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WATER-LEVEL FLUCTUATIONS

Natural lake level fluctuation and associated concordance
with water quality and aquatic communities within small
lakes of the Laurentian Great Lakes region
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Abstract Long-term (~20 year) data on water
level, water quality and aquatic biota from four remote
research areas in the Laurentian Great Lakes region
were compiled to reveal patterns of natural water-level
fluctuation (WLF) and associated effects on water
quality and aquatic communities. Of the 16 natural
lakes (no dam impoundment and lowest possible
anthropogenic disturbance) yearly amplitude in water
level did not exceed 1.27 m (X = 0.26 £ 0.15 m) and
yearly average water levels did not deviate greater than
0.75m (X=0.10+£ 0.11 m) from the long-term
mean. Linear and waveform regression analyses
revealed a significant (P < 0.05) decreasing trend in
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water levels and a 10-year oscillation in WLFs.
Similarly, linear regression analysis demonstrated a
significant reduction in yearly amplitude WLF over
time. Correlation analyses revealed significant corre-
lations with water quality parameters (DOC, Ca’",
Conductivity, pH, SO4>~) and WLFs in Boreal Shield
research areas. Of the long-term biotic informa-
tion available (periphyton, macrophytes, macro-
invertebrates and fish) only macroinvertebrates dem-
onstrated a significant relationship with natural WLFs.
Species richness followed a unimodal response
(P = 0.002, P = 0.66) with richness decreasing in
years when water levels were either higher or lower
than the long-term mean. The novel results of this study
demonstrate patterns in natural WLF and associated
correlations with water quality and biota across
multiple lakes within the Laurentian Great Lakes
region. The results are congruent with the intermediate
disturbance hypothesis and have direct implications for
reservoir management and climate change modeling.
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Introduction

The regulation of aquatic systems for anthropogenic
purposes (e.g., drinking water supply, agriculture,
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shipping channels, and hydroelectric power) is
becoming common place across the world (Pimentel
et al., 2004). Despite a rapid increase in water level
regulation, there is limited data concerning the role of
water-level fluctuations (WLFs), both within (intra-
annual) and between (inter-annual) years, in struc-
turing aquatic communities and influencing water
quality. Congruent with anthropogenic disturbance,
climate change is also expected to alter lake hydrol-
ogy (Loaiciga et al., 1996; Magnuson et al., 1997). It
is imperative that the linkages between current
natural (unregulated) WLFs and lacustrine ecosys-
tems be elucidated before these systems are forever
altered.

Although lacustrine systems have been studied
extensively, the relationship between WLFs and
ecosystem response is poorly understood (Coops
et al., 2003). Natural WLFs are controlled largely by
local and regional climatic conditions that span in
time frame from immediate precipitation events to
decadal (and longer) climate change trends. WLFs
are extremely complex and are often simplified when
analyzing with biological data. WLFs can be mea-
sured both inter-annually and intra-annually;
however, most studies focus on intra-annual fluctu-
ations due to time constraints. The timing of WLFs
can also be extremely important in determining
community structure, especially in the aquatic-terres-
trial ecotone, as has been shown with macrophytes
(Riis & Hawes, 2002). The majority of the literature,
and our understanding of WLFs, stems from detailed
comparisons of macrophytes in reservoir systems of
varying intra-annual amplitudes (Furey et al., 2004;
Hill et al., 1998; Wilcox & Meeker, 1991). Similarly,
controlled whole lake manipulations have revealed
decreases in macrophyte diversity and biomass with
WLFs (Turner et al., 2005; Wagner & Falter, 2002).
Although the majority of published research has
focused on macrophytes, WLFs are known to affect
fish (Fisher & Ohl, 2005), macroinvertebrates (Grim-
as, 1961), waterfowl (Mclntyre, 1994) and abiotic
factors such as littoral nutrients, sediments, and
thermal stratification (Furey et al., 2004; Weston
et al., 2004). While these studies have been instru-
mental in evaluating and understanding the impacts
of WLFs, there exists a paucity of data concerning
‘natural’ systems and in particular, how inter-annual
fluctuations may affect water quality and biota. This
knowledge gap may be attributed to stable inter-
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annual reservoir WLFs and a lack in long-term WLF
information from natural systems. There is an intrin-
sic understanding that the functioning of lacustrine
ecosystems is controlled, in part, by the quantity and
periodicity of the water resource, which is directly
related to WLFs (Coops et al., 2003). It is essential
that we understand, in detail, how natural WLFs
affect the water quality, community structure and
biodiversity of lake ecosystems.

Using long-term data (20 years) from four
research areas, we describe inter-annual patterns
and relationships of natural (i.e. no dam control
structure) WLFs among sixteen lakes of the Lauren-
tian Great Lakes region and relates these patterns to
water quality and aquatic communities. Inter-annual
WLFs were evaluated using two indices; change in
yearly amplitude and the yearly difference from long-
term mean water levels. Water quality parameters
included; pH, SO42_, conductivity, Ca2+, dissolved
organic carbon (DOC), NO3;~ and NO, . Macro-
phyte, fish and macroinvertebrate species richness
data was utilized in analyses. The underlying
assumption and hypothesis of this study is that
natural WLFs act as an intermediate disturbance
(Hutchinson, 1953), which structures the physical,
chemical, and biotic components of lacustrine eco-
systems. Therefore, we predict that natural WLFs will
demonstrate significant concordance with water qual-
ity parameters and species richness.

