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Abstract:

The Heron Lake System historically has been an important resource for waterfowl in Southern

Minnesota, USA. In the early 1900s, the system was a major nesting, feeding, and staging area for breeding
and migrating waterfowl mainly due to the extensive growth of sago pondweed, Suckenia pectinata. In
recent years, the abundance of S pectinata has decreased dramatically. We conducted a study from 2002
through 2003 to identify factors limiting the success of S. pectinata. Distribution and biomass of S. pectinata
differed significantly over the years of this study. Biomass was related to environmental factors, including
water transparency and water temperature early in the season. Water transparency during May (time of early
growth) had a negative relationship with maximum biomass at each site over all years. Water temperature
had a positive relationship with increases in seasonal biomass yield of S. pectinata in the Heron Lake System.
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INTRODUCTION

Shallow lakes that contain an abundance of sub-
mersed vegetation often have clear water and can sup-
port a diverse population of both plants and animals
(Hansel-Welch et al. 2003). However, shallow lakes
may become degraded by excessive nutrient inputs
from sewage effluent, agriculture, or internal loading
caused by fish foraging and excretion. Degraded lakes
often are turbid and lack macrophyte abundance and
diversity (Hansel-Welch et al. 2003). Changes in a
lake’s plant community can be a result of the destruc-
tion of all or some of the existing vegetation by path-
ogens, herbivores, or humans. Changes in the physical
or chemical conditions within shallow lakes, such as
water levels and or nutrient loading, influence the
growth of submersed macrophytes (van der Valk
1981). One important submersed species influenced by
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these changes is sago pondweed (Stuckenia pectinata
(L.) Borner).

Stuckenia pectinata can have a substantial role in
freshwater ecosystems by providing food and cover for
animals and also influencing the physical and chemical
aspects of the water and sediment (Carpenter and
Lodge 1986). Specifically, S. pectinata serves as a di-
rect food source for many species of waterfowl, most
notably diving ducks and swans, and indirectly as a
rich environment for aquatic invertebrates (Baldassarre
and Bolen 1994). Seeds, tubers, and vegetative parts
of S pectinata are all eaten by waterfowl (Kuehn and
Holmes 1963). In fact, Martin and Uhler (1939) stated
that, “*sago pondweed is probably the most important
single waterfowl food plant on the continent and is
responsible for about half, or more, of the total food
percentage credited to the genus Potamogeton [Stuck-
enia].”” The importance of S. pectinata is so great that,
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in North America, continental migration pathways of
some species of waterfowl can be determined by the
locations of large bodies of water dominated by the
plant (Kantrud 1990). However, abundance of S. pec-
tinata has decreased drastically over the past few de-
cades in wetlands that have historically been locations
of substantial use by migrating and staging waterfowl
(Kantrud 1990). Environmental factors such as light
availability, water clarity, water temperature, and wa-
ter depth can be attributed to this decline.

Light availability may be the primary environmental
factor limiting submersed macrophyte colonization
and biomass (Barko et al. 1986, Scheffer 1998, Case
and Madsen 2004). Many plants such as S pectinata
grow from over wintering tubers found in bottom sed-
iments. Tubers provide energy to shoots as they grow
upward toward the lake surface, without the need for
photosynthesis. Shoots continue towards the lake sur-
face until carbohydrate reserves are exhausted, which
usually takes 16—23 days after tuber sprouting (Hodg-
son 1966). For survival, a critical level of light must
be reached prior to depleting the carbohydrate reserves
in the tuber. Turbid conditions have a negative impact
on the biomass of S pectinata (Kantrud 1990) and
other species of submersed macrophytes. Shallow
lakes with a loose bottom, little or no submersed
plants, and a long fetch experience turbidity caused by
frequent resuspension due to wind and wave action
(Blom et al. 1994). Similarly, wind and wave energy
influence the distribution of solar radiation within the
water column, resulting in changes in water tempera-
ture.

