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Abstract 

Prairie saline lakes are unusual ecosystems with maJor ecological, economic and 

recreational importance. Despite their ecological value, anthropogenic activities are 

conducted with little knowledge of their impacts. Early studies conducted between the 

1940s and 1980s were semi-quantitative and limited by available technology. Historical 

quantitative data sets collected between 1989 to 1995 for nine Saskatchewan prairie lakes 

whose salinity ranges from 0.2-170.3 g TDS·L-1 were analyzed to determine if there was 

any relationship between salinity, nutrient concentrations, plankton biomass and 

community composition. 

Prairie saline lakes are characterized by high N and P concentrations which increase 

along a specific conductivity gradient. Specific conductivity is significantly related to 

total phosphorus, soluble reactive phosphorus, sum nitrogen, ammonia and dissolved 

oxygen concentrations. Chlorophyll a concentrations were significantly correlated with 

total phosphorus, sum nitrogen, silica, temperature, surface area and Secchi depth. 

Sestonic ratios suggest N- and P-limitation for phytoplankton were present in all of the 

study lakes, but were less severe in the higher salinity lakes. 

In eutrophic fresh water lakes, elevated nutrients are correlated with high phytoplankton 

biomass. In prairie saline lakes, phytoplankton biomass is low relative to N and P 

concentrations. In addition, crustacean zooplankton biomass is high and phytoplankton 

biomass alone does not appear sufficient to support this zooplankton biomass. The 

phytoplankton community composition is most strongly affected by salinity, with a 

greater proportion of flagellate phytoplankton taxa occurring as salinity increases. There 

is also an unexpected decrease in the proportion of cyanobacteria in the phytoplankton 

community. As salinity increases, the crustacean zooplankton community shifts from a 

mixed community to one exclusively dominated by Artemia. 

Regression models of phyto- and zooplankton biomass developed in fresh water systems 

were applied to the study lakes to investigate their applicability. Total phytoplankton 

biomass and inedible phytoplankton biomass were overestimated by TP, while edible 
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phytoplankton biomass was underestimated TP. Zooplankton biomass was not accurately 

predicted by chl a concentrations or total phytoplankton biomass, but predictions based 

on TP were accurate. The saline lakes tend to have a greater proportion of small, 

flagellate phytoplankton taxa which are a prime food source for crustacean zooplankton. 

In these lakes the total phytoplankton biomass was lower than would be expected based 

on TP concentrations. It is possible that these phytoplankton taxa are capable of 

withstanding the zooplankton grazing pressure while still managing to outcompete larger, 

slower growing phytoplankton taxa for nutrients. It is also possible that there is an 

alternate food source available to the zooplankton, such as benthic algae and/or bacteria. 
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Chapter 1. Status of Western Canada's Saline Lakes 

1.0. Introduction 

Inland saline lakes and seas exist on every continent, including Antarctica, and together 

form a reservoir (104 x 103 km3
) almost equal to the global amount of fresh lake water 

(125 x 103 km3
) (Home and Goldman, 1994). Saline lakes are common in arid and semi

arid regions and represent extreme environments characterized by markedly different 

ecological dynamics (Home and Goldman, 1994). The importance of these ecosystems 

for environmental, economic and recreational purposes has long been recognized, but 

these activities are also slowly degrading them. Water levels are being altered in a 

variety of ways, such as changing runoff patterns from overgrazing, water diversions for 

agriculture and fresh water inflow, causing physical, chemical and biological changes; 

pollution is also an issue (Williams, 1993). 

While the scientific importance of saline lakes has led to the study of inland saline lakes 

around the world, including East Africa (e.g., Wood and Talling, 1988), Spain (Comin 

and Alonso, 1988), China and Mongolia (Williams, 1991), Peru (Hedgewald and Runkel, 

1981) and the United States (Galat et al., 1988; Herbst, 1988), the consensus has been 

that there is an overall lack of long term monitoring on the state of these lakes. In 

Canada, studies have focused mainly on the characterization of these lakes. In the 1930s 

and 1940s, D.S. Rawson of the University of Saskatchewan surveyed sixty Saskatchewan 

saline lakes, examining the relationship between the standing crop of plankton, benthic 

invertebrates and fish (Rawson and Moore, 1944). U.T. Hammer, also of the University 

of Saskatchewan, continued to survey many of these lake between the early 1970s and 

late 1980s, characterizing them by their salinity and ionic composition as well as by other 

physical and chemical parameters, such as depth, pH, temperature and nutrients (e.g., 

Hammer and Haynes, 1978; Hammer, 1978; Hammer et al., 1983). Qualitative and 
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limited quantitative data of the biota were also collected during this time. Apart from the 

work of Rawson and Hammer, there have been relatively few studies conducted on 

Saskatchewan saline lakes, although the number is increasing (e.g., Robarts et al., 1992; 

Evans et al., 1995, 1996; Waiser and Robarts, 1995, 1997, 2000). In Alberta, saline lakes 

have been primarily studied by E. E. Prepas (University of Alberta) who has focused on 

the relationship between salinity, nutrients and phytoplankton standing stocks (e.g., 

Bierhuizen and Prepas, 1985; Campbell and Prepas, 1986; Curtis and Prepas, 1993; 

Curtis and Adams, 1995; Evans and Prepas, 1997). In both British Columbia and 

Manitoba, saline lakes have been studied primarily to determine the possibility of 

establishing fisheries within them (e.g., Northcote 1964; Barica, 1975, 1978). Today, 

western Canadian saline lakes continue to be altered and exploited through mining, fish 

stocking, agriculture and tourism, yet there has been little work conducted to determine 

what impact these activities have had on the lakes. 

The chemical composition of saline lakes exhibits large variation. Coastal lakes have a 

chemical composition similar to that of sea water due to their proximity to the ocean. 

Inland saline waters form in endorheic drainage basins where evaporation exceeds 

precipitation, and exhibit markedly different ionic compositions, and as such are referred 

to as athalassohaline. Even though their salinity and chemical composition are highly 

variable, they are dominated by only a few major ions: sodium, potassium, calcium, 

magnesium, chloride, bicarbonate, carbonate and sulphate (Home and Goldman, 1994). 

This permits a classification based on the dominance of carbonate, chloride or sulphate 

anions. 

Saline lakes lend themselves well to ecosystem studies because they are closed systems 

with clearly defined boundaries, they have a low species diversity and a more simplified 

food web structure than fresh water lakes, usually lacking fish, and have high primary and 

secondary productivity (Vareschi, 1987). Despite appearing to be relatively simple 

systems, however, there are many complex processes and interactions that are not 

understood, such as those between salinity, nutrient concentrations and food web 

structure. 
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Canadian saline lakes are located in British Columbia, Alberta, Saskatchewan and 

Manitoba. They range from hyposaline (3 g TDS·L-1
) to hypersaline (ca. 370 g TDS·L-1

), 

more than 10 times as saline as sea water (35 g TDS·L-1
), and they may exhibit a seasonal 

salinity cycle that varies up to 10% (Northcote and Larkin, 1966). The majority of these 

lakes are located in agricultural basins where pesticides, herbicides and fertilizers are 

transported into them, potentially affecting the biota, although these effects remain 

largely unknown (Robarts and Waiser, 1997). Global warming may pose an additional 

threat as mean summer temperatures in the Great Plains are predicted to increase by 

1-2°C (Covich et al., 1997). Widespread decline in water levels has already been noticed 

in the prairie lakes (Rawson and Moore, 1944; Hammer, 1990) and the resulting higher 

salinity increases the osmotic stress on the biota (Poiani and Johnson, 1991). 

Furthermore, water is often diverted from hyposaline lakes for irrigation purposes 

(Hammer, 1986a, b; Poiani and Johnson, 1991). On the other hand, some of the more 

saline lakes have had fresh water diverted into them in order to prevent fluctuations in 

water level, and, understandably, this has caused modification of these ecosystems 

(Hammer, 1990; Williams, 1993). Anecdotal observations by residents around these 

lakes confirm these historical changes. 

1.1 Overview of Saline Lakes in British Columbia 

1.1.1 Location and Environment 

Saline lakes of British Columbia are located in the Southern Interior Plateau (49°N to 53° 

N) in an area that is approximately 80,000 km2 (Figure 1-1) (Hammer, 1984). The 

climate is mild continental with temperatures ranging from -38°C to +42°C (Hammer, 

1984). This region is located in the rain shadow of the Coastal Mountains, with low 

annual precipitation levels (180-410 mm) and relatively high evaporation levels and the 

area is classified as semi-arid to dry sub-humid (Hammer, 1984). The bedrock is 

predominantly volcanic and sedimentary, generally covered with Quaternary sand, silt, 

clay and gravel (Northcote and Larkin, 1966). Soils range from brown to gray-wooded 

types, with saline soils commonly present; grasslands dominate in the drier regions, while 
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Figure 1-1. Location of selected saline lakes of the Southern Interior Plateau, British Columbia. 



coniferous forests dominate the highlands (Hammer, 1984). This region was covered by 

the Cordilleran ice sheet during the last glaciation, which left a large rolling plateau with 

low topographic relief dissected by the Fraser River (Northcote and Larkin, 1966). 

Lakes in the Southern Interior Plateau range in salinity from <1 g TDS·L-1 to >350 g 

TDS• L-1 (Renaut and Long, 1989). Most of the larger lakes are freshwater 

(<3 g TDS·L-1
) with outlets, whereas the majority of lakes that are >10 gTDS·L-1 are 

small (<1 km2
) and shallow (<4 m) (Renaut and Long, 1989). The ionic composition is 

highly variable and is primarily determined by the bedrock (Renaut and Long, 1989). 

Magnesium and sulphate are the major ions at higher salinities while sodium bicarbonate

carbonate, along with mixtures of magnesium, sodium, sulphate, bicarbonate and 

carbonate, predominate at lower salinities (Table 1-1; Appendix A-1) (Topping and 

Scudder, 1977; Renaut and Long, 1989). Conductivity has also been observed to increase 

seasonally, with fall values up to 150% higher than spring values (Reynolds, 1979). 

Table 1-1. Summ~ of Southern Interior Plateau saline lakes. 
Lake Lake Type Salinity Surface Maximum Mean 

(g TDS·L-1)b Area Depth Depth 

Rock Na(C03/HC03) 2.6 34.6 2.5 1.1 
Meadow Na(C03/HC03) 3.3 
East Na(HC03)S04 3.8 27.1 6.5 1.9 
LE3 NaS04 4.1 3.1 1.5 0.7 
Westwick Na(HC03)S04 4.9 58.3 4.5 1.3 
Boitano NaS04 7.2 80.7 4.5 2.7 
Rush NaS04 3.2 19.6 1.1 0.4 
White Na(C03/HC03) 10.0 127.7 15.5 5.0 
Lye Na(C03/HC03)Cl 10.4 46.5 5.4 2.8 
LE4 Na(HC03)S04 10.6 7.0 1.5 1.3 
Barnes Na(C03/HC03) 14.1 17.2 4.5 2.0 
Round-up Na(C03/HC03) 16.6 30.8 6.2 2.6 
Bower's Mg(Na)S04 17.4 3.6 2.5 1.3 
LB2 Na(C03)S04 18.9 3.1 2.5 1.1 
LB1 Mg(Na)S04 21.4 5.1 5.2 2.9 
Long NaS04 33.5 33.5 4.5 2.2 
Three Mile Mg(Na)S04 35.1 
Goodenough NaC03 45.8 15.4 1.5 0.8 
Clinton MgS04 147.1 
a Topping and Scudder, 1977; b Hammer and Forr6, 1992. 
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Lakes less than 4 m deep tend to have relatively uniform oxygen concentrations, although 

lakes with higher TDS concentrations have lower oxygen concentrations (Northcote and 

Larkin, 1966; Topping and Scudder, 1977). Lakes which stratify thermally have depleted 

hypolimnetic oxygen concentrations during the summer months (Northcote and Larkin, 

1966; Topping and Scudder, 1977). Seasonal variation in oxygen concentration is 

attributed primarily to mixing patterns, such that polymictic lakes have uniform oxygen 

concentrations with depth, whereas thermally stratified lakes tend to have lower oxygen 

concentrations at depth (Topping and Scudder, 1977). Oxygen concentrations are lower 

in saline lakes because the solubility of oxygen decreases with higher TDS concentrations 

(Topping and Scudder, 1977). Hypolimnetic oxygen depletion reaches extremes from 

November to May due to extended ice cover which can be quite problematic in lakes 

commonly stocked with rainbow trout (Salmo gairdneri) (Northcote and Larkin, 1966). 