Materials and methods
Data sources

The four research areas are all located in the
Laurentian Great Lakes watershed and include: (1)
the Experimental Lakes Area (ELA) in northwestern
Ontario, (2) the Long-term Ecological Research
(LTER) area in northern Wisconsin, (3) the Turkey
Lakes Watershed Study (TLWS) in northeastern
Ontario and (4) the Dorset Research Centre (DRC)
in central Ontario (Fig. 1). All four research areas
were able to provide long-term data on water
fluctuation and water quality parameters; however,
only the LTER site was able to provide consistently
sampled biotic information appropriate for WLF
analyses. In total, sixteen lakes (A, = 12.1
—1607.9 ha, X = 174.8 ha) were included in this
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Fig. 1 Map of Ontario depicting approximate locations of
long-term research areas; 1—Experimental Lakes Area (ELA),
2—Long-term Ecological Research area (LTER-Wisconsin),
3—Turkey Lakes Watershed Study (TLWS), 4—Dorset
Research Center (DRC)

study, their names and associated research areas are
as follows: L.239 and L114 (ELA); Trout, Sparkling,
Allequash, Crystal, and Big Muskellunge (LTER);
Turkey and Little Turkey (TLWS); Blue Chalk,
Chub, Crosson, Dickie, Harp, Plastic, and Red Chalk
(DRO).

Although each research area is unique, the three
research areas located in Ontario (ELA, TLWS,
DRC) are very similar: all are situated on the Boreal
Shield, and thus, have similar topography, geology
and vegetation. The LTER site is situated on glacial
till which increases the amount of ground water
recharge its lakes receive compared to the other three
research areas. A complete description of each area is
given in: ELA (Department of Fisheries and Oceans,
2005), LTER (University of Wisconsin, 2004),
TLWS (Government of Canada, 2005) and DRC
(Molot & Dillon, 1991, 1993).

WLFs indices

In describing inter-annual WLFs two indices were
chosen: amplitude and difference from the long-term
mean (DLTM). Yearly amplitude was calculated as
the difference between the maximum and minimum

open water (May 1-Nov 31) water level. DLTM was
calculated by determining the mean water level from
1980 to 2003 for each lake and then subtracting that
mean value (across years) from the mean value for
each particular year. These calculations result in
positive and negative values indicating the mean
water level for a particular year relative to the lake’s
overall long-term mean. It is important to note that
the frequency of water level measurements differed
between research areas: bi-weekly (LTER), weekly
(DRC), and daily (ELA and TLWS).

Water quality parameters

The following water quality parameters were mea-
sured at the four research areas and were included in
our analyses: pH, SO427, conductivity, and Ca*™t.
DOC, NO;~ and NO,  are also included in this
analysis but were not measured across all research
areas. Samples for water quality data were obtained at
varying frequencies between the research areas:
monthly (LTER and ELA) and weekly (DRC and
TLWS).

Biological data

The only research area with available, consistently
sampled, long-term biological data was the LTER
site. At this area, data were available for fish,
macrophytes and benthic macroinvertebrates for
Trout and Sparkling Lakes. Benthic macroinverte-
brates were sampled in triplicate using Hester-Dendy
samplers placed 3 m apart in 1 m depth of water in
nearshore areas. The Hester-Dendy samplers were
deployed in mid-August and retrieved 4 weeks later.
The family level of taxonomic resolution was used in
analyses to maintain consistency among years. No
significant results were found in this study for fish or
macrophytes; therefore, their sampling methodology
is not presented. For detailed sampling protocols
please refer to the North Temperate lakes LTER
program (University of Wisconsin, 2004).

Statistical analyses
In order to assess lake and site similarity, principal
components analysis (PCA) was conducted with PC-

ORD® (McCune & Mefford, 1999) using the five
commonly sampled water parameters: conductivity,
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Ca’*, pH, SO,>~ and amplitude. PCA is an accept-
able ordination technique given the linear nature of
the environmental variables used in this analysis.
Regression techniques were employed to better
understand the nature of WLFs in small lakes of the
Laurentian Great Lakes region. Regression analyses,
both linear and a waveform sine distribution, were
preformed in SigmaPlot® (SPSS, 2000) to determine
patterns in WLFs over time. WLFs (DLTM and
Amplitude) concordance with water quality parame-
ters (pH, SO42_, conductivity, Ca2+, DOC, NO;™ and
NO, ") was assessed with SAS® (SAS, 2001) through
correlation analyses using Pearson’s correlation coef-
ficients. These analyses were conducted both on a
site-by-site basis and across all sites. Data that was
not normally distributed was transformed to meet the
assumptions of normality necessary for both Pear-
son’s and regression analyses. Regression analyses
were used to determine whether species richness
responded to WLFs. Both linear regression and
Gaussian distributions (non-linear) were used in
SigmaPlot® to determine the influence of WLFs on
species richness. Since a Gaussian distribution fol-
lows a unimodal pattern, it was hypothesized that
species richness has an optimum level, after which,
either higher or lower water levels will decrease
species richness.