Water temperature influences plant performance, es-
pecially photosynthetic rates (Pilon and Santamaria
2002a). Increased water temperature results in in-
creased overall biomass of submersed macrophytes, in-
cluding S. pectinata (Barko et al. 1982, van Dijk and
van Vierssen 1991, van Dijk et al. 1992). However,
high water temperatures (>25 °C) reduce photosyn-
thetic rates (Barko et al. 1982, Spencer 1986, Madsen
and Adams 1989, Pilon and Santamaria 2002a), prop-
agule germination (Scheffer 1998), and shoot elonga-
tion (Spencer 1986, Madsen and Adams 1988) of S
pectinata. Likewise, biomass of S pectinata is reduced
during periods of cooler temperatures due to lower
photosynthetic rates (Scheffer 1998). Water tempera-
ture also has a regulatory effect on phenology and re-
source allocation to propagules (Kantrud 1990). For
example, S pectinata allocates more resources to
aboveground biomass when water temperatures are
warmer (Spencer 1986, Madsen and Adams 1988,
Madsen 1991).

Above-ground biomass of S pectinata increases
with water depths between 30 and 46 cm (Robel
1961,1962). However, S. pectinata biomass decreases

at water depths >46 cm, with complete exclusion of
the plant at depths greater than 100 t0120 cm (Robel
1962). During periods of increased water depth, irra-
diance levels are reduced (Pilon and Santamaria
2002b), resulting in differences in biomass of S pec-
tinata (Case and Madsen 2004). Similarly, greater ir-
radiance levels result in increased overall biomass,
while decreased light leads to a reduction in biomass
and an earlier peak biomass (Barko et al. 1982, van
Dijk and van Vierssen 1991, van Dijk et al. 1992).
Effects of environmental factors on S. pectinata
have received considerable attention; van Dijk and van
Vierssen (1991) studied the survival of S pectinata
under different light conditions (artificial shade) in a
controlled environment. They concluded that a nega-
tive correlation exists between annual biomass pro-
duction and daily mean photon densities; where max-
imum biomass was reached earlier in the growing sea-
son under low photon densities. Similarly, van Dijk et
al. (1992) studied the impact of light climate history
on S pectinata biomass under controlled settings using
artificial shade techniques. Results from the study
demonstrated that the above and below-ground bio-
mass of S pectinata was less, the growing season was
shorter, and the maximum above-ground biomass was
less at higher levels of shading. Pilon and Santamaria
(2002a) reported that total biomass of S. pectinata cul-
tured in experimental tanks strongly increased between
10 and 15°C and leveled off at 25°C. Similarly, there
was a reduction in shoot length at higher temperatures
and an increase in the number of shoots produced per
plant. Pilon and Santamaria (2002b) reported that low
irradiance resulted in a decrease in biomass yield in S.
pectinata cultured in experimental tanks. Case and
Madsen (2004) studied the correlation between sedi-
ment characteristics and shoot and tuber presence in
the Heron Lake System. They found a positive corre-
lation between the amount of silt in the sediment and
the presence of S pectinata shoots. Similarly, there
was a negative correlation between the amount of sand
in the sediment and the presence of S pectinata
shoots. Tuber location and density were not correlated
with either water-depth or sediment characteristics.
The majority of these past studies have been short-
term, spatially limited, or both. They were conducted
in controlled environments or small experimental plots
and were largely focused on the effects of differing
light conditions on S. pectinata biomass. Case and
Madsen (2004) studied S. pectinata on a whole lake
scale but did not study the effects of environmental
factors on S pectinata biomass. The objective of this
study was to determine the effects of environmental
factors (e.g., light availability, water transparency, wa-
ter depth, and water temperature) on the biomass and
distribution of S. pectinata at the long-term and whole-
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lake scales. We predicted that increased light levels
that reach S pectinata will increase whole-lake plant
distribution and biomass. Likewise, increased water
temperatures will result in increases in S pectinata
biomass. In contrast, greater water depths will result
in lower whole-lake distribution and biomass of S
pectinata because of the negative effects of water
depth on light availability.

