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ABSTRACT 

Harmful algae blooms have become an increasing concern in context to the safety of water resources around the globe; 
however, little is known about the dynamics and specific causes of such blooms in the prairie ecozone in North America. 
The aim of this study was to research the nitrogen (N) and phosphorous (P) content and nutrient limitation (defined as N 
and P limitation) of growth of cyanobacteria in a northern prairies reservoir (Lake Diefenbaker [LD], SK, Canada). A 
combination of concentration balance analysis for N and P, controlled bioassays with the natural consortium of phyto-
plankton or defined monocultures of cyanobacteria, and satellite imagery was applied to address this aim. The current 
trophic status of Lake Diefenbaker is one of moderate eutrophication. Primary production in the lake is P-limited, and N 
did not represent a limiting factor for algal production. There was no significant increase in TP concentrations between 
the upper and lower portions of the reservoir, indicating that most of the phosphorus in LD comes from upstream sites 
in Alberta. Anabaena circinalis, a species that has the potential to seriously degrade lake ecosystems, was identified as 
the predominant cyanobacteria in LD. Together with the fact that total P (TP) influxes into the reservoir primarily 
originate from upstream sources, these results suggest the need for remedial measures in the upstream reach of the 
South Saskatchewan River. Satellite imaging represented a promising approach in support of monitoring for potential 
algal blooms in LD; however, due to limited sensitivity and issues associated with atmosphere interference this meth-
odology should only be used in combination with in situ water quality monitoring. In summary, while this study indi-
cated that Lake Diefenbaker is potentially at risk from blooms with cyanobacteria (some of which such as Anabena sp. 
that can produce toxins) during late summer and fall, development of clear causal relationships and risk assessment 
strategies is currently limited due to lack of monitoring data and programs. 
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1. Introduction 

Intensification of agricultural and industrial activities and 
increases in population over the past century have led to 
significant eutrophication of surface waters around the 
world, including in Canada [1]. One concern in context with 
such eutrophication is development of harmful cyanobacte- 
ria blooms and associated toxins, which represent a threat 
to drinking water sources such as lowland rivers, lakes, 
and reservoirs [2,3]. Water bodies in the prairie ecozone 
of Canada are particularly at risk to such algal blooms 

because of phosphorus-rich soils, intense agricultural use  
and more intense solar irradiances [4]. One aquatic prai- 
rie ecosystem of concern in this context is the South 
Saskatchewan River (SSR), which flows across southern 
Alberta and then into southern Saskatchewan has been 
identified as one of Canada’s most threatened rivers [5]. 
Approximately 67% of the catchment area of the SSR is 
used for agriculture, which results in significant influxes 
of nutrients and pesticides [6]. In addition, most of the 
volume of water in the SSR originates in the Rocky 
Mountains and is formed by the Oldman, Bow and Red 
Deer Rivers, with relatively less water originating on the *Corresponding author. 
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prairies [7]. 
Lake Diefenbaker (51˚1'53"N, 106˚50'9"W) is a multi- 

purpose reservoir on the SSR, which is formed by the 
construction of Gardiner Dam and Qu’Appelle River 
Dam across the SSR and Qu’Appelle Rivers, respectively. 
The lake is 225 km long with approximately 800 km of 
shoreline and a surface area that reaches approximately 
500 km2 with a mean depth of approximately 33 m and a 
maximum depth of 66 m. Lake Diefenbaker provides 
water for domestic irrigation and municipal use for ap- 
proximately 75% of the Saskatchewan population of more 
than one million people, and allows for regulation of flow 
of the South Saskatchewan and Qu’Appelle rivers, while 
providing hydro-electric power [8]. Approximately 75% 
of the drainage to Lake Diefenbaker is in Alberta [9]. 
The inflowing rivers also receive irrigation return flows 
and municipal and industrial effluents. In Alberta, up-
stream of Lake Diefenbaker, the watershed contains ur-
banized areas, including Calgary, Red Deer, Medicine 
Hat, and Lethbridge, intense agricultural lands and feed-
lots. In fact, it is estimated that over 80% of the popula-
tion living in the South Saskatchewan River basin are in 
Alberta [10]. As a result, significant amounts of nutrients, 
primarily nitrogen (N) and phosphorous (P), and con-
taminants are released into the river, which can affect 
water quality. Riparian and in-lake activities represent 
additional sources of nutrients to Lake Diefenbaker from 
domestic sewage of small communities that use lagoons 
for treating the sewage, agriculture, and fish farming.  

Even though Lake Diefenbaker is a critical water re- 
source for a large portion of the Western Prairie Region 
of Canada there is little information on its limnology and 
in particular the status and trends of nutrients, specifi- 
cally N and P. While Lake Diefenbaker is representative 
of other reservoirs in similar eco-regions, it has unique 
characteristics and properties. It is characterized by some 
embayments that are deeper than 20 m and an annual 
fluctuation of water level that is approximately 6 m. A 
thermocline forms at approximately 25 m, but this is in- 
frequent and dependent on discharge of the SSR. Strati- 
fication does not occur throughout the lake and there is 
little water exchange between embayments and the main 
channel. While the current status of concentrations of N 
and P in Lake Diefenbaker is comparable to that reported 
in other studies to support blooms of cyanobacteria [11- 
13], due to the lack of continuous monitoring programs 
and research efforts, no information on historic blooms 
with one exception are available for this reservoir. This 
exception was the report of a bloom of cyanobacteria that 
occurred in the southern and western parts of the reser-
voir during fall 2007 [14].  

P and N are commonly considered as the limiting nutria- 
ents for phytoplankton production, and particularly avail- 
ability of P has been hypothesized as the critical factor in 

contest with freshwater cyanobacteria blooms [15-17]. 
However, a number of studies that investigated the cor- 
relation between N and P and cyanobacteria or phyto- 
plankton abundance have not always found clear rela-
tionships between these two nutrients and algal biomass. 
In fact, algal growth and abundance also depends on the 
availability of additional micronutrients, particularly Fe 
but also trace amounts of Mo, Mn and Cu [18-20]. The 
relevance of Fe becomes obvious if one considers that 
the two most energy-demanding systems in the cell, 
photosynthetic carbon reduction and nitrogen reduction, 
are heavily dependent on Fe-containing compounds. Par-
ticularly, Fe serves a crucial role in electron transfer re-
actions and in enzymes. In addition to Fe, other trace 
elements such as Cu and Mn also represent essential mi- 
cronutrients at very low concentrations. However, they 
become toxic, particularly to cyanobacteria, at greater con- 
centrations (i.e. in the micromolar range) [18]. Finally, a 
number of other environmental factors such as altered 
temperature and irradiance (e.g. as a consequence of cli-
mate change) and hydrological processes have been hy-
pothesized to significantly influence phytoplankton/cya- 
nobacteria blooms in freshwater and marine environ- 
ments [17,21]. 

The goal of this study was to elucidate the nutrient (N, 
P and other micronutrients including Fe and Mn) content 
and nutrient limitation of growth of primary production, 
particularly of cyanobacteria, in Lake Diefenbaker, as the 
primary local source of water, but also as a model for 
reservoirs and lakes with comparable hydro-ecology in the 
western prairies of Canada. Information was collected to 
conduct a rudimentary concentration balance for nitrogen 
and phosphorus. Specifically, the question of relative con- 
tributions from upstream and in the vicinity of the lake 
was addressed. In addition, to determine the limiting fac-
tors (N and/or P), bioassays were conducted with either 
the natural consortium of phytoplankton or defined mono- 
cultures of cyanobacteria, including Anabaena sp. Satel-
lite imagery was investigated to determine its potential 
use to quantify the distribution of chlorophylls in Lake 
Diefenbaker to determine the extent of blooms of algae 
and cyanobacteria in space and time. Furthermore, mod-
els and assessment tools, based on basic water quality 
parameters, N and P loads, and satellite imaging, were 
developed to aid in prediction and assessment of algal 
blooms in prairie lakes. 