Results
Lake characterization

The results of PCA ordination show a clear separation
between the LTER lakes (located on glacial till) and
the lakes of the other three research areas which are
located on the boreal shield (Fig. 2). Of the five axes
extracted in the PCA only axis 1 and 2 are presented
as they explain the majority of the extracted variance,
90.8% in total, 74.4% and 16.4%, respectively. The
LTER lakes ordinated in the upper left of the
ordination biplot and are characterized as having
high conductivity values and Ca®>" concentrations,
while the boreal shield lakes ordinated to the lower
right and are characterized by having higher yearly
amplitude and SO, concentrations. Interestingly,
pH was not a strong descriptor in lake partitioning
when utilizing the first two axes.
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Fig. 2 PCA analyses of the 16 lakes used to characterize
water-level fluctuation. The dashed ellipse encompasses lakes
located on glacial till at the LTER area in Wisconsin, while the
solid ellipse encompasses Ontario lakes located on the boreal
shield. Lakes in the upper left corner are characterized by
having higher conductivity and Ca*" values while lakes in the
lower right corner demonstrate higher SO~ levels and
increased within year water-level fluctuations (Amplitude)

WLF characterization

Of the 16 lakes studied, yearly amplitude did not
exceed 1.27m (X =0.26, ¢ =0.15) and yearly
average water levels did not deviate greater than
0.75m (X =0.10, ¢ =0.11) from the long-term
mean. Linear regression analysis revealed a signifi-
cant (P = 0.0012) negative relationship with mean
water levels decreasing over time (r2 = 0.03), while
the waveform, Sine (3 parameter), equation y =
a*sin(2*n*x/b + c) similarly revealed a significant
result (P < 0.0001, * = 0.18) (Fig. 3). Linear
regression analysis also revealed a significant

1.0
Sine. 3 parameter e
y = a*sin(2*r*x/b+c)
[¢] y = 0.087*sin(2*n*x/11.97+3.54)
p =<0.0001
05 /=018
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Fig. 3 Linear and waveform regression of mean water levels,
expressed as difference from the long-term mean (DLTM),
over time (1980-2003) for the 16 study lakes. The negative
trend suggests that water levels are lowering over time;
however, a 10-year periodicity (oscillation) is present
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Fig. 4 Linear regression of yearly amplitude over time (1980-
2003) for the 16 study lakes. The negative trend suggests that
yearly amplitude has been decreasing steadily since 1980

(P = 0.007) negative relationship with yearly ampli-
tude decreasing over time (r2 = 0.022) (Fig. 4).
Although the /* values of the linear regressions are
extremely low, due to heterogeneity between lakes
and research areas, power analyses for linear regres-
sions were high for DLTM and amplitude, 0.91 and
0.77, respectfully. Although all lakes demonstrated
similar magnitudes in yearly amplitude, there was not
a consistent pattern between lakes. Conversely, all
lakes showed a consistent waveform pattern between
lakes and across years.

WLF concordance with water quality

Pearson’s correlation coefficients (r) and significance
values are presented in Table 1 for DLTM and water

quality parameters, and in Table 2 for yearly ampli-
tude and water quality parameters. Significant
concordance was found at the P < 0.05 level for
five water quality parameters in three research areas.
DOC ranged from 1.53 to 10.11 mg/l across all lakes
and demonstrated a positive relationship with increas-
ing mean water levels at the ELA site. Interestingly,
DOC also showed positive concordance with DLTM
and negative concordance with yearly amplitude at
the DRC area; however, both were only marginally
significant (0.05 < P < 0.10). DOC data were
unavailable for the TLWS and no relationship was
found at the LTER site. The range of pH values was
5.51-8.47 across the 16 lakes. We found a negative
correlation between pH and yearly amplitude at the
TLWS; however, no other significant correlations
were found. Sulphate, measured as SO42_, was found
at concentrations of 1.40-8.53 mg/l across the study
lakes and only one significant correlation was found.
Sulphate levels were positively correlated at the DRC
site with increasing yearly amplitude. Ca*" ranged
from 0.98 to 12.94 mg/l across all lakes and demon-
strated a positive correlation with DLTM at the DRC
research area. Conductivity values ranged from 12.0
to 99.5 pS/cm across the study lakes. Interestingly,
conductivity demonstrated significant concordance at
both the TLWS and DRC sites; however, TLWS
showed negative concordance (r = —0.36) while
DRC showed positive concordance (r = 0.16). These
contrasting trends within similar geologic and cli-
matic conditions demonstrate that water quality
concordance with WLFs is area specific. Nitrogen
was measured as NO3 ™ at the ELA and TLWS and as

Table 1 Pearson’s correlation coefficients (r) and P values for long-term research areas with selected water quality parameters and

difference from long-term mean water levels

Research area DOC (mg/l) PH S0, (mg/l) Ca>t (mg/l) Cond (uS/cm) NO;™ (ug/l) NO;~ + NO, ™~ (pg/l)
ELA ro 0.42%% -0.16 —0.29 —0.19 -0.24 0.10 NA
(2 lakes) P 0.01%* 0.29 0.06 0.21 0.12 0.51

TLWS r NA -0.19 0.06 —0.04 —0.36%* —0.05 NA
(2 lakes) P 0.22 0.72 0.80 0.027%* 0.77

DRC r 0.15% —0.01 0.07 0.17%* 0.16%* NA NA
(7 lakes) P 0.07* 0.94 0.42 0.05%* 0.05%:

LTER r —0.05 —-0.08 —0.22 —0.11 —0.15 NA 0.07
(5 lakes) P 0.67 0.48 0.84 0.29 0.16 0.49
All r NA —0.06 0.00 0.05 —0.06 NA NA
(16 lakes) P 0.34 0.99 0.35 0.26

Values with ** highlight significant concordance (P < 0.05), while values with * highlight potential concordance (0.05 < P < 0.10)
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Table 2 Pearson’s correlation coefficients (r) and P values for long-term research areas with selected water quality parameters and

yearly water amplitude

Research area DOC (mg/l) PH SO427 (mg/l) Ca*t (mg/l) Cond (uS/cm) NO;3;~ (pug/l) NO3;~ + NO,™ (pg/l)
ELA r0.10 0.02 0.01 0.16 0.17 0.13 NA
(2 lakes) P 052 0.90 0.95 0.30 0.27 0.41

TLWS r NA —0.32%% (.15 —0.06 —0.16 0.09 NA
(2 lakes) P 0.04** 0.36 0.71 0.30 0.55

DRC r —0.16% —0.13 0.18** —0.00 0.05 NA NA
(7 lakes) P 0.07* 0.11 0.04** 0.99 0.55

LTER r —0.04 —0.11 0.02 —0.10 —0.03 NA —0.07
(5 lakes) P 0.72 0.32 0.88 0.35 0.82 0.50
All r  NA —0.05 0.10% —0.02 0.02 NA NA
(16 lakes) P 0.39 0.08* 0.77 0.75

Values with ** highlight significant concordance (P < 0.05), while values with * highlight potential concordance (0.05 < P < 0.10)

NO;™ 4+ NO,  at the DRC and LTER and ranged
from 1.4 to 367.7 pg/l and 0.3-27.0 pg/l, respec-
tively. There was no concordance between nitrogen
and WLFs at any of the research areas.

WLF relationships with biota

As stated in the methodology, Trout and Sparkling
Lakes were the only lakes from the available long-term
data with appropriate biological data for analyses. We
did not find significant relationships with either fish or
macrophyte species richness and yearly amplitude. The
macroinvertebrate data did show a significant unimodal
response to DLTM in Sparkling Lake (Fig. 5). The
Gaussian,  4-parameter equation y = 14.89 4
6.35%exp(—0.5%((x — 0.04)/0.14)%) yielded a signifi-
cant (P = 0.002) relationship (¥ = 0.66) between
macroinvertebrate richness and DLTM. Richness was
highest in years closest to the long-term mean and
decreased with either increasing or decreasing water
levels. Although the same response was not evident
with macroinvertebrate richness in Trout Lake this
could likely be due to the lower WLFs experienced in
Trout Lake (—0.13 m to +0.22 m) compared to
Sparkling Lake (—0.50 m to +40.38 m). Similarly,
macrophyte richness appeared to be responding to
DLTM with the same unimodal pattern in Trout Lake;
however, a greater magnitude in WLF was likely
needed to show statistical significance (data not
shown).
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Fig. 5 Regression analysis demonstrating unimodal response
of macroinvertebrate species richness (Family level taxonomic
resolution) with DLTM over a 20 year period for Sparkling
lake at LTER-Wisconsin

Discussion

A typical intra-annual (yearly) hydrograph for unreg-
ulated ‘natural’ inland lakes of the Laurentian Great
Lakes region consists of a pulse of water in the spring
during snowmelt (April-May) and a subsidiary pulse
again in the fall (October—November). This results in
a ~75 cm increase in spring water levels and a
~25 cm increase in fall water levels demonstrating a
bimodal pattern and ‘flashy’ (Boreal Shield lakes)
response due to the impermeable bedrock (Fig. 6).
Limnologists have long recognized this intra-annual
pattern in WLFs, but what was not evident was how
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inter-annual WLFs change over time, and just as
importantly, the magnitude and patterns that exist
across multiple lake systems. A clear oscillation, or
periodicity, (~ 10 years) is evident across the 16
lakes, whether this pattern will persist or was present
before the 20 years of available data is unknown.
Interestingly, the oscillation is consistent between
lakes, presumably due to the overriding effect of
similar climatic conditions within the Laurentian
Great Lakes watershed. This pattern in WLF could
not be related to the North Atlantic Oscillation
(NAO) as was found in Lake Vortsjirv (Noges et al.,
2003) or the Southern Oscillation Index (SOI), but it
is likely associated with periodicity in precipitation
events driven by global climatic factors. The same
concordance among lakes was not found with ampli-
tude and analyses on a lake-by-lake basis revealed
that amplitude does vary greatly between years
showing no continuity within a single lake (data not
shown).

The waveform response in DLTM across multiple
lakes suggests that it is largely regulated by broad-
scale ecoregion climatic conditions. Conversely, the
minute concordance of amplitude among lakes and
indiscernible scatter within and between lakes (data
not shown) suggest that it is influenced by local,
small-scale, ecodistrict effects. The negative slope of
both linear regressions (DLTM, amplitude) across
time suggests that mean water levels and amplitude
intensities have been decreasing in the Laurentian
Great Lakes region over the last 20 years. This
pattern supports many climate change scenarios

20

Water level above reference (m)
3

Winter Spring Summer Fall
14 T T T
0 100 200 300
Julian day

Fig. 6 Typical intra-annual hydrograph for Turkey Lake, 1994
(TLWS)

(Blenckner, 2005; Giorgi et al., 2001; Magnuson
et al.,, 1997; Suffling & Scott, 2002), as temperate
regions increase in annual temperature evaporation
rates increase and rainfall becomes more consistent
throughout the year.