MATERIALS AND METHODS
Site Description

The present study was conducted in the Heron Lake
System from May 2002 through October of 2003. In
addition, we used data from an identical study con-
ducted during 2001 (Case and Madsen 2004). The
Heron Lake System is located in Jackson County,
Minnesota (Lat.43.72333° N Long.95.2325° W) and is
composed of four water bodies. For this study, we
sampled South Heron Lake, North Heron Lake, and
Duck Lake; North Marsh was not sampled because it
dries annually. The four lakes have a mean depth of
less than 1.5 m and a combined surface area of ap-
proximately 32 km?. South Heron Lake (12.2 km?) is
a long narrow body of water with meandering shore-
lines and many sandy points. Two sampling locations
(A and B) were selected for South Heron Lake due to
the differences in sediment and depth characteristics
in the northern and southern portions of the lake. Site
A was located in the southern portion that is deeper
and has sediments composed of silt and clay (Case and
Madsen 2004). Site B was located in the northern bay
of the lake and has sediments composed of sand (Case
and Madsen 2004). North Heron Lake (13.5 km?) had
only one sample site due to the flat morphology of the
lake and the relatively uniform silt composition of the
sediment. Likewise, Duck Lake (1.9 km?) had only one
sample site because of the small surface area of the
lake. Each sampling location was approximately one
hectare.

The Heron Lake System has a large watershed ratio
(37:1 watershed: lake surface). The large percentage
of agricultural land that surrounds the lakes and large
amounts of sewage effluent from neighboring com-
munities result in nutrient loading and poor water qual-
ity (Case and Madsen 2004). Poor water quality in the
system is exacerbated by sediment resuspension re-
sulting from the large fetch of each lake.

Vegetation Distribution

To document the change in distribution of S. pec-
tinata among lakes and between years, surveys of
aquatic vegetation were conducted in July of 2002 and

2003 on South Heron, North Heron, and Duck Lakes.
Aquatic macrophyte distribution was determined using
a point intercept survey method using a 300-m grid
following methods outlined by Madsen (1999). The
grid was constructed using ArcView GIS software and
maps of the Heron Lake System to obtain Universal
Transverse Mercator (UTM) coordinates. A grid of
200-m was used on Duck Lake. North Heron Lake was
not surveyed in 2002 due to low water levels, the
greater portion of the lake was not accessible by boat
to complete a plant survey.

A Garmin GPSMAP76 Versatile Navigator (Olathe,
KS) was used to navigate to each sampling point on
the lakes using the UTM coordinates. A total of 292
points were sampled during each sampling event, 156
on South Heron Lake, 98 on North Heron Lake, and
38 on Duck Lake. At each sample point, a rake was
used to determine the presence or absence of aquatic
macrophyte species at these points. Plant species were
identified using Crow and Hellquist (2000) as the tax-
onomic reference. Water depth was measured at each
point using a 2.54-cm-diameter PVC pipe marked in
centimeters up to a length of two meters.

Seasonal Biomass

To assess seasonal biomass of S pectinata among
sites and between years, we collected above-ground
and below-ground biomass samples annually from four
sites in the Heron Lake System. Biomass is defined as
the mass per unit area of living plant material (i.e.,
above-ground and below-ground plant structures)
(Roberts et al. 1985, Madsen 1993). Sample sites for
S. pectinata were selected based on previous year’s
plant stands and were determined using aerial photo-
graphs of the lakes.

Thirty biomass samples were collected every three
weeks at each site between May and September 2002
and 2003 for a total of 1530 samples. Plant samples
were collected using a 0.018 m? (15.24-cm-diameter)
PVC coring device. The coring device was placed at
least 20 cm into the lake sediment following methods
outlined by Madsen (1993). Core samples were rinsed
through a 19-L pail with a 0.25-cm? wire mesh bottom
to separate plants from sediment. Biomass samples ob-
tained from the pail were then placed into 3.79-L Zip-
loc® bags. Plants were stored in a cooler and trans-
ported to the lab. In the lab, plant biomass was washed
and divided into tuber, roots and rhizomes, shoots, and
inflorescences. Plant parts were dried for at least 48
hours at 55 °C to a constant mass using a VWR Sci-
entific1390FM (Cornelius, OR) constant temperature
oven and then weighed to = 0.0001 g using a Mettler
Toledo AB104-S (Greifensee, Switzerland). Mass data
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were used to estimate annual biomass, maximum bio-
mass, and tuber biomass.

Environmental Data

To evaluate relationships between environmental
factors and S pectinata biomass, environmental mea-
surements (water depth, water transparency, and water
temperature) were taken when biomass samples were
collected. Environmental data were collected every
three weeks during biomass sampling. Water depth
was measured with each biomass sample at each of
the four sites. Water transparency was measured using
a secchi disk once during each biomass sampling pe-
riod at each of the four sites. Likewise water temper-
ature was taken once at each site during every biomass
sampling period using an YSI (Yellow Springs, OH)
5238 probe; data were recorded at 0.25-m intervals
from the water surface to the lake bottom.

