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ABSTRACT
Papenfuss JT, Cross T, Venturelli PA. 2017. Comparing water-level policies in a boreal reservoir: how
wave and ice energy can help maintain walleye spawning habitat. Lake Reserve Manage. 33:249–259.

Water levels in reservoirs affect the timing anddepth ofwave and ice forces that helpmaintainwalleye
(Sander vitreus) spawning habitat. We studied how changes in awater-levelmanagement policy (“rule
curve”) in 2000 affected these forces on 3 lakes of the Namakan Reservoir, a large boreal reservoir on
the border of Canada and the United States. The 2000 rule curve increased mean water levels (0.1 m)
during open-water seasons and caused a significant increase in the amount of time each year that
wave energy over suitable spawning substrates suspended <0.2 mm sediments at known spawning
locations (6–18%, P< 0.01). Conversely, a decrease in the mean range (0.7 m) of water-level elevations
during winter seasons caused an 11% decrease (P < 0.01) in the interaction of ice with spawning sub-
strates at known spawning locations. However, ice scour still affected those substrate elevations that
were used frequently by walleye during typical spawning seasons. Our findings suggest that water-
level management is important for maintaining suitable walleye spawning habitats, and that policies
can be designed to optimize those habitat conditions.

Reservoirs are one of the oldest examples of envi-
ronmental engineering (Baxter 1977) and their con-
struction dates back several thousand years (Matheny
1976); however, the quantity and size of reservoirs has
increased dramatically in the last century. A recent
global estimate of the total number of reservoirs
exceeds 500,000 and covers 260,000 km2 (Downing
et al. 2006), an area roughly equivalent to the size of
New Zealand. Reservoir area is likely to continue to
increase because of the growing demand for electricity
as well as the need for reliable sources of irrigation and
drinking water. Even past proposals to mitigate climate
change have included the use of reservoirs because of
their high carbon storage potential (Dean and Gorham
1998).

Demands placed on reservoirs by humans (e.g.,
irrigation, navigation, energy, and flood control) often
cause wide fluctuations in water levels and make
reservoirs uniquely difficult to manage (Thornton
et al. 1990); for example, water-level fluctuations in
reservoirs are positively correlated with mercury levels
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in percids (Therriault and Schneider 1998, Sorensen
et al. 2005). Water-level fluctuations can also affect the
movement and distribution of fishes by altering the
availability of certain habitat types (Hubert and Lackey
1980) and affect predator–prey interactions by altering
prey densities (Klobucar and Budy 2016).

The interaction of water levels and fishes is of partic-
ular concern in North America, where reservoirs pro-
vide habitats for a wide variety of popular game fishes.
Walleye (Sander vitreus) are prized by anglers and
have reproductive characteristics that make them par-
ticularly susceptible to water-level fluctuations. Wall-
eye spawn near shorelines at depths of 0.1–1.0 m and
demonstrate a strong preference for sediment-free and
size-specific substrate (6–300 mm diameter; Niemuth
et al. 1959, Priegel 1970, Raabe andBozek 2012). A ben-
efit of these substrate characteristics is the provision
of interstitial spaces that allow eggs to develop in an
oxygen-rich environment while being protected from
siltation, transport, abrasion, and predation (Bozek
et al. 2011). The repeated removal of sediments (both
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250 J. T. PAPENFUSS ET AL.

Figure . Large lakes of the Namakan Reservoir: Lake Kabetogama, Namakan Lake, and Sand Point Lake. The  study sites are labeled
with the site ID number, and the inset shows the location of the reservoir relative to Lake Superior, Minnesota, and Ontario.

organic and inorganic) by suspension is therefore nec-
essary to maintain these interstitial regimes and is
an important factor in the survival of walleye eggs
(Johnson 1961).

Both wind and ice are known to impart physical
forces that remove sediment from shorelines (Bailey
and Hamilton 1997, Scrosati and Heaven 2006). Water
levels in reservoirs determine the vertical distribution
of wind-generatedwave energy and are strong determi-
nants of the distribution of sediments and the depths
of mud boundaries (Cooley and Franzin 2008). The
rise and fall of lake levels also determine the range in
elevation of the ice-substrate interface and the forces
imparted on littoral substrates (i.e., ice scour; Rearic
et al. 1990, Woodworth-Lynas et al. 1991). Thus, poli-
cies that dictate water levels in reservoirs (henceforth
“rule curves”) can be crucial in determining the timing,
location, andmagnitude of forces thatmaintainwalleye
spawning habitat.

In this study, we compared the effects of 2 rule curves
on factors that maintain walleye spawning habitat (i.e.,
wind-generated waves and ice scour) from 1970 to
2014. Our goal was to determine if water levels were
important in determining the magnitude and location
of physical forces that maintain spawning habitat and
its suitability. Our hypothesis was that the 2000 rule
curve increased the exposure of suitable spawning sub-
strates to forces (both wave and ice) that assist in the
suspension and/or removal of fine sediment. This body
of work is important because it can inform water-level

management policies that may be partially intended to
optimize fish habitat, both within and outside of the
Namakan Reservoir.

