through habitat 

modeling 

Our models suggest that, among the four hydrologic series considered, the 2000RC 

Natural water level series results created the most suitable conditions for wild rice and 

resulted in more abundant suitable habitat in both water bodies. Although regulated water 

levels are suitable to wild rice habitat would be present under natural conditions, 

regulated water levels have the potential to be more suitable to wild rice. But, regulated 

water levels create also suitable conditions for monotypic cattail stand development, 

which out-compete wild rice for growing space. 

7.3.5 Recommendations for water-level control 

Stable water levels during the germination and floating stage; combined with variable 

water levels from year to year would be most suitable option for wild rice. The former 

enhances wild rice survival, while the latter provides more areas with limited vegetal 

cover favoring wild rice establishment. 

7.3.6 Recommendations for regional wildlife management 

Our 2D models show that wild rice and cattail habitat are very similar, but cattails are 

perennial and better competitors, especially in a stable water-level environment. 
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Combined with proper water-level management, the control of cattail distribution would 

thus favor wild rice. Dispersal of wild rice seeds from native populations could also 

extend its distribution. 

 Submerged plants 7.4

7.4.1 State of the resource 

Submerged macrophytes are abundant in shallow areas of the Rainy-Namakan system. 

Several studies revealed a high diversity of species in the area, but the abundance and the 

distribution of submerged macrophytes were rarely reported. 

7.4.2 Importance and relevance 

Submerged macrophytes provide habitat for zooplankton and other invertebrates. Several 

fish species also hide and feed in macrophytes beds. For example, submerged 

macrophytes are a fundamental nursery habitat for northern pike larvae and young-of-the-

year (YOY).  

7.4.3 Influence of water levels 

Our results show that the distribution of submerged macrophytes is directly influenced by 

water level. Water-level decreases result in exposed sites where plants may dry out 

during summer or be destroyed by ice during winter. On the other hand, water-level 

increases during the growing season reduce the amount of light at the bottom of the lakes, 

which slows down growth and may eventually kill the plants. Wave energy also 

influences submerged vegetation distribution. 

Submerged vegetation distribution may vary according to higher or lower water levels if 

they are maintained during two growing seasons. As such, submerged vegetation may 

colonize flooded areas if water levels are higher or move lakeward if water levels are 

lower. In general, water-level stability over several growing seasons promotes the 

abundance of high and low density of submerged macrophytes. 
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7.4.4 Evaluation of the different water-level series through habitat 

modeling 

The amounts of habitat suitable to low density of submerged macrophytes are quite stable 

temporally regardless of the water-level series, while habitat suitable to high density is 

more dynamic. Our models suggest that regulated water levels (Measured, 1970RC, and 

2000RC) result in more submerged vegetation habitat than the Natural water-level series, 

especially for high density.  

7.4.5 Recommendations for water-level control 

It is difficult to define how much submerged macrophytes are required for the health of 

the Rainy-Namakan system. As submerged vegetation provides habitat for numerous 

species, more is probably better. It is, however, certain that a complete disappearance or a 

major reduction would have detrimental effects on northern pike and other wildlife 

species. Conversely, too much submerged vegetation could also be detrimental to the 

aquatic ecosystem. Such situations are unlikely, however, since the conditions necessary 

for them to occur (very stable and high water levels for many years or a major water level 

reduction) are unlikely as well. 

7.4.6 Recommendations for regional wildlife management 

No particular recommendation.  

 Wet meadows and shrubby swamps 7.5

7.5.1 State of the resource 

According to aerial surveys completed in 1995-1996, wetlands of all types covered 23 

324 ha of VNP, representing around 26% of the park area. Wet meadows accounted for 

25% of all wetlands, while 16% of wetlands were shrubby swamps. A study made in 

2008 suggested that the total wetland cover and the surface area covered by each 

analyzed wetland type, especially meadow marshes, decreased between 1995-1997 and 

2008. Because the observations used in this 2008 study were made in years with very 
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different water levels (very high vs very low), the effects of the 2000RC could not be 

clearly identified.  

