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A eutrophicationmodel usingWater Analysis Simulation Program (WASP) has been applied to LakeWinnipeg
during the period from 2002 to 2007. The model includes two nutrient cycles (N and P) and three functional
phytoplankton groups (non-cyanobacteria, N-fixing cyanobacteria and non-N-fixing cyanobacteria). The
model also considers distinct features of the morphological, hydrological, and climate conditions of the South
and North Basins. The calibrated and validated results of water quality variables are in good agreement with
the observed data of TN, NO3, NH4, TP, PO4, DO, and total chlorophyll-a. The model reproduced qual-
itative features of phytoplankton communities in space and time, such as cyanobacteria in the North Basin
during the late summer and non-cyanobacteria in the South Basin during the spring. The non-N-fixing
cyanobacteria showed an increasing trend, even though it occupied smaller percentage than N-fixer within
total cyanobacteria. Multiple nutrient-reduction scenarios were examined to assess the potential influence
of different N:P loading ratios on the lake ecosystem. A 10% reduction of phosphorus decreased the
cyanobacteria percentage in both basins, and reduced peak values of chlorophyll-a concentration during late
summer in the North Basin. However, model results indicate that this will promote growth of
non-N-fixing cyanobacteria. A reduction of nitrogen and phosphorus loading by 10% will restrict non-N-
fixing cyanobacteria. The averaged phytoplankton biomass (expressed as chlorophyll-a concentration) and
phytoplankton components suggest that increasing N:P loading ratio (P reductionN12% and N reductionb7%)
would be effective for improving water quality in Lake Winnipeg.

© 2011 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
Introduction

In the last three decades, the accrued human activities in the Lake
Winnipeg watershed have significantly impacted the health of the
lake ecosystem. Eutrophication is one of the major current water
quality issues of Lake Winnipeg (LWSB, 2006). An increased amount
of nitrogen and phosphorus has reached the lake from a variety of
sources, such as municipal sewage, agriculture, livestock waste, and
industrial discharges. Satellite imagery shows widespread cyanobac-
teria (bluegreen algae) blooms in the North Basin of Lake Winnipeg
(especially in the summers of 2003 and 2006), and more localized
algal blooms in the South Basin (McCullough, 2009). Microfossil
evidence from the sediment cores taken from both the basins of Lake
Winnipeg also showed that the species composition in the upper
sediments has changed to taxa that are more typically found in high
nutrient waters (e.g., Aulacoseira, Stephanodiscus, and nitrogen fixing
bluegreen algae Aphanizomenon and Anabaena), which was inter-
preted as an effect of increased anthropogenic eutrophication (Kling,
1998). Meanwhile, a comparison of dominant species composition
between 1969 and 1994 indicates that the lake phytoplankton
diversity decreased (Kling, 2007).
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Water quality models have been widely developed to improve
understanding of lake biogeochemical characteristics and to provide
an essential framework for water quality management. A function of
these models aims to estimate the nutrient load reduction required to
reduce algal blooms and water column nutrient concentrations. Since
the 1970s, some large shallow lakes with cultural eutrophication
concerns, such as Lake Erie and Lake Okeechobee, have been modeled
extensively to assess lake-wide responses to external nutrient load
reductions and to analyse the internal nutrient processing within the
lakes (Di Toro et al., 1973; James et al., 1997). These models were
enhanced over time to improve their performances, including the
addition of interaction between water column and sediment layer
(e.g., the impact of sediment resuspension to the water column, James
et al., 1997), increasing the number of major algal classes (such as
adding N-fixing cyanobacteria, James et al., 2005), expansion in the
number of spatial segments (Di Toro and Connolly, 1980), the impact
of invasion species (e.g., quagga and zebra mussels in Lake Erie,
Boegman et al., 2008), and the direct coupling of three-dimensional
hydrodynamic model (León et al., 2006). Recently, a simple mass
balance model considered nutrient loadings entering and leaving the
lake to estimate the total P concentration of Lake Winnipeg and their
trends from 1919 to 2006 (Stainton and McCullough, 2007). Lake
Winnipeg has unique morphometric features with shallow depth,
large surface area, and high drainage to surface area ratio of about 40
(Brunskill et al., 1980). The hydrological and geological properties and
al Association for Great Lakes Research.
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nutrient loading between the South Basin and the North Basin are also
different. Because of the complex morphometry and biogeochemical
structure of Lake Winnipeg, detailed eutrophication modeling studies
are needed to obtain a better understanding of the lake ecosystem and
to assist in developing long-term nutrient management goals for the
lake.

In this paper, a spatially segmented eutrophication model of Lake
Winnipeg was developed by applying the Water Quality Analysis
Simulation Program (WASP) V7.3 (Ambrose et al., 1993). The main
objective is to simulate two essential elemental cycles (N and P) and
the dynamics of three functional phytoplankton groups (non-
cyanobacteria, N-fixing cyanobacteria and non-N-fixing cyanobac-
teria) using nutrient loadings to the South and North Basins for the
period from 2002 to 2007. Actual morphology, observed hydrology
and climate conditions during this period have been used. The
calibrated model was used to examine the response of key state
variables under different nutrients reduction scenarios.

Methods

Model description

TheWASPmodel has beenmodified and improved for over 30 years
since it was derived from the Potomac Eutrophication Model. In the
recent version (WASP7.3), the approach of aggregating the algae into
several dominant functional groups (e.g., diatoms, greens, cyanobac-
teria, etc.) was applied in the simulation of phytoplankton dynamics
(Wool et al., 2008a). This model has been used for setting the nutrient
target loads in several lakes and rivers. The model for multiple-algal
groups could enhance the capacity of model simulation on seasonal
variations, and reflect the realistic relationship between nutrients and
phytoplankton dynamics. Because of these reasons this model has been
applied to address important issues, such as cyanobacteria blooms and
phytoplankton diversity under different nutrient-reduction scenarios.
Although the observations of nutrients and phytoplankton are
inadequate to develop a three-dimensional model to describe the
current state of the lake, efforts are being made by the authors to
develop such a model for the lake. However, those studies are not
intended for long-term simulations as carried out in this study.

Plankton community
The eutrophication model of Lake Winnipeg focuses on the

simulation of two elemental cycles (N and P) and three phytoplankton
groups (non-cyanobacteria, N-fixing cyanobacteria and non-N-fixing
cyanobacteria) (Fig. 1). The non-cyanobacteria group (P1) represents
Fig. 1. Schematic of the phosphorus and nitrogen cycles of the Lake Winnipeg WASP
model. The solid line arrows indicate flows of matter through the system. P1:
Phytoplankton group 1 (non-cyanobacteria); P2: Phytoplankton group 2 (N-fixing
cyanobacteria); P3: Phytoplankton group 3 (non-N-fixing cyanobacteria). (a) phyto-
plankton uptake; (b) phytoplankton respiration; (c) phytoplankton death; (d) detritus
dissolution; (e) mineralization; (f) nitrification; (g) denitrification; (h) cyanobacteria N
fixation; (i) settling; (j) resuspension.

Please cite this article as: Zhang, W., Rao, Y.R., Application of a eutroph
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phytoplankton species in Lake Winnipeg including Diatoms (Aulaco-
seira islandica), green algae (chlorophytes), and cryptophytes (Kling,
1996). The N-fixing cyanobacteria group (P2) denotes heterocystous
bluegreens (Aphanizomenon and Anabaena). The non-N-fixing cyano-
bacteria group (P3) represents the non-heterocystous cyanobacterial
taxa, such as Mirocystis, a particularly toxic bloom-former. Kling
(1996) also suggested that the non-cyanobacterial algae usually
dominate the spring and cyanobacteria species are abundant in mid to
late summer. In the year-to-year variability, the non-cyanobacteria
group have the advantage during the wet and cool years, whereas the
cyanobacteria group yield massive blooms in warm and dry years
(Kling, 1998). The size and magnitude of cyanobacterial blooms have
been increasing during the last two decades, and mainly, various
forms of the heterocystous N-fixers (P2 group) dominated those
blooms. Recently, there has been a gradual increase of colony forming
Microcystis species (P3 group) in Lake Winnipeg. In 2006, water
samples data showed that very high concentrations of microcystin
(N2000 μg L−1) have been occasionally detected during intensive off-
shore and in-shore algal bloom events althoughmicrocystin levels are
usually quite low (less than 1 μg L−1) in open water locations (Kotak
et al., 2009).