Study site

The Namakan Reservoir (Fig. 1) is an international
waterbody that lies on the border of Minnesota,
USA, and Ontario, Canada. The reservoir, total area
22,916 ha, comprises 3 lake basins: Lake Kabetogama
(area = 9726 ha, mean and maximum depth = 9.1 and
24.3 m, respectively), Namakan Lake (area = 9739 ha,
mean and maximum depth = 13.6 and 45.7 m, respec-
tively), and Sand Point Lake (area = 3450 ha, mean
and maximum depth = 12.0 and 56.1 m, respectively).
Two dams were built on the reservoir in the early
20th century to manage water levels for industrial use
downstream on the Rainy Reservoir. Today, however,
the reservoir lies largely within the boundaries of
Voyageurs National Park (established 1975) and is
managed primarily to maintain the region’s ecological
integrity. Currently, the Namakan Reservoir has little
residential shoreline development and no industrial
water use or effluent discharge.

Since 1970, water levels have been successively man-
aged under 2 separate rule curves (Fig. 2; Kimmett
et al. 1999). The 1970 rule curve was in place from
1970 to 1999, and the 2000 rule curve was established
in 2000 to improve habitat conditions for walleye and
other species.Walleye are prevalent in the reservoir and
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LAKE AND RESERVOIR MANAGEMENT 251

Figure . Hydrographs for the  rule curve in effect from  to
 (light gray) and  rule curve in effect from  to present
(dark gray) on the Namakan Reservoir. Dam operators control out-
flows by targeting elevations at the middle of the shaded areas.
The solid horizontal line indicates the elevation with the highest
estimated proportion (reservoir-wide) of suitable spawning sub-
strate (.m, %). The dotted, and dot-dashed vertical lines indi-
cate the mean observed date of ice-out (SD = . d), and mean
predicted date of freeze-up (SD= . d; i.e., open-water seasons),
respectively. Vertical elevations are relative to the United States
Coast and Geodetic Survey  datum.

are ecologically, culturally, and economically important
(Kallemeyn et al. 2003). The 2000 rule curve differs
from the 1970 rule curve in 3 important ways: (1) a nar-
rower range ofwater levels during the ice season (∼Nov
through Apr), (2) higher water levels during the wall-
eye spawn (∼Apr through Jun), and (3) reduced water
levels throughout summer (∼Jun through Nov). The
unique combination of abundant walleye, rule curve
changes, and long time-series of data in the Namakan
Reservoir make it an ideal system in which to examine
the effects of water-level management on those forces
that maintain walleye spawning habitat.

Materials andmethods

Site selection

In spring 2012, we conducted spawning surveys at
109 shoreline locations throughout Kabetogama,
Namakan, and Sand Point lakes. We chose these loca-
tions based on the likely presence of spawning as deter-
mined by agency reports (Osborn et al. 1978, Osborn
and Ernst 1979), current local knowledge, and loca-
tion/appearance. We focused on lake (as opposed to
riverine) habitats because they are directly impacted by
water level management and were therefore of greater
interest to the larger, international effort to evaluate the
2000 rule curve (Kallemeyn et al. 2009). We used scap
nets at all 109 sites to determine the presence/absence
of walleye eggs at depths ranging from 10 to 150 cm.

The spawning temperatures and habitat of walleye
overlap with white sucker (Catostomus commersoni;
Corbett and Powles 1986), which are also present in the
reservoir (Kallemeyn et al. 2003). However, all netted
eggs were assumed to be from walleye based on a dis-
tinguishable size difference (1.63–1.73 mm diameter
for walleye vs. 2.0–3.0 mm diameter for white sucker;
Becker 1983, Raabe 2006) and the visual presence of
walleye at several survey sites. During the 2013 and
2014 spawning seasons, we resurveyed at sites where
we detected walleye eggs in 2012. We based our final
sites on the consistency of spawning as demonstrated
by egg detection over all 3 years and a minimum
shoreline length of 20 m. To the extent possible, we
also selected sites across all 3 lakes and both countries
to maximize morphological (e.g., shoreline lengths,
slope, and aspect) and political diversity.

Substrate surveys and habitatmodeling

From May to August 2013, we used snorkel gear to
survey substrate at each study site (where site selec-
tion was based on walleye egg surveys) by establishing
transects perpendicular to the shoreline at 5 m inter-
vals and then sampling substrate at 2 m intervals along
each transect (Fig. 3a). The minimum and maximum
transect lengths were 10 and 20 m respectively, and
each transect extended to an approximate lake depth
of 3 m (the maximum depth to feasibly sample with
snorkel gear). At each location along a transect, we clas-
sified substrates at 5 locations within a 60 cm quadrat:
one at each corner and one in the center. We classified
substrate according to the Wentworth scale modified
for boreal lacustrine shoreline habitat (Supplemental
Table S1; Raabe 2006, Jones 2011).

We created 5 distinct substrate class and substrate
variability maps at each site by computing the class
mean (average of the 5 substrate measurements for
each sample) and standard deviation for each survey
quadrat and spatially interpolating among quadrats
using inverse distance weighting (cell size = 1 m,
power= 3, variable radius, points= 8, distance= 20m;
Fig. 3b and c). Because walleye prefer to spawn on
gravel, cobble, and rubble (Eschmeyer 1950, Johnson
1961, Priegel 1970), we reclassified those substrates as
suitable (assigned pixel value 1) and all other substrate
classes as unsuitable (assigned pixel value 0; Fig. 3d).
We then reclassified substrate samples with standard
deviations<2 as suitable (assigned pixel value 1) and all
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252 J. T. PAPENFUSS ET AL.