2. Methods 

2.1. Sampling and Field Measurements 

Based on the basic information and the characteristics of 
topography, size, shape, depth, and flow velocity, etc., 
seven sampling sites in Lake Diefenbaker were selected 
(Figure 1). Water was collected monthly from June to  
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October 2008. Sampling was conducted between 10 am 
and 6 pm based on weather conditions [22]. Except for 
collections at the outflow, downstream of Gardner Dam 
(site 7), where only surface water was collected, the 
sampling site was located by GPS and 3 stratified water 
samples were collected according to depth as follows: 1) 
Surface: water surface at a depth of 0.5 m; 2) Mid-depth; 
and 3) Bottom: 0.5 m above the bottom. A total of 81 
samples were collected for nutrient analyses during the 
surveys.  

Parameters measured directly in the field included 
temperature, depth, pH, conductivity (Cond.), turbidity, 
chlorophyll a (Chl-a), total dissolved solids (TDS), salin- 
ity, and dissolved oxygen (DO) by means of a Hydrolab 
Data Sonde DS5 (OTT, Chesterfield, UK). Additional 
samples of water were collected, maintained at 4˚C, and 
immediately shipped to the laboratory for analysis of nut- 
rients as well as organic and inorganic constituents (Sup- 
plemental Materials, Table S1). 

2.2. Quantification of Nutrients and Inorganic 
and Organic Constituents 

Upon arrival at the laboratory (wet chemistry and ana- 
lytical lab of the Toxicology Centre, University of Sas-
katchewan) water samples were immediately analyzed for 
alkalinity, hardness, nitrate ( 3 ), nitrite ( 2NO  ), ortho- 
phosphate ( ), total phosphorous (TP), total nitrogen 
(TN), sulfate ( ), chloride (Cl–), chemical oxygen de-  

3
4


2
4SO 

PO

NO

mand (COD), total iron (Fe3+), manganese (Mn2+), and 
algal abundance of algae. Quantifications of the various 
parameters were made according to standard methods 
(Supplemental Materials, Table S1). Method detection 
limits (MDLs) were established for all analytes by use of 
reagent water (blank) fortified at a concentration of 3 - 5 
times the estimated instrument detection limits (or MDLs). 
The ionfortified reagent water samples were used for de- 
termination of MDLs as follows: 20 μg 2

 /L (parts 
per billion; ppb), 24 μg 4 /L, 24 μg 3 /L, and phos- 
phate 60 μg 4

2SO  NO

3PO  /L. Any sample containing the above 
concentrations of ions went through the entire analytical 
process with 7 replicates done in three separate days. Con- 
centrations of ions were reported as the mean and stan-
dard deviation (SD).  

Chl-a concentrations were quantified both in samples 
collected in the field and during the controlled bioassays 
following the spectrophotometric methods described by 
Lorenzen [23] and Jeffrey & Humphrey [24] with modi- 
fications as described in US-EPA Method 445.0 [25]. 
Specifically, we used a set of narrow bandpass excitation 
and emission filters (Turner Designs, Sunnyvale, CA; 
excitation filter 436FS10; emission filter 680FS10) that 
nearly eliminate the spectral interference caused by the 
presence of Pheo-a and Chl-b, and which has been pre-
viously validated and accepted by the US-EPA (EPA 
1997). Briefly, phytoplankton were concentrated by fil-
tering at low vacuum through a 0.7 μm glass fiber filter, 
and pigments were extracted from phytoplankton in to  

 

Figure 1. Map of Lake Diefenbaker depicting sampling sites. 
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90% acetone with the aid of a mechanical tissue grinder 
and allowed to steep for a minimum of 2 h. The filter 
slurry was then centrifuged at 675 × g for 15 min and an 
aliquot of the supernatant was transferred to a glass cu- 
vette. Fluorescence was measured before and after acidi- 
fication to 0.003 N HCl with 0.1 N HCl using a Turner 
Designs Model 10 Series fluorometer. 

2.3. Bioassays 

Bioassays were conducted in the laboratory to determine 
the limiting factors for growth of cyanobacteria. Bioas- 
says were performed with three different waters from 
Lake Diefenbaker. The experimental design for bioassays 
was a 5 × 5 full factorial design with 3 replicates to test 
for the effects of N (as KNO3) and P (KH2PO4) individu- 
ally and in combination. Five concentrations of both N 
(0.00, 0.25, 0.50, 1.00 and 2.00 mg N/L) and P (0.00, 
0.0125, 0.025, 0.05 and 0.10 mg P/L) were tested. Con- 
centration ranges were such that they bracketed average 
concentrations of nitrite, 3  and 2  ( 4PONO NO  ) of 
0.0164, 1.013 and 0.0124 mg/L, respectively, that were 
measured in lake water during the field portion of the 
studies. One treatment was the control to which no N or 
P was added. Thus, there were a total of 75 flasks (25 
treatment combinations with 3 replicates each). The five 
concentrations of N and P were selected in combination 
for nutrient addition (Supplemental Materials, Table S2). 
Bioassays were conducted either with consortia of plank- 
ton or with filtered water F and flasks were inoculated 
with either a single species of cyanobacteria or a consor- 
tium of cells isolated from Lake Diefenbaker water. 
Qualitative microscopical analysis revealed five algal 
species in surface and mid water of Lake Diefenbaker 
sampled on September 29 and 30, 2008 (Figure 2). At 
site 4, for which a cyanobacteria bloom was reported in 
October 2007, the dominant algae species was Anabena 
circinalis in surface water. Furthermore, Woronichinia 
naegeliana at this location and in surface and middle 
layer lake water at site 5. None of the other sites (1, 2, 3, 
6 and 7) contained these species. Furthermore, three uni-
dentified species occurred at most of the locations. While 
no quantitative assessments of algal abundance at the 
laboratory were made due to lack of appropriate sample 
preservation, the qualitative assessment indicated that 
Anabaena sp. was the dominant algal species. 

In the first study with a natural consortium of phyto- 
plankton from Lake Diefenbaker, a volume of 150 mL 
surface water was collected at site 4 and placed into 250 
mL Erlenmeyer flasks. Phytoplankton was identified and 
enumerated initially and concentrations of chlorophyll a 
were determined at the beginning of the experiment and 
then every few days until the assay was terminated. Cul- 
tures were incubated for 14 d at 26˚C, under 2000-lux 
lighting on a 12:12 light:dark cycle. Flasks were shaken  

by hand twice a day. Three replicate samples and blanks 
were taken as the quality control. 

In the second study with the species of Anabaena sp., 
a volume of 150 mL filtered and autoclaved lake surface 
water collected at site 5 was placed into 250 ml Erlen- 
meyer flasks. At the beginning of the experiment the 
number of Anabaena sp. cells was determined and the 
concentration of chl-a was determined. An initial cell 
density of 1.0 × 104 per ml Anabaena sp. was used and N 
and P were added to each flask. The culture and experi-
mental conditions were the same as those of the first 
bioassay. 