Due to the varying frequencies that water level
measurements were taken between research areas, it
was not feasible to assess the effect of fine scaled
intra-annual differences in WLFs (timing of min and
max water levels and rates of increase or decrease)
with biota or water quality parameters. However, we
found that inter-annual WLFs demonstrated signifi-
cant concordance with water quality parameters as
has been suggested by other studies. Webster et al.
(1996, 2000) demonstrated that Wisconsin lakes of
various landscape positions responded differently to
increases in calcium and magnesium concentrations
after a 2-year drought. Temperate lakes also have
demonstrated concordance with DOC concentrations
in relation to landscape characteristics (Rasmussen
et al., 1989; Xenopoulos et al., 2003) and nitrate
concentrations with winter climate conditions
(George et al., 2004). Similarly, in an investigation
of Boreal Plain lakes of northern Alberta, inorganic
and organic nutrients were correlated with land use,
soil properties and vegetation communities (Prepas
et al., 2001). We show that all boreal shield research
areas, but not the LTER area, exhibited concordance
with WLFs (DLTM or amplitude). The lack of
concordance with the LTER lakes can be explained
by the porous glacial soil and resultant dominant
groundwater inputs to the LTER lakes compared to
the impervious bedrock found at the other three
research areas. This translates to boreal lakes receiv-
ing direct surface water runoff exposed to nutrient
leaching during precipitation events. The LTER-
Wisconsin lakes are fed by groundwater sources that
are homogenous in nutrient and elemental composi-
tions and are less influenced by precipitation events
due to percolation of surface runoff through the
substratum into groundwater recharge areas. Lake
separation through PCA analysis also supports the
characteristically  discriminant LTER-Wisconsin
lakes. The demonstrated concordance of water qual-
ity with WLFs is not unexpected as water levels are
directly controlled by hydrological inputs that are
driven by drought and precipitation events. An
increase or decrease in water level indicates a shift
in a lakes hydrologic budget. The concordance of
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water quality with WLFs results from the multifar-
ious interaction of landscape controls (Dillon &
Molot, 2005), internal lake nutrient cycling (Hanson
et al., 2003), and biotic relationships (Wagner &
Falter, 2002).

Species response to WLFs has been well docu-
mented in riverine systems and relationships of
macroinvertebrate community structure to riverine
WLFs has been demonstrated often (Ogbeibu &
Oribhabor, 2002; Wood & Armitage, 2004). Lentic
systems, and in particular temperate systems, have
received much less attention. This is due presumably
to the subordinate magnitude of WLFs in temperate
lentic systems when compared to riverine systems.
Since the biota inhabiting these systems have evolved
with distinctive WLFs, deviations from these regimes
may dramatically alter community composition and
biotic richness, particularly in littoral areas. Recently,
aquatic ecologists have started to recognize the
importance of WLFs in temperate lentic ecosystems
through research geared toward evaluating the
impacts of regulated WLFs in reservoirs. These
studies have focused mainly on the effect of yearly
amplitude on macrophyte diversity. All studies sug-
gest that a fluctuation between 1.5 and 2.0 m is the
optimal level at which the highest macrophyte
diversity is attained (Hill et al., 1998; Wagner &
Falter, 2002; Wilcox & Meeker, 1991). A New
Zealand study focusing on the low growing mixed
macrophyte community along lake margins of 21
lakes yielded similar results, suggesting that a 1.1-m
fluctuation yielded highest species richness in this
zone (Riis & Hawes, 2002). The same study also
conjectured that inter-annual WLFs were just as
important as intra-annual WLFs in establishing high
levels of species richness.

While these studies concerning macrophytes in
regulated systems provide enormous insight into the
confounding influences of WLFs, the results are
limited as they are short-term (2 years max), evaluate
yearly amplitude only, focus on macrophytes and
often do not incorporate pristine reference conditions.
They do not assimilate the dynamic patterns of WLFs
across multiple years, or account for the fact that
amplitudes are not consistent between years in any
natural lake system.