Figure . A flow diagram for creating observed substrate suitability maps at site  (Lake Kabetogama); (a) depicts locations of substrate
samples, and (b) and (c) are interpolations of the sample means and sample standard deviations, respectively. Sample means and sample
standard deviations were then reclassified. Means > and < were reclassified as (d) suitable, and standard deviations (SD) < were
reclassified as (e) suitable. Finally, (d) and (e) were spatially multiplied to produce (f ) the substrate suitability map. All maps were drawn
with the same extents, to the same scale (:), and oriented so that north is up.

other standard deviations as unsuitable (assigned pixel
value 0; Fig. 3e). Finally, we spatially multiplied these
2 maps to create a spawning substrate map in which
pixel values of 1 and 0 identified suitable and unsuit-
able spawning substrate, respectively (Fig. 3f).

Water levels during 1970–2014 infrequently rose
above or fell below elevations accessible during the

2013 snorkel survey. For example, water levels reached
a study period maximum of 341.6 m in June 2014
(an elevation that flooded shoreline areas) and a min-
imum of 338.1 m in April 1972 (an elevation too
deep for the 2013 snorkel survey). In all, exceptionally
low open-water (after ice-out) elevations occurred in
1972 and 1978, and exceptionally high water elevations
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LAKE AND RESERVOIR MANAGEMENT 253

Figure . A flow diagram for creating substrate suitability maps at site  (Lake Kabetogama) at increased range of elevations: (a) depicts
the observed substrate suitability (see Fig. ): (b) is the Gaussian model used to predict substrate  m upslope and downslope from
the observed data; and (c) is the observed suitability overlaid onto the predicted suitability. Both maps are drawn to the same scale and
oriented so that north is up.

occurred in 2001, 2008, and 2014. To account for these
5 instances, we used Gaussian functions to predict suit-
able substrates beyond surveyable elevations (100 m
linear distance upslope and downslope of measured
substrate at all sites). Gaussian functions are commonly
used to describe the distribution of habitat along physi-
cal gradients such as elevation (Gauch and Chase 1974,
Gauch et al. 1974). We generated both lake-specific
and reservoir-wide Gaussian functions for predicting
the proportion of suitable habitat at a given elevation
by fitting nonlinear least squares to observed substrate
data and a digital elevationmodel (DEM) resampled to
1 m2 using bilinear interpolation (Morin et al. 2014).
The observed substrate suitability map was then com-
bined with the predicted substrate suitability map to
create a single map for modeling the effects of wind
and ice on habitat over a wider range of elevations
(Fig. 4).

Wavemodeling

Tomodel wave energy (and therefore sediment suspen-
sion) at each study site, we first determined the tim-
ing and duration of open-water seasons. For all study
years, we used archival ice-out dates based on both
ground and aerial observations of various lakes within
the reservoir. These dates represent best estimates that
are likely accurate towithin 1week of actual ice-out.We
predicted freeze-up dates from average daily air tem-
peratures taken from a local weather station (NOAA
2015) using a linear regression model (Shuter et al.
2013). We calibrated the model using freeze-up dates

determined from satellite imagery of the Namakan
Reservoir from 2007 to 2014 (SSEC 2015).

The resuspension of fine sediments might have
depended on factors other than water levels (e.g., wind
speed or direction) that also differed between rule
curves. Therefore, we compared the 1970 and 2000
rules curves in 2 ways: using observed water levels
(i.e., a serial comparison) and using predicted water
levels generated using a hydrologic model (Thomp-
son 2015; i.e., a parallel comparison). The hydrologic
model allowed us to assume parallel time scales (one in
which the 1970 rule curve was in place from 1970 to
2014 and another in which the 2000 rule curve was in
place from 1970 to 2014) and therefore control for cli-
matic variability. So that both comparisons were com-
putationally feasible, we aggregated daily wind speed,
wind direction, and water levels (both observed and
modeled) into 7 d (hence-forth weekly) means during
the study period. We obtained daily wind speeds and
directions from the same local weather station (NOAA
2015) and water levels from the regional water control
board (LWCB2015).We used the cosinemethod to cal-
culate mean weekly wind direction (ranging from 0° to
359°; Jammalamadaka and Sengupta 2001).

Two important components of wave energy are
bathymetry and wind fetch. We created bathymetry
maps of our study sites (5 m resolution) during each
aggregate week of the study period (1376 weeks) by
subtracting the water elevation (assumed to be planar
throughout the reservoir) from our DEM (resampled
using bilinear interpolation). To minimize the num-
ber of model iterations necessary, we rounded water
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254 J. T. PAPENFUSS ET AL.

elevations to the nearest 10 cm for all analyses. We
then created fetch maps for each wind direction (in
30° increments) at both observed and modeled water
elevations during each week using an established fetch
model (Rohweder et al. 2012).We used themodel’s sin-
gle direction method to quantify wind fetch distances.
This method ignores nearshore processes such as wave
shoaling, breaking, reflection, refraction, and diffrac-
tion (Rohweder et al. 2012).