The three phytoplankton functional groups are characteristic of
their differing strategies for resource competition (nitrogen, phos-
phorus, light, and temperature) and metabolic rates as well as their
morphological features (settling velocity and shading effects).
Phytoplankton growth temperature dependence was chosen by the
formulation which allows the predicted temperature adjustment
factor to increase below an optimum level and to decrease above the
optimum value (Cerco and Cole, 1994). Steele's equation was used to
describe the relationship between photosynthesis and light intensity
along with Beer's law to scale photosynthetically active radiation to
depth (Smith, 1980). The computation of the total light extinction
considered the impacts of algal shelf shading and non-algal light
attenuation (such as solids and detritus). The non-cyanobacteria (P1)
are modeled as r-selected organisms with relatively high maximum
growth rates and higher respiration rates, strong phosphorus and
weak nitrogen competitors, no capability of N fixation, low temper-
ature optima, and high sinking velocities. By contrast, two cyano-
bacterial groups (P2 and P3) are modeled as K-strategists with lower
maximum growth and lower metabolic rates, weak P and strong N
competitors, low settling velocities, and high temperature optima. The
model also reflected the differences in biological features between the
two bluegreens. Aside from the ability to fix N2, P2 group
(Aphanizomenon and Anabaena) is configured to a higher maximum
growth rate, lower phosphorus uptake affinities, higher abilities in
nitrogen assimilation, and slightly lower preference temperature than
P3 group (Microcystis) based on field and laboratory data (Dokulil and
Teubner, 2000). In this model, silica requirements for non-cyanobac-
teria are not considered as the silica balance was not modeled.
Because of lack knowledge of zooplankton seasonal variability, death
rates are calibrated with somewhat higher values for non-cyanobac-
teria for favourable grazing from zooplankton. However, a lower
death rate is adopted for the cyanobacteria groups to model less
favourable predation from zooplankton (Lampert, 1987).

Nitrogen cycle
Four nitrogen variables are modeled: nitrate (NO3), ammonium

(NH4), dissolved organic nitrogen (DON), and particulate organic
nitrogen (PON) (Fig. 1). Both ammonium and nitrate are utilized by
phytoplankton during growth. Algae generally have a preference for
ammonium and the fraction of preferential uptake from ammonium is
a function of its concentration and the concentration of the dissolved
inorganic nitrogen (DIN=NO3+NH4). Phytoplankton basal metabo-
lism releases ammonium and organic nitrogen in the water column. A
fraction of the particulate organic nitrogen hydrolyzes (dissolution) to
dissolved organic nitrogen, and also PON sinks to sediment and
ication model for assessing water quality in Lake Winnipeg, J Great
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returns to lake water through resuspension. Dissolved organic
nitrogen is mineralized to ammonium. In an oxygenated water
column, ammonium is oxidized to nitrate through nitrification and its
kinetics is modeled as a function of available ammonium, dissolved
oxygen, temperature (Cerco and Cole, 1994). The annual contribution
of N2 fixation to Lake Winnipeg was about 9300 tonnes based on
measurements of nitrogen fixation during algae bloom in the
northern basin (LWSB, 2006). From limited historic records of Lake
Winnipeg, the summer mean TN concentrations in the south basin
increased from 1969 to the early 1990s at a rate of 8.5 μg L−1 yr−1

(see Table 5, MWS, 2006). More recently, (1992–2005), this
increasing trend continued (14.7 μg L−1 yr−1 in the South Basin and
21 μg L−1 yr−1 in the North Basin) (see Table 3, MWS, 2006).

Phosphorus cycle
Three phosphorus forms were simulated in the model: phosphate

(PO4 or DIP dissolved inorganic phosphorus), dissolved organic phos-
phorus (DOP), and particulate organic phosphorus (POP) (Fig. 1).
Phytoplankton uptakes phosphate and redistributes the three forms
of phosphorus through basal metabolism. Particulate organic phos-
phorus can be hydrolyzed to dissolved organic phosphorus, and
another fraction has the mass exchange with the sediment through
settling and resuspension. Dissolved organic phosphorus is mineral-
ized to phosphate through a first-order reaction. In Lake Winnipeg,
the summermean TP concentrations in the South Basin has not shown
significant increases from 1969 to the early 1990s (0.3 μg L−1 yr−1

(see Table 5, MWS, 2006). However, the recent measurements for
the period 1992–2005 showed an increasing tendency for mean TP
concentrations in both basins of Lake Winnipeg (5 μg L−1 yr−1 in the
South Basin and 2.5 μg L−1 yr−1 in the North Basin) (see Table 3,
MWS, 2006). From phosphorus profiles of sediment cores collected in
the South Basin, deposition of non-apatite P has increased over the
20th century, suggesting that much of sedimentary increase is
attributable to changes in the nutrient status of the water column
related to anthropogenic inputs (Mayer et al., 2006).

Model site description

Model segmentation
Lake Winnipeg is the 10th largest lake by area in the world, with

24,000 km2 surface area and 400 km long from south to north. It is
composed of a smaller South Basin and a larger North Basin. The two
basins are connected by the Narrows, a 2.5-kilometre-wide channel.
LakeWinnipeg is well mixed vertically due to the shallow depth, large
fetch, and strong winds (Brunskill et al., 1980). The currents
generated by winds and waves are important for the resuspension
and the transport of sediments. The North Basin is less turbid
compared to the South Basin in response to wind-driven shore
erosion and bottom resuspension events (McCullough et al., 2001).
Fig. 2. The schematic of segmentation of Lake Winnipeg model. Segment 1: South Basin wa
Segment 4: North Basin sediment.

Please cite this article as: Zhang, W., Rao, Y.R., Application of a eutroph
Lakes Res (2011), doi:10.1016/j.jglr.2011.01.003
During 2007, the daily temperature differences between the surface
and bottom varied by ~1 °C in the South Basin and up to 1.6 °C in the
North Basin (Rao and Zhao, 2009). However, at the monthly scales
that were employed in this study these vertical temperature
differences are not a major concern. Therefore, the WASP model of
Lake Winnipeg was applied to two homogeneous surface water
segments to represent the lake's spatial environment: South Basin
(combined South Basin and Narrows) and North Basin; and the model
also contains two sediment segments underlying South and North
basins, respectively (Fig. 2). The basic morphological information for
each segment is obtained from the data provided in Brunskill et al.
(1980) and recent measurements in Lake Winnipeg (Table 1).

Flows
Flow exchange between adjoiningmodel segments is calculated by

gross flows across segment interfaces. Since this model is applied at
monthly scales, short-period wind-driven oscillations such as seiches
(usually in hours, Einarsson and Lowe, 1968) were not considered in
the estimation of flow exchange between the two basins. The water
balance consists of river inflows, precipitation, evaporation, and
outflow. In the South Basin, two major river systems discharge to
the lake, Winnipeg River (combined with unmetered southeast
watershed inflows, monthly averaged discharge of 1241 m3s−1

during the period from 2002 to 2007) and Red River (combined
with unmetered south watershed inflows, monthly averaged dis-
charge of 339 m3s−1) (Fig. 3a). Saskatchewan River (combined with
unmetered northeast and west watershed inflows, monthly averaged
discharge of 887 m3s−1) and Dauphin River (monthly averaged
discharge of 86 m3s−1) are two main tributaries for the North Basin
(Fig. 3b). The monthly values of inter-basin flow (between the South
Basin and the North Basin) was adjusted in order to fit the water level
changes in two basins (averaged monthly flow of 1533 m3s−1;
Figs. 3a, c and d). The average precipitation data was used from the
records of the weather stations around Lake Winnipeg. The evapo-
ration data was scaled from the estimation of monthly evaporation off
Dauphin Lake (Morton 1986). The Nelson River is the only outflow of
Lake Winnipeg with monthly averaged flow of 2384 m3s−1 (Fig. 3b).
The 6-year averages of hydraulic retention time in our modeling
system are 4.4 y for the entire lake, 1.4 y for the South Basin, and 3.6 y
for the North Basin. In 2003, the water retention times were the
highest during the modelling period, with 2.2 y and 5.8 y in the South
Basin and North Basin, respectively. There is a noticeable increase in
the retention times (4.4 y) during 2002–2007 compared to earlier
estimates of the whole lake (3.3 y) obtained from 1969 to 1974 data
(Brunskill et al., 1980).