In the past, some of the lakes in the Southern Interior Plateau have been mined for natron 

(N~C03•1 OH20) and epsomite (MgS04•7H20), but there is no active mining at this time 

(Renaut and Long, 1989). Artemia sp. have been found in some small lakes (ponds) near 

Kamloops with salinities >300 g TDS·L-1
, but harvesting is not currently in operation 

(Northcote and Larkin, 1966; Hammer, 1986b). 

1.1.2 Recreational. Environmental and Economic Importance 

Between 1949 and 1956 approximately 21,700 lakes throughout British Columbia were 

inventoried using provincial maps from the Department of Lands, Forests and Water 

Resources (Northcote, 1964). Several hundred lakes throughout the province were then 

surveyed to obtain physical, chemical and biological data in order to determine which 

lakes would be suitable for the establishment of a sport fishery, particularly for the 

economically important anandromous Pacific salmon (Oncorhynchus spp.) and rainbow 

trout (Northcote, 1964; Northcote and Larkin, 1966). At least seventeen lakes within the 

Southern Interior Plateau were surveyed, but it is not clear if more lakes were surveyed 

within that region. The relationship between TDS concentrations and standing stocks of 

plankton, benthic invertebrates and fish was examined in order to develop indices of 
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productivity in the British Columbia lakes (Northcote and Larkin, 1956). Later studies 

examined the seasonal variation in ionic composition within these lakes and further 

explored the relationship between TDS and standing stocks of plankton, benthic 

invertebrates and fish (e.g., Northcote and Halsey, 1969; Blinn, 1971; Topping and 

Scudder, 1977). Despite several surveys, there is no information on the recreational or 

environmental importance of these lakes. 

1.1.3 The Plankton Community 

The invertebrate community can be divided into two groups based on whether they 

typically occur in fresh and low salinity lakes {< 3 g TDS·L-1
) or are restricted to higher 

salinity lakes(> 10 g TDS·L-1
) (Scudder, 1969). While the distribution patterns of some 

species (e.g., Chaoborus sp.) extend over a very broad salinity range, other species (e.g., 

Artemia sp.) are restricted to lakes with higher salinities, producing pronounced 

compositional changes in the plankton community across a salinity gradient. For 

example, large cladocerans are rarely found in higher salinity lakes, anostracans are 

absent at lower salinities ( < 6.5 mS•cm-1
) and certain diaptomid copepod species are 

known to be euryhaline (Reynolds, 1979). Larger zooplankton species are expected to 

dominate the higher salinity lakes due to the lack of predators and their absence suggests 

a direct effect of salinity (Reynolds, 1979). Zooplankton biomass data from British 

Columbia saline lakes is very limited. It has been noted the standing crop of plankton 

increases with total dissolved solids (Figure 1-2), but species diversity is inversely related 

to salinity (Table 1-2) (Northcote 1964; Reynolds, 1979; Lancaster and Scudder, 1986; 

Hammer and Forr6, 1992). 
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Figure 1-2. Relationship between total dissolved solids and plankton concentrations in 
100 British Columbia lakes. (Data points with arrows are located outside the limit of the 
axes). Adapted from Northcote and Larkin (1956). 

Table 1-2. SEecies diversit,l of Southern Interior Plateau saline lakes. 
·L-t b 

Rock 2.6 17 8 
Meadow 3.3 8 
East 3.8 17 10 
LE3 4.1 12 
Westwick 4.9 18 13 
Boitano 7.2 14 7 
Rush 8.3 13 9 
White 10.0 15 11 
Lye 10.4 4 
LE4 10.6 7 
Barnes 14.1 15 5 
Roundup 16.6 3 
LB2 18.9 2 6 
LB1 21.4 6 
Long 33.5 10 5 
Three Mile 35.1 6 
Goodenou~h 45.8 3 5 
a Scudder, 1969; b Hammer and Forr6, 1992. 
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1.1.4 Nutrient Dynamics 

There are very limited data on the nutrient levels within the British Columbia saline 

lakes. Many of the lakes that have been studied in the Southern Interior Plateau are 

freshwater or hyposaline in nature. These lakes generally range between meso- and 

hypereutrophic and many of the lakes support dense blooms of cyanobacteria, such as 

Aphanazomenon and Anabaena, in the midsummer which can be problematic for their 

fisheries (Northcote and Larkin, 1966). Paleolimnological studies of several fresh water 

lakes of British Columbia have been examined in terms of post-settlement eutrophication 

(e.g. Hall et al., 1997; Reavie et al., 1995), but comparative studies have not yet been 

carried out on the saline lakes. The paleolimnological studies that have been conducted 

in the saline lakes have focused more on the changes in salinity in order to infer long

term climate changes (e.g., Walker et al., 1995; Wilson et al., 1996; Vinebrook et al., 

1998). 

1.2 Overview of Prairie Saline Lakes 

1.2.1 Location and Environment 

Most saline lakes in Canada are located in the Interior Plain (49°N to 60°N) (Figure 1-3), 

a region covering approximately 200,000 km2 in Alberta and Saskatchewan (Hammer and 

Haynes, 1978). The Interior Plain extends into the southwest comer of Manitoba (800 

km2
), but saline lakes are more infrequent in this region (Last and Slezak, 1988). The 

climate of the Interior Plain is cold continental with seasonal extremes ranging from -45 

to +40 oc (Hammer and Haynes, 1978). This region is located in the rain shadow of the 

Rocky Mountains with most of the annual precipitation falling as snow (Sunde and 

Barica, 1975; Hammer, 1988). In general, evaporation exceeds precipitation and runoff is 

slight. Based on Thomthwaite's classification system, these saline lakes occur in the 

semi-arid to dry sub-humid region of the Interior Plain (Hammer et al., 1975). 
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Figure 1-3. Location of selected saline lakes ofthe Interior Plain (Alberta, Saskatchewan and Manitoba). 
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The bedrock of the Interior Plain is primarily Cretaceous shale covered with glacial till 

composed of sand, silt and clay (Edmunds, 1969; Sunde and Barica, 1975). In 

Saskatchewan and Alberta, soils range from either chemozemic brown and dark brown to 

saline regosolic, the latter resulting from salt accumulation in poorly drained areas 

(Hammer and Haynes, 1978). Vegetation is dominated by grasslands in the south, 

shifting to aspen parkland in the central regions of Saskatchewan and Alberta. In 

Manitoba, the soils are predominantly gray-black clay or sandy loams (Sunde and Barica, 

1975). This region contains tall grass prairie which has been invaded by aspen trees, 

although the majority of this land is under agricultural cultivation (Barica, 1978). 

During the last ice age, the Laurentide ice sheet retreated to the northeast and large glacial 

lakes drained to the south and east (Edmunds 1969). Glacial movement has resulted in 

wide valleys and the characteristic knob and kettle terrain which today contains many 

small, shallow lakes frequently joined by small streams (Northcote and Larkin, 1966; 

Hammer and Haynes, 1978). The prairie lakes range in size from only a few hectares to 

about 400 km2 (Hammer et al., 1975). Most average less than 1m in depth and are often 

ephemeral, but a few exceed 20m in depth (Hammer et al., 1975). Due to the small size 

of many of these lakes they are often referred to as "prairie pothole" lakes. Fresh water 

lakes are rare in this region of Alberta and Saskatchewan and are found mainly in the 

northern parkland (Hammer, 1984). In contrast, of 134 Manitoba lakes located in the 

Erickson-Elphinstone region surveyed in the early 1970s, only 10 can be classified as 

saline (i.e. >3 g·L-1 TDS) (Barica, 1978). All of these lakes are less than 10m in depth 

and have a surface area < 25 ha and, as in Alberta and Saskatchewan, are often referred to 

as "prairie pothole" lakes (Barica, 1978). 

The salinity of these lakes ranges from 0.3-370 g TDS·L-1 (Hammer et al., 1975). They 

can be classified according to their salinity: freshwater (<0.5 g TDS·L-1
), subsaline (0.5-3 

g TDS·L-1
), hyposaline (3-20 g TDS·L-1

), mesosaline (20-50 g TDS·L-1
) and hypersaline 

(>50 g TDS·L-1
) (Hammer et al. 1983). Salts found in surface water are derived primarily 

from the surrounding soil, and it has been noted the composition of the surface waters 

closely resembles that of the upper groundwater (Hammer, 1978). The ionic composition 

of the prairie saline lakes is markedly different from both freshwater lakes and sea water, 
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but even between lakes there is compositional variation (Table 1-3; Appendix A-2). 

While carbonate/bicarbonate- and chloride-dominated lakes do exist, the majority of the 

lakes in this region are dominated by either magnesium sulphate or sodium sulphate, 

which is a result of prairie soils tending to have an excess of sulphate (Hammer, 1978; 

Crosby et al., 1990). Sulphate ions have been noted to increase with salinity. In 

freshwater lakes, sulphate ions account for 30% or less of the total anions, but in lakes 

with 10 g TDS·L-1 or greater, the proportion of sulphate ions increases to >90% (Last, 

1992). Although more carbonate-dominated lakes occur in Alberta (Crosby et al., 1990), 

such lakes are rare because carbonates are less soluble at higher salinity and carbonate 

precipitation occurs (Hammer, 1978; Last, 1992). Calcium and potassium are generally 

minor constituents, although there are some exceptions (Hammer, 1978). This variability 

in ionic composition is also present in the Manitoba lakes. These lakes are dominated by 

Mg2
+ and SO 4 

2
-, especially at higher salinities. The next dominant ion pairs of ions are 

Ca2
+ and HC03-, but these ions are generally dominant in less saline waters; Na+, K+, el

and C03- are generally insignificant contributors to the ionic composition (Barica, 1978). 

The solubility of oxygen decreases exponentially and density increases linearly with 

increased salt concentration (Wetzel, 1983). Increased density affects thermal 

stratification because more energy is required for mixing (Home and Goldman, 1994). 

Consequently, in the saline lakes of the Interior Plain, summer oxygen depletion occurs 

when there is prolonged thermal stratification and a large amount of decomposing organic 

material (Hammer and Haynes, 1978). Although winter ice cover is delayed due to the 

depression of the freezing point, oxygen eventually becomes depleted under the ice in the 

shallowest lakes because the amount of decomposing organic matter; winter oxygen 

depletion is less severe in deeper lakes (Hammer and Haynes, 1978). 
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Table 1-3. Summa!1 of Interior Plain saline lakes. 
Lake Lake Type Maximum Mean Surface Salinity 

Depth Depth Area (g·L-t) 

Miquelon NaS04 6.0 2.7 8.7 5.4 
(C03/HC03) 

Oliva NaS04(C03) 1.7 1.3 0.5 84.3 
Peninsula NaS04 3.1 2.1 1.4 9.6 

Aroma Na(Mg)S04 3.5 2.5 8.1 85.2 
Basin Mg(Na)S04 14 7.4 40.9 17.6 
Big Quill Mg(Na)S04 2.6 1.5 307.4 47.5 
Big Stick Na(Mg)S04 6.0 2.4 10.7 6.1 
Birchbark NaC03 1.5 1.4 2.9 3.3 
Bitter Lake Mg(Na)SOiCl) <1.0 16.9 192.1 
Cabri NaS04 1.0 10.0 4.8 
Chaplin(West) NaS04 <1.0 10.4 213.7 
Fishing Mg(Na)S04 20.0 6.5 29.0 4.3 
Humboldt Mg(Na)S04 8.0 4.8 17.2 3.9 
Ingebrigt6 NaS04 10.0 170.4 
Lenore Mg(Na)S04 9.3 4.0 60.7 6.4 
Little Quill Mg(Na)S04 4.3 2.6 181.0 4.8 
Little Manitou Mg(Na)S04(Cl) 5.2 3.6 13.3 95.94 