Finally, we used the bathymetry maps, fetch maps,
weekly wind speed, and weekly wind direction as
inputs to the wave model to estimate the pres-
ence/absence of sediment suspension across study sites.
The wave model first quantifies the height, period,
length, and maximum orbital velocity of waves for a
given period.Given awave threshold velocity of 0.1m/s
(the velocity required to suspend <0.2 mm sediments
typical of the Namakan Reservoir; Hakanson and
Jansson 2002), the model then uses these predicted
wave characteristics as inputs to createweekly sediment
suspension maps in which each cell is assigned a value
of 1 (suspension occurred) or 0 (suspension did not
occur).

Wave summary and analyses

To create yearly sediment suspension maps, the weekly
sediment suspensionmapswere spatially summed over
each open-water season of the study period. Because
we were only interested in sediment suspension over
suitable substrates, we spatially multiplied the yearly
sediment suspension maps (resampled to 1 m cell size
by the nearest neighbor method) by our substrate suit-
ability maps. The resulting map provided an estimate
of the number of days each map cell consisting of suit-
able habitat would have been exposed to wave veloci-
ties exceeding the 0.1 m/s threshold. We summed cells
across sites and years, providing a weighted estimate of
the number of days wave velocities exceeding 0.1 m/s
occurred at each site during each year. Finally, we nor-
malized this value by total site area to account for vari-
ation in site size. Thus, the dependent variable in the
analysis was the weighted number of days in a year that
suitable substrates at sites were exposed to wave veloci-
ties sufficient to suspend sediments <0.2 mm. Because
this response demonstrated nonnormality, we used a
log10(Y+C) transformation, where C is the minimum
nonzero response (Zuur et al. 2009, Warton and Hui
2011).

Because we were primarily interested in the effect of
the rule curves on the maintenance of spawning habi-
tat by sediment removal, we employed mixed analysis
of variance (ANOVA) to model the log-transformed
interaction of wave energy and substrate suitability.
First, we used observed water-level data to predict
wave-induced substrate maintenance as a function of
rule curve (fixed effect) and study site (random effect).
Second, we used modeled water-level data to predict
wave-induced substrate maintenance as a function of
water-levelmodels (fixed effect) and study site (random
effect).We also included a lake interaction term in each
model to determine if the effect of rule curve/model
varied by lake. We defined study sites as mixed effects
to control for temporal pseudo-replication and because
the study locations were a subset of all available spawn-
ing sites in the reservoir.

Ice scourmeasurement

To model the relative magnitude of ice forces over
study years and sites, we installed measuring devices
following Scrosati and Heaven (2006). This approach
involved using marine epoxy (A-788 Splash Zone
Compound: Z-Spar) to affix ∼1 cm3 wire cages (con-
structed from 23 g galvanized hardware cloth with
0.635 cm openings; Supplemental Fig. S5a) to exist-
ing substrate at 30 cm depth intervals along transects
that extended to a depth of 150 cm. To reduce the time
required to install and retrieve the cages, we deployed
5 transects at each site and sampled a subset (30%) of
our total study sites in a way that provided variation in
the site slope and aspect.We installed cages in late sum-
mer (Aug–Sep) and collected them in late spring (May–
Jun). To quantify the relative intensity of ice scour at
each depth interval, we measured the maximum angle
of defection from vertical (0° to 90°) of the 4 sides and
the location of each cage. Cages at a single site (site
78) were deployed during winter 2012–2013 as a pilot
study. Cages at 12 other siteswere deployed duringwin-
ter 2013–2014.

Ice scour summary and analyses

To predict ice scouring activity by elevation over the
study period, we developed a presence/absence model
(i.e., step function) that could be used to create maps
of ice scour activity for each winter season. To esti-
mate the interaction of ice and suitable substrate over
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LAKE AND RESERVOIR MANAGEMENT 255

all study years and across ice scour sites, we spatially
multiplied yearly ice scourmaps by our habitat suitabil-
ity maps and then summed cells over sites to give esti-
mates of the area of suitable spawning substrate affected
by ice scour during each season.We accounted for vari-
ation in site size by dividing the total area affected by
scour at each site by the total area of each site. Because
of the non-normality of the response, we applied a
log10 transformation. Similar to the wave analysis, we
employed mixed ANOVA to model the interaction of
ice and substrate as a function of rule curve (fixed
effect) and study site (random effect) attributes.

All statistical analyses were performed in R 2.15.1
(package lme4; Bates et al. 2012, R Core Team 2012),
and all spatial analyses were performed in ArcGIS
10.0. We georeferenced substrate measurements and
ice scourmeasurements with a Trimble GeoXT capable
of submeter resolution and used a combination of real-
time and post-processed differential correction meth-
ods to improve positional accuracy.

Results

Of the 109 locations surveyed in 2012, we selected
44 study sites (Supplemental Table S2): 17 in Lake
Kabetogama, 19 in Namakan Lake, and 8 on Sand
Point Lake (Fig. 1). Of the 44 sites, 32 were located in
the United States. A summary of the site characteristics
is as follows: total surveyed area 36,501 m2 with a site
mean of 830 (SD, 311) m2 (range 441–1512 m2), mean
shoreline length 54 (SD, 19) m (range 25–100 m),
mean slope 2.5° (SD, 1.0°; range 0.6–4.8°), and mean
elevation 339.8 (SD, 0.3) m SD (USGSC 1912 datum;
range 338.9–340.4 m). Incidentally, all of the sites
previously surveyed by agency staff (i.e., Osborn et al.
1978, Osborn and Ernst 1979) also surveyed as part
of this study showed evidence of spawning by walleye,
suggesting that walleye frequently spawned at our sites
before our surveys in 2012–2014. Additionally, each
site contained substrate typical of walleye spawning as
determined by previous studies of walleye reproduc-
tion (Eschmeyer 1950, Johnson 1961, Priegel 1970).