2.4. Satellite Imaging of Cyanobacteria Blooms 

Satellite images of Lake Diefenbaker were obtained and 
analyzed to determine the overall spatial distribution of 
algal and/or cyanobacteria biomass, as measured by spec- 
tral reflection of chlorophylls. A total of five scenes of 
MODIS (http://modis.gsfc.nasa.gov/; Supplemental Ma- 
terials, Tables S3-S6 and Figure S1) matched with in 
situ measurements of chlorophyll were collected. There-
fore, further analyses of the available image data were 
conducted to develop predictive relationships between 
spectral radiance imaging and distributions of concentra-
tions chlorophyll within Lake Diefenbaker. 

Because the spatial resolution within MODIS is only 
km, the algorithm to relate concentrations of chlorophyll 
from spectral radiance within MODIS was not applied 
Alternatively, MODIS bands 1 & 2 with spatial resolu-
tion of 250 m were used. These bands cannot be used to 
specifically predict concentrations of chlorophyll, but 
rather give an indication of Vegetation Index (VI). Thus, 
the VI was used as a surrogate and has been applied to 
indirectly estimate the spatial distribution of algal bio- 
mass. Two VIs were applied in this study, first the Nor- 
malized Difference Vegetation Index (NDVI) [36], which 
is defined as the normalized difference of brightness va- 
lues indicating relative distribution and activity from the 
satellite image (Equation (1)). 

nir red

nir red

NDVI
 
 





               (1) 

where ρnir and ρred represent the spectral reflectance mea- 
surements acquired in the near-infrared and visible (red) 
regions, respectively. MODIS NDVI was processed as 
described in the following steps (Equation (2)). 

1) Use band 1 and 2 having 250 m spatial resolution 
for detecting green algae; 

2) Reflectance data was of limited use owing to over 
exclusion for the atmospheric correction; 

3) Use radiance data instead of the reflectance data. 

2 1

2 1

NDVI b b

b b

Rad Rad

Rad Rad






The second index applied was the Transformed Vege-  

              (2) 
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 (a) (b)

 
(c)  (d)

 
(e) (f)

 

Figure 2. Phytoplankton species identified in Lake Diefenbaker surface water collected on September 29/30, 2008, by means 
of quailtative light microscopy. Panel a: Anabena circinalis; Panel b: Woronichinia naegeliana; Panels d-f: Unidentifie ecies. 
 
ation Index (TVI), which enhanced values of the NDVI 

d sp

t
for the elimination of negative values (Equation (3)). 

TVI NDVI 0.5               (3) 

nducted by use of STATIS- 

2.5. Statistical Analysis 

Statistical analyses were co
TICA 6 (StatSoft Inc., Tulsa, OK, USA), SigmaStat 3.0 
(SPSS Inc., Chicago, IL, USA) and SPSS 11.5 (SPSS 
Inc.). Prior to the use of parametric statistical procedures, 
normality was evaluated by the Shapiro-Wilks test and 
the assumption of homogeneity of variance was evalu- 

tions of homogeneity of variance test (Supplemental 
Materials, Table S7), and thus, measures of productivity, 

ated using Levene’s test. All parameters met the assump- 

including Chl-a and number of cells, in factorial assays 
of nutrient (N and P) limitation were analyzed by three- 
way ANOVA with Student-Newman-Keuls test (SNK). 
Values for parameters measured in the field were inves-
tigated by two-way ANOVA (location and depth). Rela-
tionships between the Chl-a, and limiting factors were 
explored using multiple correlations, and stepwise re- 
gression analyses [26]. Data obtained during the field 
studies fulfilled all assumptions for the calculation of 
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linear regressions, and thus, were not transformed. Chl-a 
data from the two laboratory experiments were log-trans- 
formed to approximate normal distribution prior to con- 
duct of linear regression analyses. 

Data for site 1-6 (collected from July to October 2008) 
were analyzed by use of three-way ANOVA with sam- 
pling site, sampling depth, and sampling date as the class 
variables, followed by SNK pair-wise multiple compare- 
so

There were significant differences among most water 
of time, depth and sam- 
There were statistically 
mpling time-points for 

ns, or by the non-parametric Kruskal-Wallis test fol- 
lowed by the Mann-Whitney U test, as appropriate. Pa- 
rameters, including hardness, COD, DO, pH, Chl-a, and 
depth passed the normality test and equal variance test 
using a three-way ANOVA followed by application of 
the SNK test (SigmaStat 3.0). The remaining 16 parame- 
ters (dependent variables) that did not meet the assump- 
tions for parametric analyses were analyzed by the me- 
dian test of variances (STATISTICA 6). 

3. Results and Discussion 

3.1. Water Quality Analysis 

quality parameters as a function 
pling location (Tables 1 and 2). 
significant differences among sa
hardness, COD, pH, NO2, NO3, PO4, hardness, alka-  

linity, TN, Mn2+, Fe3+, DO, temperature, Chl-a, and TDS 
(p ≤ 0.05). Specifically, there was a trend towards greater 
hardness, 2NO , 2

4SO  , Cl–, TN and salinity, and lesser 

3NO  concentrations and Fe later in the year. No clear 
trend towa increasing or decreasing values as a func-

of sampling season was observed for COD. No sta-
tistical differences among sampling times were observed 
for 2

4SO

rds 
tion 

 , Cl–, TP, pH, Cond, depth, and salinity. The para- 
meters of hardness, COD, 2NO , 2

4SO  , Cl–, TN, Fe3+, pH, 
and nity were significantly different among sampling 
sites with trends towards at alues at the further 
downstream sites (p ≤ 0.05). No statistical significant dif-
ferences were observed among locations for 3NO

 sali
 gre er v

 , 4PO , 
hardness, alkalinity, COD, TP, Mn2+, DO, temperature, 
Cond, and TDS. Concentrations of Cl– and T S w e 
significantly different among sampling depths but no clear 
trends towards increasing of decreasing values at greater 
or lesser depths were observed (p ≤ 0.05). However, in 
September there were significantly greater temperatures 
and pH in surface water compared to bottom water across 
all sampling sites indicating that some stra- tification of 
water layers occurred during this time. No sta- tistically 
significant differences among sampling depths were ob-
served for 2NO

D er

 , 3NO , 2
4SO  , 3

4PO  , hardness, alkalinity, 
COD, TN, TP, Mn2+, Fe3+, DO, Cond, and salinity. 

he surface (Surf), mid-depth (Mid) and in near-bottom
 
t t  (Bot) 

i  sites (Sites 1-7). N = 5 for surface water (Sur) values, and N 
Table 1. Average (mean) water quality parameters measured a
water measured between June and October 2008 at all sampl ng
= 4 for middle depth (Mid) and bottom (Bot) water samples. No middle depth and bottom water samples were collected at site 
7. 

  Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7

Depth Unit Sur Mid Bot Sur Mid Bot Sur Mid Bot Sur Mid Bot Sur Mid Bot Sur Mid Bot Sur

Te p m ˚  14.1 12.6 13.4 10.3 12.4 8.2 12.3 10.4 13.1 11.8 13.6 15.5C 12.6 12.0 11.4 12.2 12.2 12.7 11.8

pH s.u. 6.8 6.4 6.2 6.9 6.6 6.4 6.8 6.6 6.2 7.0 6.7 6.2 6.7 6.6 8.0 6.9 6.7 8.4 6.5

Cond μS

 

/cm 416 427 427 333 335 342 350 337 355 359 340 319 339 344 440 362 316 428 346

Chl-a 

3NO  
2

4SO 

Cl– 

Mn2+

μg/L 2.4 3.1 2.4 2.4 2.6 2.4 2.2 2.0 1.4 2.1 3.4 2.7 1.4 2.3 1.5 1.7 2.3 2.3 1.8

TDS mg/L 0.28 0.29 0.29 0.22 0.22 0.23 0.23 0.22 0.23 0.24 0.23 0.22 0.23 0.23 0.29 0.24 0.22 0.28 0.23

Sal mg/L 0.16 0.16 0.16 0.17 0.17 0.17 0.17 0.17 0.18 0.18 0.17 0.16 0.17 0.17 0.22 0.18 0.17 0.22 0.17

TN mg/L 0.24 0.23 0.27 0.33 0.34 0.39 0.29 0.33 0.34 0.29 0.30 0.33 0.62 0.38 0.53 0.35 0.36 0.45 0.31

TP mg/L 0.013 0.014 0.016 0.010 0.014 0.016 0.010 0.011 0.009 0.008 0.008 0.015 0.013 0.012 0.015 0.014 0.015 0.017 0.013
3

4PO   mg/L 0.007 0.004 0.005 0.010 0.024 0.010 0.016 0.006 0.017 0.007 0.007 0.005 0.010 0.020 0.007 0.016 0.020 0.011 0.006

2NO  mg/L 0.010 0.010 0.012 0.011 0.008 0.010 0.015 0.010 0.010 0.011 0.012 0.010 0.014 0.055 0.009 0.012 0.012 0.015 0.010

mg/L 0.45 0.29 0.36 0.95 0.85 1.15 1.02 0.89 1.14 0.78 0.77 0.69 0.85 0.85 1.34 0.87 0.77 1.00 0.98

 mg/L 45 45 45 47 48 52 49 49 53 53 50 47 50 51 67 54 51 64 53

mg/L 4.8 4.9 5.0 5.4 5.7 6.6 5.8 6.0 6.8 6.7 6.3 5.7 6.4 6.4 8.0 6.6 6.4 8.7 6.9

 μg/L 6.0 1.3 30.1 1.7 0.3 1.4 1.1 0.4 0.9 3.1 0.5 0.5 0.3 0.3 0.6 2.9 0.2 0.3 0.7

Fe3+ μg/L 5.6 1.7 2.9 17.2 1.1 1.3 10.6 0.9 1.4 7.0 1.3 1.1 0.9 1.3 1.6 7.4 1.1 1.1 0.8

Hard mg/L 149 148 150 144 154 156 152 153 155 155 153 153 151 154 202 157 153 195 160

Alk mg/L 116 113 113 118 120 133 117 118 121 123 121 116 118 120 155 123 119 150 119

COD mg/L 7.2 7.4 6.6 8.7 10.2 9.2 8.4 8.6 8.8 17.5 10.3 9.8 10.8 10.3 12.6 10.7 10.2 13.4 7.7

DO mg/L 7.8 6.8 5.9 8.1 7.3 5.8 8.0 7.2 4.3 7.5 6.6 6.0 7.7 6.7 5.7 7.8 6.9 8.3 7.5

Alk: Alka h h hy OD: C l en a o o so y;  
Total Dissolved Solids; Temp: Temperature; TN: Total Nitrogen; TP: Total Phosphorous. 

linity; C l-a: C lorop ll a; C hemica Oxyg  Dem nd; C nd: C nductivity; DO: Dis lved Oxygen; Hard: Hardness; Sal: Salinit  TDS:
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Table 2. Averag a u  p  s am ng s ween Ju n t  2  A Mean; e w ter q ality arameters measured acros all s pli  site  bet ne a d Oc ober 008. V: 
SD: Standard Deviation. N = 19 with exception of the June 2008 sampling (N = 5). 

 Unit Jun-08 Jul-08 Aug-08 Sep-08 Oct-08 

  AV SD AV SD AV SD AV SD AV SD 

Te p 18.7 1.3 16.9 4.3 17.5 2.1 13.9 1.4 10.5 0.7 m ˚C 

pH 8.3 0.3 8.3 0.4 8.2 0.3 8.2 0.3 8.1 0.1 

Cond S/cm　  

μ  

0  0  0  0  

0  0.  0  0  

N  

N  

Sulfate 

C  

 

Alkalinity 

s.u. 

404 49 504 182 422 15 418 32 424 6.5 

Chl-a g/L 1.4 0.59 1.9 1.0 2.1 0.81 4.0 1.4 3.1 1.1 

TDS mg/L 0.26 .031 0.32 0.12 0.29 .010 0.29 .007 0.27 .004

Sal mg/L 0.20 .027 0.21 0.013 0.21 008 0.21 .009 0.21 .003

TN mg/L 0.31 0.09 0.37 0.09 0.43 0.08 0.38 0.12 0.52 0.29 

TP mg/L 0.011 0.006 0.011 0.007 0.014 0.003 0.016 0.007 0.022 0.009 
3PO   
4

itrite

mg/L 0.005 0.004 0.010 0.011 0.008 0.003 0.019 0.012 0.019 0.023 

mg/L 0.013 0.007 0.016 0.006 0.021 0.025 0.020 0.025 0.009 0.003 

itrate mg/L 1.4 0.37 1.1 0.38 0.91 0.37 0.91 0.37 1.1 0.19 

mg/L 59 10 63 6.7 61 4.0 61 4.0 64 1.5 

hloride mg/L 6.6 2.0 7.7 1.4 7.4 0.87 7.4 0.87 7.8 0.23 

Mn2+ μg/L 15 10 8.6 33 1.1 1.3 0.43 0.18 0.38 0.09 

Fe3+ μg/L 51 29 2.4 1.3 1.7 0.36 1.5 0.79 0.81 0.38 

Hardness mg/L 155 13 172 9.2 176 9.5 211 6.0 208 2.8 

mg/L 135 15 138 8.2 137 3.6 141 7.3 178 17 

COD mg/L 18 19 11 2.0 9.8 1.6 17 4.1 9.0 1.4 

DO mg/L 9.8 0.11 7.1 2.5 7.7 0.90 9.1 3.1 9.7 0.22 

Alk: Alka hl-a: ophyll a hem al Oxyg nd; C d: Cond ; DO: Dissolved Oxy en; Ha rdness linit  
Total d Solids pe e; TN: oge P: Tota phorou
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3.2. Phytoplankton Biomass and Its Association 
with Water Quality and Nutrient  

gal mass) gradient between the more upstream sites (site 
1) an

Parameters 

3.2.1. Estimation of Biomass of Phytoplankton by Use
of Chl-a 

selected as an in
and/or production [27,28]. Concentrations of Chl-a in 

ater are s
of algal biomass in Lake Diefenbaker during June to Oct 
2008. In general, concentrations of Chl-a increased from 
June to October (Figures 3(a)-(c)). Concentrations of Chl-a 
reached a maximum of 5.31 μg Chl-a/L in October at site 
4. This is approximately 6-times greater than Chl-a mea- 
sured in June (0.95 μg Chl-a/L), which indicates a sig-
nificant increase in phytoplankton biomass. In general, 
Chl-a concentrations measured in surface water from Lake 
Diefenbaker were comparable to those reported in other 
lakes (0.22-7.09 μg Chl-a/L) in Canada [29-32]. How- 
ever, compared to other freshwater systems in which mas- 
sive cyanobacteria blooms occurred (the associated Chl-a 
concentrations were more than 100-times greater than 
those recorded during this study; up to 830 μg Chl-a/L; 
[21]), Chl-a concentrations in Lake Diefenbaker meas-
ured during the 2008 sampling season were low. 