Forcing functions
TheWASP temperature module was used to predict water column

temperature of both basins (Fig. 3e). The surface heat exchange
ter column; Segment 2: South Basin sediment; Segment 3: North Basin water column;
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Table 1
Morphometric parameters of Lake Winnipeg.

Parameters South basin and narrows North basin Total

Surface area (m2) 6.230×109 1.752×1010 2.375×1010

Volume (m3) 5.160×1010 2.324×1011 2.840×1011

Mean depth (m) 8.3 13.3 12
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includes the processes of short and longwave radiation, as well as
conduction, convection and evaporation/condensation across the air–
water interface (Wool et al., 2008b). The monthly averaged observa-
tions of water temperatures in the summer and fall were extracted
from the 2007mooring data of Environment Canada, while the winter
water temperatures were extracted from the report by Brunskill et al.
(1979). The model results captured the temperature gradients in
space and time, e.g., the South Basin is 3.3 °C higher in June and 1.5 °C
higher in August than the North Basin during the same period
(Fig. 3e). The daily meteorological inputs for this temperature model
Fig. 3. Model lake inflows and outflow, the comparison between the observed and
predicted monthly lake levels, and model forcing functions (water temperature, solar
radiation and photoperiod).
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(wind speed, dry bulb temperature, dew point temperature, and cloud
opacity) were averaged from the hourly dataset of Meteorological
Service of Canada (Gimli for the South Basin and Berens River for the
North Basin). The net incoming solar radiation was calculated using
theMACWONmodel (Davies, 1981), in which the cloud coverage data
from the Gimli station was used. The net incoming solar radiation also
considered the effect of lake surface Albedo (range from 0.08 to 0.17)
(Fig. 3f). The annual variation of photoperiods in both basins was
calculated based on their central latitudes using the “Solar Photope-
riod Calculator” (Fig. 3f) (Lammi, 2009). The annual patterns of solar
radiation and photoperiod were prescribed as above during the
simulation period.

Nutrient loadings
Lake Winnipeg lies on the Precambrian Shield (Canadian Shield)

on the north and east and prairie plains with Palaeozoic limestone and
dolomite on the west and southwest (Brunskill et al., 1980). The
Precambrian watershed supports mining and forest industries, less
agriculture and less population,whereas the prairiewatershed supports
more agriculture and more population. Therefore, the southern and
western lake receives water with much higher nutrient, mineral and
alkalinity than the northern and eastern part (Kling, 1998).

The monthly variations of nutrient concentrations in major
tributaries were based on the measurements provided by Water
Quality Management Section, ManitobaWater Stewardship (E. Shipley,
personal communication). Total nitrogen (TN) and total phosphorus
(TP) concentrations in the inflows are presented in Figs. 4a and b. The
following assumptions were made for the calculation of the fractions of
nitrogen and phosphorus based on the available literature: i) PO4/DIP
concentration constitutes 80% of DP (dissolved phosphorus, DP=TP–
PP, where PP is particulate phosphorus) and DOP is 20% of DP (Chacko
et al., 1981; Watson et al., 2007); ii) the ratio of PON to TN is 20%,
however, if the percentage of DIN is greater than 80% of TN, PON values
would be TN minus DIN (McCullough, 2001); iii) the nutrient
speciation of atmospheric depositions is an averaged fraction of the
terrestrial inputs. The aerial total phosphorus input is 300 tonne year−1

which was corrected from the P concentration in the bulk precipita-
tion collector at Experimental Lake Area (S. Page, personal communi-
cation). The atmospheric nitrogen deposition is 1.0×104tonne year−1,
a proportion (approximately 10%) of the estimated annual nitrogen
load (9.6×104 tonne) from the ManitobaWater Stewardship (LWSB,
2006). The nutrient components in both basins are shown in Figs. 4c
to f.

During the period from 2002 to 2007, the fluvial and aerial total
nitrogen inputs were 9.0×104tonne year−1, and the exogenous total
phosphorus loadings were approximately 8.4×103 tonne year−1

(Table 2). Our annual estimates of nutrient loadings agree well with
the averaged budgets from the Manitoba Water Stewardship between
1994 and 2001 (8.7×104tonne year−1 of TN loading after subtracting
the amount of nitrogen fixation, and 7.9×103tonne year−1 of TP
loading) (LWSB, 2006). The TN and TP loadings in 2003 were some-
what lower than other years. The Red River is the largest nutrient
contributor to Lake Winnipeg, and, on average, contributed approxi-
mately 70% of the whole lake TP loadings and 35% of TN loadings
annually.

Sensitivity analysis and nutrients reduction schemes

The Lake Winnipeg eutrophication model was run for the period
from 1 January, 2002 to 31 December, 2007. The observed lake con-
centration data from 2002 to 2005 was used to calibrate the model
and the years of 2006 and 2007 were used for validation of the model.
The sources of lake data include data from Department of Fisheries
and Ocean's Freshwater Institute, the Manitoba Water Stewardship
and Environment Canada.
ication model for assessing water quality in Lake Winnipeg, J Great
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Fig. 4. Time series of TP and TN concentrations of major tributaries; loading
components of nitrogen and phosphorus components to the South and North basins.

Table 2
Annual phosphorus and nitrogen loading (2002–2007) and the percentage of each
tributary.

2002 2003 2004 2005 2006 2007 6-year
average

TP
Annual loading
(tonnes)

5542 3330 10,054 12,627 9040 10,020 8435

Red River 58.2% 64.5% 71.6% 75.9% 75.3% 74.9% 70.1%
Winnipeg
River

29.1% 17.9% 19.8% 13.9% 12.3% 13.9% 17.8%

Saskatchewan
River

7.1% 8.4% 5.5% 7.2% 8.1% 7.2% 7.2%

Dauphin River 0.2% 0.3% 0.1% 0.6% 1.1% 1.0% 0.6%
Atmospheric
deposition

5.4% 9.0% 3.0% 2.4% 3.3% 3.0% 4.3%

Nelson River
(outflow)

−67% −75% −42% −59% −67% −52% −60%

TN
Annual loading
(tonnes)

54,564 44,084 97,009 137,173 109,446 99,974 90,375

Red River 25.1% 25.0% 37.2% 39.3% 47.9% 36.5% 35.2%
Winnipeg
River

36.7% 35.5% 34.6% 29.3% 19.3% 25.8% 30.2%

Saskatchewan
River

15.7% 17.8% 13.9% 18.0% 18.8% 16.9% 16.8%

Dauphin River 2.3% 1.9% 1.1% 4.6% 8.3% 9.1% 4.5%
Atmospheric
deposition

20.3% 19.9% 13.2% 8.8% 5.6% 11.6% 13.3%

Nelson River
(outflow)

−81% −61% −46% −58% −59% −56% −60%
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Sensitivity analysis
In this study, a relative sensitivity measure (RS) was applied to

assess the sensitivity of the model output to the changes of model
input variables, which includes parameters (e.g., kinetic coefficients
of nutrient and plankton, phytoplankton stoichiometry, and settling
and resuspension rates), forcing functions (water temperature and
solar radiation), and external nutrient loadings. Each model input
was increased and decreased individually by 10%, and the impact on
TN, NO3, NH4, TP, PO4, DO, total chlorophyll-a, P1, P2, and P3 was
calculated as:

RS =

ΔV
.

V
ΔP

.
P

ð1Þ
Please cite this article as: Zhang, W., Rao, Y.R., Application of a eutroph
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where V is the averaged value of the calibrated state variable on
6-year simulation, ΔV denotes the change in the modeled value, P is
the calibrated parameter value and ΔP corresponding change in the
parameter. If the relative sensitivity (RS) is 0.5, a 10% change in the
parameter value will lead to a 5% change in the state variable.

Nutrient-reduction schemes
The LakeWinnipeg Action Plan identified an interim goal to reduce

of nutrient nitrogen loading by 13% and reduce phosphorus loading by
10% (LWSB, 2006). These goals will be replaced by ecologically
relevant nutrient objectives in due course of time. In the literature,
however, there are some successful demonstrations of phosphorus-
only control in lakes, such as P management in the Laurentian Great
Lakes as a means to control eutrophication (Schindler et al., 2008).
Therefore, this study used multiple nutrient loading scenarios to
assess the potential influence of different N:P loading ratios on the
lake ecosystem. We carried out a total of 62 loading combinations of
N reduction ranging from 0% to 15% (2.5% for each interval) with P
reduction ranging from 0% to 20% (2.5% for each interval). The two
scenarios consisting of i) reducing 10% of exogenous total phosphorus
loading, and ii) reducing both external phosphorus and nitrogen
loadings by 10% are focussed in this study. These two scenarios
broadly represent the nutrient-reduction goals identified in the Lake
Winnipeg Action Plan.