Lonetree (Clear) Mg(Na)S04 2.0 2.0 1.4 9.7 
Luck Mg(Na)S04 2.0 2.0 24.2 4.7 
Manito2 NaS04 21.5 7.9 78.9 25.2 
Muskiki Na(Mg)S04 2.0 16.7 342.1 
Old Wives NaSOiC03) 1.0 296.2 4.4 
Patience NaCl 2.0 9.7 207.2 
Redberry Mg(Na)S04 18.0 9.3 54.4 19.4 
Reflex NaCl 8.0 14.7 8.0 
Snakehole6 NaS04 4.0 82.2 
Tramping NaS04 4.3 8.51 
Waldsea Mg(Na)S04(Cl) 14.3 8.1 22.97 
Wakaw Mg(Na)S04 14.0 4.7 3.5 

NaS04 1.0 201.2 
NaSO 1.0 30.5 

701 MgS04 3.0 1.9 5.3 3.2 
702 MgS04 6.6 
721 MgS04 3.0 1.6 6.5 3.5 
810 MgS04 3.0 1.9 13.0 5.7 
818 MgS04 6.4 
876 M~SO~ 2.4 1.6 7.7 3.2 

1Crosby et al., 1990; 2IEC Beak, 1984; 3Barica, 1975; 4Hammer, 1988; 5Humphries, 2000; 6Evans unpubl. 
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1.2.2 Recreational. Environmental and Economic Importance 

In both Alberta and Saskatchewan, saline lakes are important for recreational and 

ecological purposes (Appendix A-3). The shorelines of a number of the lakes have 

cottages and boating is popular. There is also a mineral spa located along the shore of 

Little Manitou Lake. These lakes provide vital habitat to millions of migratory birds and 

local bird populations (Hammer, 1986b ). Many of these lakes have been designated as 

either provincial or federal bird sanctuaries (e.g. Miquelon Lake, Alberta; Basin Lake, 

Saskatchewan). In 1997, Chaplin Lake was designated as a World Heritage Site and also 

included in a Western Hemispheric Shorebird Reserve (Rodenbush, 1997a); Redberry 

Lake was designated as a World Biosphere Reserve in 2000 (Humphries, 2000). 

In Saskatchewan, a number of these saline lakes are also economically important 

(Appendix A-3). Several of the hypersaline lakes, Chaplin, Snakehole and Ingebrigt 

lakes have especially high concentrations of sodium sulphate (N~S04•10H20) while 

other high sulphate lakes, such as Big Quill Lake support the production of potassium 

sulphate (K2S04). In 1997, an estimated 309,000 tonnes of sodium and potassium 

sulphate were produced by Saskatchewan Minerals, generating approximately $1.5 

million dollars in revenue (Saskatchewan Energy and Mines, 1999). Sodium sulphate 

sales in western Canada contribute over $50 million to the prairie economy, and with the 

demand for sodium sulphate increasing over the last decade, this could become an even 

more important resource for the prairie region (Last, 1992). Neither sodium nor 

potassium sulphate are currently produced in Alberta, although there was one sodium 

sulphate plant in operation until 1991 (Hamilton and Olson, 1997). Sodium sulphate is 

used in a variety of industries including pulp and paper, tanning, textile manufacturing, 

detergents and in pollution abatement. Potassium sulphate is a specialty fertilizer which 

can be applied directly or blended into nitrogen fertilizers, and is used primarily on 

tobacco and potato crops. 

In addition to the sodium sulphate mining, five Saskatchewan saline lakes, Chaplin, 

Ingebrigt and Snakehole, Frederick and Little Manitou lakes, support commercial brine 

shrimp (Artemia) fisheries. The brine shrimp are processed and sold commercially to 
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aquaculturalists who consider it a high quality food source (Van Stapp en and Sorgeloos, 

1993). The production of brine shrimp and brine shrimp eggs is quite variable, since not 

all of the lakes are harvested every year. Brine shrimp are harvested from the mine 

reservoirs at Chaplin, Snakehole and Ingebrigt lakes. Chaplin Lake reservoirs were the 

most regularly harvested and had a 30 year (1966-1997) average catch of 35,023 kg of 

brine shrimp and 3,106 kg of eggs (T. Maher, SERM, pers. comm., 1999). Harvested 

brine shrimp biomass from Chaplin Lake has been as low as 621 kg in 1988 and as high 

as 113,016 kg in 1990 (T. Maher, SERM, pers. comm., 1999). Egg harvesting occurs less 

frequently, the last time being 1983 when 10,000 kg of eggs were removed from Chaplin 

Lake (T. Maher, SERM, pers. comm., 1999). The brine shrimp also provide birds with a 

particularly nutritious source of food enabling them to replenish their energy reserves for 

migration and the breeding season (Hammer, 1986b; Rodenbush, 1997b ). 

There are no endemic species of fish in these saline lakes (Atton, 1986; Sunde and Barica, 

1975). Although some species are found in the freshwater lakes and rivers of the 

endorheic basins, only two species of Gasterosteidae (sticklebacks) are salinity tolerant, 

and although the Nine-spine stickleback (Pungitius pungitius) can tolerate salinities up to 

30 g TDS• L-1
, it is absent from most saline lakes (Atton, 1986). Fish stocking for both 

commercial and sport fisheries has taken place in a number of Saskatchewan and 

Manitoba saline lakes (Appendix A-3) (Hammer, 1986b; Sunde and Barica, 1975). In 

Saskatchewan there are currently no commercial fisheries in operation on these lakes 

because fish survival was limited by salinity and depleted oxygen concentrations under 

winter ice cover (Hammer and Haynes, 1978). Introduced walleye (Stizostedion vitreum) 

and lake whitefish (Coregonus clupeaformis) could survive and grow well in select saline 

lakes (Rawson, 1946), but reproduction is inhibited and repeated stocking is not cost 

effective (Atton, 1986). In Manitoba, many of the stocked lakes suffer from depleted 

oxygen concentrations adversely affecting fish survival (Sunde and Barica, 1975). 
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1.2.3 The Plankton Community 

Initial studies of the Saskatchewan lakes focused on the community structure and 

variations in plankton species composition. Between 1938 and 1943, a survey of sixty 

central and southern Saskatchewan lakes demonstrated that: (1) overall plankton species 

diversity declined with increasing salinity (Table 1-4); and (2) the phytoplankton was 

dominated by euryhaline species (Rawson and Moore, 1944 ). Studies in the 1960s and 

1970s confirmed this trend, noting the phytoplankton was dominated by bacillariophytes, 

chlorophytes and cyanobacteria (Hammer et al., 1983). Earlier work conducted in the 

Alberta saline lakes has focused on nutrients and chlorophyll a concentrations as a 

function of salinity, but zooplankton community composition data is scarce (Crosby et 

al., 1990). There is limited data on the biota within the Manitoba lakes, as most of the 

studies have focused on characterizing the ionic composition and determining the 

suitability of lakes for aquaculture purposes. However, chlorophyll a concentrations and 

the occurrence of Aphanizomenon jlos-aquae blooms decrease with increasing salinity 

(Barica, 1975; 1978). Primary productivity has also been observed to be high in many 

prairie saline lakes (Hammer, 1981; Wetzel, 1983). 

Not only does the number of plankton species decrease with increasing salinity, but so 

does the number of trophic levels, resulting in a more simplified community structure 

(Rawson and Moore, 1944). In hyposaline lakes, the crustacean zooplankton community 

composition is more diverse, being dominated by cladocerans and cyclopoid copepods. 

As the salinity increases, the community becomes dominated by taxa of marine affinity, 

such as calanoid copepods, with the cladocerans decreasing in importance. In the 

hypersaline lakes, invertebrate predators and fish are absent and these lakes are almost 

exclusively dominated by the large crustacean, Artemia sp. (Rawson and Moore, 1944; 

Vareschi, 1987). Crustacean zooplankton abundance initially increases with salinity until 

approximately 10 g TDS·L-1 and then decreases (Figure 1-4) (Rawson and Moore, 1944). 

This reduced abundance cannot be equated with lower biomass or productivity because 

some species, such as Artemia, are large and some phytoplankton taxa, such as 

Chrysophytes, are very small, but very productive. 
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Humboldt1
•
2·3·4 3.9 6 60 29 15 

Old Wives1 4.4 5 
Little Qui111 4.8 2 
Lenore1

'
2'3'4 6.4 4 55 31 16 

Tramping3·4 8.5 18 9 
Basint,2,3,4 17.6 6 49 9 6 
Redberry1

•
2·3·4 19.4 5 39 11 6 

Waldsea 1•
2·4 23.0 2 36 7 

Arthur1
•
3·4 24.7 4 11 7 

Manito1
'
2'3'4 25.2 2 13 5 7 

Deadmoose1
•
2·3.4 28.3 3 59 5 7 

Sayer1
•
3·4 36.8 3 11 8 

Big Qui11I,2,3,4 47.5 3 18 3 8 
Reflex3

•
4 83.3 3 4 

Aroma3
•
4 85.2 2 4 

Little Manitou2·3•
4 95.9 35 2 5 

Cha,elin1
•
2 213.7 4 10 

1 macrophyte species abundances taken from Hammer and Heseltine, 1988; 2 phytoplankton species abundances taken from Hammer 
et al., 1983; 3 benthic species abundances taken from Hammer et al., 1990 and; 4 zooplankton species abundances taken from 
Hammer, 1993. 
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Figure 1-4. Mean abundance of crustacean zooplankton in 7 Saskatchewan lakes of 
varying salinity. (Data points with arrows are located outside the limit of the axes). 
Adapted from Rawson and Moore (1944). 
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1.2.4 Nutrient Dynamics 

The primary productivity and biomass within any system is determined by a number of 

physicochemical parameters, but generally the most important factor is the availability of 

essential nutrients, phosphorus and nitrogen. The traditional view on nutrient limitation 

has been that phosphorus is the primary limiting nutrient in fresh water systems 

(Schindler, 1971 ), whereas marine systems are nitrogen limited (Thomas, 1970). 

However, recent studies suggest the phosphorus-nitrogen limitation scenario is too 

simplistic a reduction of nutrient pathways (Howarth, 1988; Howarth et al., 1988). The 

following section will examine phosphorus and nitrogen and their role in eutrophication 

in more detail. 

1.2.4.1 Phosphorus 

In freshwater lakes, organic phosphates and the cellular contents of living and dead 

organisms account for a large proportion of total phosphorus in the water column 

(Wetzel, 1983). In aquatic ecosystems, the most significant inorganic form of 

phosphorus is orthophosphate (PO 4-
3

) which cycles rapidly resulting in consistently low 

concentrations (Wetzel, 1983). Phosphorus is lost from the pelagic system through 

sedimentation of the biota (e.g., zooplankton fecal pellets), chemical precipitation (e.g., 

ferric phosphate) and adsorption onto clay particles (Home and Goldman, 1994). 

Caraco et al. (1989) found that sulphate controls phosphorus release from sediments and 

higher sulphate concentrations resulted in a greater availability of phosphorus. By 

contrast, they suggested that fresh water systems may be phosphorus limited because of 

the inherently low sulphate concentrations, and speculated that one of the reasons marine 

systems are generally not phosphorus limited is because of their elevated sulphate 

concentrations. However, based on experimental results, Waiser and Robarts (1995) 

expressed doubt about this conclusion based on data from three Saskatchewan high 

sulphate, saline lakes. They suggest that despite very high phosphorus concentrations in 

these lakes (45-484 J.tg•L-1
), phosphorus was not always available for either microbial or 
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algal uptake. They argued that ionic composition, pH and dissolved organic carbon 

concentrations are important in modifying the availability of phosphorus within high 

sulphate lakes. These findings are similar to those from high sulphate lakes in Alberta, in 

which a reduction of the alkalinity stimulated phytoplankton growth (Evans and Prepas, 

1997). 

In fresh water lakes, the total phosphorus concentration is strongly correlated with the 

biomass and productivity of phytoplankton, zooplankton, benthic invertebrates and fish 

(e.g., Hanson and Leggett, 1982; Hanson and Peters, 1984; Watson and McCauley, 

1988). In prairie saline lakes total phosphorus concentrations have been found to be 

positively correlated with salinity, because both phosphorus and salts are conserved 

within the lakes (Hammer, 1978). Campbell and Prepas (1986) suggested that total 

phosphorus concentrations were affected by physical processes. Most prairie saline lakes 

are shallow and there is a potential for a strong sediment-water interchange (Home and 

Goldman, 1994). Vertical mixing regenerates epilimnion phosphorus concentrations 

where it is then available to phytoplankton (Campbell and Prepas, 1986). 