Based on monthly concentrations of Chl-a in surface 
water, there was a general decreasing concentration (al- 

October, there was no such decreasing trend. 
months, the greatest concentrations of Chl-a were ob-
served at sites 2 and 4 (Figures 3(a)-(c)). Previous re- 
ports indicated that blooms of phytoplankton are often 
associated with intensity of solar radiation over time [33, 
34] or other weather condition such as wind [35]. While 
no specific data on intensity of solar irradiation or cloud 
cover was available for the sampling region in 2008, few 
days (=3) with precipitation in October 2008 would in-
dicate relatively great light intensities prior to the peak of 
Chl-a in later October (http://climate.weatherof-fice.gc.ca/ 
climateData/). Furthermore, the prevailing winds in Oc-
tober 2008 were out of the West and North-West, which 
would favor accumulation of surface alga in the South- 
East arm of the reservoir (http://climate.Weatheroffice.gc.ca/ 
climateData/). This, together with the poor water ex-
change between this arm and the flowing portion of the 
reservoir, is hypothesized to represent contributing fac-
tors to the maximum Chl-a concentrations observed at 
sampling site 4 in October, which is located in the Qu’- 
Appelle arm of the reservoir. 

3.2.2. Satellite Image Analysis 
The progress of cyanobacteria blooms between October 
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Figure 3. Monthly average concentrations of Chl-a [g/L] in 3 stratified water layers (Surface [A], MidDepth [B], and Near- 
Bottom [C]) at sites 1-7 in Lake Diefenbaker during June to Oct, 2008. Bars represent mean values. Error bars represent 1 × 
SD. 

ured by NDVI (Figures 4 and 5; Supplemental Ma-

because of the relatively small concentrations of chloro- 

reached a maximum on October 16, 2007, which coin-

at Site 7 exhibited less seasonality than that of Sites in 

(c) 

 
2007 and October 2008 in Lake Diefenbaker was dynami- 
cally monitored by use of MODIS Terra daily data and 

eas

phyll in the lake, but the TVI resulted in positive values. 
Retrospective satellite image analysis revealed that NDVI 

m
terials, Table S3 and Figure S1) and concentrations of 
chlorophyll were calculated. NDVI values were negative 

cided with the approximate day of the cyanbacteria 
bloom. In general, NDVI measured at Sites 1 and 2 and 
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the more downstream region of the reservoir. With ex- 
ception of Site 2, this may be attributed to the greater 

flow rates in these areas that do not promote primary 
production similar to lake-type habitats. 

 

October 15, 2007 

July 30, 2008 

August 26, 2008 

September 29, 2008 

October 23, 2008 

 

Figure 4. Geographical heat maps of Normalized Difference Vegetation Index (NDVI) values using MODIS terra images 
(October 2007 through October 2008). 
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Figure 5. Comparison of normalized difference vegetation 
index (NDVI) between October 15, 2007 and October 23, 
2008, in Lake Diefenbaker surface water using MODIS Ter- 
ra images. 
 

Significant correlations between concentrations of Chl- 
a and NDVI (Pearson correlation coefficient r = 0.497, p 
< 0.05) and TVI (Pearson correlation coefficient r = 
0.446, p < 0.05) from the MODIS terra images obtained 
on sampling days between June and October 2008 were 
found (Supplemental Materials, Table S4). This is in 
accordance with earlier studies that that found correla-
tions between NDVI and surface cyanobacteria concen-
trations [36,37]. The overall distribution of algal biomass 
along the river from upstream to downstream locations 
could be clearly identified by satellite image analysis. 

The results of the image analyses indicated that either 
the NDVI or TVI indexes of MODIS represent promising 
tools to aid in explaining algal biomass distribution in 
surface waters such as Lake Diefenbaker [38]. Analysis 
of satellite images was useful for remote monitoring of 
the general conditions and spatial distributions of algal 
biomass in Lake Diefenbaker. However, the limited sour- 
ces of available satellite image due to atmosphere inter- 
ferences and relatively narrow range of chlorophyll con- 
centrations in the lake represent potential limitations in 
the application of satellite imaging to estimate algal bio- 
mass distribution. Overall, the current data set and our 
experience suggests that it will be possible to use satellite 
image processing to examine and estimate algal distribu- 
tion at a relatively large scale, but the resolution of con-
centrations by this method will need to be linked to sup-
plemental water sampling. In particular, to enable accu-
rate determination of the types of algal cells present and 
their absolute and relative densities will require parallel 
collection of field data. In addition, satellite imagery will 
be more useful for those species such as cyanobacteria 
that tend to float on or near the surface and will be of 
negligible use for quan- tifying chlorophyll at deeper 

.2.3. Relationships between Water Quality, Nutrient 
Status and Chl-a 

Relationships between Chl-a and 20 other parameters in 

lake water were investigated by use of multiple regres- 
sion analysis. In addition, to determining relationships 
between and among these parameters, models to predict 
algal productivity were developed (Supplemental Mate-
rials, Tables S8-S10). Chl-a is an integrating variable for 
a relatively complex set of conditions that can influence 
phytoplankton biomass and production in lake water. 
Dynamics and content of Chl-a in bodies of water are 
restricted and controlled by several types of physical and 
chemical factors as well as biological factors. Conversely, 
these factors are changed in response to phytoplankton 
biomass as represented by Chl-a [39]. The correlation 
coefficient hat resulted from the multiple regression 
analysis comparing Chl-a with water quality parameters 
was 0.867 (r2 = 0.752 N = 81). Because the concentration 
of Chl-a could be used to indicate phytoplankton biomass, 
the linear regression (model 1) showed that Chl-a con-
centration was closely associated with TP, and which is 
in accordance with other studies that reported strong de-
pendence of algal biomass, as represented by Chl-a, on 
TP in both cold and warm freshwater lakes [16,40]. Total 
phosphorus was found to be the limiting factor affecting 
primary production of phytoplankton in Lake Diefen-
baker. If predictions of future loadings of TP can be es-
timated then the resulting change in algal biomass can be 
predicted. 

Furthermore, nutrient indexes based on concentrations 
of nitrite, nitrate, SO4, PO4, Cl–, TN, TP, Mn, and Fe 
were selected and their relationships with Chl-a deter-
mined by use of multivariate, stepwise regression analy-
ses (Supplemental Materials, Table S8). The resulting 
linear regression model is defined by (Equation 4). 

[Chl-a] = 1.813 + 80.44 [TP]          (4) 

where: concentration of chlorophyll-a (Chl-a) is the de- 
pendent variable and concentration of total phosphorus 
([TP]) is the independent variable expressed as mg P/L. 
The correlation coefficient (between Chl-a and TP in the 
water was 0.427) r2 = 0.182, N = 81, p < 0.001.  