7.5.2 Importance and relevance 

Wetlands are an essential component of the ecosystem and are involved in the biological 

cycles of several wildlife species such as northern pike, walleye, muskrat, and multiple 

other species not modeled in the present project. We centered our wetland models on wet 

meadows and shrubby swamps because they are preferred spawning habitat for northern 

pike and their distribution was used to model northern pike spawning habitat. 

7.5.3 Influence of water levels 

Wet meadows and shrubby swamps are favored by occasional flooding providing 

conditions that are either too wet for more terrestrial habitat, like forested swamps or 

terrestrial forests, or too dry for more aquatic habitat, like emergent marshes. 

7.5.4 Evaluation of the different water-level series through habitat 

modeling 

The 2000RC increased the amount of suitable habitat for wet meadows compared to the 

1970RC, especially in Namakan Reservoir. The 1970RC and the 2000RC provided very 

similar conditions for shrubby swamps in both water bodies. More surface area of habitat 

suitable to both types of wetland was predicted under natural conditions than under any 

regulated water-level series.  

7.5.5 Recommendations for water-level control 

It would be beneficial to increase the interannual variability of water levels, reduce the 

period of high water level in summer, and have more years with low lake levels to reflect 

the natural variability of the system more closely. 

7.5.6 Recommendations for regional wildlife management 

It is challenging to evaluate if more or less surface area of each wetland type would be 
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beneficial or detrimental for the ecosystem. Diversified wetlands, however, can support 

multiple plant and animal species. We therefore recommend that the water-level 

management plans promote more diverse wetland habitats. 

 Muskrats 7.6

7.6.1 State of the resource  

Muskrats were most probably abundant in the system before water-level regulation, and a 

trend of population decline is observable in the area, but also throughout North America. 

Muskrats are almost absent from Namakan Reservoir and rare in Rainy Lake. 

7.6.2 Importance and relevance 

Muskrats are the most important herbivore of wetlands, and their grazing pressure 

influences wetland structure and succession. Muskrats feed on emergent plants, with a 

fondness for cattails; they could thus help to control cattail in the system given a 

significant increase of their population. 

7.6.3 Influence of water levels 

Muskrats live in flooded wetlands, where they are especially sensitive to water-level 

fluctuations during winter. They build their wintering lodges just above water before it 

first freezes in November (QMs 39 to 42). If the water level increases or decreases by 

more than 0.15 m during the following winter (QM 43 to 48 and QM 1 to 8 of the 

following year), muskrats face difficult conditions, as their lodges can be either be 

flooded or disconnected from water. Decreases of more than 0.60 m or increases of more 

than 0.33 m will result in substantial muskrat mortality. 

7.6.4 Evaluation of the different water-level series through habitat 

modeling 

The muskrat lodge viability model shows that the Measured water-level series has been 

detrimental to muskrat survival since 1950. Conditions have been completely 
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incompatible with muskrat survival in Namakan Reservoir and very poor in Rainy Lake, 

where survival would have been possible only during a few years. The 2000RC improved 

conditions for muskrats in Rainy Lake but not in Namakan Reservoir. Although more 

variable, Natural water levels would have been more favorable than regulated water 

levels in many years. This is particularly marked in Namakan Reservoir where, contrary 

to modeled results based on regulated water levels, muskrat lodge viability with Natural 

water levels would be higher than in Rainy Lake. 

7.6.5 Recommendations for water-level control 

A healthy muskrat population would require water levels to be maintained close to mean 

water levels of November (QM 39 to 42) during winter (QM 43 to 48 and QM 1 to 8 of 

the following year. During these following months, water-level variations should ideally 

be maintained below 0.15 m, otherwise water-level decreases should be smaller than 0.6 

m and increases should be smaller than 0.33 m to enable survival of some muskrats. A 

single year with inappropriate water-level management could cause mortality of the 

entire population. 