Results

Model calibration and validation

During the calibration, manual adjustment of parameters and
initial conditions was performed to improve the overall model
predictions. All parameters were constrained within acceptable
ranges as defined in various studies in the literature (the calibrated
values of the model parameters are presented in Appendix A and
references within). Goodness-of-fit statistics as well as visual
ication model for assessing water quality in Lake Winnipeg, J Great
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examination were used to refine parameter estimates. Generally, the
comparison between the monthly observed and model simulations
indicates that the model closely reproduced the patterns of the lake
nutrient dynamics (Fig. 5). The simulated results of NH4, NO3 and TN
reproduced the seasonal conditions in both basins well and most
values were within the ranges of measurement uncertainty bounds
(mean±standard deviation). However, the model underestimated
some peaks of NH4 and NO3 concentrations in the North Basin during
the period of validation in 2006 and 2007. For example, modeled NH4

of the North Basin is 18 μg L−1 in September 2006, whereas the
monthly mean observed value is 48 μg L−1. The model predicted PO4

values in both basins are in good agreement. The results of TN and TP
were fairly steady over the simulation period, especially in the North
Basin. In general, modeled TN and TP values show less variability
compared to the observed patterns. This could be because observa-
tions are surface values and model values are averaged over the
depth and over the segment. The DO results agreed well with the
observations of 2007. The DO concentrations in the North Basin
Fig. 5. Comparison between the monthly observed values and model simulations for NH4, N
the square dots represent the observed data, while the error bars correspond to the measure
column) and the North basin (right column).
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usually are lower in summer and fall than the South Basin. In the early
fall of 2003, the lowest DO values during the simulation period
occurred in the North Basin (4.8 mg L−1), while in South Basin was
about 6.0 mg L−1.

The WASP model simulated the annual oscillations of the three
phytoplankton group biomasses reasonably well (presented as
chlorophyll-a concentration in Fig. 5). The total chlorophyll-a
matched the spring peaks in the South Basin, and the late summer
blooms in the North Basin as well. In addition, model predictions are
able to reflect the inter-annual dynamics of phytoplankton. Model
results show somewhat higher values of chlorophyll-a concentra-
tions in early September 2003 (28 μg Chla L−1) and in September
2006 (18 μg Chla L−1). These periods are dominated by N-fixing
cyanobacteria (P2) when extensive algae blooms were reported
(LWSB, 2006). In the North Basin, the model showed that non-
cyanobacteria phytoplankton (P1) dominated during the spring and
early summer. The N-fixing cyanobacteria (P2) dominated throughout
late summer and fall seasons, whereas non-N-fixing cyanobacteria (P3)
O3, TN, PO4, TP, DO and total chlorophyll-a. The solid lines represent model outputs and
ment standard deviations. Note the different y-axis scales between the South basin (left

ication model for assessing water quality in Lake Winnipeg, J Great

http://dx.doi.org/10.1016/j.jglr.2011.01.003


7W. Zhang, Y.R. Rao / Journal of Great Lakes Research xxx (2011) xxx–xxx
increased in 2006 and 2007 (Fig. 6). In the South Basin, P1 species
predominate over other groups in most years during the simulation
period except in the fall of 2003 (Fig. 6). Based on the modeled
biomass of each phytoplankton group, the cyanobacteria percentage
(combined P2 and P3) of each basin was calculated (Fig. 6). In the
North Basin, the cyanobacteria percentage was only about 1% at the
beginning of May, and reached the highest proportion over 70% by
late fall. In the South Basin, the cyanobacteria percentage was at its
lower range in the spring and summer, and in fall and winter it
moved to the higher range of about 10% to 40%. The variability of the
algae structure in both space and time from the model results
corresponded well to field observations (Kling, 1996, 1998; Kotak et
al., 2009).

The model performance was evaluated by four measures of
goodness-of-fit: paired t-test, coefficient of determination (r2), root
mean squared error (RMSE), and average error (AE) (Table 3). For
most cases, the paired t-test indicated that the field measurements
and their model projections were not significantly different. During
the calibration period, the application of the model was character-
ized by relatively larger r2 values for NO3 and PO4 (0.32–0.57), while
the chlorophyll-a, TP in the North Basin, TN in the South Basin and
NH4 in the South Basin has moderate values (0.10–0.24). The NH4 in
the North Basin, TP in the South Basin, and TN in the North Basin has
lower r2 values (b0.10). The r2 values in validation period were in
fairly similar ranges (0.01 to 0.61). The average errors, measure of
aggregate model bias, showed that the simulated state variables of
NH4 in both basins, NO3 in the South Basin, and PO4 in the South
Basin underestimated the observed values. The root mean square
error is another model verification method that considers the
magnitude of errors rather than the direction of each difference.
Hence, it is most useful when large errors are particularly un-
desirable and overcomes the shortcoming of the average error,
which can cancel out the negative and positive discrepancies. The
RMSE values of NO3, NH4, and PO4 increased as the simulation
progresses from the calibration period to the validation period. For
example, RMSE for NO3 in the South Basin increased across the two
periods from 62.0 μg L−1 in the calibration phase to 138 μg L−1 in
Fig. 6. Algal components and cyanobacteria percentage in the South and North basins.
The grey areas correspond to the algae growth period (May 1st to September 30th).
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the validation phase. Fewer observed data points and different
sources of data (different analytical methods) might be the reasons
that caused some disagreements and higher RMSE values during the
validation period.

Sensitivity analysis

The sensitivity analysis investigated 72 parameters (including
settling and resuspension rates) and 10 external functions (7
nutrient loadings, temperature, solar radiation, and lake retention
time). The top six tested factors that provided the most positive/
negative impacts on each state variable were tabulated (Table 4). In
general, major factors influencing the biochemical system of the
lake are: i) the parameters affecting organic nutrient dynamics,
namely, the temperature correction for detritus dissolution (ΘDissol),
mineralization temperature coefficients of DON/DOP (ΘNmin and
ΘPmin), and detritus dissolution rate (αDissol); ii) the factors affecting
phytoplankton growth and losses, such as maximum growth rate of
all plankton groups (GP1, GP2, and GP3), optimal temperature for
growth (OTP1, OTP2, and OTP3), and respiration temperature coeffi-
cient (ΘP1, ΘP2, and ΘP3); iii) water temperature influenced themodel
outputs of NH4, PO4 and chlorophyll-a; iv) water retention time
played important roles in the dynamic of NO3, PO4 , TN, TP, and DO
(especially in the South Basin). Some parameters do not show a
significant impact on model simulations, e.g., non-cyanobacteria half-
saturation constant for P uptake (KMP,P1), N-fixing cyanobacteria half-
saturation constant for N uptake (KMN,P2), shape parameters for above
optimal temperature (KT2,P1, KT2,P2, and KT2,P3), and settling rate of
cyanobacteria (VP2 and VP3).

The total chlorophyll-a and the biomasses of three phytoplankton
groups have high relative sensitivity (RS) values. The highest RS
values were obtained in non-N-fixing cyanobacteria (P3) populations
which were extremely sensitive to several parameters, and followed
by N-fixers (P2) and non-cyanobacteria group (P1). It indicates that
larger uncertainty might be associated with P3 biological parameters
and more research is needed to refine the model inputs. Three algal
groups competed against each other by using different strategies on
nutrients, light, and temperature. Therefore, the results for those
phytoplankton groups are sensitive to model parameters that affect
their competitive abilities, including growth, respiration, death, tem-
perature, light extinction, chlorophyll-a to carbon ratio, N to carbon
ratios, and supply/removal of available nutrients.

NH4, and NO3 are strongly influenced by algal-related parameters
(growth, respiration and death), parameters impacting the N cycle
(dissolution, mineralization, nitrification and denitrification), and
temperature. PO4 results are influenced by model parameters affecting
both algal population and nutrient dynamics. It is also important to
note that PO4 interacts with external P loadings, retention time, and
temperature. The DO, TN and TP had relatively low RS values in both
basins. The TN is sensitive to external N loadings and algae-related
parameters. For TP those parameters with a significant influence
include external P loadings, retention time, and algae-related param-
eters. In the South Basin, TN and TP are more affected by the exoge-
nous nutrient inputs than in the North Basin because the South
Basin receives the largest portion of total nutrient loadings to Lake
Winnipeg.