1.2.4.2 Nitrogen 

Within water, nitrogen occurs in a variety of forms, both inorganic, ammonia, nitrite and 

nitrate, and organic, particulate and dissolved organic nitrogen (Home and Goldman, 

1994). Sources of nitrogen include bacterial and cyanobacterial fixation of atmospheric 

nitrogen, nitrogen fixing shrubs along the lake shore, precipitation, dry fallout and ground 

water inputs (Wetzel, 1983). Concentrations can be elevated in lakes receiving heavy 

agricultural and sewage discharge (Home and Goldman, 1994). Unlike phosphorus, 

nitrogen is more readily lost from the system through volatilization as nitrogen gas from 

the lake surface, in addition to loss through effluent and permanent burial in the lake 

sediments (Wetzel, 1983). 

Nitrite and nitrate concentrations tend to be low in natural lake waters and are often 

undetectable in fresh water lakes. Nitrate and nitrite must be converted to ·ammonia 

before it can be assimilated by phytoplankton and other aquatic plants, meaning that these 
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are less energy-efficient sources of nitrogen (Wetzel, 1983). Ammonia (NH3) is an end 

product of the decomposition of organic matter and is an excretory product from aquatic 

animals (Wetzel, 1983). In water, dissolved NH3 forms NH40H which dissociates into 

NH4 + and OH-. Higher temperatures and pH decrease dissociation, producing more 

NH40H (Home and Goldman, 1994). When NH40H is dissociated it is harmless and 

readily assimilated by plants; however, high concentrations of the undissociated state are 

toxic to plants and animals (Home and Goldman, 1994). 

Dissolved organic nitrogen is composed of amino acids, urea and other nitrogenous 

compounds about which little is known (Home and Goldman, 1994). Concentrations of 

dissolved organic nitrogen are higher in eutrophic systems. Amino acids are readily 

decomposed by bacteria and used for both energy and as a nitrogen source. Urea, an 

excretory product of animals, is a significant source of dissolved organic nitrogen and is 

easily converted to ammonia for assimilation by plants (Home and Goldman, 1994). 

Dissolved organic nitrogen plays a role in modifying the ionic state of metals such as iron 

and copper (Wetzel, 1983). Particulate organic nitrogen is contained in the plankton and 

seston (Wetzel, 1983). 

1.2.4.3 Eutrophication 

Both nitrogen and phosphorus are critical in the primary productivity shift known as 

eutrophication, which is reflected by increased growth of the phytoplankton (Wetzel, 

1983). Numerous studies on the effects of different nutrient concentrations on 

phytoplankton biomass in fresh water lakes have shown that higher nutrient 

concentrations are indeed a major factor leading to increased phytoplankton biomass 

(e.g., Edmondson and Lehman, 1981; Bergquist and Carpenter, 1986). Phosphorus and 

nitrogen loading can occur through a variety of sources, such as sewage effluent and 

agricultural fertilizers, and lead to an increase in phytoplankton standing crop. Eutrophic 

freshwater lakes generally have large amounts of phytoplankton biomass composed of 

larger, colonial species of bacillariophytes, chlorophytes and cyanobacteria which are 

thought not to be directly consumed by the zooplankton grazers (Shapiro, 1980; Kerfoot 

20 



et al., 1988). In contrast, marine systems of the equatorial Pacific Ocean have sufficiently 

high nitrogen and phosphorus concentrations, but phytoplankton biomass, as measured by 

chlorophyll a, remains low (Dugdale and Wilkerson, 1998). The marine phytoplankton 

community is dominated by bacillariophytes, although chrysophytes, cryptophytes and 

pyrrophytes also important (Parsons et al., 1984). The phytoplankton community of 

saline lakes appears to be more like the marine than eutrophic freshwater lakes. 

In prairie saline lakes, phytoplankton biomass is low relative to the total phosphorus 

concentration, which can exceed 14,000 J.lg·L-t, and noxious algal blooms tend not to 

occur (e.g., Bierhuizen and Prepas, 1985; Robarts et al., 1992; Evans et al., 1995, 1996). 

In addition, the phytoplankton communities are generally not dominated by larger 

inedible forms as would be expected from the dominance of large zooplankton grazers in 

combination with high total phosphorus concentrations (Campbell and Prepas, 1986; 

Evans et al., 1995, 1996). Bierhuizen and Prepas (1985) observed that Alberta lakes with 

TN:TP ratios >12 were generally freshwater and low salinity lakes and there was a 

significant relationship (P < 0.001) between nutrients (TP and TN) and chlorophyll a 

concentrations. In contrast, lakes with ratios of TN:TP <12 did not exhibit a significant 

relationship between nutrients and chlorophyll a. These low TN:TP ratio lakes are 

generally saline lakes and are characterized by high spring and summer TP concentrations 

coupled with low chlorophyll a concentrations. When predictive models were applied to 

the Alberta lakes, TP and TN overestimated chlorophyll a concentrations in all of the 

inland saline lakes. It would appear the influence of TP and TN on phytoplankton 

standing crop is different in saline lakes than in freshwater lakes. 

Paleolimnological studies have examined prairie lakes for pre- and post-settlement 

changes in eutrophication through the past 200 years, but these studies have focused only 

on the fresh and hyposaline lakes located in the Qu' Appelle Valley, Saskatchewan. Hall 

et al. (1999) found that these lakes were eutrophic prior to European settlement and 

agricultural development; however, phosphorus concentrations have increased since 

settlement and this increase is attributed to urban and/or agricultural runoff. Furthermore, 

they concluded that European settlement has altered the algal and invertebrate 

communities leading to a decline in water quality in these lakes. While similar studies 
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have not yet been conducted on the saline lakes, it is possible that these lakes have 

experienced similar changes. It is also possible that higher salinity lakes (> 9 mS•cm-1
) 

are more resistant to anthropogenic influences. The paleolimnological studies conducted 

in the more saline lakes have examined water level and salinity changes during the past 

4000 years (Last and Slezak, 1988). It has been concluded that the climate was warmer 

and drier 4000 years ago as indicated by lower water levels in both W aldsea and 

Deadmoose lakes. Nutrient data were unavailable from the saline lakes in Manitoba. 

1.3 Summary 

Western Canadian saline lakes provide habitat for both migratory and local bird 

populations, they are important recreational sites and are important for economic reasons. 

While these lakes have a simple community structure, they are far from simple 

ecosystems. There are complex interactions occurring between and within the biotic and 

abiotic components and many of these interactions are not understood. What is clear is 

that these lakes are chemically, physically and biologically different from fresh water 

lakes. 

Earlier studies conducted in Saskatchewan and Alberta saline lakes suggest these lakes 

function differently from fresh water lakes. The phytoplankton biomass is lower relative 

to the concentration of the nutrients, particularly phosphorus (Bierhuizen and Prepas, 

1985; Campbell and Prepas, 1986; Evans et al., 1996). In saline lakes with low TN:TP 

ratios there is no significant relationship between nutrient and chlorophyll a 

concentrations (Bierhuizen and Prepas, 1986) and it is possible that nutrient availability 

may be altered in saline lakes (Waiser and Robarts, 1995). 

Most of the saline lakes are impacted by anthropogenic activities, such as agriculture, 

global warming, yet the ramifications of these actions are almost completely unknown. It 

is apparent more work is necessary to gain a better understanding of these ecosystems in 

order to establish baseline data so that as these systems are subjected to change it will be 

possible to more accurately determine the effects. It is also important to more clearly 
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establish how these saline lakes are different from fresh water lakes. The focus of this 

study was to examine in more depth the relationship between salinity and certain 

physical, chemical and biological components within these ecosystems. 

1.4 Study Objectives 

There have been a limited number of studies conducted on the prairie saline lakes. In 

Alberta, only a few saline lakes have been examined in any detail and encompass a 

relatively small range in salinity (1.3-57.8 mS•cm-1
) (e.g., Bierhuizen and Prepas, 1985; 

Campbell and Prep as, 1986; Curtis and Prep as, 1993; Curtis and Adams, 1995; Evans and 

Prepas, 1997). Alberta phytoplankton community composition data are also limited. 

Earlier work conducted in Saskatchewan is dated and, in many cases, not quantitative 

(e.g., Rawson and Moore, 1944; Hammer et al., 1975; Hammer et al., 1983). Previous 

studies by Bierhuizen and Prepas (1985) and Evans et al. (1996) observed that prairie 

saline lake phytoplankton biomass was lower than predicted by nutrient concentrations 

models, but zooplankton biomass was higher relatively to phytoplankton biomass. It 

remains unclear why this trend occurs. 

Historical data collected from nine Saskatchewan lakes (8 prairie and 1 boreal) were used 

to create a salinity gradient to investigate whether a general relationship between 

nutrients and the plankton biomass and community structure can be applied to other 

prairie lakes. The historical data were used in order to: 

1. Characterize physical, chemical and nutrient data along a salinity gradient; 

2. Examine changes in the phyto- and zooplankton community composition and biomass 

over a broad range of salinity and nutrient concentrations; and 

3. Examine the accuracy of plankton biomass predictions when current empirical fresh 

water models are applied to the Saskatchewan saline lakes. 
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Chapter 2. Physics, Chemistry and Nutrients of Saskatchewan Saline Lakes 

2.0 Introduction 

Eutrophication is a natural process in which an ecosystem becomes enriched with 

nutrients and organic matter resulting in increased productivity (Likens, 1972). It can 

also occur as a result of anthropogenic activities. If nutrient and organic enrichment is 

excessive then algal blooms may develop. Blooms dominated by taxa such as Anabaena 

circinalis and Uroglena sp. can cause taste and odour problems in drinking water (Losee 

and Taylor, 1998; VanderMeulen et al., 1998). Blooms dominated by Anabaena jlos

aquae and Aphanizomenon jlos-aquae may produce toxins fatal to humans, livestock and 

wildlife (Taylor, 1980). When the bloom begins to die, bacterial decomposition of the 

biomass can deplete oxygen concentrations in the water column to a level at which fish 

die (Barica, 1978). Algal blooms are not aesthetically pleasing and have a negative 

impact on the use of lakes as recreational sites (Allan and Roy, 1980). 

Phosphorus (P), nitrogen (N) and carbon (C) are key nutrients for phytoplankton growth. 

If the availability one of these major nutrients is limited, phytoplankton production is 

affected. Redfield (1958) determined P, Nand C occur in the environment at a ratio of 

approximately 1: 16: 106 and any deviation from these ratios suggests nutrient limitation. 

Carbon limitation is rare as aquatic systems generally have carbon dioxide (C02) 

concentrations higher than the atmosphere and wind mixing is usually sufficient to offset 

photosynthetic C02 consumption. However, during short periods of intensive 

photosynthesis, C02 demand may exceed the available supply and carbon may then 

become the limiting factor in primary production (Home and Goldman, 1994). P is 

traditionally thought to be the limiting nutrient in fresh water systems (Schindler, 1971), 

whereas marine systems are considered to be primarily nitrogen limited {Thomas, 1970). 

In reality, such a simple distinction likely does not exist (Smith, 1984; Howarth 1988; 

Hecky and Kilham, 1988; Dederen, 1992). 
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Eutrophic fresh water lakes are characterized by high N and P concentrations and these 

lakes experience frequent algal blooms dominated by cyanobacteria (Home and 

Goldman, 1994). N and P are often elevated in prairie lakes and P concentrations 

increase with salinity (Hammer, 1978). Despite elevated nutrient concentrations in these 

lakes, phytoplankton biomass tends to be low compared to fresh water lakes with similar 

nutrient concentrations (Bierhuizen and Prepas, 1985; Campbell and Prepas, 1986; Evans 

et al., 1996) as nutrient bioavailability may be inhibited. Campbell and Prepas (1986) 

argued that pH may affect the bioavailability of nutrients, such as N and iron (Fe). 