Tuber Survey

To evaluate tuber biomass and abundance among
lakes and between years, we conducted surveys on
South Heron, North Heron, and Duck Lakes. Surveys
were conducted in October of each year when tuber
production was completed. Tubers were sampled using
every other point of the 300-m grid used for the veg-
etation survey. Tubers were sampled at all 38 points
on Duck Lake to obtain more than 30 samples. Tubers
were not sampled on North Heron Lake in 2003 due
to extremely low water levels. Only half of South Her-
on Lake was sampled in 2003 because of low water.

Tubers were collected using a 0.018-m? PVC coring
device placed at least 20 cm into the sediment (Madsen
1993). Tubers were gathered by rinsing the sediment
core in a 19-L pail with a 0.25-cm? wire mesh bottom.
The tubers found at each location were put into Whirl
Pac bags, labeled with the date and UTM coordinates,
and placed into a cooler for transportation to the lab.

In the lab, tubers were washed, counted, and dried
to a constant mass at 55 °C for 48 hours in a VWR
Scientific 1390FM (Cornelius, OR) constant tempera-
ture oven. Dry mass of the tubers was found to the
nearest = 0.0001 g using a Mettler Toledo AB104-S
(Greifensee, Switzerland) analytical balance.

Statistical Analyses

Data collected by Case and Madsen (2004) were
also used in this study to provide a longer time frame
for analysis. Level of significance was p = 0.05 for
all analyses.

Vegetation Distribution. The change in distribution
of S pectinata were determined using McNemar’s

Test (dichotomous response) (Stokes et al. 2000) to
account for repeated measures in the sampling design.
The McNemar’s test for two time points was used to
analyze survey data from North Heron and Duck
Lakes because only two years of data were collected.
A pairwise comparison was made of the three years
for South Heron Lake using McNemar’s test for re-
peated measures. We estimated the percent frequency
of occurrence of S. pectinata for each lake by dividing
the number of points at which S. pectinata was ob-
served by the total number of points for the given lake
and multiplied by 100.

Seasonal Biomass. Seasonal biomass for a given
month was determined by calculating the mean of all
the biomass samples collected for that month. Seasonal
biomass was then plotted over time to observe when
maximum biomass was attained for each site in a given
year. Maximum biomass was used to determined cor-
relations between May water depth, water temperature,
and water transparency. A pairwise comparison of
least squares means was conducted to assess differ-
ences in biomass between years. Biomass is reported
as g m2

Environmental Data. A regression model was devel-
oped using the mixed procedure method in SAS (Lit-
tell et al. 1996) to evaluate possible relationships be-
tween May water depth, water temperature, water
transparency, and year with maximum biomass of S
pectinata. A similar model was developed to deter-
mine if relationships exist between seasonal biomass
and seasonal fluctuations in water depth, water tem-
perature, and water transparency. These models ac-
count for dependence between measurements taken on
the same sites over time by modeling the correlation
autoregressive of the model.

Tuber Survey. We evaluated changes in tuber abun-
dance using a Chi square. A repeated measures test
was not used because the same points were not revis-
ited in all years. Tuber density (N m~2) and biomass
(g m—2) were calculated to assess total seasonal tuber
biomass; these data were not statistically analyzed and
are reported in this paper.

RESULTS
Vegetation Distribution

The distribution of S. pectinata varied in South Her-
on Lake (X* = 37.44, d.f. = 1, p < 0.01) between
2001 and 2002; (X* = 56.01, d.f. = 1, p < 0.01); and
(X? = 781, df. = 1, p = 0.01) between 2001 and
2003. North Heron Lake S. pectinata distribution was
different between 2001 and 2003 (X? = 40.16, d.f. =
1, p < 0.01). Likewise, the distribution of S. pectinata
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in Duck Lake was also different between 2002 and
2003 (X2 = 4.76, d.f. = 1, p = 0.03). A more widely
distributed S pectinata population was observed in
2002 for South Heron and Duck Lakes with a percent
frequency of occurrence of 77.60% and 76.30% re-
spectively (Figure 1).