We collected 21,940 individual substrate measure-
ments. The mean substrate class across all sites was
3.7 (SD, 1.5; i.e., rubble/cobble). After substrate mea-
surements were interpolated, reclassified, and then
combined for each site, the resulting total area of
suitable substrate was 10,431 m2 (28.6% of total sam-
pled area). The Gaussian functions used to estimate

habitat suitability predicted maximum habitat suit-
ability for Kabetogama, Namakan, and Sand Point at
elevations of 340.8 m (pseudo-r2 = 0.82), 341.2 m
(pseudo-r2 = 0.92), and 341.6 m (pseudo-r2 = 0.93),
respectively (Supplemental Fig. S1). The reservoir-
wide maximum suitability occurred at an elevation of
341.1 m (pseudo-r2 = 0.93).

We found a significant and positive linear relation-
ship between air temperature and freeze-up day (r2 =
0.58, F1,6 = 8.36, P = 0.028) for the 2007–2014 period
(the period of available freeze-up data), given by:

F = 93.8 + 0.72 (YDAY ) , (1)

where F is the day of the year of first ice formation (1–
365) and YDAY is the day of the year that the 30 dmov-
ing average of daily air temperature falls below 0 C. The
mean observed date of ice-out was 28 April (SD, 9.8
d), and the mean predicted date of freeze-up was 21
November (SD, 5.8 d; Supplemental Fig. S2). Addition-
ally, the length of the open-water seasons did not vary
between rule curves (Welch 2-sample t-test, confidence
interval CI = [−13.6, 4.3], P = 0.3).

Wind speed during open-water seasons was sig-
nificantly higher during the 2000 rule curve (1970
rule curve: 6.85 [SD, 2.05] m/s, n = 6196; 2000 rule
curve: 7.75 [SD, 2.38] m/s, n = 2976; t = −17.7, df =
5169, P = 2.2 × 10−16). Wind bearing did not seem
to vary significantly, however, and was predominantly
west-northwest during both rule curves (Supplemental
Fig. S3).

Our analysis of observed water levels suggested that,
on average, the maintenance of suitable substrates by
wave energy at study sites increased during the 2000
rule curve by a factor of 1.18 (SD = 0.013, n = 1980,
t = −14.7, df = 1933, P = 2 × 10−16). The modeled
water-level analysis, however, which accounted for
higher recorded wind speeds during the 2000 rule
curve, suggested that substrate maintenance at study
sites only increased by a factor of 1.06 (SD = 0.009,
n = 3872, t = 7.26, df = 3827, P = 4.6 × 10−13). The
effect of the 2000 rule curve on sediment removal
did not vary by lake in either case. Random site effects
indicated that the interaction betweenwave energy and
suitable spawning substrates was site-specific and, on
average, greatest at site 34 (Namakan Lake) and lowest
at site 40 (Namakan Lake) for both observed andmod-
eledwater-level data (Supplemental Fig. S4). Validation
of our wave-substrate interaction model demon-
strated normality of the response and homogeneity
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256 J. T. PAPENFUSS ET AL.

Figure . Ice scour results as measured by the angle of cage deflection for a pilot site (site ) during (a) the – winter season and
the remaining  sites during (b) the – winter season. Vertical solid lines indicate the elevation of the ice sheet at ice-out in the
spring. Dot-dashed and dashed lines indicate the minimum elevation of the ice and the ice elevation at formation in the fall, respectively.
Elevations indicate the ice-water interface. Ice thickness can be> m.

of the residuals for both observed and modeled water
levels.

In spring, we retrieved and measured the deflec-
tion of 324 of the 325 ice scour cages installed at 13
sites the previous fall. Of the 324 cages, 65 (20%) had
been deformed by interaction with lake ice (Fig. 5b).
Deflection presence/absence varied with cage elevation
(Fig. 5a and b) according to the formula:

Si (elev) =
{
1 if elev ∈ A
0 if elev /∈ A

. (2)

where A → (MIN ICEi + 0.089 m) � elev � (MAX
ICEi + 0.288m), elev is the elevation of the cage during
measurement (i.e., after ice out), MIN ICE is the min-
imum elevation of the ice during winter, MAX ICE is
the maximum elevation of the ice during winter, and i
is the study year. We used this presence/absence model
and theDEMto reclassify elevation intomaps that indi-
cated the presence (reclassified as 1) or absence (reclas-
sified as 0) of ice scour over each of the study period
seasons (1970–2013).

Our ice scour analysis suggested that, on average,
the level of interaction between lake ice and suit-
able spawning habitat decreased during the 2000 rule
curve by a factor of 0.89 (SD = 0.02, n = 572,
t = 5.89, df = 558, P = 2 × 10−16) across ice scour
study sites. Random site effects for ice scour over suit-
able substrates were less variable than for waves and
were greatest, on average, at site 24 and lowest at site
23 (both Lake Kabetogama sites). Model validation

demonstrated normality of the response and homo-
geneity of the residuals.