Waiser and Robarts (1995) conducted bioassays in three high sulphate, high phosphorus 

lakes (Redberry, Basin and Little Manitou lakes) and observed plankton were likely 

contemporaneously P- and N-limited in Basin and Redberry lakes, while Little Manitou 

Lake plankton was not P-limited. They hypothesized P availability may be reduced by 

high pH, dissolved organic carbon (DOC) and ionic concentrations. Evans and Prepas 

(1997) examined the role of pH in inhibiting phytoplankton growth and found that when 

alkalinity was reduced, phytoplankton growth was stimulated, but linked the limitation to 

Fe, rather than P. Marino et al. (1990) also observed an increase in phytoplankton 

biomass when the alkalinity of the water was reduced, but suggested that it is the high 

sulphate (S04-
2

) concentrations found in most prairie saline lakes which inhibit the 

bioavailability of trace metals, such as Fe and molybdenum (Mo). These trace metals 

may ultimately affect the uptake ofN and P (Wetzel, 1983). 

It is also possible that biological factors cause the lower phytoplankton biomass. 

Campbell and Prepas (1986) suggested competition between bacteria and phytoplankton 

for nutrients could account for reduced chlorophyll a concentrations. W aiser and Robarts 

(1995) also suggested bacteria in Redberry Lake were outcompeting phytoplankton for P. 

Zooplankton grazing will also reduce phytoplankton biomass. In fresh water lakes, pe~s 

in zooplankton biomass are correlated with a clear water phase when phytoplankton 

biomass is reduced due to grazing (Shapiro, 1980; Lampert et al., 1986). The clear water 

phase of eutrophic fresh water lakes is followed by an increase in phytoplankton biomass 

as the large phytoplankton taxa increase (Lampert et al., 1986). Zooplankton cannot 

consume these large phytoplankton taxa directly and the zooplankton biomass decreases 
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as a result of food limitation (Lampert et al., 1986). Grazing experiments conducted by 

Campbell and Prepas (1986) indicated that grazing pressure in the Alberta saline lakes 

was not high enough to account for the reduced chlorophyll a concentrations in the study 

lakes. However, they did note other saline lake studies have found removal of 

zooplankton resulted in increased chlorophyll a concentrations. 

Despite high TP concentrations in Saskatchewan saline lakes (i.e., >3 g TDS·L-1
), Evans 

et al. (1995, 1996) observed lower phytoplankton biomass than expected, except in 

Humboldt Lake, a hyposaline lake experiencing cultural eutrophication. Redberry Lake 

TP concentrations are typical of a eutrophic lake, but chlorophyll a concentrations and 

Secchi depth are characteristic of an oligotrophic lake. Evans et al. (1996) proposed that 

the relationship between TP and phytoplankton biomass in lower salinity lakes, such as 

Humboldt Lake, is similar to fresh water lakes and only when salinities approach 

9 g TDS·L-1 does this relationship begin to change. Clearly, there is a need to understand 

the relative importance of nutrients and ecological factors affecting the plankton biomass 

dynamics in prairie saline lakes. 

2.1 Objectives 

From the early 1970s to the late 1980s, U.T. Hammer continued the initial surveys of 

Saskatchewan saline lakes conducted by D.S. Rawson and J.R. Moore in the 1940s. 

During these surveys chemical composition of these lakes was determined and data were 

collected on the phytoplankton, zooplankton and benthic invertebrate communities. The 

biological data were semi-quantitative and were limited by the technology of the time. In 

1989, scientists working with the National Water Research Institute began a survey of 

prairie lakes. Humboldt Lake was chosen because it is a typical eutrophic, hyposaline 

lake experiencing problematic algal blooms as a result of cultural eutrophication. 

Humboldt Lake is similar to the Qu' Appelle lakes, but is closer to Saskatoon. Redberry 

Lake is a deep, mesosaline lake with high TP concentrations and an unusually clear water 

column. These two lakes were examined in more detail and quantitative data were 

collected for nutrients and the plankton community. Lenore and Basin lakes were also 
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surveyed during this time as part of the Humboldt and Redberry lakes studies. W askesiu 

Lake was sampled during a three year joint project between Parks Canada and the 

National Water Research Institute. Baseline data were collected to assess the potential 

impact of the removal of the Waskesiu River dam (Evans, 1996). In 1994, Snakehole, 

Little Manitou, Chaplin and Ingebrigt lakes were surveyed as part of a project focused on 

Artemia dynamics (Evans, unpubl. report). Little Manitou Lake was resampled in 1995. 

Eight of the nine study Saskatchewan lakes are located in the Grassland ecoregion of 

Saskatchewan (Figure 2-1 ). Waskesiu Lake is located along the southern edge of the 

Boreal Forest in the Aspen Parkland ecozone, but was used as the control freshwater lake 

for this study because of the availability of an extensive data set and the rarity of fresh 

water lakes in the grasslands. Humboldt Lake was chosen for this study because it is 

representative of many other hyposaline Saskatchewan lakes affected by cultural 

eutrophication. These lakes encompass a broad range tn stze, salinity 

(0.2-170.3 g TDS·L-1
) and TP (11-2400 J..Lg•L-1

) concentrations. For this study, specific 

conductivity was used as a surrogate measure of salinity because, unlike salinity, it can be 

measured directly. 

The relationship between specific conductivity and TP was known from previous studies 

(Hammer, 1978), but it was not known how it is related to other environmental variables. 

Historical data collected by scientists of Environment Canada, National Water Research 

Institute were examined to determine the relationship between salinity and nutrient 

concentrations, as well as other physical and chemical properties, such as dissolved 

oxygen, temperature and chlorophyll a, that may differ along the salinity gradient. If 

both N and P are elevated in the saline lakes, it is expected that a concomitant increase in 

chlorophyll a will be observed. Studies conducted in Alberta suggest that the correlation 

between nutrients (P and N) and chlorophyll a concentrations known to occur in fresh 

water lakes are different or absent in saline lakes (Bierhuizen and Prepas, 1985; Campbell 

and Prepas, 1986). This chlorophyll a-nutrient relationship was also investigated in the 

Saskatchewan lakes. 
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Figure 2-1. Location of Saskatchewan study lakes. 
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2.2 Materials and Methods 

2.2.1 Sampling Procedures 

All samples were collected during the open-water season between May and October. All 

physical, chemical and nutrient concentrations are reported in Appendices A-4 and A-5. 

Further information regarding sampling protocol can be found in Robarts et al., 1992; 

Evans and Beaven, 1993; Evans et al., 1995; Evans, 1996; Evans et al., 1996; Evans and 

Robarts, 1999 and Robarts et al., 1999. In 1989, bimonthly samples were collected from 

Redberry and Humboldt lakes. Monthly samples were collected in 1990 from Redberry, 

Humboldt, Basin and Lenore lakes. Waskesiu Lake was sampled once a month in both 

1992 and 1993 and then bimonthly in 1994. Snakehole, Little Manitou, Chaplin and 

Ingebrigt lakes were sampled monthly from July to October in 1994; Little Manitou was 

sampled bimonthly from May to October 1995. During the seven year time span during 

which the lakes were sampled a number of different individuals were involved in the 

sample collection. 

Water samples were collected at discrete depths using either a 4 or 8 L opaque Niskin 

bottle. Samples were field filtered through 47 mm GF/C filters and analyzed at the Water 

Quality laboratory of Environment Canada, Saskatoon (Environment Canada, 1992). 

Samples were analyzed for TP, dissolved phosphorus (DP) and soluble reactive 

phosphorus (SRP), ammonia (NH3), nitrate+nitrite (N02+N03), particulate organic 

nitrogen (PN), particulate organic carbon (PC) and silica (Si02). Particulate phosphorus 

(PP) was estimated by determining the difference between TP and DP concentrations. 

Sum nitrogen (SN) was estimated by adding the concentrations of NH3, N02+N03 and 

PON. This measurement does not include dissolved organic nitrogen and is not directly 

comparable to total nitrogen in other studies; for the purposes of this study, it will be 

referred to as sum nitrogen (SN). SN, NH3 and PC data were not available for Little 

Manitou Lake 1995 due to analytical problems. Water was also filtered through a 

47-mm, GF/C filter for chlorophyll a (chi a) analysis (Environment Canada, 1992). 
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Sampling protocols for the physical and chemical parameters of each lake varied over 

time. In the studies dating from 1989-1993 temperature was measured using a Cole

Parmer thermistor (model 8502-20), pH was measured using a hand held Cole-Parmer 

Accumet 1001 and the specific conductivity was measured using a hand held Cole

Parmer (model 1481-60) conductivity meter. Dissolved oxygen (DO) concentrations 

were determined spectrophotometrically following field fixation with Winkler reagents 

(Ashton and Twinch, 1985). Studies conducted in 1994 and 1995 employed a Hydrolab 

Surveyor 3 probe measuring temperature, DO, pH and specific conductance in situ. 

2.2.2 Sestonic Ratios 

In order to determine if nutrient deficiency occurred within the study lakes ratios of PP, 

PN and PC were calculated on a molar basis and interpreted according to Redfield 

(1958). P-deficiency was indicated by PC:PP ratios >106 and PN:PP ratios >16; 

N-deficiency was suggested by PN:PP ratios >6.6. 

2.2.3 Statistical Analyses 

The open-water season was divided into three periods: (1) spring, between May and the 

end of June; (2) summer, between July and September; and (3) fall, October. According 

to predictive models used in chapter 4 of this study, the summer season was the period 

between the spring and fall algal blooms (Watson and McCauley, 1988). For lakes 

lacking late spring/early summer data the spring peak could not be determined. In 

addition, several lakes did not have algal peaks until October or had several peaks 

throughout the growing season. Thermal stratification could not be used as a defining 

characteristic since long-term stratification only occurred in three of the nine lakes. 

All values are reported as the mean water column value, unless otherwise noted. While 

the mean depth of W askesiu Lake is 11 m, a deeper site in the southern basin located 

offshore of Prospect Point was chosen as the main sampling site. In W askesiu Lake the 
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water-column was broken into two depth-defined subdivisions, 1-11 m and 12-21 m. 

Only the 1-11 m subdivision was used in the calculation of the mean water-column 

values because the photic zone does not exceed 11 m. 

All univariate statistical analyses were carried out using Mini tab version 10.2 (Mini tab 

Inc., 1994). Normal probability plots were used to test the distribution of the data and, 

where necessary, log transformations were conducted to satisfy the requirements of 

normality and homogeneity of variance. A one-way ANOV A was used to test for 

significant interannual variation within lakes with multiple sampling years (Appendix A-

6). Pearson's correlation coefficients were calculated on the mean summer 

environmental and chi a data in order to determine the strength of association between 

these variables. A t-test of significance with n-2 degrees of freedom was used to 

determine significant associations between variables. Linear regression analysis was 

used to determine the strength of the relationship between conductivity and select 

environmental variables. 

The lakes were examined us1ng Principle Component Analysis (PCA) in order to 

determine if there was any pattern in the environmental variables beyond the known 

salinity and TP gradients. The PCA was conducted using a correlation matrix in order to 

test the relationship between the nine lakes (Pielou, 1984). All variables were log 

transformed to satisfy the requirements of normality and homogeneity of variance. The 

PCA was conducted using PC/ORD (McCune and Meffort, 1997). 

2.3 Lake Summaries in Order of Salinity 

The following section contains brief summaries of each of the nine lakes. This is 

followed by the seasonal results of the physical, chemical and nutrient analyses. The 

relationships between salinity and each of the environmental variables are also examined 

using regression analyses. Finally, the apparent patterns from the PCA are discussed. 
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Table 2-1. Mo!Ehometric data for nine Saskatchewan Erairie lakes. 
Lake Location Dominant Effective Surface Salinity Specific Mean Maximum 

Ions Drainage Area Area (g TDS·L-1
) Conductivity Depth Depth 

~km2t ~km2l ~mS•cm-1l ~ml ~ml 
Waskesiu2 53°55'N - 967 70 0.2 0.3 11.1 24.0 

106°25'W 
Humboldt1 52°09'N Mg(Na)S04 75 17.2 3.9 3.1 4.8 8.0 

105°06'W 
Lenore1 52°30'N Mg(Na)S04 552 60.7 6.4 6.1 4.0 9.3 

104°59'W 
Redberry1 52°43'N Mg(Na)S04 149 54.4 20.4 15.9 9.3 18.0 

107°09'W 
Basin1 52°38'N Mg(Na)S04 115 40.9 17.6 21.2 7.4 14.0 

105°17'W 
Snakehole3 50°30'N NaS04 15 -1 92.7 57.7 4.0 

108°30'W 
Little Manitou 1'

3 51°48'N Mg(Na)S04 219 13.3 95.9 64.1 3.6 5.2 
105°30'W 

Chaplin 50°22'N NaS04 278 0.25 126.7 88.5 2.0 2.4 
(Reservoir 2)3 106°36'W 
Ingebrigf 50°30'N NaS04 26 -1 160.5 102.9 10.0 

109°20'W 
1Beak, 1984; 2Evans and Robarts, 1999; 3M.S. Evans, unpubl.; 4Prairie Farm Rehabilitation Association, 
unpubl. 