7.6.6 Recommendations for regional wildlife management 

Given suitable water-level conditions during the winter, muskrats should thrive in the 

area because of the large amount of cattail available. However, re-establishing a viable 

muskrat population would take a number of years in both water bodies. A detailed study 

of muskrat population dynamics would be necessary to estimate the carrying capacity of 

the system for muskrats and the time required to restore it. Moreover, translocation of 

individuals could be another suitable option to accelerate the return of the species in the 

area. 

Given muskrats basic dietary is cattails, we expect that the presence of a substantial 

muskrat population would help control cattails in the system. To speed up that process 

and, possibly, help muskrats thrive even more rapidly, opening channels in areas such as 

Black Bay, where extensive cattails beds are too large to be readily exploitable by 

muskrat, should be considered a worthwhile restoration effort. 
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 Common loon 7.7

7.7.1 State of the resource 

Loons have long been present in the Rainy-Namakan system, but their productivity has 

been low in the area’s large lakes at least since the 1970s. This fact is particularly marked 

in Namakan Reservoir and is associated with large water-level variations during spring 

and summer. 

7.7.2 Importance and relevance 

Common loons are a symbol of northern wilderness and good water quality indicators. 

Being piscivorous, they require a healthy fish community to thrive. 

7.7.3 Influence of water levels 

Loons build their nests close to water. The nesting success of loons is thus sensitive to 

water-level variations during the nesting season. Loons usually start nesting between 3 

and 10 QMs after ice-out, and nests are active (presence of eggs) for about 5 QMs. 

Water-level increases of less than 0.15 m and decreases of less than 0.30 m should not 

harm loon nests. A water-level increase larger than 0.40 m or a decrease larger than 0.80 

m during the nesting period most likely results in the complete loss of all active nests.  

7.7.4 Evaluation of the different water-level series through habitat 

modeling 

According to the Measured water-level time series, modeled loon nest viability was lower 

in Namakan Reservoir than in Rainy Lake before 2000. Since 2000, however, loon nest 

viability is similar in both water bodies. As such, the 2000RC improved loon nesting 

conditions in Namakan Reservoir by limiting water-level variations, while conditions 

remained similar in Rainy Lake. Natural conditions (Natural water-level series) involve 

large water-level variations during the loon nesting season resulting in low nest viability. 

That result suggests that common loon nesting success was probably low before the dam 

construction. Therefore, natural water-level fluctuations in these large water bodies 
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would be less suitable to loon nesting than the regulated water levels studied. 

7.7.5 Recommendations for water-level control 

Ideally, water levels should be maintained stable for the entire loon nesting season. 

Otherwise, maintaining stable water levels around the peak of nest initiation and for the 5 

following QMs (approximately from the 20st to the 27th QM depending on ice-out date) 

would be less restrictive and nevertheless provide favorable nesting conditions for most 

loons. 

7.7.6 Recommendations for regional wildlife management 

It appears that under natural conditions, large water bodies of the Rainy-Namakan system 

would not be particularly well-suited to loon reproduction. As such, current water-level 

regulations are clearly improving nesting conditions for loons. 

If higher, above natural, loon productivity is nevertheless desired, compensatory 

measures such as the installation of floating artificial islands may help improve their 

nesting success. 

 Walleye 7.8

7.8.1 State of the resource  

In Rainy Lake, abundance of walleye was lower between 1965 and the mid-1980s than it 

has been since 1990. The state of the walleye population has also improved in Namakan 

Lake since 2000. However, post-2000 estimates of walleye year-class strength in other 

upstream lakes suggest that recruitment remains low, especially in Lake Kabetogama. 