Based on this analysis, concentration of TP was sig- 
nificantly associated with Chl-a and the coefficient of de- 
termination of the standardization partial regression be- 
tween these two variables was 0.392, which was greater 
than for any other parameters. Thus, using this type of mul- 
tivariate analysis to investigate the accessory factors and 
micronutrients in Lake Diefenbaker, it was found that the 
primary limiting factor for algal production was TP, as is 
the case in many other freshwater system in temperate 
regions [16,40]. In addition, the micro-nutri nts, Mn and 

mental studies in Lake Erie [20] reported Fe as a co-li- 
miting factor of phytoplankton with Fe supplementation 
resulting in a synergistic stimulating effect on Chl-a in 
combination with P and N supplementation. Interestingly, 

depths. Fe were important cofactors in algal production. Experi- 

3

e
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in this study a significant and negative correlation was 
observed between Fe concentrations in Lake Diefenbaker 
water and Chl-a concentrations (r = –0.482; r2 = 0.232; N 
= 81; p < 0.001). Fe concentrations in Lake Diefenbaker 
water were approximately 10- to 100-times greater than 
those reported to stimulate phytoplankton growth as de- 
scribed by North et al. [20], and thus, Fe is unlikely to 
have represented a limiting factor in Lake Diefenbaker. 
However, to date no information on optimum Fe concen- 
trations or Fe-P-N ratios in freshwater systems are avail- 
able, indicating the need for further studies to elucidate 
these interrelationships. None of the measures of nitro

i

tio 
of

ors, determined based on concentrations of 
 
 

be the limiting nutrient and algal growth increased at 
conce g P/L (Figure 7(a)). 

lim

ot in- 
crease sig

ena sp. 
an

 

- 
gen were significant predictors of Chl-a. 

3.3. Identification of Limiting Factors for 
Cyanobacteria Growth 

L mnologists and lake managers have developed a gen- 
eral consensus about freshwater lake responses to nutria- 
ent additions. Essentially, at an ambient TP of greater 
than approximately 0.01 mg/L and or TN of about 0.15 
mg/L it is likely that there will be blooms of cyanobacte- 
ria during the growing season [41]. The thresholds of 
concentrations of nutrients associated with eutrophication 
of lakes are a TP of 0.02 mg P/L and TN of 0.2 mg N/L 
[42-44]. According to the “Redfield” hypothesis [39, 
45,46] the typical molecular formula of algal cells is 
(CH2O)106(NH3)16(H3PO4), which is equivalent to a ra

 critical nitrogen/phosphorus concentrations of 16:1. 
On a mass basis this is equivalent to a nitrogen/phos- 
phorus ratio 7.2:1. From this theoretical perspective, if 
the ratio of nitrogen/phosphorus was less than the critical 
value, nitrogen would be the factor limiting phytoplank- 
ton growth, while if the ratio was greater than this value, 
phosphorus would be the limiting factor. Average con- 
centration of TN and TP in Lake Diefenbaker were 0.423 
and 0.015 mg/L, respectively. Thus, the mean ratio of 
TN/TP in Lake Diefenbaker was 42:1 (min-max = 16:1 - 
440:1; Figure 6). Since the ratio is greater than the criti- 
cal value, TP is currently the limiting nutrient factor in 
Lake Diefenbaker. Furthermore, based on the abundance of 
other micronutrients such as Fe as discussed in the pre- 
vious section it is unlikely that P-N-Fe co-limitation af- 
fects biomass of phytoplankton in general, and biomass 
of cyanobacteria specifically. Based on this and a current 
relative classification scheme, Lake Diefenbaker would 
be classified as moderately eutrophic, and it can be con- 
cluded that excessive nutrients and phosphorus in par- 
ticular would be the most likely cause of the prevalence 
of cyanobacteria (i.e. A. circinalis).  

As a confirmation of the determination of putative 
limiting fact
nutrients and theoretical relationships, two nutrient addi-
tion bioassays were conducted. Phosphorus was found to

ntrations greater than 0.025 m
After two weeks of exposure, concentrations of Chl-a in 
lake water doubled at concentrations of 0.025 mg P/L, 
regardless of N concentration. However, concentrations 
of Chl-a slightly increased as N increased when P con- 
centrations were greater than 0.05 mg P/L (Figure 7(a)). 
Thus, if concentrations of P increased, Chl-a (phyto- 
plankton biomass) would only increase to a certain point 
until N became limiting. However, since some cyano- 
bacteria genera have the ability to fix nitrogen [47], more 
detailed and longer-term studies with different consortia 
of phytoplankton would be needed to develop a more 
robust predictive relationship. 

The relationship between Chl-a and nutrient indexes 
TN and TP after 2 weeks for phytoplankton from Lake 
Diefenbaker cultured in water from the lake was ana- 
lyzed by use of stepwise, multivariate, regression analy- 
sis. The resulting linear regression model is defined by 
(Equation (5)): 

Ln[Chl-a] = 6.788 + 1.076 Ln[TP]      (5) 

where: Chl-a is the dependent variable and TP is the in- 
dependent variable expressed as mg/L. The coefficient 
for the correlation between concentrations of Chl-a and 
TP was 0.632 (r2 = 0.399, N = 25). TP was significantly 
associated with Chl-a. Thus, in Lake Diefenbaker the pri-
mary limiting factor for algal production was TP, and TN 
was not a significant predictor of Chl-a. 

In the second bioassay, which investigated N and P 
itations of growth of the single cyanobacteria that 

caused the bloom in Lake Diefenbaker, Anabaena sp. 
(the dominant species observed in the cyanobacteria blo- 
om in 2007), after two weeks of exposure, Chl-a doubled 
at concentrations of 0.025 mg P/L or greater, regardless 
of the concentration of TN. However, Chl-a did n

nificantly as a function of the concentration of 
TN (Figure 7(b)). This result is similar to that observed 
in the bioassay that used lake water containing a consor- 
tium of algal species. This experiment confirmed that P 
was the limiting nutrient and algal growth increased at 
concentrations greater than 0.025 mg P/L. 

The relationship between Chl-a from Anaba
d TN and TP after two weeks cultured in the second 

bioassay were analyzed by use of stepwise, multivariate, 
regression analysis (Supplemental Materials, Table S9). 
The resulting linear regression model is defined by (Equa- 
tion (6)): 

Ln[Chl-a] = 7.155 + 0.743 Ln[TP]       (6) 

where: Chl-a is the dependent variable and TP is the in- 
dependent variable expressed as mg/L. The coefficient for 
the correlation between Chl-a and TP in water was 0.748 
(r2 = 0.559, N = 25). The TP concentration was also sig-
nificantly associated with Chl-a, which showed 
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Figure 6. Monthly average ratio of TN/TP in in 3 stratified wat
1-7 in Lake Diefenbaker during June to Oct., 2008. Dotted line: M
 
that in Lake Diefenbaker the primary limiting factor for 
growth of Anabaena sp. was TP. 

4. Conclusion 

This study characterized N, P and micronutrient concen- 
trations (Fe, Mn) during the summer/fall season in 2008 
in Lake Diefenbaker, Saskatchewan, C

e study. 

tial predictor of cyanobacteria blooms. Overall, the cur- 
rent trophic status of Lake Diefenbaker is one of moder- 
ate eutrophication. It could be demonstrated that primary 
production in Lake Diefenbaker is P-limited, and that 
increases i

with the occurrence of such algal blooms. In con- 
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Figure 7. Average (n=3) algal (a) and Anabaena sp. (b) growth as measured by Chl-a concentrations (μg/L) in autoclaved lake 
water after nutrient addition of P and N. Concentrations in water were measured after 2 week of culture. 
 