2.3.1 Waskesiu Lake 

Waskesiu Lake (53°55'N, 106°25'W) is located in Prince Albert National Park, 225 km 

north of Saskatoon. The Waskesiu Lake sub-basin is 967 km2 forming a portion of 

Montreal Lake drainage basin (Woodvine, 1995). It is a freshwater lake (0.2 g TDS•L -1) 

with a surface area of 70 km2
, a maximum depth of 24 m and a mean depth of 11 m 

(Table 2-1) (Rawson, 1936). It is classified as mesoeutrophic based on its TP (14-34 

flg·L-1
) and chl a (3.4-20.9 flg·L-1

) concentrations (Wetzel, 1983); the macrophyte 

assemblages are also characteristic of a mesoeutrophic lake (e.g., Eleocharis acicularis, 

Ceratophyllum demersum and Potamogeton spp.) (Evans, 1996). Beartrap Creek and 

Kingsmere River are the two major inflowing rivers into the lake and there are several 

smaller feeder streams (Beaver Glen, Mud, Beetle, Deadwood and Moose creeks); 

outflow occurs only through Waskesiu River (Woodvine, 1995). 

Between the late 1800s and 1927 a commercial fishery operated on Waskesiu Lake 

(Evans and Beaven, 1993). Prince Albert National Park was established in 1927 and the 
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lake is now a popular recreation area with a small townsite along the southeast shore. 

The townsite sewage lagoon releases waste water it into the lake via Beaver Glen Creek 

in the spring and fall, introducing approximately 109 kg TP·yr-1 (Evans and Robarts, 

1999). Direct inputs of fertilizers and pesticides are minimal due to the lack of 

agricultural activities within the park, but may be deposited through atmospheric 

transport from agricultural areas south of the park (Evans and Robarts, 1999). 

2.3.2 Humboldt Lake 

Humboldt Lake (52°09'N, 1 05°06'W), located 112 km east of Saskatoon, is known 

locally as Stoney Lake. It is a hyposaline lake (3.9 g TDS·L-1
) with a surface area of 17.2 

km2
, a mean depth of 4.8 m and a maximum depth of 8 m (Table 2-1) (Hammer 1978; 

Hammer and Haynes, 1978). The dominant ions are Mg2+, Na+ and SO/- (Hammer, 

1978). Wolverine Creek is the main inlet to the lake and two intermittent creeks are 

located to the north and east of Humboldt Lake; drainage occurs at the southwest end of 

the lake by the continuation of Wolverine Creek (Project Stoney Lake, 1977). 

In the past, the lake has been a popular recreational site both for sport fishing (northern 

pike (Esox lucius), walleye (Stizostedion vitreum) and yellow perch (Perea jlavescens)) 

as well as for swimming and boating. Since 1914, effluent from the Humboldt municipal 

sewage lagoon drained into the lake via the northern creek (Hammer, 1981 ). The initial 

sewage system began operation in 1914 and used the lake as the final holding cell where 

bacteria decomposed the organic wastes (Project Stoney Lake, 1977). This system was 

upgraded to a lagoon system in 1953 and was again modified in 1976 in order to have 

most of the organic decomposition occurring in settling ponds before discharging the 

effluent into the lake. Despite these upgrades, nutrient loading remains high (Hammer et 

al., 1990). In addition to sewage inputs, drainage from a livestock feedlot contributed to 

the nutrient loading of Humboldt Lake (Haynes and Hammer, 1978). In the 1960s, 

declining water quality could no longer be ignored and fewer people consumed the fish. 

Today, Humboldt Lake remains a hypereutrophic lake plagued with nuisance algal 

blooms (Robarts et al., 1992). 
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2.3.3 Lenore Lake 

Lenore Lake (52°09'N, 104°59'W) is located 141 km northeast of Saskatoon, in St. 

Brieux Regional Park established in 1972. Lenore Lake has a surface area of 60.7 km2
, a 

maximum depth of 9.3 m and a mean depth of 4 m and is classified as a magnesium 

(sodium) sulphate lake with a salinity of 6.4 g TDS·L-1 (Table 2-1) (IEC Beak, 1984). 

There is a bird sanctuary for waterfowl, shorebirds and colonial nesting birds. A 

commercial fishery was in operation on the lake until 1976, and between 1969-70, 

700,000 walleye and 6 million lake whitefish (Coregonus clupeaformis) were stocked in 

the lake (Lake Lenore History Book Committee, 1986). 

2.3.4 Redberry Lake 

Redberry Lake (52°42'N 107°10'W) is located 91 km northwest of Saskatoon. The lake 

is mesosaline (20.4 g TDS·L-1
} with a surface area of 54.4 km2

, a maximum depth of 18 

m, a mean depth of 9.3 m and is dominated by Mg2+, Na+ and S04
2
- ions (Table 2-1) 

(Hammer 1978; Hammer and Haynes, 1978). Redberry Lake Provincial Bird Sanctuary 

was established in 1925 and is an important nesting site for colonial birds, such as the 

American White Pelican (Pelecanus erythrorhynchos ), the Piping Plover ( Charadrius 

melodus) and the Double-crested Cormorant (Phalacrocorax auritus) (Kerbes and 

Howard, 1986). The area also provides habitat for other migratory birds and a total of 

289 bird species have been recorded, including the endangered Whooping Crane ( Grus 

americana) (Ecocanada, 2000). In January 2000, Redberry Lake was designated as a 

World Biosphere Reserve, one of only eight such reserves in Canada (Humphries, 2000). 

In addition to its importance as a World Biosphere Reserve, Redberry Lake is also a 

popular recreational site. In 1968, Redberry Regional Park was established and today 

there are many cabins located in the area and boating is popular (IEC Beak, 1984). A 

commercial lake whitefish fishery was in operation for a number of years, but was 

ultimately unsuccessful due to restricted survival due to salinity (IEC Beak, 1984). In 

1985, the Saskatchewan Fisheries Branch began experimental stocking of rainbow trout 
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(Salmo gairdneri) in an attempt to establish sport fishing in Redberry Lake, but winter 

kills have been a problem (Atton, 1986). Significant decreases in water level in the past 

have resulted in a salinity increase from 11 g TDS• L-1 in the 1920s (Van Stempvoort et 

al., 1993) to 13 g TDS·L-1 in 1940 to 21 g TDS·L-1 in 1979 (IEC Beak, 1984) to 24 g 

TDS• L-1 in 1988 (Hammer, 1990). 

2.3.5 Basin Lake 

Basin Lake (52°38'N, 105°17'W) is a mesosaline lake 115 km northeast of Saskatoon. It 

is a magnesium/sodium sulphate-dominated lake with a salinity of 17.6 g TDS• L-1
, a 

surface area of 40.9 km2
, a mean depth of7.4 m and a maximum depth of 14m (Table 2-

1) (Hammer 1978; Hammer and Haynes, 1978). A federal bird sanctuary was established 

in 1925 and a commercial fishery was located on this lake until1975 (IEC Beak, 1984). 

Access to the lake is limited and it is now used only as a waterfowl hunting site. 

2.3.6 Snakehole Lake 

Snakehole Lake (50°30'N, 108°30'W) is located 376 km southwest of Saskatoon and is a 

dry-basin lake. It has been estimated the lake bed contains '""'4.9 million tonnes of 

hydrous salts, predominately sodium sulphate (Cole, 1926). It is currently mined by 

SOTEC Industries via dredging. This process involves digging trenches in the lake bed 

and allowing water to accumulate and dissolve the sodium sulphate crystals (Rueffel, 

1968). The dredge method also produces habitat, albeit highly disturbed, for the brine 

shrimp, Artemia sp., which are harvested occasionally by Artemia Canada Ltd. and 

processed for fish food. In 1984, 6,818 kg were removed and 8,115 kg were again 

removed in 1994 (T. Maher, SERM, pers. comm., 1999). Artemia sp. eggs have not been 

harvested from this lake. Since the sampling site was created by dredging neither surface 

area nor mean depth are known, but the maximum depth was 4 m with a salinity of 92.7 g 

TDS·L-1 (Table 2-1). 
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2.3. 7 Little Manitou Lake 

Little Manitou Lake (51 °44'N, 105°30'W) is 116 km south east of Saskatoon. It is a 

magnesium/sodium sulphate lake (95.9 g TDS ·L-1
) with a surface area of 13.3 km2

, a 

maximum depth of 5.2 m, a mean depth of 3.6 m (Table 2-1) (Hammer 1978; Hammer 

and Haynes, 1978). Healing properties have long been attributed to Little Manitou Lake 

water. In the 1920s, Little Manitou Lake was one of the leading resort developments in 

western Canada (IEC Beak, 1984) and today it is again becoming a popular tourist 

attraction. The townsite located along the southern shore has numerous tourism-based 

businesses, including the Manitou Springs Spa. There are also numerous cottages located 

within the townsite. The Manitou and District Regional Park was established in 1961 

(IEC Beak, 1984). 

Economic activities on Little Manitou Lake are largely restricted to tourism. There has 

been a brine shrimp fishery in operation since 1961, but harvesting has been sporadic. 

Between 1961 and 1971, an average of 44,279 kg·yr-1 of Artemia were removed (T. 

Maher, SERM, pers. comm., 1999). The fishery ceased operation between 1972 and 

1988. Between 1988 and 1994, an average of 8,088 kg·yr-1 of Artemia as well as an 

average 14,076 kg·yr-1 of Artemia eggs were harvested from Little Manitou Lake (T. 

Maher, pers .. comm., 1999) There have been no attempts to stock the lake with sport fish 

because of the high salinity. 

In recent years, local residents have complained of the occurrence of summer algal 

blooms. Since 1969, the Saskatchewan Water Corporation has periodically released fresh 

water from the South Saskatchewan River into the lake (Hammer et al., 1983). This fresh 

water input may be causing these algal blooms by lowering the salinity and/or 

introducing additional nutrients and trace metals. The agricultural runoff and the town 

site are also likely sources of nutrients (Waiser and Robarts, 1995). 
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2.3.8 Chaplin Lake 

Chaplin Lake (50°22'N, 103°36'W) is located 218 km south of Saskatoon forming part of 

the Old Wives drainage basin (730 km2
) (Saskatchewan Environment, 1981). The lake is 

composed of four distinct smaller basins: West Chaplin, East Chaplin, Miller and 

Midtskogan Bay. The only sizable inlet is Chaplin Creek which has variable discharge 

levels and in order to maintain sufficient water levels, discharge is supplemented by the 

import of water from the Wood River (Mahood, 1981 ). Most of the surrounding land is 

used for pasture, although there is some cultivation to the south and west of the lake 

(Mahood, 1981 ). In May 1997, an area of 430 km2 encompassing Chaplin, Old Wives 

and Reed lakes was declared as a Western Hemispheric Shorebird Reserve, the first in 

reserve of this type in Western Canada (Ling and Andrews, 1998). More than a hundred 

thousand birds representing over 30 species, including several endangered species, use it 

either as a stopover or as a nesting site. 

In 1946, Saskatchewan Minerals began mining sodium sulphate from Chaplin Lake and 

later developed a series of reservoirs that continue to be mined today (Mahood, 1981 ). 