7.8.2 Importance and relevance 

The Rainy-Namakan system is praised by fishermen for its abundant walleye population, 

which contains large individuals. As such, walleye fishing is an important economic and 

sporting activity for the region, representing around 60% of the total fishing effort in the 

area. In the ecosystem, walleye is a top-predator influencing fish community structure. 
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7.8.3 Influence of water levels 

Water levels influences the amount of walleye spawning habitat found at suitable depths 

during the spawning season. It has been suggested that higher water level during the 

spawning season improve walleye recruitment. Water levels also influence the strength 

and the location of wind waves, which are important to maintain the clean gravel 

substrate preferred by walleye. As walleyes generally spawn on clean gravel substrate in 

shallow waters (0.10 to 1.50 m), their eggs are sensitive to water-level variations. Water-

level decreases smaller than 0.10 m or water-level increases smaller than 0.50 m should 

not harm walleye eggs. Larger fluctuations will, however, decrease egg survival, which 

should fail if water levels decrease by more than 1 m or increase by more than 2.50 m 

during the egg incubation period. 

7.8.4 Evaluation of the different water-level series through habitat 

modeling 

Results from the 1D model based on the Measured water-level series suggest that water-

level regulation has been more favorable to walleye egg survival in Rainy Lake than in 

Namakan Reservoir. The implementation of the 2000RC has, however, improved the 

situation in Namakan Reservoir by reducing water-level variations during the walleye 

spawning and incubation period. Nevertheless, natural conditions would still have 

resulted in more favorable conditions than regulated water levels in Namakan Reservoir 

7.8.5 Recommendations for water-level control 

In general, higher water level during the walleye spawning period (2 or 3 QMs after ice-

out) would provide more spawning habitat for walleye. Water levels should remain stable 

from the onset of spawning (ice-out) until eggs hatch (4 or 5 QMs after ice-out) to ensure 

that eggs are maintained in a suitable incubation environment.  

7.8.6 Recommendations for regional wildlife management 

It is not essential to maximize the amount of suitable spawning grounds every year to 
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maintain a healthy walleye population. Walleye would still reproduce if water levels were 

lower in spring, but recruitment would then be lower. As such, at least one year of good 

reproduction every 3 to 5 years should be sufficient to maintain stable walleye population 

size. Water-level stability during spawning and incubation is, however, more critical, as 

large water-level variations could results in the complete loss of a year-class. Such a loss 

could have long-standing effects by reducing the number of spawning individuals in 

subsequent years. 

Recruitment rates of walleye appear largely influenced by the number of larvae reaching 

nursery habitat passively, through water movements. Therefore, it would be useful to 

gather more knowledge about the extent of the nursery habitat and their connection to 

spawning habitat to better understand walleye reproduction in the Rainy-Namakan 

system. 

 Northern Pike 7.9

7.9.1 State of the resource 

In Rainy Lake, historical abundance of northern pike has been relatively stable between 

1965 and 2000. Since 2000, however, abundances appear to have been decreasing 

slightly in Rainy Lake, while increasing in Namakan Reservoir. With earlier spring rise, 

the 2000RC aimed to expand the distribution of aquatic vegetation, as its presence is a 

determinant variable for the presence of northern pike larvae and YOY. 

7.9.2 Importance and relevance 

Northern pike is the most widely distributed species in genus Esox. In North America, it 

is an important sport fishing species that is present in 45% of freshwater bodies. It is the 

third most sought-after species in the study system. Northern pike is a piscivorous 

predator. It occupies the highest trophic level of its habitat and influences the structure of 

the whole fish community. 
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7.9.3 Influence of water levels 

Water-level variations have important impacts on the availability and quality of spawning 

and nursery habitat by defining the extent and the location of wet meadows, shrubby 

swamps, emergent, and submerged vegetation. Northern pike generally spawn in wet 

meadows and shrubby swamps, while larvae and YOY use flooded vegetation structure 

to be protected from predators and feed. As spawning occurs in warming water just after 

ice-out, water level is often maximal at the end of the spawning period. This enables 

young northern pike to travel in wet meadows and shrubby swamps that are densely 

vegetated flooded areas at the time of the year. As such, it was shown that high water 

level after ice-out increase pike recruitment. Conversely, water-level variations that 

destroy those habitats or disconnect them from the main water bodies may decrease pike 

recruitment. 