Discussion

Gravel, cobble, and rubble substrates (6–300 mm)
maintained by various physical forces during open-
water seasons are important to walleye spawning
success (Johnson 1961, Colby et al. 1979). Our study
provides insight into the ways that water-level man-
agement policies can affect the location and timing of
those forces. For example, a policy change to the 2000
rule curve resulted in an 18% increase in the duration
of wave-induced maintenance of substrates at known
spawning sites when using observed water-level data.
When controlling for wind speed differences over the
2 rule curves using modeled water-level data, however,
the duration of wave-induced maintenance increased
by only 6% at sites. Both increases occurred because
the 2000 rule curve water levels exposed a greater
amount of suitable habitat to wave energy over the
entire open-water season.

Previous research examining the relationship
between water levels and year-class strength of walleye
in the Namakan Reservoir suggested that a summer
drawdown of 0.6 m would maintain spawning habitat
at lower elevations by allowing fine sediment removal
by wave action at lower lake levels (Kallemeyn 1987).
That recommendation, which led to the current 2000
rule curve, may not have considered the relationship
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between elevation and the occurrence of suitable wall-
eye spawning substrates (i.e., less suitable habitat at
lower elevations), or that wave-substrate interaction
occurs over the entire open-water season (as opposed
to only summer and fall). Unexpectedly, despite the
0.6 m summer drawdown dictated by the 2000 rule
curve, the mean elevation of water levels during open-
water seasons was higher than under the 1970 rule
curve (1970 rule curve: 340.4 m, 2000 rule curve: 340.5
m; n= 9172, t= −7.34, df= 13,449, P= 2.3× 10−13).
This increase in mean elevation is the result of an
earlier rise in water levels in spring than was typical
during the 1970 rule curve. Consequently, it seems that
reduced maintenance of suitable substrate area during
the summer and fall seasons was compensated by an
earlier rise in water levels in spring, which resulted
in overall longer periods of sediment removal over
suitable substrates.

The mechanisms by which wind-induced waves
suspend and distribute fine sediments (<0.2 mm)
are well studied (e.g., Osborne and Greenwood 1993,
Bailey andHamilton 1997, Rohweder et al. 2012); how-
ever, the mechanism(s) by which ice can influence sub-
strates is less understood. Research into the ecolog-
ical disturbances caused by moving ice, particularly
in marine intertidal zones (Barnes 1999, Brown et al.
2004, Scrosati and Eckersley 2007), has tended to focus
on the responses of benthos to ice scour. Fewer studies
have examined the effects of icemovement on sediment
resuspension inmarine habitats (e.g., Rearic et al. 1990,
Woodworth-Lynas et al. 1991), and we are unaware
of any published studies that link sediment redistribu-
tion to ice movement in lacustrine, freshwater habi-
tats. Our results using wire cages suggest that forces
imparted by ice scour on freshwater littoral substrates
are significant (Supplemental Fig. S5b). These results,
combined with the dearth of related research, suggest
that ice scour is an overlooked mechanism of habitat
disturbance that may help maintain habitat in freshwa-
ter systems.

Our model suggests that ice scour of suitable sub-
strates decreased 11% across our study sites in the
Namakan Reservoir because of the increase in themin-
imum water-level elevations during ice cover dictated
by the 2000 rule curve. Given that the maximum water
elevations during ice cover remained similar for both
rule curves, suitable substrates at higher elevations
were likely still receiving some degree of ice scour. The
intensity of forces imparted on those substrates from

ice scourmay be sufficient to ensure that fine sediments
that can impair spawning habitat are redistributed each
winter. Therefore, if managers seek to maximize the
maintenance of spawning habitats duringwinter, future
research should examine more closely (1) the mecha-
nisms by which lake ice imparts forces on substrates,
(2) the scale of those forces, and (3) the degree to which
those forces act to remove fine sediments.

Although our analyses provide insight into the ways
that waves and ice effect the maintenance of spawning
habitats, the present study was not without limitations.
First, infrequent periods of flooding and drought
in the reservoir required us to extrapolate observed
substrate data to elevations not directly measured.
These extrapolated substrate data were only necessary
to model wave and ice phenomena for 5 years of our
45-year study period but may have contributed to pre-
diction error. Second, our study relied on a nonrandom
sample of known walleye spawning habitats; thus, the
studymay be biased toward impacts of wind and ice on
currently suitable, known walleye spawning habitat by
excluding sites that may not be currently suitable, but
will be inevitably altered (either damaged or improved)
by rule curve changes. Finally, although wave energy
was assumed to positively affect known spawning habi-
tats in this study, excessive wave energy can damage
fry habitat and cause egg mortality (Raabe and Bozek
2015). Managers cannot control wind events, but it is
important to consider the dual nature of these abiotic
factors and their potential roles in egg survival and
year-class strength.