The use of the reservoirs eliminates problems caused by extremely low water levels in 

Chaplin Lake and reduces the impact on the bird populations living around the lake. The 

sampling for this study was conducted not on the lake itself, but in one of these reservoirs 

(Reservoir 2) located across the highway from Chaplin Lake. Reservoir 2 has a salinity 

of 126.7 g TDS·L-t, a surface area of 0.25 km2
, a mean depth of 2m and a maximum 

depth of 2.4 m (Table 2-1 ). When the salt concentrations are suitable in Chaplin Lake, 

particularly in West Chaplin, water is pumped into Reservoir 2 and other reservoirs where 

it remains for the duration of the summer and fall. In the fall, when temperatures begin to 

decrease, the sodium sulphate precipitates out of the water forming thick deposits of 

hydrous sodium sulphate and the overlying water is pumped back into the lake. When 

water is in the reservoir, Artemia sp. are also present and are harvested by Artemia 

Canada Ltd. An average 35,023 kg·yr-1 of Artemia sp. and 3,106 kg·yr-1 of eggs have 

been removed from the Chaplin Lake reservoirs (T. Maher, SERM, pers. comm., 1999). 
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2.3.9 Ingebrigt Lake 

Ingebrigt Lake (50°30'N, 109°20'W) is located 442 km southwest of Saskatoon. It is the 

site of one of the largest sodium sulphate deposits in Saskatchewan, covering 3.4 km2 and 

containing ----25 million tonnes of hydrous sodium sulphate (Rueffel, 1968). Other than a 

few centimeters of water originating from springs, the lake bed is dry. The deposit is 

mined by Saskatchewan Minerals by dredging allowing water to accumulate. Fresh water 

is obtained by pumping groundwater into a reservoir and transferring it to the trenches. 

The sampling site was created by dredging and as a result, neither the surface area nor the 

mean depth were known. However, the maximum depth was 10m and the salinity was 

160.5 g TDS·L-1 (Table 2-1). The dredge method also produces habitat for Artemia and 

sporadic harvesting has taken place. In 1967, there was a large harvest of Artemia 

(10,504 kg), but subsequent harvests have been smaller, averaging 2,056 kg·yr-1 (T. 

Maher, SERM, pers. comm., 1999). Eggs have only been harvested twice (1970 and 

1972) with an average haul of202 kg·yr-1 (T. Maher, pers. comm., 1999). 

2.4 Physico-chemical properties 

2.4.1 Specific conductivity 

Specific conductivity ranged from 0.3 mS•cm-1 in Waskesiu Lake to a maximum of 106.1 

mS•cm-1 in Ingebrigt Lake (Figure 2-2). Seasonal variation in specific conductivity was 

almost absent in the lower salinity lakes (Waskesiu, Humboldt and Lenore lakes). By 

comparison, the meso- and hypersaline lakes exhibited more pronounced changes in 

specific conductivity during the openwater season. The higher salinity lakes were 

shallower and had limited stream inflow, making them more susceptible to evaporation. 

Four lakes - Basin, Snakehole, Little Manitou (1995) and Redberry (1989 only) -

exhibited increased specific conductivity with depth (Figure 2-3). 
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Figure 2-2. Mean water column specific conductivity for nine Saskatchewan lakes 
ordered by increasing salinity. 
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Figure 2-2 concluded. 
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2.4.2 pH 

All nine lakes are alkaline with pH greater than 8.1. In most, pH ranged between 8.3-8.8, 

although in Humboldt Lake the pH reached 9.5 during the summer (Figure 2-4). In most 

of the lakes no distinct seasonal trend was observed during the openwater season, except 

in Humboldt 1990 when the pH increased and in Little Manitou 1995 when the pH 

decreased. Waskesiu (Figure 2-5) and Snakehole (Appendix A-4) lakes exhibited a 

decrease in pH with depth. 

2.4.3 Temperature 

Water temperatures during the openwater season ranged from 2.2-22.6°C across the nine 

lakes (Figure 2-6). There were almost no temperature differences between the shallow, 

saline lakes and the deeper fresh/low salinity lakes. All lakes exhibited typical seasonal 

patterns. Only W askesiu, Redberry and Basin lakes thermally stratified throughout the 

summer months, although Little Manitou Lake stratified for a short period of time (Figure 

2-7). 

2.4.4 Dissolved Oxygen (DO) 

DO concentrations ranged from 0.6-13.3 mg·L-1 (Figure 2-8). In general, the higher 

salinity lakes had lower DO concentrations than the lower salinity lakes. Redberry Lake, 

a mesosaline lake, had relatively high DO concentrations (7.7-10.4 mg·L-1
) comparable to 

the low salinity lakes. Of the three study lakes which stratified thermally, only Waskesiu 

and Basin lakes developed anoxic hypolimnia (Figure 2-9). Only two of the shallow, 

polymictic lakes, Chaplin and Ingebrigt lakes, had very low DO concentrations on several 

occasions. Chaplin Lake developed anoxia only once during the summer months. Low 

oxygen concentrations would facilitate nutrient regeneration from the sediments. 
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Figure 2-3. Specific conductivity contour plots for nine Saskatchewan lakes 
ordered by increasing salinity. 
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Figure 2-3 continued. 
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Figure 2-3 concluded. 
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Figure 2-4. Mean water column pH for nine Saskatchewan lakes ordered by 
increasing salinity. 
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Figure 2-4 concluded. 
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Figure 2-6. Mean water column temperature for nine Saskatchewan lakes ordered 
by increasing salinity. 
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Figure 2-6 concluded. 
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Figure 2-7 continued. 
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Figure 2-7 concluded. 
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Figure 2-8. Mean water column dissolved oxygen (DO) for nine Saskatchewan lakes 
ordered by increasing salinity. 
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Figure 2-8 concluded. 
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Figure 2-9. Dissolved oxygen (DO) contour plots for nine Saskatchewan lakes ordered 
by increasing salinity. 
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Figure 2-9 continued. 
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Figure 2-9 concluded. 
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2.4.5 Secchi Depth 

Secchi depth was quite variable among lakes, ranging from 0.2-9.8 m (Figure 2-10). 

Redberry Lake had the deepest Secchi depth of 9.8 m and maintained a clear water 

column throughout the open-water season due to very low phytoplankton biomass. In 

contrast, Snakehole, Chaplin and Ingebrigt lakes all had very shallow Secchi depths, 

ranging from 0.2-2.1 m. This is likely due to resuspension of particulate matter as a 

result of wind mixing. Humboldt and Little Manitou lakes were both variable in Secchi 

depth, with summer Secchi depths tending to be lower. No general seasonal pattern was 

observed in the lakes. 

2.5 Nutrients 

2.5.1 Total Phosphorus (TP) 

TP concentrations ranged from 11-2400 J.tg•L-1 and there were no strong seasonal trends 

(Figure 2-11 ). Waskesiu Lake had the lowest TP concentrations of all lakes, while 

Humboldt Lake had the highest TP concentrations of the low to mesosaline lakes. In 

W askesiu Lake summer 1993 TP concentrations where higher compared with the 1992 

and 1994 concentrations. Overall, the hypersaline lakes had higher TP concentrations 

than the other study lakes. In many of the lakes TP concentrations remained relatively 

constant or exhibited an increase during the late summer/early fall, but, with the 

exception of Humboldt Lake, no strong seasonal trends were observed. 

2.5.2 Total Dissolved Phosphorus (TDP) 

TDP concentrations ranged from 3-1925 J.tg•L-1 (Figure 2-12). The four hypersaline lakes 

had higher TDP concentrations in comparison with the other study lakes, although 

Humboldt Lake TDP concentrations were also elevated. The TDP concentrations within 

each lake exhibited similar patterns to TP concentrations. Only Humboldt Lake exhibited 
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Figure 2-10. Mean water column Secchi depth for nine Saskatchewan lakes ordered 
by increasing salinity. 
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Figure 2-10 concluded. 
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Figure 2-11. Mean water column total phosphorus (TP) concentrations for nine 
Saskatchewan lakes ordered by increasing salinity. 
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Figure 2-11 concluded. 
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seasonal patterns in TDP concentrations, although the hypersaline lakes showed a general 

increase in TDP concentrations during the open water season. 

2.5.3 Soluble Reactive Phosphorus (SRP) 

Theoretically, SRP is the biologically reactive form of phosphorus which is thought to be 

available to phytoplankton for growth. SRP concentrations ranged from 2-1210 J.lg·L-1 

and some seasonal patterns were evident (Figure 2-13). Waskesiu, Lenore, Basin and 

Snakehole lakes all had lower SRP concentrations during the summer months when 

phytoplankton growth was highest. In contrast, SRP concentrations in Humboldt and 

Chaplin lakes peaked during the summer months, at the same time as TP concentrations 

peaked, suggesting either external or internal loading of phosphorus. Redberry, Little 

Manitou and Ingebrigt lakes exhibited no seasonal pattern and remained relatively 

constant during the sampling periods. 

2.5.4 Percentage of Soluble Reactive Phosphorus (%SRP) 

The percentage of TP which was composed of SRP was quite variable among the study 

lakes, ranging from 6-87% (Figure 2-14). There was no strong seasonal pattern detected 

in any of the lakes, although Humboldt Lake exhibited the largest increase in %SRP in 

both 1989 and 1990 when %SRP increased ,...,40-60% from early to late spring after which 

%SRP remained high. Redberry Lake also had higher %SRP, but exhibited less 

fluctuation. Despite the elevated P concentrations in the hypersaline lakes, %SRP was 

not necessarily high. Both Snakehole and Little Manitou lakes had low %SRP relative to 

TP concentrations. Chaplin and Ingebrigt lakes had higher %SRP, comparable to those 

of Redberry and Humboldt lakes. In Chaplin Lake, SRP accounted for 52% of the 

summer TP, the highest of any of the lakes. 
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Figure 2-12. Mean water column total dissolved phosphorus (TDP) concentrations for 
nine Saskatchewan lakes ordered by increasing salinity. 
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Figure 2-13. Mean water column soluble reactive phosphorus (SRP) concentrations for 
nine Sasktchewan lakes ordered by salinity. 
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Figure 2-13 concluded. 
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Figure 2-14. Mean water column percent soluble reactive phosphorus (% SRP) for 
nine Saskatchewan lakes ordered by increasing salinity. 

69 



a.. 
~ 
(/) 

~ 0 

a.. 
~ 
(/) 

eft. 
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2.5.5 Sum Nitrogen (SN) 

SN concentrations ranged from 38-5281 J.lg·L-1 and were generally higher in the late 

summer and fall (Figure 2-15). In Redberry Lake, SN concentrations peaked in the early 

summer of 1989 after concentrations tripled. SN concentrations within the hypersaline 

lakes covered a very broad range. Summer and fall concentrations in Snakehole and 

Little Manitou lakes also tripled, while Chaplin and Ingebrigt lakes exhibited a six-fold 

Increase. This is likely due to a combination of evaporative concentration and 

agricultural runoff. Overall, SN concentrations exhibited more variation than TP 

concentrations, although the seasonal pattern in Humboldt and Chaplin lakes were similar 

between these two nutrients, suggesting either external or internal loading. 

2.5.6 Ammonia (NH1} 

NH3 is the preferred form of nitrogen for phytoplankton uptake. NH3 concentrations 

ranged from 7-2,815 J.Lg•L-1 (Figure 2-16). Concentrations in the low-salinity lakes were 

highest during the spring and early summer. The two mesosaline lakes, Redberry and 

Basin, as well as Ingebrigt Lake had elevated summer concentrations. The remaining 

three hypersaline lakes had peak NH3 concentrations during the late summer and early 

fall. There was more seasonal fluctuation in NH3 concentrations than SRP concentrations 

in all lakes, suggesting more depletion of nitrogen sources. 

2.5.7 Nitrate+ Nitrite {N02+N03} 

N02+N03 concentrations ranged from 2-103 J.Lg•L-1 (Figure 2-17). Waskesiu, Lenore, 

Redberry and Basin lakes exhibited little fluctuation in concentration which tended to 

remain at the lower detection limit (2 J.Lg• L-1
). Snakehole Lake also showed little 

fluctuation, but concentrations were slightly higher (5-6 J.Lg•L-1
). Humboldt and lngebrigt 

lakes had the highest N02+N03 concentrations (22-49 J.Lg•L-1
). Humboldt, Little 

Manitou, Chaplin and lngebrigt showed no distinct seasonal pattern. The low N02 +N03 
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Figure 2-15. Mean water column sum nitrogen (SN) concentrations for nine 
Saskatchewan lakes ordered by increasing salinity. 
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Figure 2-15 concluded. 
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Figure 2-16. Mean water column ammonia (NH3) concentrations for nine Saskatchewan 
lakes ordered by increasing salinity. 
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Figure 2-16 concluded. 
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concentrations were unexpected considering that the water columns in most lakes were 

well oxygenated throughout the open water season. The higher N02+N03 concentrations 

in some lakes suggests external loading and may also indicate more rapid nitrification in 

the saline lakes. 