Seasonal Biomass

The greatest seasonal biomass of S pectinata was
observed in 2002 (Figure 2). Seasonal biomass in 2002
was different than seasonal biomass observed in 2003
at the four sites (t = 2.84, d.f. = 54, p = 0.01); how-
ever, 2002 was not different from 2001. Maximum
biomass was also higher in 2002 for each site (Figure
2). A marginally significant difference was observed
for maximum biomass between 2002 and 2003 (t =
3.68, d.f. = 2, p = 0.06); however, there was no dif-
ference between 2001 and 2002. Maximum biomass
was 91.80 g m—2, 93.01 g m~2, 60.47 g m~2, and 63.18
g m~2 for South Heron A, South Heron B, North Her-
on, and Duck, respectively (Figure 2).

Environmental Data

Seasonal biomass of S. pectinata was not related to
water depth at any of the sample sites (t = —0.59, d.f.
= 54, p < 0.55) (Table 1). Likewise, maximum bio-
mass was not associated with May water depths at the
sample sites (t = 1.08, d.f. = 2, p = 0.39) (Table 2).

0

May Jun Jul Alig Sep |~ May Jun Jul Aug Sep ' May Jan Jul Alug Sep
Figure 2. Total mean monthly biomass (+1 SE of S pec-
tinata), mean monthly depth measurements, mean monthly
temperature readings, and mean monthly secchi depths from
the four sampling sites within the Heron Lake System 2001—
2003.

Water depths were lowest in 2002 for the sites on
South Heron and North Heron Lakes (Figure 2). Water
depths in Duck Lake fluctuated little between years,
with water depths staying between 0.80 to 0.90 m.

Water temperature was positively related to seasonal
biomass at each site (t = 2.41. d.f. = 54, p = 0.02)
(Table 1). However, there was no relationship between
May water temperatures and maximum biomass at
each site (t = 1.21, d.f. = 2, p = 0.35) (Table 2).
Water temperatures in 2002 stayed cooler in May and
June for each site (Figure 1).

Water transparency was not associated with season-
al biomass of S pectinata (t = 0.04, d.f. = 54, p =
0.97) (Table 1). However, May water transparency
was negatively associated with maximum biomass (t
= —4.28, d.f. = 2, p = 0.05) (Table 2). Secchi disk
depths increased as water depths increased in each
year (Figure 1).

Tuber Survey

The abundance of tubers varied among lakes (X? =
14.40, d.f. = 2, p < 0.01). However, abundance did
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Table 1. The equation for the mixed procedures regression model for seasonal biomass of S. pectinata. The r? coefficient for the model

is 0.39.

Effect Year Estimate Standard Error Df t Value P Value
!Intercept —16.53 14.55 1 -1.14 0.45
1Depth —6.36 10.73 54 —0.59 0.56
1Temperature 131 0.54 54 241 0.02
1Secchi 1.27 33.69 54 0.04 0.97
2Year 2001 16.00 9.16 54 1.75 0.08
2Year 2002 32.45 7.21 54 450 0.01
2Year 2003 5.96 6.55 54 0.91 0.36

1 Regression coefficients generated by the model.
2L east squares means generated by the model.

not vary among years (X? = 1.66, d.f. = 2, p = 0.43).
Tuber abundance in South Heron Lake was not dif-
ferent among years (X¢2 = 3.25, d.f. = 2, p = 0.20).
Abundance of tubers in North Heron Lake was differ-
ent in 2001 and 2002 (X? = 4.23, d.f. = 1, p = 0.04).
Duck Lake tuber distribution was not different in 2002
and 2003 (X = 1.89, d.f. = 1, p = 0.17). The greatest
density and biomass of tubers was found in 2003 for
South Heron and Duck Lakes (Table 3). North Heron
Lake had the greatest tuber density and biomass in
2002 (Table 3).

DISCUSSION

Stuckenia pectinata is an integral component within
the Heron Lake ecosystem, such that understanding its
abundance and distribution over space and time is im-
portant. Stuckenia pectinata constitutes a major source
of food for waterfowl and important habitat structure
for many aquatic invertebrates. The success of S. pec-
tinata in the Heron Lake System is strongly related to
environmental constraints imposed on the population.
The results of this study indicate that S. pectinata bio-
mass is strongly related to water transparency and wa-
ter temperature. Environmental factors early in the
growing season have a significant impact on the max-
imum biomass attained by S pectinata and ultimately
its distribution within the Heron Lake System.