Nutrient-reduction scenarios

The simulations described above suggest that the model is
capable of providing reasonable predictions required for nutrient
management in the lake. Therefore the model has been used to
examine/predict the response of water quality variables under 62
scenarios with different ratios of nutrient loading reductions. The
results of 10% P reduction and 10% N&P reduction were focused in
this study. The two scenarios improved the nutrient concentrations
ication model for assessing water quality in Lake Winnipeg, J Great
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Table 3
Goodness-of-fit statistics for the model state variables.

2002–2005 (Calibration) 2006–2007 (Validation)

Paired
t-test

Coefficient of
determination

Root mean
square error

Average error Paired
t-test

Coefficient of
determination

Root mean
square error

Average error

(p) (r2) (RMSE) (AE) (p) (r2) (RMSE) (AE)

NO3 (μg/L) S.B. 0.428 0.37 62.0 −12.0 0.001 0.01 138 111
N.B. 0.177 0.57 19.1 8.01 0.977 0.61 42.2 −0.45

NH4 (μg/L) S.B. 0.133 0.01 11.1 −3.96 0.306 0.22 29.6 8.76
N.B. 0.508 0.24 10.8 −2.43 0.347 0.04 13.6 −4.55

TN (μg/L) S.B. 0.037 0.10 199 95.5 0.005 0.26 405 320
N.B. 0.130 0.04 154 71.2 0.103 0.12 261 173

PO4 (μg/L) S.B. 0.025 0.32 17.5 −8.98 0.112 0.31 29.5 −15.7
N.B. 0.070 0.34 5.18 2.79 0.113 0.13 12.7 −7.64

TP (μg/L) S.B. 0.001 0.04 41.9 29.8 0.207 0.19 48.1 21.1
N.B. 0.001 0.10 27.0 22.2 0.809 0.10 12.7 1.49

Total Chl a
(μg/L)

S.B. 0.003 0.18 6.29 4.01 0.739 0.37 4.31 0.53
N.B. 0.192 0.13 7.32 2.97 0.376 0.05 9.17 −3.73

In paired t-test, if pb0.05, it indicates significant difference; if p≥0.05, it indicates no significant difference (in bold type).

r2 =
∑
n

i=1
Oi−O

� �
Vi−V
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∑
n

i=1
Oi−O

� �2
∑
n
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� �2 ;RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
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n

i=1
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s
;AE =

1
n
∑
n

i=1
Vi−Oið Þ = V−O

Where n is the number of observations, Vi and Oi respectively are the ith of the predictions and observations, and V and O correspond the averaged simulation and the averaged
observation.
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in the lake at different degrees (Fig. 7). The N dynamics of the lake, in
a general manner, responded obviously to the options which reduce
both phosphorus and nitrogen loadings (the second scenario),
whereas they have been less affected by the options which only
control external phosphorus loadings (the first scenario). However,
for the phosphorus cycle, the two major reduction strategies had a
similar impact on PO4 and TP concentrations in the South Basin,
while PO4 and TP results in the North Basin showed that the single
P reduction strategy performed better than the N&P reduction
strategy.

The model responses of chlorophyll-a concentration and phyto-
plankton components for the two options are provided in Fig. 8.With
10% P reduction the total chlorophyll-a concentrations decreased
by 14% from peak values in the North Basin. However, with both
N&P reduction by 10%, the peak values of total chlorophyll-a in-
creased by 9.0% compared to the base conditions. By contrast, in the
South Basin, the single P-controlled option has not reduced the peak
of chlorophyll-a concentration in May, and two nutrient-reduction
option decreased the early summer bloom, e.g., inMay 2007, the peak
of chlorophyll-a decreased from 16.1 μg L−1 in the base condition to
14.6 μg L−1 with 10% N&P reduction scenario (about 10% relative
decrease), but it increased to 16.6 μg L−1 (3% relative increase)when
P was reduced by 10%.

In general, in both basins two nutrient (N&P) reduction strategy
increased the percentage of cyanobacteria, while P reduction slightly
decreased the cyanobacteria component in the overall phytoplankton
biomass (Fig. 8). For example, 10% P reduction decreased the cya-
nobacteria percentage from 60% in current conditions to 47% (22%
relative decrease) in September 2007, whereas the percentage
increased to 76% (27% relative increase) in the North Basin with 10%
N&P reduction. During the same period in the South Basin, the relative
change of the cyanobacteria percentage was −5% with P reduction
and +41% with N&P reduction, respectively. Although P reduction
alone could decrease the total cyanobacteria percentage, non-N-fixers
(P3) increased their biomass in both basins with 10% P reduction
while N-fixers (P2) decreased.

The single P reduction strategy and the N&P reduction strategy
resulted in different inter-annual and spatial patterns of the changes
Please cite this article as: Zhang, W., Rao, Y.R., Application of a eutroph
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of phytoplankton biomass and phytoplankton components between
nutrient-reduction conditions and the base condition (Fig. 9). By
controlling P only, the total chlorophyll-a concentration in the North
Basin is noticeably higher than the base condition during the first half
of each year (fromApril toMay), and then decreased during the rest of
the year (from June to November). It shows similar change for
chlorophyll-a concentrations in the South Basin, however, the period
of increased values is longer (until early July) than in the North Basin.
Under the N&P reduction strategy, the chlorophyll-a concentration in
the North Basin showed an opposite pattern, with a period of
decreased value from February to late July and followed by a period
with increased value during the late summer and fall, whereas the
chlorophyll-a in the South Basin is lower than the current condition in
2006 and 2007.

The WASP model results showed that phytoplankton biomass
(expressed as chlorophyll-a) and algal components responded to the
changes of the N:P loading reduction ratios caused by different
nutrient reductions (Fig. 10). In the North Basin, the maximum
reduction of total chlorophyll-a was achieved with 20% reduction of
phosphorus alone (the annual-averaged chlorophyll-a is about
2.3 μg L−1 lower than the current conditions). The total phytoplank-
ton biomass increased in two other scenarios: i) higher N reduction
compared to P reduction (decreased N:P supply ratio), and ii) P
reduction is only 5% more than N reduction (small increase in N:P
supply ratio) (Fig. 10). Total cyanobacteria percentages were
decreased when N:P loading ratios were increased in the North
Basin. For example, after six years with 20% single P reduction, the
annual-average of cyanobacteria percentage dropped by 36% in 2007
(Fig. 10). When the N:P supply ratios decreased, cyanobacteria
occupied larger percentage in the whole algal biomass than the base
conditions (e.g. 14.8% increase with 15% single N loading reduction
in the North Basin). Lowered N:P loading ratio (N reductionmore than
P reduction) increased the production of N-fixing cyanobacteria
(P2) since they are able to utilize N2 as an alternative N source and
vice versa (Fig. 10). The mean biomass of non-N-fixing cyanobacteria
(P3) increased in the scenarios where N:P supply ratios were slightly
increased contributing to the increase of total phytoplankton biomass
and cyanobacteria percentage.
ication model for assessing water quality in Lake Winnipeg, J Great
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Table 4
Sensitivity analysis of the Lake Winnipeg WASP model.

NH4(SB) RS NH4(NB) RS NO3(SB) RS NO3(NB) RS TN(SB) RS TN(NB) RS PO4(SB) RS PO4(NB RS TP(SB) RS TP(NB) RS

ΘNmin −6.04 OTP3 −7.56 OTP3 −4.56 ΘP1 −12.6 ΘDissol −1.47 ΘP1 −1.48 OTP3 −3.33 ΘP1 −8.89 ΘP1 −0.69 ΘP1 −2.57
ΘDissol −5.55 ΘNmin −6.10 ΘP1 −4.43 OTP3 −7.65 OTP2 −0.56 OTP2 −1.11 ΘP1 −3.31 ΘPmin −7.26 OTP3 −0.52 OTP3 −1.69
Temperature −5.13 Temperature −4.46 GP1 −2.01 GP1 −4.01 ΘP1 −0.46 OTP3 −1.07 ΘPmin −3.18 OTP3 −5.48 GP1 −0.22 ΘDenitri −0.70
OTP3 −3.60 KT1,P3 −3.20 ΘNmin −1.77 OTP2 −3.63 OTP3 −0.32 ΘDissol −0.86 GP1 −1.43 GP1 −2.81 OTP2 −0.18 GP1 −0.69
KEDet −1.05 ΘP2 −2.96 OTP2 −1.34 ΘNmin −2.84 KNmin −0.19 KNmin −0.60 P/CP1 −0.91 ΘDenitri −2.50 ΘDenitri −0.15 KNmin −0.43
DP1 −1.03 GP2 −2.62 ΘNitri −0.84 KT1,P3 −2.61 Temperature −0.13 GP1 −0.36 ΘDenitri −0.74 KMINphyt −1.89 KNmin −0.10 P/CP1 −0.38
GP1 1.23 KNmin 1.69 Retention

time
1.14 OTP1 2.18 GP2 0.33 N/CP1 0.38 GP3 0.89 GP3 1.77 ΘP2 0.26 fON,P1 0.41

GP3 1.55 OTP2 2.90 GP3 1.28 ΘDissol 2.99 ΘDenitri 0.34 KMINphyt 0.55 Retention
time