7.9.4 Evaluation of the different water-level series through habitat 

modeling 

Habitats suitable to larvae and YOY are well-represented under the regulated water levels 

experienced in the study system, but it does not seem the case for the spawning habitat. 

Other studies have shown that northern pikes appeared to benefit from the 2000RC, 

particularly in Namakan Reservoir. Their low occurrence nevertheless suggests that 

spawning habitat or its connectivity with nursery habitat may have been impacted by 

water-level management. Natural conditions may occasionally result in good spawning 

conditions for northern pike. 

7.9.5 Recommendations for water-level control 

Pike usually spawn in sites with water depths between 0.10 and 1.5 m, where water 

warms rapidly in spring, and where connectivity to the main water body is sufficient for 

spawning adults to move in, and juveniles to move out to their nursery habitat. High 

water levels in early spring, that flooded wet meadows and shrubby swamps, may result 

in good northern pike recruitment. Water levels should be maximal at the end of the 
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spawning period and remain stable for 6 to 8 QMs to ensure that eggs hatch and mobile 

larvae are able to follow the receding water. Water level management should also 

promote the presence of submerged plants essential to pike larvae and YOY.  

7.9.6 Recommendations for regional wildlife management 

It appears that the large lakes of the study area are not favorable to spawning northern 

pike but provide suitable nursery habitat under all RC. Spawning habitats located in lake 

tributaries were not considered in this project. They should be identified and possibly 

improved to increase northern pike recruitment. As such, the connectivity between 

riverine spawning habitat and lacustrine nursery habitat should be investigated under the 

different RC to more thoroughly evaluate the impact of water-level management on 

northern pike reproduction. 
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8 Conclusion 

We developed an Integrated Ecosystem Response Model (IERM) to quantify the 

responses of several components of the Rainy-Namakan ecosystem to water-level 

regulations. The modeling is based on a dense DEM, which is combined with layers of 

modeled physical variables and biological data to evaluate long-term water-level series at 

a quarter-monthly time-step. The modeling used two approaches: 1) non-spatially-explicit 

1D relationships between biological variables and water levels and 2) spatially-explicit 

2D models. 

DEM - Topographic and bathymetric information were compiled in a DEM based on a 

regular grid with nodes every 10 m. This seamless DEM was built by combining several 

types and sources of data: LIDAR, and Radar data for terrestrial areas, as well as 

bathymetric soundings and isodepth contour maps in lacustrine areas. We previously had 

to harmonize the horizontal and vertical datums of all these dataset to obtain the final 

DEM containing 28 503 074 points.  

IERM - The Integrated Ecosystem Response Model is mainly a 2D integrated habitat 

modeling approach that is used to analyze the effect of long-term water-level series on 

physical and biotical components of the ecosystem. The approach uses a computational 

grid where each node supports the local information available for each model.  

The IERM2D computational grid of the Rainy-Namakan system consists of one point 

every 20 m. This resolution was selected to reduce the computational time required for 

the different analyses. The final grid included a total of 1 624 886 nodes. A database 

including all necessary physical variables used by habitat models for each time-step 

(quarter-month) of a water-level series was built for each node of the IERM2D grid. The 

physical variables used are bottom slope, water depth, hydroperiods (number of dry-wet 

cycles, number of dry quarter-months, mean water depth during growth phases, etc.), 

light intensity on the bottom (one scenario), and wind wave parameters (wave orbital 

velocity near the bottom from the observed hourly frequency of wind intensity and 
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direction). Databases were built for the 1970RC, 2000RC, Natural, and Measured water-

levels series.  

Habitat models - We developed a suite of 1D models driven by water-level variations to 

assess muskrat winter lodge viability, water-level suitability for cattail, wild rice survival, 

common loon nest viability, and the impact of water-level variations on walleye egg 

survival. 2D habitat models were developed to predict temporal changes in the 

distribution of habitat suitable to emergent vegetation, cattail, wild rice, submerged 

vegetation, two wetlands types, and walleye spawning habitat, and northern pike 

spawning and nursery habitat. Numerous results were obtained from all these models, and 

the new knowledge they provide can be seen in each section describing specific habitat 

model or in the synthesis chapter.  