Vegetation Distribution

The differences in the distribution of S. pectinata on
a given lake can be attributed to the variability in water
depths over the years. During times of high water
(2001 and 2003), light intensities at the deeper sites
limited S. pectinata colonization and forced plants to
colonize the shallow sites where light could penetrate
to the bottom. However, S. pectinata growing in these
shallow sites was then limited by sediment texture and
wave action (Case and Madsen 2004). Anderson
(1978) found that light intensity imposed limits on
pondweed colonization, and factors such as water
depth, turbidity, and substrate texture combined to af-
fect light availability to S pectinata plants. Indeed,
Case and Madsen (2004) showed that the success S
pectinata growing in shallow sites was limited by high
wave energy and poor sediment texture (high concen-
tration of sand). A negative correlation existed be-
tween the amount of sand in the sediment and the pres-
ence of S pectinata shoots (Case and Madsen 2004).
Aquatic macrophytes that grow in sediments with
greater sand composition are more susceptible to up-
rooting by wave action (Doyle 1999) and thus reduc-
tions in standing biomass.

Environmental Factors and Biomass

Water temperatures in the Heron Lake System had
a positive correlation with seasonal biomass of S. pec-

Table 2. The equation for the mixed procedures regression model for maximum biomass of S. pectinata. The r? coefficient for the model

is 0.80.

Effect Year Estimate Standard Error DF t Value P Value
*Intercept —16.16 36.75 1 —0.44 0.74
Depth 26.58 24.63 2 1.08 0.39
Temperature 2.68 2.22 2 1.21 0.35
1Secchi -1.82 0.43 2 —4.28 0.05
2Year 2001 29.95 19.52 2 1.53 0.26
2Year 2002 77.99 12.48 2 6.24 0.02
2Year 2003 14.07 9.98 2 141 0.29

+ Regression coefficients generated by the model.
2| east squares means generated by the model.
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Table 3. Mean (*1 SE) tuber density (N m~2), mean tuber weight (g), and tuber biomass (g m—2) of S pectinata in the Heron Lake

System for three years 2001-2003. Times when no samples were taken are indicated by NS.

Year
2001 2002 2003

South Heron Lake

Mean Tuber Density (N m~2) 26 = 7.04 56 + 19.23 73 = 21.09

Mean Tuber Weight (g) 0.06 = 0.01 0.08 = 0.03 0.11 = 0.05

Mean Tuber Biomass (g m—?) 1.79 = 0.54 4,66 + 1,55 8.25 + 2.88
North Heron Lake

Mean Tuber Density (N m—2) 41 *= 10.55 105 + 21.32 NS

Mean Tuber Weight (g) 0.07 = 0.04 0.04 = 0.02 NS

Mean Tuber Biomass (g m—2) 3.18 = 0.99 432 +£1.20 NS
Duck Lake

Mean Tuber Density (N m~2) NS 23 + 6.50 32 + 16.45

Mean Tuber Weight (g) NS 0.05 = 0.01 0.13 = 0.04

Mean Tuber Biomass (g m~2) NS 1.37 + 0.42 4.44 + 2.15

tinata. Warmer temperatures early in the season al-
lowed for greater tuber germination and shoot elon-
gation, resulting in increased seasonal biomass for
2002. Temperatures between 10 and 15 °C were shown
to promote the greatest shoot elongation (Pilon and
Santamaria 2002a), and maximum biomass attained
when water temperatures are between 15 and 25°C
(Van Dijk and van Vierssen 1991). Similarly, increases
in temperatures were correlated to an increased num-
ber of shoots per plant and can correspond to increases
in tuber production (Pilon and Santamaria 2002a), ul-
timately resulting in greater S pectinata distribution
and biomass.

Stuckenia pectinata biomass in the Heron Lake Sys-
tem was significantly influenced by the poor water
clarity observed throughout the study. Maximum bio-
mass was inversely related to water clarity during the
time of early plant growth. The poor water clarity was
a direct result of the intense wave energy and long
fetch of the three lakes. The frequent resuspension of
bottom sediments reduced light availability to S. pec-
tinata during the time of early growth, which resulted
in reductions in maximum biomass. Thus, it is nec-
essary to have favorable environmental conditions
from germination until leaves are photosynthetically
active. Hodgson (1966) stated that the time of early
growth is the most crucial time for adequate light
transmission and, therefore, the time when water depth
and turbidity are most critical.