Macrophyte diversity did not show a significant
response with changes in WLFs in this study;
however, the data obtained from Trout lake suggest
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that macrophytes near the lower limit of the photic
zone (~4 m) begin to demonstrate decreased diver-
sity in years experiencing maximum amplitudes
(~25 cm) events (data not shown). This is not
surprising as aquatic plants inhabiting these depths
are likely Photosynthetically Active Radiation (PAR)
limited in the spring during the start of the growing
season when amplitudes would be at their highest.
Similarly, macrophyte richness attained its highest
numbers in years closest to the long-term mean (data
not shown). This suggests that macrophyte diversity
may be responding to WLFs but a significant pattern
is not discernable at current natural WLFs. Changes
to the current pattern of natural WLFs (i.e., climate
change) may elicit a response in macrophyte richness.
In this study, macroinvertebrates demonstrated a
classical unimodal response to DLTM and WLFs.
Maximum species richness was attained in years
closest to the mean water level and decreased as
mean water levels deviated (4 or —) from the long-
term mean. It can be postulated that this is a result of
mean DLTM community structures containing spe-
cies which favor both high and low water levels. The
sensitivity of macroinvertebrates to WLFs compared
to macrophytes and fish in this study is not surprising.
Macroinvertebrate communities have long been con-
sidered paramount in biomonitoring projects due to
their inherent characteristics; diverse functional feed-
ing groups, importance in food webs, sensitivity to
water quality, confined to specific area, and they are
easy to sample (Mackie, 2001). These same proper-
ties result in their highly responsive nature to WLFs
and appropriateness in assessing associated impacts
to aquatic systems. Previous research concerning
macroinvertebrates and WLFs in lentic systems has
focused on ephemeral and permanent flooding of
wetlands (Hillman & Quinn, 2002; Neckles et al.,
1990; Whiles & Goldowitz, 2005). The effect on
boreal lakes (where species are not adapted to extreme
WLFs) is largely unknown. The few studies that have
been conducted in lentic Boreal systems involve
anthropogenic changes in amplitude with increasing
amplitudes resulting in decreased species diversity
(Grimas, 1961) and extirpation of important taxa,
including amphipods and isopods (Hunt & Jones,
1972) and Hexagenia sp. and Oecetis sp. (Cooper,
1980). Although these studies were conducted on
regulated systems they do demonstrate the highly
responsive nature of macroinvertebrates to WLFs.
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The stimulation of species diversity associated
with the intermediate disturbance hypothesis has been
demonstrated in many habitats (Bertrand et al., 2004;
Johst & Huth, 2005; Valdivia et al., 2005; Wilcox &
Meeker, 1991). This study demonstrates that the
amount of disturbance created by natural WLFs in the
Laurentian Great Lakes watershed stimulates diver-
sity in biotic communities. Nevertheless, the
plasticity of these systems to uncharacteristic
increases or alterations to natural WLFs due to
anthropogenic effects (climate change and water
regulation) is uncertain. Much of our current under-
standing of WLFs in temperate lentic systems stems
from detailed studies of regulated systems. The
majority of this research focuses on changes in yearly
amplitude and suggests that ~2 m yearly fluctuation
results in the highest macrophyte diversity. This
study demonstrates that DLTM should also be
considered when making management decisions as
has been suggested by Riis & Hawes (2002).
Furthermore, macroinvertebrates should be utilized
also due to their higher sensitivity to WLFs compared
to macrophytes. More importantly, community struc-
ture and abundances need to be considered as many
invertebrate species are important food sources for
birds, fish and amphibians, which ultimately has
unforeseen consequences for many species through-
out the food web. Lastly, as is evident in Fig. 6,
future studies in lentic systems should quantify other
properties of hydrographs that are commonly char-
acterized in riverine systems, such as, number of
pulse events, durations of higher water level, rate of
increase and decrease, and timing of pulse events to
determine how these characteristics may influence
lentic systems.

In conclusion, water quality responds immediately
to natural WLFs in the Boreal Shield ecozone.
Macro-biota appear to be less sensitive (have a
delayed response) to natural WLFs; however, macr-
oinvertebrates did show a significant unimodal
response (possibly due to their higher mobility) while
slight alterations to the sessile macrophyte commu-
nity were noted. This study emphasizes the need for
aquatic ecologists, reservoir managers and climate
change modelers to assimilate the dynamic ways in
which WLFs change across time, both within and
between years. The role of natural WLFs are of
paramount importance in structuring aquatic commu-
nities, especially in littoral habitats, and alterations to

these patterns (climate change and water regulation)
may result in severe consequences to water quality,
biodiversity and the health of lake ecosystems. The
data presented in this study, acquired from renowned
lacustrine research areas, supports the hypothesis that
natural WLFs act as an intermediate disturbance that
structures the physical, chemical, and biotic compo-
nents of lacustrine ecosystems. The incorporation of
long-term data in aquatic ecosystem assessments
cannot be understated (Kratz et al., 2003). It is only
with long-term monitoring programs that we can truly
comprehend the complex way in which communities
interact with their stochastic environments.

Acknowledgments We would like to thank the many
researchers who collected data over the various years at the
Experimental Lakes Area, the Dorset Research Centre, the
Turkey Lakes Watershed Study and the Long-Term Ecological
Research area in northern Wisconsin. In particular, Ken Beaty
(ELA), Stephen Page (ELA), Ray Semkin (TLWS) and Jim
Rusak (LTER-Wisconsin) are thanked for providing data for
this research. Dr. Mark Hanson and Henry Wilson are thanked
for their reviews of this manuscript.

References

Bertrand, C., E. Franquet, N. Chomerat & A. Cazaubon, 2004.
An approach to the intermediate disturbance hypothesis at
the landscape scale: the effects of hydrodynamic distur-
bance on phytoplankton communities. Archiv fuer
Hydrobiologie 161: 351-369.

Blenckner, T., 2005. A conceptual model of climate-related
effects on lake ecosystems. Hydrobiologia 533: 1-14.
Cooper, C. M., 1980. Effects of abnormal thermal stratification
on a reservoir benthic macroinvertebrate community.

American Midland Naturalist 103: 149-154.

Coops, H., M. Beklioglu & T. L. Crisman, 2003. The role of
water-level fluctuations in shallow lake ecosystems—
workshop conclusions. Hydrobiologia 506-509: 23-27.