1.03 N/CP1 2.10 PO4 loading 0.27 GP2 0.54

ΘP1 2.53 GP3 4.38 OTP1 1.29 GP3 2.99 ΘP2 0.34 GP2 0.73 ΘP2 1.16 Tempera 2.50 ΘNmin 0.35 N/CP1 0.66
ΘP3 4.82 TminNIT 4.67 ΘDissol 1.46 Temperature 3.20 DON loading 0.36 ΘP2 0.80 ΘNmin 2.41 ΘDissol 4.28 POP loading 0.49 ΘP2 0.84
TminNIT 4.99 ΘP3 9.33 ΘP2 2.05 ΘP2 4.37 ΘNmin 0.60 ΘP3 0.80 ΘDissol 2.60 ΘP3 6.20 ΘP3 0.49 ΘP3 1.52
ΘNitri 6.62 ΘNitri 9.44 ΘP3 5.40 ΘP3 9.56 Retention

time
0.62 ΘNmin 2.04 ΘP3 3.74 ΘNmin 7.40 Retention

time
0.65 ΘNmin 1.57

DO(SB) RS DO(NB) RS Tot Chla
(SB)

RS Tot Chla
(NB)

RS P1 Chla(SB) RS P1 Chla
(NB)

RS P2 Chla(SB) RS P2 Chla RS P3 Chla
(SB)

RS P3 Chla
(NB)

RS

Temperature −0.28 Temperature −0.36 ΘDissol −14.5 OTP3 −15.5 ΘDissol −12.8 ΘP3 −8.51 OTP2 −28.4 OTP2 −11.3 OTP3 −688 OTP3 −242
ΘDissol −0.27 ΘNmin −0.11 OTP3 −8.56 ΘP1 −6.67 ΘP3 −8.06 ΘNmin −6.47 ΘDissol −27.1 ΘPmin −9.21 ΘP1 −212 ΘP1 −99.1
ΘNmin −0.13 N/CP1 −0.05 OTP2 −2.04 ΘPmin −4.44 ΘNmin −4.04 ΘDissol −4.51 ΘP1 −21.5 ΘP3 −8.69 KT1,P3 −79.9 KT1,P3 −75.5
OTP1 −0.09 ΘP2 −0.03 KEDet −2.00 KT1,P3 −4.36 ΘP2 −3.98 ΘP2 −4.11 DP2 −11.4 DP2 −8.31 MP3 −60.9 ΘP2 −65.6
ΘP2 −0.08 fON,P1 −0.03 DP1 −1.87 OTP2 −3.41 DP1 −2.71 N/CP1 −2.57 ΘP3 −8.30 ΘDenitri −7.44 ΘP2 −58.9 GP2 −57.9
DP1 −0.08 GP2 −0.03 ΘNmin −1.59 MP3 −3.27 OTP1 −2.57 GP2 −1.82 KT1,P2 −8.30 KT1,P2 −6.72 GP2 −47.9 MP3 −56.8
αDissol 0.05 GP1 0.03 αDissol 1.51 Temperature 2.14 αDissol 1.39 KT1,P2 1.17 Temperature 5.36 Tempera 4.96 MP2 17.2 KNmin 27.1
ΘDenitri 0.06 OTP2 0.03 ΘP2 1.72 ΘNmin 2.52 ΘDenitri 1.82 KNmin 1.52 N/CP1 5.87 N/CP1 6.69 KT1,P2 24.4 KT1,P2 33.9
Retention
time

0.06 ΘDissol 0.04 GP1 2.14 GP2 2.73 OTP2 2.59 GP1 2.26 OTP3 8.19 OTP3 8.71 DP2 30.0 DP2 39.7

OTP3 0.11 KNmin 0.04 GP3 2.15 GP3 6.04 GP1 4.65 ΘDenitri 3.26 ΘNmin 14.4 GP2 10.8 OTP2 55.5 OTP2 64.0
GP1 0.16 ΘDenitri 0.06 ΘP1 5.16 ΘP2 6.23 OTP3 7.14 OTP3 6.93 GP2 19.5 ΘNmin 14.4 GP3 162 GP3 102
ΘP1 0.29 ΘP1 0.16 ΘP3 13.7 ΘP3 20.9 ΘP1 9.95 ΘP1 9.99 ΘP2 33.7 ΘP2 21.8 ΘP3 947 ΘP3 313

For the descriptions of parameters and their symbols see Appendix A.
RS: Relative Sensitivity.
P1: Phytoplankton group 1 (non-cyanobacteria).
P2: Phytoplankton group 2 (N-fixing cyanobacteria).
P3: Phytoplankton group 3 (non-N-fixing cyanobacteria).
SB: South Basin.
NB: North Basin.
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Fig. 7. The comparison of the modeled nutrient concentrations in LakeWinnipeg between two loading scenarios and current conditions. Note the different y-axis scales between the
South basin (left column) and the North basin (right column).

Fig. 8. The comparison of the modeled total chlorophyll-a concentrations, cyanobacteria percentages, and each phytoplankton group biomass (as chlorophyll-a concentrations) in
Lake Winnipeg between two loading scenarios and current condition. Note the different y-axis scales between the South basin (left column) and the North basin (right column).
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Fig. 9. The changes in chlorophyll-a concentration, cyanobacteria percentage, and non-N-fixing cyanobacteria between daily model results response to two nutrient-reduction
options (10% P reduction, and 10% P and N reduction) and the corresponding values under the current loading condition.
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The response of phytoplankton biomass and algal components in the
South Basin to the loading reductions are similar to the North Basin,
but the changes were relatively small (Fig. 10). Another noticeable
result in the South Basin was that the total phytoplankton biomass
responded to the N reduction rather than P reduction. The
discrepancies between two basins can be attributed to the light, as
it is a strong controlling factor compared to P in the South Basin.
Because of this, the biomass would not obviously respond to P
reduction alone until the P limitation becomes more influential to the
phytoplankton growth.

In the model, TP concentrations clearly responded to different
loading reduction strategies. In 2007, the 10% P reduction scenario
resulted in a 13% relative change of TP concentration in the North
Basin and ~10% in the South Basin. The TP concentrations decreased
by 3.7% with the 10% N&P reduction in the North Basin and by 9.0% in
the South Basin (Fig. 11). The TN concentrations decreased slightly in
both basins under the single P reduction strategy (b2%), while the
additional N reduction could improve the TN in the water body (4.6%
in the North Basin and 8.3% in the South Basin).

Discussion and conclusions

Model performance

The limited number of observations provided a reasonable
calibration of Lake Winnipeg WASP model. Additional observations
will provide more robust validation of the model. Some of the dis-
crepancies between observations and simulations might have been
Please cite this article as: Zhang, W., Rao, Y.R., Application of a eutroph
Lakes Res (2011), doi:10.1016/j.jglr.2011.01.003
caused by the different sources of data in 2006 and 2007. In general,
predicted state variables of phosphorus, nitrogen, and algal growth
were qualitatively comparable with their observed patterns and the
simulations were mainly within the ranges of the measurement
uncertainties. However, the predictions of NO3 and PO4 showed weak
correspondence with limited observations in validation period. The
predicted TP and TN concentrations have not shown significant
monthly variability.