Sensitive portion of the annual hydrogram - Each modeled species or group of species 

has a period during which it is more sensitive to water levels. General conclusions 

considering all models can be obtained by assessing the portion of the annual hydrogram 

during which each species or group of species is most sensitive to water levels.  

Vegetation- By nature, plant species are mostly sensitive to water levels during the 

growing season. Because higher water levels result in more abundant shallow and 

shoreline habitats (Figure 14, Figure 15), they tend to provide greater amount of habitat 

suitable to vegetation. In general, stable water levels favor submerged vegetation, while 

more variable water levels favor emergent vegetation. The latter may grow in substratum 

with variable levels of water saturation. Among emergent vegetation species, interannual 

water-level fluctuations favored annual species compared to perennial species because 

variable levels provide more bare area suitable to the establishment former. Conversely, 

perennial species, like cattails, are favored by stable water levels from year to year 

because their presence in the suitable habitats at the onset of the growing season gives 

them a head start in comparison to annual species. Because they need to re-establish 

every year, annual species are also more vulnerable to water-level variations when they 

germinate. During the early stage of their growth season, the root system of annual 
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species is still fragile, and they could be uprooted by water movements. Species with 

floating leaf stages, like wild rice, are also vulnerable to water-level variations that could 

damage the plants during this stage. The most sensitive periods of each modeled vegetal 

species or groups are summarized in Table 67-A. 

Fauna - Wildlife species are mostly vulnerable to water-level variations when their 

movements are limited because of reproduction or climatic conditions. Muskrats are 

mostly vulnerable to water-level variations during winter when their lodges, which 

shelter them from the harsh weather conditions and provide them access to food 

resources, can become unusable if flooded or stranded. Loons, or more specifically loon 

eggs, are vulnerable to water-level variations during the incubations period because their 

nests are just above the water surface and can quickly become flooded or stranded when 

water levels fluctuate. Walleye and northern pike eggs are laid in shallow water and are 

thus vulnerable to water-level variations that could result in eggs drying above the water 

surface or being in unsuitable deeper water. Fish larvae are also vulnerable to water-level 

variations because their swimming capabilities are limited. They are, however, less 

sensitive than eggs because they float and can thus follow increasing or receding water. 

Because these fish species spawn in shallow areas near the shoreline, higher water levels 

provide more abundant spawning habitat. This is especially marked for northern pike, 

which preferably lay their eggs on flooded vegetation. The most sensitive periods of each 

modeled wildlife species are summarized in Table 67-B. The timing of several of these 

constraints is associated to ice-out, ice formation, or water temperature. 
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Table 67: Periods (QM) of sensitivity to water level conditions for A) vegetal and B) wildlife 
species. Desired species are in green, undesired species are in red, and species that 
are neither desired nor are in yellow. 

 
A) Period of highest sensitivity to water level 

QM 
Emergent 
vegetation Cattail Wild rice 

Submerged 
vegetation 

1 
     

Reduced winter 
drawdown reduces 

mortality 

2 
     3 
     4 
     5 
     6 
     7 
     8 
     9 
      10 
      11 
      12 
      13 1) Water level 

should vary 
between 1 to 4 

m from one 
growing 

season to 
another  2) 
Water level 

should 
decrease by 
0.5 to 1.0 m 
during the 
growing 
season  

  
 