Department of Fisheries and Oceans, 2005. Experimental
Lakes Area. http://www.dfo-mpo.gc.ca/regions/central/
science/enviro/ela-rle_e.htm.

Dillon, P. J. & L. A. Molot, 2005. Long-term trends in
catchment export and lake retention of dissolved organic
carbon, dissolved organic nitrogen, total iron, and total
phosphorus: the Dorset, Ontario, study, 1978-1998.
Journal of Geophysical Research 110.

Fisher, P. & U. Ohl, 2005. Effects of water-level fluctuations
on the littoral benthic fish community in lakes: a meso-
cosm experiment. Behavioral Ecology 16: 741-746.

Furey, P. C., R. N. Nordin & A. Mazumder, 2004. Water
drawdown affects physical and biogeochemical properties
of littoral sediments of a reservoir and a natural lake. Lake
and Reservoir Management 20: 280-295.

George, D. F., S. C. Maberly & D. P. Hewitt, 2004. The
influence of the North Atlantic Oscillation on the winter

@ Springer


http://www.dfo-mpo.gc.ca/regions/central/science/enviro/ela-rle_e.htm
http://www.dfo-mpo.gc.ca/regions/central/science/enviro/ela-rle_e.htm

30

Hydrobiologia (2008) 613:21-31

characteristics of lakes in the English Lake District.
Freshwater Biology 23: 55-70.

Giorgi, F., P. H. Whetton, R. G. Jones, J. H. Christensen, L. O.
Mearns, B. Hewiston, H. von Storch, R. Francisco & C.
Jack, 2001. Emerging patterns of simulated regional cli-
matic changes for the 21st century due to anthropogenic
forcings. Geographical Research Letters 28: 3317-3320.

Government of Canada, 2005. Turkey Lakes Watershed.
http://www.tlws.ca/.

Grimas, U., 1961. The bottom fauna of natural and impounded
lakes in northern Sweden. Report from the Institute of
Freshwater Research, Drottningholm 42: 183-237.

Hanson, P. C., D. L. Bade, S. R. Carpenter & T. K. Kratz,
2003. Lake metabolism: relationships with dissolved
organic carbon and phosphorus. Limnology and Ocean-
ography 48: 477-497.

Hill, N. M., P. A. Keddy & I. C. Wisheu, 1998. A hydrological
model for predicting the effects of dams on the shoreline
vegetation of lakes and reservoirs. Environmental Man-
agement 22: 723-736.

Hillman, T. J. & G. P. Quinn, 2002. Temporal changes in
macroinvertebrate assemblages following experimental
flooding in permanent and temporary wetlands in an
Australian floodplain forest. River Research and Appli-
cations 18: 137-154.

Hunt, P. C. & J. W. Jones, 1972. The effect of water level
fluctuations on a littoral fauna. Journal of Fish Biology 4:
385-394.

Hutchinson, G. E., 1953. The concepts of pattern in ecology.
Proceedings of the Academy of Natural Sciences of
Philadelphia 105: 1-12.

Johst, K. & A. Huth, 2005. Biodiversity research: testing the
intermediate disturbance hypothesis: when will there be
two peaks of diversity? Diversity and Distributions 11:
111-120.

Kratz, T. K., L. A. Deegan, M. E. Harmon & W. K. Lauenroth,
2003. Ecological variability in space and time: insights
gained from the US LTER program. BioScience 53:
57-67.

Loaiciga, H. A., J. B. Valdes, R. Vogel, J. Garvey & H. Sch-
warz, 1996. Global warming and the hydrologic cycle.
Journal of Hydrology 174: 83-127.

Mackie, G. L., 2001. Applied Aquatic Ecosystem Concepts.
Kendall/Hunt Publishing Company, Dubuque, Iowa:
1-400.

Magnuson, J. J., K. E. Webster, R. A. Assel, C. J. Bowser, P. J.
Dillon, J. G. Eaton, H. E. Evans, E. J. Fee, R. 1. Hall, L. R.
Mortsch, D. W. Schindler & F. H. Quin, 1997. Potential
effects of climate changes on aquatic systems: Laurentian
Great Lakes and Precambrian Shield Region. Hydrologi-
cal Processes 11: 825-871.

McCune, B. & M. J. Mefford, 1999. PC-ORD. Multivariate
analysis of ecological data. MjM Software, Gleneden
Beach, Oregon, USA.

Mclntyre, J. W., 1994. Loons in freshwater lakes. Hydrobio-
logia 279-280: 393-413.

Molot, L. A. & P. J. Dillon, 1991. Nitrogen phosphorous ratios
and the prediction of chlorophyll in phosphorus-limited
lakes in central Ontario. Canadian Journal of Fisheries and
Aquatic Sciences 48: 140-145.

@ Springer

Molot, L. A. & P. J. Dillon, 1993. Nitrogen mass balances and
denitrification rates in central Ontario lakes. Biogeo-
chemistry 20: 195-212.

Neckles, H. A., H. R. Murkin & J. A. Cooper, 1990. Influences
of seasonal flooding on macroinvertebrate abundance in
wetland habitats. Freshwater Biology 23: 311-322.

Noges, T., P. Noges & R. Laugaste, 2003. Water level as the
mediator between climate change and phytoplankton
composition in a large shallow temperate lake. Hydrobi-
ologia 506-509: 257-263.