To provide a realistic reflection of aquatic ecosystem, a eutrophica-
tion model requires synthesis of a large amount of information in its
development, calibration, and validation phases. The nitrogen and
phosphorus interaction between lake water column and the sediment
are extremely complex, and the internal pathway of nutrients has not
been well studied in Lake Winnipeg. In shallow lakes, sediment
resuspension is an important factor to increase the water column
concentrations of total nitrogen and phosphorus (Reddy et al., 1996;
Søndergaard et al., 1999), which may change the nitrogen and
phosphorus ratio (Niemistö et al., 2008), and thus control the structure
and functioning of ecosystems (Scheffer, 1998; Schallenberg and Burns,
2004). Uniform resuspension velocities (see Appendix A) were used in
the model throughout the simulation period because of lack of
information relating to their inter/intra-annual variability. The resus-
pension velocity was estimated by adjusting its value until simulated
PON, POP and TSS values matched monthly observed values. Although
resuspension velocities used in this model are within the range of
similar systems (0.0003 mday−1 to 0.13 mday−1, USEPA, 1990); it
wouldbemore appropriate to incorporatefieldmeasurements andvalid
hydrodynamic model output. In this model, the N and P sediment flux
ication model for assessing water quality in Lake Winnipeg, J Great
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Fig. 10. The changes in total chlorophyll-a concentration, cyanobacteria percentage, N-fixing cyanobacteria and non-N-fixing cyanobacteria between annually averaged model
results response to different nutrient-reduction options and the corresponding variables under the current loading conditions.
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Fig. 11. The relative changes of TP and TN between major model output responses to
two nutrient-reduction options (10% P reduction, and 10% P and N reduction) and the
corresponding variables under the current loading condition. The model output values
were annually averaged over each year.

Relative Change =
reduction−current

current
× 100%
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rate was set to zero for the dissolved nutrient fraction released from
sediments. It is not clear of its impact onwater column concentrations in
Lake Winnipeg. Some studies suggest that the thermally unstable
circulation during the cooling season might result in the net flux of
dissolved nutrients out of the sediments into the overlying waters
(Hecky et al., 1986), and also the microbial activity may contribute to
phosphorus loading from sediment towater (Leduc, 2005). However, in
general, phosphate and ammonium flux from sediments are signifi-
cantly greater under anaerobic water column conditions than aerobic
conditions (Malecki et al., 2004). Since anoxia is not a major issue for
LakeWinnipeg except for a brief period and limited to a small area in the
North Basin, the effects of nutrient flux onwater column concentrations
in Lake Winnipeg might be minimal compared to the sediment
resuspension. The current parameterization reflects certain degree of
internal nutrient feedback loops (mineralization of organic matter and
uptake by algae) during the annual cycle. James et al. (1997) suggested
that the amount of nutrients from recycling processes were much
greater than the bioavailable loading from sediment towater column in
shallow lakes. It is worth to seek for possible insights into whether this
will play similar role in Lake Winnipeg. For example, site specific
mineralization rate should be determined to improve our understand-
ing of internal nutrient recycling in Lake Winnipeg. This study also
showed that the model was sensitive to the phytoplankton death rate,
respiration, and the nutrient stoichiometry. Although sensitivity
analysis provided first-order approximations, more realistic informa-
tion on these parameters from the field data will result in better
predictions of this model.

The model demonstrated that the combination of three limitation
factors (temperature, light and nutrient) affects algal dynamics in
Please cite this article as: Zhang, W., Rao, Y.R., Application of a eutroph
Lakes Res (2011), doi:10.1016/j.jglr.2011.01.003
Lake Winnipeg (Appendix B). The low light limitation factors
indicated that light could play an important role in the algal growth
in large, shallow, turbid lakes where the P limitation was negligible,
such as the South Basin of LakeWinnipeg (Healey and Hendzel, 1980).
Nutrient-reduction scenarios

In the recent literature, some controversies have arisen as to
whether one (phosphorus) or both nutrients (phosphorus and
nitrogen) should be controlled in order to reduce eutrophication of
lakes (Conley et al., 2009; Schindler et al., 2008). The defenders of
controlling one nutrient (reducing phosphorus only) have argued that
the N-fixing cyanobacteria will easily be able to replace the nitrogen
deficit by fixing atmospheric nitrogen, and thereby, the trophic status
of the lake might not be improved by reducing the nitrogen loading.
There is also a risk of shifting the phytoplankton component to more
dominant N-fixing cyanobacteria (Schindler et al., 2008). Based on the
model results, phytoplankton biomass and algal components of Lake
Winnipeg are associated with the changes of the N:P loading
reduction ratios due to different nutrient reductions (Fig. 10). These
results suggest that reducing phosphorus alone with relatively higher
percentage (N12%) is an effective management approach for the
improvement of ecological status of Lake Winnipeg. If nitrogen is also
controlled, then the N reduction rate should be kept low (b7%) and
increase the P reduction percentage accordingly.

The two scenarios of nutrient reductions (10% P reduction and 10%
N&P reduction) resulted in small changes in nutrient concentrations
and phytoplankton biomass in the lake, which may be within the
range of spatial and temporal baseline variability. Increasing the
spatial and temporal resolution of the water quality sampling will
improve the ability of detecting those changes. Shallow lakes were
found to be less responsive to external nutrient loading reductions
and recover more slowly than deep lakes (Wilander and Persson,
2001). Jeppesen et al. (2005) pointed out that lakes usually need
longer time (10 to 15 years) to approach a new P equilibrium than the
time to reach N equilibrium (only 0 to 5 years) after a major reduction
in loading irrespective of hydraulic retention time. The model
simulations are done only for a six-year period after the external
nutrient reduction. Based on the relative changes of the model output,
the decrease rate of TP concentration is still relatively constant in both
basins, whereas TN rate decelerated in the lake (Fig. 11). In order to
investigate the prediction at equilibrium state, the model needs to be
run for a much longer simulation period.
Future work

In the context of the present analysis, we carefully selected model
structure representing Lake Winnipeg based on available data and
literature. The model calibration and sensitivity analysis indicated that
in-situ measurements should be applied on a number of parameters to
increase our understanding of ecosystem of Lake Winnipeg, e.g.
resuspension, sediment nutrient release, settling, mineralization of
DOP/DON, nutrient stoichiometry, nitrogen fixation, and phytoplankton
kinetic rates (especially Microcystis). The ongoing monitoring of water
quality variables (including phytoplankton and zooplankton compo-
nents) and accurate estimation of nutrient loading to the lake would
help us to gain insight of this system and further support model
validation. Some factors may be considered in the future modelling of
the lake, such as including the silica kinetics, accounting for grazing
dynamics by zooplankton, increasing spatial resolution and coupling
with hydrodynamic model, examining the long-term environmental
feedback under the effect of the climate change. Furthermore,
uncertainty analysis has to be carried out to rigorously assess model
errors associated with model structure and parameters.
ication model for assessing water quality in Lake Winnipeg, J Great
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Appendix A. The model parameters of Lake Winnipeg WASP model and calibrated values
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Symbol
trophication mo
Unit
del for assessing water
Calibrated value
quality in Lake Win
Literature range*
Non-cyanobacteria detritus to carbon ratio
 D/CP1
 mg D (mg C) −1
 2.5
 2.5

Non-cyanobacteria nitrogen to carbon ratio
 N/CP1
 mg N (mg C) −1
 0.18
 0.15–0.36

Non-cyanobacteria phosphorus to carbon ratio
 P/CP1
 mg P (mg C) −1
 0.021
 0.012–0.047

Non-cyanobacteria carbon to chlorophyll ratio
 C/ ChlP1
 mg C (mg Chl) −1
 30
 20–50

Non-cyanobacteria maximum growth rate constant at 20 °C
 GP1
 day−1
 2.29
 1.5–3.0

Non-cyanobacteria optimal temperature for growth
 OTP1
 °C
 20
 20

Non-cyanobacteria shape parameter for below optimal temperatures
 KT1,P1
 0.0015
 0.004

Non-cyanobacteria shape parameter for above optimal temperatures
 KT2,P1
 0.0015
 0.004

Non-cyanobacteria respiration rate constant at 20 °C
 MP1
 day−1
 0.12
 0.06–0.2

Non-cyanobacteria respiration temperature coefficient
 ΘP1
 1.08
 1.045–1.12

Non-cyanobacteria death rate constant
 DP1
 day−1
 0.055
 0.02–0.1

Non-cyanobacteria half-saturation constant for N Uptake
 KMN,P1
 mg NL−1
 0.05
 0.0014–0.05

Non-cyanobacteria half-saturation constant for P uptake
 KMP,P1
 mg P L−1
 0.001
 0.0005–0.05