1) Large 
water level 
variations 

from year to 
year (different 
annual mean) 
will limit the 
amount of 

habitat 
suitable to 

cattail    

2) Maintaining 0.9 
to 1.2 m of water 

over top of 
existing shoots in 
spring an early 

summer (QM 13 
to 24) could help 
reducing cattail 

invasion 

 
  14  
 

2) High water levels 
during spring and 
stable water level 
from year to year 

would provide more 
abundant suitable 

habitat 
 

15  
 16  
 17  
 18  
 19 1) Water level 

variability from year 
to year (different 
annual mean) are 
favorable to wild 
rice  2) Higher 

water level during 
the growing season 
would provide more 
abundant suitable 

habitat 

3) Stable water level 
(maximum increase 
between 0.5 and 1.0 

m) during the 
germination-

submerged and 
floating stages favor 

survival 

20 
21 
22 
23 

 24 
 25 

  26 
  27 
  28 
   29 
   30 
   31 
   32 
   33 
   34 
   35 
 

 
  36 

 
 

  37 
 

 
  38 

 
 

  39 
 

 
  40 

 
 

  41 
 

 
  42 

     
Reduced winter 

drawdown reduces 
mortality 

43 
     44 
     45 
     46 
     47 
     48 
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B) Period of highest sensitivity to water level 

QM Muskrat Common loon Walleye Northern pike 
1 1) Water level should not 

decrease by more than 
0.15 to 0.50 m between 

mid-November and the end 
of February to ensure 

survival of some muskrats 

   2 
   3 
   4 
   5 
   6 
   7 
   8 
   9 

    10 
    11 
    12 
    13 
    14 
    15 
    16 
  

1) Maintaining stable water level 
(maximum increase between 0.50 and 

2.25 m) would ensure suitable conditions 
for eggs incubation and larvae   

1) Maintaining stable water level 
(maximum increase between 0.50 and 

1.25 m) would ensure suitable conditions 
for egg incubation and larvae   

17 
  18 
  19 
  20 
 

1) Stable water 
level (maximum 

increase between 
0.15 and 0.30 m) 

would limit  
nesting failure 

21 
 

Higher water level would provide more spawning habitat 
22 

 
  

23 
   24 
   25 
   26 
   27 
   28 
    29 
    30 
    31 
    32 
    33 
    34 
    35 
    36 
    37 
    38 
    39 
    40 
    41  

   42   
   43 
   44 
   45 
   46 
   47 
   48 
   

 

Interannual fluctuations of the hydrogram - Fluctuations of the mean annual water level 

are also essential to control cattails invasion and maintain or increase wild rice 

distribution. The present water-level management using rule curves targets the same 
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levels every year at the same period. As the cattail model shows, water levels remaining 

stable over multiple growing seasons promote the expansion of cattail stands. These 

stands transform wetlands into extensive and dense monospecific marshes, which reduce 

fish access to spawning grounds, especially for northern pike. Because these wetlands are 

home to numerous floral and faunal species, these transformations also have to potential 

to have significant impacts on the ecosystem. For example, cattails and wild rice use 

similar habitat. Cattails, as perennial plants, are favored by stable water levels from year 

to year, and can outcompete the wild rice that is an annual plant. Assessment of the best 

approach to modulate interannual water-level fluctuations in order to meet management 

and conservation targets in the system have yet to be done, but we expect that the Natural 

water level series would likely provide relevant insights about the required water level 

fluctuations and cyclicity. 

Other considerations - The elimination or reduction of the large winter drawdowns would 

increase muskrat survival in the system. It seems that muskrats, which appeared to be 

abundant in the system prior to water-level management, have almost been extirpated 

nowadays. The reinstatement of a successful muskrat population would result in several 

improvements for the ecosystem, such as the reduction of cattails (favored by muskrats 

for feeding and house-building), the creation of channels in the dense cattails beds, which 

would also enable other species to use these areas, and the creation of openings 

increasing habitat accessibility for wild rice at the margins of cattails stands. 

During this project, we used four water levels series (Measured, 2000RC, 1970RC, and 

Natural) to assess the performance of multiple component of the ecosystem. To obtain a 

more complete portrait of the performance of the future regulation plan or rules curves, it 

would also be important to consider a longer hypothesized series providing more extreme 

environmental conditions but based on the present climatic regime (observed since 1950) 

and multiple potential climate change series representing altered climatic regimes that 

may be experienced in the future. 
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