Although managers in the Namakan Reservoir
are attempting to design rule curves that align wave
and ice forces with spawning habitat elevations to
improve habitat maintenance, the current study does
not directly assess the potential effects of rule curves
on reproduction, egg survival, or recruitment. Water-
level fluctuations in reservoirs also affect the depths at
which spawning and incubation occur. Depthmediates
the concentrations of dissolved gases and water tem-
perature at the substrate interface, both critical to egg
survival (Niemuth et al. 1959, Daykin 1965, Raabe and
Bozek 2015). Finally, depth influences habitats inwhich
fry develop and eventually recruit; therefore, future
research should explore links between water levels and
walleye reproduction, egg survival, and recruitment.
Analyses that include these phenomena can further
inform the design of rule curves, provide a more
comprehensive approach to water-level management,
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and elucidate the effects of rule curves on species of
interest.

Our analyses suggest that rule curves can affectmore
than just lake levels; they also affect the physical forces
that maintain fish spawning habitats. Thus, although
rule curves need to be tailored to each reservoir, they
can be a tool for the adaptive management of water
levels in reservoirs worldwide. The artificial manipu-
lation of water levels is a major problem facing North
American walleye populations (Kerr et al. 1997), high-
lighting the need for improved management tools. In
the absence of dam removal as a viable option, the
implementation of rule curves informed by research
can be one such strategy for balancing anthropogenic
use while maintaining natural integrity.
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Table S1. The classification scale used in surveying boreal lacustrine shoreline habitat in the 1 

Namakan Reservoir. Substrate classes were modified from the typical Wentworth scale (Raabe 2 

2006). Sample codes were used to geo-reference sample locations and for quantifying substrate 3 

means and variance. 4 

 5 

Table S2. Summary of Namakan Reservoir study site characteristics. Study sites each 6 

demonstrated 3 consecutive years (2012–2014) of walleye spawning as determined by the presence 7 

of walleye eggs. Sites were located on the 3 large lake bodies of the Namakan Reservoir: Lake 8 

Kabetogama (KAB), Namakan Lake (NAM), and Sand Point Lake (SP). Thirty sites were located 9 

in the U.S. (US) and 14 were located in Canada (CAN). Morphological site characteristics were 10 

estimated using the DEM, rather than actual on site measurement. Site coordinates are in UTM 11 

Zone 15N projection. 12 

 13 

Figure S1. Gaussian functions (lines) fit to observed substrate suitability data (dots ± CI) using 14 

nonlinear least squares for (a–c) each large lake in the reservoir, and (d) all data in aggregate. 15 

 16 

Figure S2. Predicted ice-free periods on the Namakan Reservoir during each year of the study 17 

period (1970–2014). Freeze-up dates were predicted using a linear regression model (Shuter et al. 18 

2013) that was calibrated to the Namakan Reservoir using publicly available satellite imagery to 19 

ascertain actual freeze-up dates. Ice-out dates are from historical observations of Lake Kabetogama 20 

ice-out. 21 

 22 



2 

 

Figure S3. Windrose diagrams for the (a) 1970 rule curve (1970–1999) and (b) 2000 rule curve 23 

(2000–2014). These diagrams plot the frequency of mean daily wind by both speed and direction. 24 

The predominant wind direction for both periods is from the west-northwest. Data are from the 25 

International Falls International Airport weather station, which is ~20 km west of the westernmost 26 

point of the Namakan Reservoir. 27 

 28 

Figure S4. Estimates of the random site effects generated by mixed ANOVA for the 44 29 

Namakan Reservoir study sites. Estimates are of the random effects of wave-substrate interaction 30 

over suitable spawning substrates for both (a) observed and (b) modeled water levels, and (c) ice 31 

scour forces over suitable spawning substrates. Results are shown by lake: Lake Kabetogama 32 

(○), Namakan Lake (●), and Sand Point Lake (). Predictions intervals are shown as black bars. 33 

 34 

Figure S5. Photograph (a) shows an ice scour cage affixed to typical spawning substrate before 35 

the 2012–2013 winter season on Lake Kabetogama. The epoxy resin used to hold the cage to the 36 

substrate can be seen underneath the cage. Photograph (b) shows a cage after ice scour with an 80° 37 

defection. All cages and resin compound were removed from the reservoir in the spring following 38 

deflection measurement. 39 

 40 



 

Table S1. The classification scale used in surveying boreal lacustrine shoreline habitat in the Namakan Reservoir. Substrate classes 
were modified from the typical Wentworth scale (Raabe 2006). Sample codes were used to geo-reference sample locations and for 
quantifying substrate means and variance. 
 

inorganic substrate type (class) size (mm) sample code 
Silt < 0.2 0 
Sand 0.2–6.4 1 
gravel 6.4–76.0 2 
cobble 76.0–150.0 3 
rubble 150.0–304.0 4 
small boulder 304.0–610.0 5 
large boulder >610.0 6 
bedrock consolidated 7 

 



 

 Table S2. Summary of Namakan Reservoir study site characteristics. Study sites each demonstrated 3 consecutive years (2012–2014) 
of walleye spawning as determined by the presence of walleye eggs. Sites were located on the 3 large lake bodies of the Namakan 
Reservoir: Lake Kabetogama (KAB), Namakan Lake (NAM), and Sand Point Lake (SP). Thirty sites were located in the U.S. (US) and 
14 were located in Canada (CAN). Morphological site characteristics were estimated using the DEM, rather than actual on site 
measurement. Site coordinates are in UTM Zone 15N projection. 
 

site ID 
lake 
name country 

area of 
surveyed 
substrate 
(m2) 

shoreline 
length (m) 

mean 
slope 
(°) 

mean 
elevation 
(m) 

mean 
aspect 
(°) 

northing 
(m) 

easting 
(m) 