Non-cyanobacteria optimal light saturation
 IP1
 Ly day−1
 200
 120–500

Fraction of non-cyanobacteria death recycled to organic N
 fON,P1
 0.5
 0.5–0.8

Fraction of non-cyanobacteria death recycled to organic P
 fOP,P1
 0.6
 0.5–0.8

N-fixing cyanobacteria detritus to carbon ratio
 D/CP2
 mg D (mg C) −1
 2.5
 2.5

N-fixing cyanobacteria nitrogen to carbon ratio
 N/CP2
 mg N (mg C) −1
 0.18
 0.10–0.48

N-fixing cyanobacteria phosphorus to carbon ratio
 P/CP2
 mg P (mg C) −1
 0.019
 0.01–0.046

N-fixing cyanobacteria carbon to chlorophyll ratio
 Chl/ CP2
 mg C (mg Chl) −1
 30
 20–50

N-fixing cyanobacteria maximum growth rate constant at 20 °C
 GP2
 day−1
 1.41
 1.0–2.5

N-fixing cyanobacteria optimal temperature for growth
 OTP2
 °C
 23
 24

N-fixing cyanobacteria shape parameter for below optimal temperatures
 KT1,P2
 0.0034
 0.006

N-fixing cyanobacteria shape parameter for above optimal temperatures
 KT2,P2
 0.0034
 0.006

N-fixing cyanobacteria respiration rate constant at 20 °C
 MP2
 day−1
 0.055
 0.06–0.2

N-fixing cyanobacteria respiration temperature coefficient
 ΘP2
 1.08
 1.045−1.12

N-fixing cyanobacteria death rate constant
 DP2
 day−1
 0.045
 0.02–0.1

N-fixing cyanobacteria half-saturation constant for N uptake
 KMN,P2
 mg NL−1
 0.005
 0.0014–0.05

N-fixing cyanobacteria half−saturation constant for P uptake
 KMP,P2
 mg PL−1
 0.0018
 0.0005–0.05

N-fixing cyanobacteria optimal light saturation
 IP2
 Ly day−1
 200
 120–500

Fraction of N-fixing cyanobacteria death recycled to organic N
 fON,P2
 0.5
 0.5–0.8

Fraction of N-fixing cyanobacteria death recycled to organic P
 fOP,P2
 0.6
 0.5–0.8

Non-N-fixing cyanobacteria detritus to carbon ratio
 D/CP3
 mg D (mg C) −1
 2.5
 2.5

Non-N-fixing cyanobacteria nitrogen to carbon ratio
 N/CP3
 mg N (mg C) −1
 0.18
 0.10–0.48

Non-N-fixing cyanobacteria phosphorus to carbon ratio
 P/CP3
 mg P (mg C) −1
 0.019
 0.01–0.046

Non-N-fixing cyanobacteria carbon to chlorophyll ratio
 Chl/CP3
 mg C (mg Chl) −1
 30
 20–50

Non-N-fixing cyanobacteria maximum growth rate constant at 20 °C
 GP3
 day−1
 1.18
 1.0–2.5

Non-N-fixing cyanobacteria optimal temperature for growth
 OTP3
 °C
 25
 24

Non-N-fixing cyanobacteria shape parameter for below optimal temperatures
 KT1,P3
 0.0034
 0.006

Non-N-fixing cyanobacteria shape parameter for above optimal temperatures
 KT2,P3
 0.0034
 0.006

Non-N-fixing cyanobacteria respiration rate constant at 20 °C
 MP3
 day−1
 0.055
 0.06–0.2

Non-N-fixing cyanobacteria respiration temperature coefficient
 ΘP3
 1.08
 1.045−1.12

Non-N-fixing cyanobacteria death rate constant
 DP3
 day−1
 0.02
 0.02–0.1

Non-N-fixing cyanobacteria half-saturation constant for N uptake
 KMN,P3
 mg NL−1
 0.012
 0.0014–0.05

Non-N-fixing cyanobacteria half-saturation constant for P uptake
 KMP,P3
 mg PL−1
 0.0016
 0.0005–0.05

Non-N-fixing cyanobacteria optimal light saturation
 IP3
 Ly day−1
 200
 120–500

Fraction of non-N-fixing cyanobacteria death recycled to organic N
 fON,P3
 0.5
 0.5–0.8

Fraction of non-N-fixing cyanobacteria death recycled to organic P
 fOP,P3
 0.6
 0.5–0.8

Nitrification rate constant at 20 °C
 αNitri
 day−1
 0.5
 0.09–0.5

Nitrification temperature coefficient
 ΘNitri
 1.08
 1.06−1.10

Half-saturation constant for nitrification oxygen limit
 KNIT
 mg O2L−1
 2
 1.5, 2.0

Minimum temperature for nitrification reaction
 TminNIT
 °C
 0.5
 0–0.5

Denitrification rate constant at 20 °C
 αDenitri
 day−1
 0.1
 0.09–0.2

Denitrification temperature coefficient
 ΘDenitri
 1.08
 1.045–1.08

Half-saturation constant for denitrification oxygen limit
 KDENIT
 mg O2L−1
 0.2
 0–0.5

Detritus dissolution rate
 αDissol
 day−1
 0.011

Temperature correction for detritus dissolution
 ΘDissol
 1.06

Dissolved organic nitrogen mineralization rate constant at 20 °C
 KNmin
 day−1
 0.035
 0.005–0.06

Dissolved organic nitrogen mineralization temperature coefficient
 ΘNmin
 1.08
 1.02–1.14

Dissolved organic phosphorus mineralization rate constant at 20 °C
 KPmin
 day−1
 0.065
 0.001–0.22

Dissolved organic phosphorus mineralization temperature coefficient
 ΘPmin
 1.08
 1.02–1.14

Phytoplankton half-sat. for mineralization rate
 KMINphyt
 mg Phyt CL−1
 0.75

Multiplier for self shading
 KESHDMult
 0.019
 0.02

Exponent for self shading
 KESHDExp
 1

Background light extinction coefficient
 KEBack
 m−1
 0.5
nipeg, J Great
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ppendix A (continued)
Parameters
ig. B1. The limitation factors for phytoplankton growth in Lake Winnipeg WASP model
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Symbol
.

trophication mo
Unit
del for assessing water
Calibrated value
quality in Lake Win
Literature range*
Detritus and solids light extinction multiplier
 KEDet
 0.15

Settling velocity of non-cyanobacteria
 VP1
 m day−1
 0.35
 0.05–0.4

Settling velocity of N-fixing cyanobacteria
 VP2
 m day−1
 0.02
 0.05–0.15

Settling velocity of non-N-fixing cyanobacteria
 VP3
 m day−1
 0.02
 0.05–0.15

Settling velocity of detritus and solids
 Vdet
 m day−1
 0.9
 0.1–2.0

Resuspension velocity of detritus and solids in South Basin
 RSouth
 m Sediment day−1
 0.05

Resuspension velocity of detritus and solids in North Basin
 RNorth
 m Sediment day−1
 0.005
Ambrose et al., 1993; Bowie et al., 1985; Felsenthal Lake (GBMc & Associates, 2006); Hamilton Harbour (Kellershohn and Tsanis, 1999); Lake Erie (Di Toro and Connolly, 1980); Lake
Okeechobee (James et al., 1997); Lake Washington (Arhonditsis and Brett, 2005); Weiss Lake (USEPA, 2008).
Appendix B. The limitation factors for phytoplankton growth in
the WASP model

WASP model expresses the growth rate of biomass as a product of
three dimensionless factors: temperature adjustment factor, light
limitation factor, and nutrient limitation factor (minimum value of P
limitation and N limitation) (Ambrose et al., 1993). Based on the
model simulations, light is a critical limiting factor for the three
groups of primary producers in both basins, and especially becomes
more important in the South Basin (Fig. B1). From the nutrients
perspective, the P2 group (N-fixing cyanobacteria) is only controlled
by the phosphorus supply which has less impact on algae growth in
the South Basin than in the North Basin (Fig. B1). By contrast, nitrogen
becomes the key nutrient limiting factor for the P1 group (non-
cyanobacteria), and this restriction in the North Basin is more
remarkable over the simulation period. Nitrogen dynamics also
govern the growth rate of the P3 group (non-N-fixing cyanobacteria)
in the North Basin.Water temperature has significant influence on the
growth of three phytoplankton groups. The temperature adjustment
factors (0.17–1.0) for P2 group and (0.13–0.99) for P3 group have
wider range compared to P1 group (0.57–1.0) (Fig. B1).
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