production. In addition, other factors such as wind patterns, 
hydrodynamics and the resulting temperature patterns as 
well as micronutrients such as Mn and Fe also are likely 
to contribute to the occurrence of algal blooms in the 
reservoir. A. circinalis, a common nuisance species that 
has the potential to seriously degrade the Lake eco-sys- 

 needs to be reduced to 
anobacteria blooms. It was demon- 

 no significant increase in TP con- 

centrations between the upper and lower portions of the 
reservoir, indicating that most of the phosphorus in Lake 
Diefenbaker comes from upstream sites in Alberta, re-
sulting in the need for remedial measures in the up- 
stream reach of the South Saskatchewa ver. In addi- 
tion to the investigation of relationships between algal 

 
tems, was identified as the predominant cyanobacteria in 
Lake Diefenbaker. Therefore, it is important to continu- 

production and water quality in Lake Diefenbaker, the 
use of satellite imaging techniques as a predictive tool to

ously monitor for this species. Because increases in algal 
productivity were directly proportional to increases in TP, 
the loading of TP to the reservoir
prevent future cy
strated that there was

n Ri

identify algal blooms was explored in this study. While 
in general a promising approach, due to limited sensitive- 
ity and issues associated with atmosphere interference 
this methodology should only be used in combination 
with parallel in situ water quality monitoring. It repre- 
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sents, a potentially useful adjunct tool to inform sam-
pling in context with water quality assessment studies. In 
summary, while this study indicated that Lake Diefen-
baker is potentially at risk in context with cyanobacteria 
blooms during late summer and fall, development of 
clear causal relationships and risk assessment strategies 
is currently limited due to lack of historic monitoring 
data and ongoing programs. 
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Supplemental Materials 

Table S1. Water quality parameters measure

Parameter Unit Methodol

d in Lake Diefenbaker and analytical methods. 

ogy Instrument References 

Field Measurements 

Water temperature ˚C  Hydrolab DS5  

pH pH units Electrom

Dissolved Oxygen Metric 

/l Color

epth m  HydrolabDS5  

 

etric HydrolabDS5  

Electrical conductance (EC) us/cm Conductivity

Turbidity ntu Nephelom

Dissolved oxygen (DO) mg/L 

Chlorophyll a (Chl a) µg

metric Hydrolab DS5  

etric HydrolabDS5  

HydrolabDS5  

imetric HydrolabDS5  

HydrolabDS5  

HydrolabDS5  

Salinity ppt  

otal Dissolved Solids (TDS) g/l  T

D

Laboratory Analyses

Hardness (as CaCO3) mg/L Titration, using EDTA Titrator Hach 8213 

Alkalinity (as CaCO3) mg/L Phenolphthalein Digital Titration Titrator Hach 8203 

itrate nitrogen (NO3-N)) mg/L Ion Chromatography Ion Chromatograph EPA 300.1 (1997, Rev 1.0)

itrite nitrogen (NO2-N)) mg/L Ion Chromatography Ion Chromatograph EPA 300.1 (1997, Rev 1.0)

tho-Phosphate-P 

N

N

O
 3

4PO   mg/L Ion Chromatography 
Ion Chromatograph 

or Spectrophotometer 
EPA 300.1 (1997, Rev 1.0)

ulfate mg/L Ion Chromatography Ion chromatograph EPA 300.1 (1997, Rev 1.0)

hloride mg/L Ion Chromatography Ion chromatograph EPA 300.1 (1997, Rev 1.0)

hemical Oxygen Demand (COD) mg/L Reactor Digestion Method Spectrophotometer HACH #8000 

otal nitrogen (TN) mg/L Persulfate Digestion Method Spectrophotometer HACH #10071 

otal phosphorus (TP) mg/L 
PhosVer® 3 with Acid Persulfate  

Digestion Method 
Spectrophotometer HACH #8190 

lgal abundance 10cells/mL Cell Counting Microscopy EPA 445 (1997, Rev 1.2)

otal Iron mg/L  ICP-MS EPA 220.8 (1994) 

anganese mg/L  ICP-MS EPA 220.8 (1994) 

ples were shipped to the Laboratory as soon as possible after collection; All samples were preserved at 4˚C sealed in a freezer storage bag 

S

C

C

T

T

A

T

M

Sam

 
Table S2. Nutrient addition design for algalbioassay. 

Treatment P0 P1 P2 P3 P4 

N0 N0P0 N0P1 N0P2 N0P3 N0P4 

N1 N1P0 N1P1 N1P2 N1P3 N1P4 

N2 N2P0 N2P1 N2P2 N2P3 N2P4 

N3 N3P0 N3P1 N3P2 N3P3 N3P4 

N4 N4P0 N4P1 N4P2 N4P3 N4P4 

O4-P at the level of 0.00, 0.0125, 0.025, 0.05 and 0.10 mg P/L; NO3-N at the level of 0.00, 0.25, 0.50, 1.00 and 2.00 mg N/L. P
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Table S3. Concentrations of Chlorophyll a, NDVI and TVI in surface water of Lake Diefenbaker as determined by satellite 
agery by use of MODIS Terra (http://modis.gsfc.nasa.gov/). 

Sampling Site Sampling Date Chl-a (µg/l) MODIS Terra NDVI TVI 

im

site1 n.d. n.d. 10/15/2007 –0.242  0.508  

site2 0.344  

site3 0.507  

4 n.d. 10/15/2007 415  

site4 n.d. n.d. 10/15/2007 –0.374  0.355  

n.d. n.d. 10/15/2007 –0.368  0.364  

n.d. n.d. 10/15/2007 356  0.379  

7/30/2008 3.53 7/30/2008 .243 0.507 

site2 7/31/ 7/30/2008 0.204 0.544 

7/31/2 7/30/2008 .171 0.574 

te4 7/24/2008 7/30/2008 0.226 0.523 

7/29/2 7/30/2008 0.198 0.549 

7/29/2008 1. 7/30/2008 0.209 0.540 

site7 7/24/2008 2.46 7/30/2008 0.187 0.560 

8/29/2008 2.83 8/26/2008 0.284 0.465 

site2 8/27/2008 2.39 8/26/2008 0.244 0.506 

site3 8/27/2008 2.50 8/26/2008 –0.243 0.507 

8/27/2008 1.96 8/26/2008 –0.228 0.522 

008 8/26/2008 –0.235 

008 8/26/2008 –0.249 

8/27/2 008 –0.244 

008 9/29/2008 

9/29/2 9/29/200 6 

9/29/2 9/29/200 48 

9/30/2008 9/30/200

9/30/200 7 

site6 9/30/2 9/30/2008 31 

site7 9/30/2008 3.84 9/30/2008 –0.173 0.572 

2 10/23/200 82 

4/2 10/23/200 52 

site3 10/24/2008 3.05 10/23/2008 –0.226 0.524 

10/24/2 10/23/200 59 

10/24/2 23/200 53 

site6 10/24/2008 10/23/2008 –0.263 0.487 

10/2 10/23/2008 254 

n.d. n.d. 10/15/2007 –0.382  

n.d. n.d. 10/15/2007 –0.243  

site  n.d. –0. 0.291  

site6 

site7 

site1 

–0.

–0

2008 2.59 –

site3 008 2.34 –0

si 2.50 –

site5 008 1.95 –

site6 67 –

–

site1 –

–

site4 

site5 8/27/2

site6 8/27/2

1.56 

1.42 

0.514 

0.501 

site7 008 0.96 8/26/2 0.506 

site1 9/29/2

site2 

3.03 

4.75 

–0.173 

8 0.03

0.572 

0.732 008 

site3 008 3.81 8 –0.0 0.672 

site4 3.18 

1.81 

8 –0.134 0.605 

0.602 site5 9/30/2008 8 –0.13

008 4.00  –0.1 0.608 

site1 10/23/ 008 3.09 8 –0.3 0.343 

site2 10/2 008 3.19 8 –0.2 0.498 

site4 008 3.88 8 –0.2 0.491 

site5 008 1.79 10/

2.58 

8 –0.2 0.497 

site7 4/2008 1.89 –0. 0.497 

 
on correlation of Chl-a, NDVI and TVI in surface water of Lake Diefenbaker as determined by

ODIS Terra. 
Table S4. Pears  satellite im-
agery using M

 Chl-a NDVI TVI 

Pearson Correlation 1 0.497 0.446 
CHLA 

Sig. (2-tailed) . 0.007 0.017 

Pearson Correlation 0.497 1 0.990 
NDVI 

Sig. (2-tailed) 0.007 . 1.54E–23 

Pearson Correlation 0.446 0.990 1 
TVI 

Sig. (2-tailed) 0.017 1.54E–23 . 
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Table S5. Image sp tion for the M  sensor. 