0 KAB US 658 35 1.9 339.7 241 5368411 501939 
4 KAB US 1213 60 1.7 339.8 228 5368102 499808 
5 KAB US 731 65 2.5 339.9 178 5368079 500438 
7 KAB US 1190 75 3.1 339.8 218 5370393 500452 
9 KAB US 1140 80 2.6 340.0 207 5371492 499377 
10 KAB US 870 55 2.6 339.8 103 5372838 495454 
12 KAB US 1176 60 1.9 339.8 230 5372657 494864 
14 KAB US 1050 40 1.7 339.7 219 5371408 495985 
16 KAB US 810 60 2.4 340.0 237 5372398 496535 
17 KAB US 1512 75 1.4 339.9 314 5371634 496689 
18 KAB US 563 40 2.5 340.0 57 5365029 504991 
21 KAB US 1338 70 1.1 340.2 51 5365252 503839 
23 KAB US 632 60 3.7 340.1 176 5367255 504848 
24 KAB US 1503 100 1.7 340.1 199 5367529 505205 
25 KAB US 932 90 2.9 340.3 260 5365436 508242 
26 KAB US 1037 100 3.4 340.4 254 5365531 508579 



 

Table S2 Cont.          
78 KAB US 530 40 2.5 340.1 204 5372733 494030 
27 NAM US 469 40 3.6 339.8 157 5366112 515268 
29 NAM US 631 70 3.2 340.1 147 5365981 517651 
30 NAM US 511 40 4.5 340.0 234 5364528 520317 
32 NAM US 730 45 3.5 339.7 110 5364315 520724 
34 NAM US 441 40 2.2 338.9 215 5366929 518647 
35 NAM US 1166 60 2.4 339.7 254 5364283 522951 
40 NAM US 1002 70 3.1 339.8 164 5365846 516475 
41 NAM US 815 60 4.8 339.7 171 5364589 524682 
44 NAM US 474 40 1.1 339.1 111 5365404 534707 
46 NAM CAN 560 40 0.8 339.6 183 5366601 536383 
48 NAM CAN 1013 60 2.6 339.9 52 5365527 538121 
49 NAM CAN 503 45 0.6 339.4 169 5367984 538200 
52 NAM CAN 1402 60 2.1 340.1 153 5367930 535604 
53 NAM CAN 553 30 1.7 340.0 134 5367964 534518 
54 NAM CAN 578 30 1.6 340.2 233 5368020 534263 
57 NAM CAN 950 50 2.0 340.1 194 5368204 533444 
59 NAM CAN 649 30 1.1 339.5 220 5368645 532971 
60 NAM CAN 715 50 2.7 339.9 220 5368227 531672 
62 NAM CAN 445 25 1.6 340.1 189 5367656 531087 
64 SP US 1183 75 2.8 339.9 181 5361690 539559 
65 SP US 537 40 2.9 339.7 93 5358474 538548 
67 SP US 667 55 3.2 339.4 59 5356481 538165 
68 SP US 726 25 1.3 339.4 160 5354191 539112 
71 SP CAN 460 35 3.6 340.4 242 5355394 539482 
72 SP CAN 551 40 4.1 340.1 258 5356037 539369 
76 SP CAN 761 60 3.3 339.5 106 5359532 540062 
77 SP CAN 1124 60 2.8 339.5 233 5360759 540953 

  



 

 
Figure S1. Gaussian functions (lines) fit to observed substrate suitability data (dots ± CI) using nonlinear least squares for (a–c) each 
large lake in the reservoir, and (d) all data in aggregate. 



 

  
Figure S2. Predicted ice-free periods on the Namakan Reservoir during each year of the study period (1970–2014). Freeze-up 
dates were predicted using a linear regression model (Shuter et al. 2013) that was calibrated to the Namakan Reservoir using 
publicly available satellite imagery to ascertain actual freeze-up dates. Ice-out dates are from historical observations of Lake 
Kabetogama ice-out. 



 

 
Figure S3. Windrose diagrams for the (a) 1970 rule curve (1970–1999) and (b) 2000 rule curve (2000–2014). These diagrams plot the 
frequency of mean daily wind by both speed and direction. The predominant wind direction for both periods is from the west-northwest. 
Data are from the International Falls International Airport weather station, which is ~20 km west of the westernmost point of the 
Namakan Reservoir. 



 

 
Figure S4. Estimates of the random site effects generated by mixed ANOVA for the 44 Namakan Reservoir study sites. Estimates are 
of the random effects of wave-substrate interaction over suitable spawning substrates for both (a) observed and (b) modeled water 
levels, and (c) ice scour forces over suitable spawning substrates. Results are shown by lake: Lake Kabetogama (○), Namakan Lake 
(●), and Sand Point Lake (). Predictions intervals are shown as black bars. 



 
 

 

 

Figure S5. Photograph (a) shows an ice scour cage affixed to typical spawning substrate before the 2012–2013 winter season on Lake 

Kabetogama. The epoxy resin used to hold the cage to the substrate can be seen underneath the cage. Photograph (b) shows a cage 

after ice scour with an 80° defection. All cages and resin compound were removed from the reservoir in the spring following 

deflection measurement. 
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