Ogbeibu, A. E. & B. J. Oribhabor, 2002. Ecological impact of
river impoundment using benthic macro-invertebrates as
indicators. Water Research 36: 2427-2436.

Pimentel, D., B. Berger, D. Filiberto, M. Newron, B. Wolfe, E.
Karabinakis, S. Clark, E. Poon, E. Abbett & S. Nandag-
opal, 2004. Water resources: agricultural and
environmental issues. BioScience 54: 909-918.

Prepas, E. E., D. Planas, J. J. Gibson, D. H. Vitt, T. D. Prowse,
P. W. Dinsmore, L. A. Halsey, P. H. McEachern, S. Pa-
quet, G. J. Scrimgeour, W. M. Tonn, C. A. Paszkowski &
K. Wolfstein, 2001. Landscape variables influencing
nutrients and phytoplankton communities in Boreal Plain
lakes of northern Alberta: a comparison of wetland- and
upland- dominated catchments. Canadian Journal of
Fisheries and Aquatic Sciences 58: 1286—1299.

Rasmussen, J. B., L. Godbout & M. Schallenberg, 1989. The
humic content of lake water and its relationship to
watershed and lake morphometry. Limnology and
Oceanography 23: 1336-1343.

Riis, T. & 1. Hawes, 2002. Relationships between water level
fluctuations and vegetation diversity in shallow water of
New Zealand lakes. Aquatic Botany 74: 133-148.

SAS, 2001. The SAS System for Windows Version 8.02. SAS
Institute Inc., Cary, NC, USA.

SPSS, 2000. SigmaPlot 2000 for Windows Version 6.00. Systat
Software Inc., Point Richmond, CA, USA.

Suffling, R. & D. Scott, 2002. Assessment of climate change
effects on Canada’s National Park system. Environmental
Monitoring and Assessment 74: 117-139.

Turner, M. A., D. B. Huebert, D. L. Findlay, L. L. Hendzel, W.
A. Jansen, R. A. Bodaly, L. M. Armstrong & S. E. M.
Kasian, 2005. Divergent impacts of experimental lake-
level drawdown on planktonic and benthic plant com-
munities in a boreal forest lake. Canadian Journal of
Fisheries and Aquatic Sciences 62: 991-1003.

University of Wisconsin, 2004. North Temperate Lakes Long
Term Ecological Research Program. http://limnosun.
limnology.wisc.edu/.

Valdivia, N., A. Heidemann, M. Thiel, M. Molis & M. Wahl,
2005. Effects of disturbance on the diversity of hard-
bottom macrobenthic communities on the coast of Chile.
Marine Ecology Progress Series 299: 45-54.

Wagner, T. & M. C. Falter, 2002. Response of an aquatic
macrophyte community to fluctuating water levels in an
oligotrophic lake. Lake and Reservoir Management 18:
52-65.

Webster, K. E., T. K. Kratz, C. J. Bowser, J. J. Magnuson & W.
J. Rose, 1996. The influence of landscape position on lake
chemical responses to drought in northern Wisconsin.
Limnology and Oceanography 41: 977-984.


http://www.tlws.ca/
http://limnosun.limnology.wisc.edu/
http://limnosun.limnology.wisc.edu/

Hydrobiologia (2008) 613:21-31

31

Webster, K. E., P. A. Soranno, S. B. Baines, T. K. Kratz, C. J.
Bowser, P. J. Dillon, P. Campbell, E. J. Fee & R. E.
Hecky, 2000. Structuring features of lake districts: land-
scape controls on lake chemical responses to drought.
Freshwater Biology 43: 499-515.

Weston, H. N., J.-M. Davis, R. N. Nordin & A. Mazumder,
2004. Effects of water level fluctuation and short-term
climate variation on thermal and stratification regimes of a
British Columbia reservoir and lake. Lake and Reservoir
Management 20: 91-1091.

Whiles, M. R. & B. S. Goldowitz, 2005. Macroinverte-
bratecommunities in central Platte River wetlands:
patterns across a hydrologic gradient. Wetlands 25:
462-472.

Wilcox, D. A. & J. E. Meeker, 1991. Disturbance effects on
aquatic vegetation in regulated and unregulated lakes in
northern Minnesota. Canadian Journal of Botany 69:
1542-1551.

Wood, P. J. & P. D. Armitage, 2004. The response of the
macroinvertebrate community to low-flow variability and
supra-seasonal drought within a groundwater dominated
stream. Archiv fuer Hydrobiologie 161: 1-20.

Xenopoulos, M., D. M. Lodge, J. Frentress, T. A. Kreps, S. D.
Bridgham, E. Grossman & C. J. Jackson, 2003. Regional
comparisons of watershed determinants of dissolved
organic carbon in temperate lakes from the Upper Great
Lakes region and selected regions globally. Limnology
and Oceanography 48: 2321-2334.

@ Springer



	Natural lake level fluctuation and associated concordance with water quality and aquatic communities within small lakes of the Laurentian Great Lakes region
	Abstract
	Introduction
	Materials and methods
	Data sources
	WLFs indices
	Water quality parameters
	Biological data
	Statistical analyses

	Results
	Lake characterization
	WLF characterization
	WLF concordance with water quality
	WLF relationships with biota

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