Although water depth did not have a significant in-
fluence on S. pectinata biomass in this study, one can
be certain that water depth is related directly to water
clarity and indirectly to the biomass of S. pectinata.
Water depths were greater at all sites in May and June
in both 2001 and 2003. These years also had the low-

est maximum biomass. In May of 2002, water depth
at all sites was less and maximum biomass of S. pec-
tinata was greater. The increase in biomass is attri-
buted to greater light availability based on work con-
ducted by Robel (1961, 1962). A critical level of light
is needed for photosynthesis of all aquatic vegetation.
At greater depths, this critical level may not be reached
and macrophyte colonization may be limited because
of insufficient photosynthetic activity (Case and Mad-
sen 2004). During years of greater water depths, the
Heron Lake System has had biomass of S pectinata
that was greatly reduced (Case and Madsen 2004).
However, in a similar shallow lake system, water
depth had the least significant effects on changes in
the plant community (Hansel-Welch et al. 2003); for
this reason, water depth alone may not account for all
of the variability in the biomass of S pectinata. Light
availability as a function of depth and water clarity
early in the growth cycle should result in greater pro-
duction and a more widely distributed population of
S. pectinata.

Tuber Survey

Stuckenia pectinata tubers in the Heron Lake Sys-
tem were found in areas of previous plant growth. Tu-
bers in North Heron Lake were found along the same
range of elevations as the S pectinata shoots. In a
previous study, tubers in South Heron Lake were
found in a narrower range of elevations than the S
pectinata shoots, indicating that tubers are only formed
under more optimal conditions (Case and Madsen
2004). The low production of tubers may limit the dis-
tribution of S pectinata in following years to areas of
high tuber density. Production of tubers would occur
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only in those high density locations, which may ex-
plain why there was not a difference in the abundance
of tubers among years because new S pectinata beds
were not established. Similarly, reduced production of
tubers can be a symptom of light stress (van Dijk et
al. 1992, Doyle 2000). Plants subjected to low levels
of light tend to allocate more resources towards shoots
and leaves than to tubers (Madsen 1991). The produc-
tion of tubers in the Heron Lake System is poor due
to the reduced biomass of light stressed plants. Plants
grown at low irradiance allocate a higher proportion
of dry matter to shoots, at the expense of roots and
rhizomes (Pilon and Santamaria 2002b), and may ex-
plain why tuber production in the Heron Lake System
is poor.

Conclusions

The distribution and biomass of S. pectinata in the
Heron Lake System is limited by water temperature
and water clarity. Light availability during the first
four to six weeks of growth is critical for shoot elon-
gation and greater plant biomass. Water depths below
0.50 m in May and June should aid S pectinata plants
in overcoming high turbidity and rapid light extinction
within the water column. The lesser depths should also
allow for a greater dispersion of S. pectinata through-
out the three lakes by allowing light penetration to
more areas of the lakes. Lesser water depths and in-
creased light availability will allow S. pectinata to al-
locate more resources to tuber production in the fall
prior to senescence. Greater allocation of resources to
tubers results in greater plant and tuber biomass yield
(Santamaria and Rodriguez-Girones 2002).

Suckenia pectinata was the only submersed mac-
rophyte found in South and North Heron Lakes during
2001 (Case and Madsen 2004) and in the present
study. The low biomass of S pectinata and lack of
species diversity in this system should be of concern.
Therefore, it is imperative that conditions within the
system be improved for continued S. pectinata growth
and to aid in the restoration of other aquatic plant spe-
cies. We propose that the optimal water depth for the
growth of S. pectinata is less than 0.50 m during ger-
mination (May-June). Shallow depths at this time will
aid S pectinata in overcoming light deficiencies and
facilitate an increase in water temperatures. Increases
in water temperature should promote tuber germina-
tion and shoot elongation until photosynthesis begins.
Management objectives in the Heron Lake System
should be directed towards improving light availability
through techniques to increase water transparency.
Plantings of emergent vegetation along shorelines can
solidify bottom sediments and offer some sheltered ar-
eas for the growth of submersed macrophytes.
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