Pri y Use Ba Bandwid Sp Radiance Spatial res  

ecifica ODIS

mar nd th ectral olution

1 620 - 670 21.8 Land/Cloud/Aerosols 250 m 
Boundaries 

2 841 - 876 24.7 

3 459 - 479 35.3 

4 545 - 565 

Land/Cloud/Aerosols 
Properties 

500 m 

29.0 

1

6 1628 - 2 

7 2105 - 5 

8 405 

5 230 - 1250 5.4 

 165 7.3 

 215 1.0 

- 420 44.9 

9 438 

10 483 

11 526 

12 546 

3 662

4 673

5 743

toplankton/ 
eochemistry 

6 862

7 890

- 448 41.9 

- 493 32.1 

- 536 27.9 

- 556 21.0 

1  - 672 9.5 

1  - 683 8.7 

1  - 753 10.2 

Ocean Color/ 
Phy

Biog

1  - 877 6.2 

1  - 920 10.0 

18 931

mospheric 
ter Vapor 

9 915

0 3.660 0 0K) 

 - 941 3.6 

At
Wa

1  - 965 15.0 

2  - 3.84 0.45 (30

21 3.929 9 5K) 

2 3.929 9 0K) 

face/Cloud 
mperature 

3 4.020 0 0K) 

4 4.433 8 0K) 

 - 3.98 2.38 (33

2  - 3.98 0.67 (30

Sur
Te

2  - 4.08 0.79 (30

2  - 4.49 0.17 (25Atmospheric 
mperature 

5 4.482 9 5K) 

1.360 -

Te
2  - 4.54 0.59 (27

26  1.390 6.00 

27 6.535 5 0K) 

rus Clouds 
ter Vapor 

8 7.175 5 0K) 

d Properties 9 8.400 0 0K) 

 - 6.89 1.16 (24

Cir
Wa

2  - 7.47 2.18 (25

Clou 2  - 8.70 9.58 (30

Ozone 0 9.580 0 0K) 3  - 9.88 3.69 (25

31 10.780 0 0K)  - 11.28 9.55 (30Sur
Te

face/Cloud 
mperature 

2 11.770 0 0K) 

 13.185 5 0K) 

3  - 12.27 8.94 (30

33  - 13.48 4.52 (26

34 13.485 5 0K) 

 13.785 5 0K) 

loud Top 

 14.085 5 0K) 

1 km 

 - 13.78 3.76 (25

35  - 14.08 3.11 (24

C
Altitude 

36  - 14.38 2.08 (22

 
e S6. Image sp tion for the La  + sensor. 

Band Bandwidth Spectral Radiance Spatial resolution 

Tabl ecifica ndsat ETM

1 450 - 520 21.8 

2 520 - 600 24.7 

3 630 - 690 35.3 

4 29.0 

1550 - 1750 5.4 

 

6 7.3  

1.0 

760 - 900 

5 

30 m

10400 - 12500 60 m

7 2080 - 2350 30 m 
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Table S7. Resul ormality and equal v e of parameters in o-way ANOVA with SNK method for average 
Bioassay 1-2. P ( ates the assumption w t (p > 0.05) and F ( iled) indicates that it w t (p ≤ 0.05). 

t Equal Variance Test 

ts of tests of n
Passed) indic

arianc
as me

 tw
Fa as not me

Parameters Normality Tes

Bioassay 1 

Chla (Lorenzen) P P 

Chla (Jeffrey) P 

TN P P 

P  P 

Bioassay 2 

F 

T F

Chla (Lorenzen) P P 

Chla (Jeffrey) P 

TN P P 

TP F P 

F 

 
Table S8. Co icientsa o r nutrient paramete mpared with Chl-a. 

Unstandardiz  Coefficient ardized Coefficients Collinearit tics

eff f 9 lake wate rs co

ed s Stand y Statis
Model 

B td. Error Beta 
Sig. 

Tolerance VIF S
t 

(Constant) 1.813 0.364  3.69E–06   4.978
1 

TP 80.444 21.234 0.392 0.000294 1.000 1.000

(Constant) 1.883 0.350  7.81E–07   

TP 81.813 20.389 0.399 0.000137 0.999 1.0012 

Mn –0.026 0.009 –0.276 1 0.006788 0.999 1.001

(Constant) 6.803 2.002  0.001075   

TP 82.799 19.743 0.404 7.27E–05 0.999 1.001

Mn –0.033 0.009 –0.348 9 0.000859 0.917 1.091
3 

–0.080 0.032 –0.251 0.014766 0.917 1.090

7.958 2.023  0.000184   

TP 75.626 19.546 0.369 0.000229 0.971 1.030

Mn –0.031 0.009 –0.325 0.001487 0.906 1.104

–0.095 0.032 –0.298 0.003995 0.874 1.144

4 

–0.026 0.012 –0.217 0.031225 0.901 1.110

3.788

5.372

4.013

–2.78

3.399

4.194

–3.46

Sulfate –2.494

3.933(Constant) 

3.869

–3.297

Sulfate –2.969

Fe –2.195
aDependent Variable: Chl-a. 

 
ble S9. Coeff entsa of lake compared with  weeks of culture. 

Unstandardi n dized Coefficients Collinearity Statistics

Ta ici algae Chl-a  TP after 2

zed Coefficie ts Standar
Model 

B d. Error Beta 
Sig. 

Tolerance VIF St  
t 

Dependent Variab renzen (1967)   le: Chl-a by Lo

(Constant) 6.788 0.656  3.97E–10   
1 

1.076 0.275 0.632 0.000701 1.000 1.000

Dependent Variable: C  Humphrey (1975)   

6.586 0.697  2.2E–09   
1 

1.051 0.292 0.600 0.001533 1.000 1.000

10.351

TP 3.911

hl-a by Jeffrey &  

(Constant) 9.450

TP 3.594
aDepend hl-a. 

 
Table S10. Coeff tsa of A hl-a compared r 2 weeks of culture. 

Unstandardi ized Coefficients Collinearity Statistics

ent Variable: C

icien nabaena sp. C with TP afte

zed Coefficients Standard
Model 

B Std. Error Beta 
Sig. 

Tolerance VIF 
t 

Dependent Variable: Chl-a by Lorenzen (1967)   

(Constant) 7.155   
1 

TP 0.138 5.400 1.74E–05 000

nt Variable: Chl-a by Jeffr   

(Constant) 6. 0.390 17.767 6.28E–15  
 

TP 0.163 5.286 2.3E–05 1.000 1.000

0.329  21.753 7.69E–17 

0.743 

e

0.748 

ey & H ey (1975)

1.000 1.

Depend umphr  

 938 

0.863 

 

0.741 
1

a pendent Variable: C De hl-a. 
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(d) 
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(e) 

Figure S1. Geographical heat maps of Transformed Vegetation Index (TVI) and Normalized Difference Vegetation Index 
(NDVI) values using MODIS terra images (October15, 2007 [a] through October 23, 2008 [e]). 

 