2.5.8 Silica (Si02} 

Si02 concentrations in the study lakes ranged from 0.1-7.6 mg·L-1 (Figure 2-18). Most 

ranged from 0.1-2 mg·L-t, except Ingebrigt Lake which ranged from 2.3-3.9 mg·L-1
• In 

the summer of 1989, Humboldt Lake had the highest Si02 concentrations of all the study 

lakes. No pronounced seasonal variation was observed except in Humboldt Lake which 

peaked during the summer months. The lack of seasonal variation in Si02 concentrations 

suggests that there is not a large demand by diatoms and/or there is rapid recycling of 

Si02• 

2.6 Chlorophyll a (Chi a) 

Chi a is a universal plant pigment that is used as a surrogate measure of phytoplankton 

biomass. In lakes with high N and P concentrations, elevated chi a concentrations are 

generally observed. In the nine study lakes, chi a concentrations covered a broad range, 

from 0.4 J.tg•L-1 in Redberry Lake to 929.8 J.tg•L-1 in Chaplin Lake (Figure 2-19). Some 

lakes exhibited small variations in chi a concentrations (e.g. Waskesiu, Lenore, Redberry 

and Basin lakes), while others exhibited a much greater variation, increasing between 40 

to 118 times during the sampling season. The greatest increase in chi a concentration was 

observed in Chaplin Lake and this increase coincided with declines in N and P 

concentrations. In some of the saline lakes, such as Redberry, Basin and Little Manitou 

lakes, the chi a concentrations were lower than in the low salinity lakes with comparable 

TP and SN concentrations. The nine study lakes had low TN:TP ratios (i.e., <12) and chi 

a concentrations were significantly correlated with TP, SN, Si02, temperature, surface 

area and Secchi depth (Table 2-2). 
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Figure 2-17. Mean water column nitrate+nitrite (N02 + N03) concentrations for nine 
Saskatchewan lakes ordered by increasing salinity. (Detection limit= 
2 j.!g·L-1). 
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Figure 2-17 concluded. 
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Figure 2-18. Mean water column silica (Si02) concentrations for nine Saskatchewan 

lakes ordered by increasing salinity. 
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Figure 2-18 concluded. 
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Figure 2-19. Mean water column chlorophyll a (chi a) for nine Saskatchewan lakes 
ordered by increasing salinity. 
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Figure 2-19 concluded. 
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2.7 Physical, Chemical, Nutrient and Salinity Relationships 

The relationship between salinity and the other environmental variables was examined 

using only the summer data as this is the most complete data set. Specific conductivity 

had significant correlations with DO, maximum depth, surface area, hypolimnion 

thickness, TP and SN (Table 2-2). 

2. 7.1 Salinity and Physico-chemical Variables 

There is a significant linear relationship between specific conductivity and salinity (~ = 

0.99; P < 0.001) (salinity values from Hammer, 1978; Evans, unpubl. report) (Figure 

2-20a). Specific conductivity was high in the hypersaline lakes, but there was less of an 

increase relative to the salinity of these lakes. All nine study lakes were alkaline and 

while differences in pH were noted, there was no distinct relationship with salinity(~= 

0.06; P = 0.54) (Figure 2-20b ). There was no relationship between mean water column 

temperature and specific conductivity (~ = 0.03; P = 0.67) (Figure 2-20c), but DO 

concentrations were significantly related to specific conductivity (~ = 0.70; P < 0.01) 

(Figure 2-20d). Neither Secchi depth(~= 0.18; P< 0.26) nor chi a concentration (~ = 

0.08; P< 0.46) had a significant relationship with specific conductivity gradient (Figure 

2-20e&f). Two of the hypersaline lakes (Chaplin and Ingebrigt) had very low Secchi 

depths coupled with high chi a concentrations. However, Humboldt Lake had 

comparable chi a concentrations, but a deeper Secchi depth. Redberry Lake, which had 

the deepest Secchi depth, had the lowest chi a concentration. 

2. 7.2 Salinity and Nutrient Concentrations 

There is a strong, significant relationship between TP concentrations and specific 

conductivity(~= 0.59; P = 0.02), although Humboldt Lake is an outlier due to the impact 

of anthropogenic activities (Figure 2-21a). SRP concentrations exhibit a positive 

relationship with specific conductivity, but the relationship is barely significant(~= 0.43; 
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Table 2-2. Pearson's correlation coefficients for the summer environmental variables (mean water column values) of nine 
Saskatchewan prairie lakes. Bold number indicate significant correlation. 

TP SN Si02 temperature DO specific pH Sec chi chi a maximu POC surface 
conductivi~ disk mdeEth area 

SN 0.87 
Si02 0.40 0.45 
temperature 0.62 0.69 0.60 
DO -0.67 -0.76 -0.13 -0.35 
specific conductivity 0.76 0.60 -0.10 0.17 -0.74 
pH 0.01 -0.06 -0.11 -0.01 0.31 -0.08 
Secchi -0.68 -0.92 -0.50 -0.61 0.78 -0.41 0.14 
chi a 0.64 0.80 0.74 0.68 -0.50 0.12 0.03 -0.87 
maximum depth -0.89 -0.76 -0.21 -0.70 0.54 -0.72 -0.12 0.56 -0.45 
POC 0.64 0.87 0.46 0.54 -0.61 0.35 0.18 -0.93 0.85 -0.54 
surface area -0.89 -0.84 -0.32 -0.56 0.85 -0.74 0.17 0.80 -0.63 0.82 -0.64 
hleolimnion thickness -0.80 -0.82 -0.34 -0.62 0.46 -0.64 -0.11 0.63 -0.49 0.85 -0.70 0.68 

00 critical value= 0.55 (P < 0.05) 
..&::>. 
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depth and (f) chlorophyll a ( chl a) in nine Saskatchewan lakes. 
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P = 0.05); Humboldt Lake was again an outlier (Figure 2-21b). 

Specific conductivity and SN have only a slightly significant relationship (r = 0.44; P = 

0.05) (Figure 2-21c). Concentrations of NH3 exhibited a strong, significant relationship 

with specific conductivity (r = 0.72; P < 0.001) (Figure 2-21d). NH3 concentrations in 

Humboldt Lake were lower than the majority of the saline lakes. There was no significant 

relationship between N02+N03 concentrations and specific conductivity (r = 0.22; P = 

0.20), although higher concentrations were observed in the saline lakes (Figures 2-21e). 

There was no relationship between Si02 concentrations and specific conductivity (r = 

0.01; P = 0.83) (Figure 2-21f). Si02 concentrations were relatively high in Waskesiu and 

Humboldt lakes, but lower in Lenore, Redberry and Basin lakes. Concentrations increase 

in the more saline lakes, with Chaplin and Ingebrigt having concentrations comparable to 

Waskesiu Lake. 

2.7.3 Salinity and Sestonic Ratios 

Sestonic ratios suggest that both P- and N-limitation occurred in the majority of the lakes 

at some point in time (Figure 2-22a-c). The freshwater and low salinity lakes tended to 

exhibit stronger P-limitation, especially during the summer and fall. P-limitation was 

also indicated in Redberry and Basin lakes, with the strongest limitation occurred during 

the summer. While chl a concentrations increased at the same time P-limitation was 

detected, it is not likely to be the complete explanation for P-limitation. The hypersaline 

lakes showed very little P-limitation, except Ingebrigt Lake, which appears to have been 

P-limited throughout the sampling period. Chi a concentrations increased at the same 

time that P limitation occurred in Ingebrigt Lake. 
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Figure 2-21 concluded. 
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N-limitation was the most severe in Waskesiu Lake during spnng 1994 and both 

Humboldt and Redberry lakes during summer 1989. Most of the lakes exhibited N

limitation, although it tended to be less severe in the hypersaline lakes, except Little 

Manitou Lake in the spring 1995. Ingebrigt Lake appeared to beN-limited throughout 

the sampling period. Chi a concentrations do not appear to account for this limitation. 

2.8 Principle Component Analysis (PCA) 

A PCA was conducted on the mean summer environmental and chlorophyll a data. The 

results of the analysis indicated that 86.0% of the variation between the lakes was 

explained in the first three axes (Table 2-3, Figure 2-23a and b). Axis 1 accounted for 

61.5%, a large proportion of the total variation, and was the only significant axis. 

Nutrients (TP and SN) had high positive loadings, while surface area and Secchi depth 

had high negative loadings. Axis 2 accounted for 14.5% of the total variation and was 

not significant. On this axis, Si02 had a high positive loading, while specific 

conductivity had a high negative loading, suggesting that as the specific conductivity 

increased, silica concentrations decreased. Axis 3 was not significant, but accounted for 

10.0% of the total variation. The pH had a very high negative loading; there were no 

high positive loadings on this axis. 

In general the lakes appear to separate along the salinity gradient, with several exceptions. 

Humboldt Lake groups closer to the hypersaline lakes and Redberry Lake is more closely 

associated with W askesiu Lake. These two exceptions are likely a reflection of the high 

nutrient concentrations found in Humboldt Lake as a result of anthropogenic activities 

and the unusual depth of Redberry Lake. 
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Table 2-3. Principle Component Analysis factor loadings of mean summer 

environmental and chlorophyll a data for nine Saskatchewan prairie lakes. 

cr accounted for (%) 
I: cr (%) 
eigenvalue 
broken-stick eigenvalue 

Environmental Variable 
total phosphorus (TP) 
sum nitrogen (SN) 
silica (Si02) 

temperature 
dissolved oxygen (DO) 
specific conductivity 
pH 
Secchi depth 
chlorophyll a (chi a) 
maximum depth 
particulate organic carbon (POC) 
surface area 
hxpolimnion thickness 

* = significant; ns = not significant 

I 

92 

Principle Component 

61.5 
61.5 

8.0 
3.2* 

0.33 
0.34 
0.17 
0.26 

-0.27 
0.23 

-0.01 
-0.31 
0.29 

-0.30 
0.30 

-0.32 
-0.30 

II 
14.5 
76.0 

1.9 
2.2ns 

-0.13 
0.02 
0.52 
0.25 
0.28 

-0.53 
0.10 

-0.19 
0.36 
0.19 
0.19 
0.20 
0.06 

III 
10.0 
86.0 

1.3 
1.7ns 

-0.09 
0.04 
0.17 

-0.08 
-0.33 
-0.03 
-0.82 
-0.13 
0.05 
0.27 

-0.08 
-0.12 
0.26 
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2.9 Discussion 

The nine Saskatchewan lakes examined in this study encompassed a broader specific 

conductivity range (0.3-106.1 mS•cm-1
) than lakes studied in Alberta (9.4-57.8 mS•cm-1

) 

(Bierhuizen and Prepas, 1985; Campbell and Prepas, 1986) and Manitoba (0.3-6.4 

mS•cm-1
) (Barica, 1975). This allowed the examination of relationships existing between 

salinity and other physico-chemical factors as well as nutrient concentrations across a 

broader salinity gradient than in these previous studies. 

The specific conductivity of the meso- and hypersaline lakes exhibited more fluctuation 

in comparison with the lower salinity lakes. Within the higher salinity lakes, greater 

variation was observed in the more shallow saline lakes, Snakehole and Chaplin lakes, 

than the deeper saline lakes, Redberry and Basin lakes. Since there is a direct 

relationship between specific conductivity and salinity, it can be assumed that similar 

fluctuations would be observed in salinity. According to Northcote and Larkin (1966), 

prairie saline lakes can show seasonal salinity changes from 2-10% per year with 

shallower lakes showing greater changes due to higher evaporation rates and lower 

runoff. Salinity is affected by temperature because the solubility of salts increases with 

temperature. As a result, maximum salinity occurs during the warmest summer months 

and declines in the fall when ambient temperatures become cooler and salts precipitate 

(Hammer, 1978). In the study lakes, fall specific conductivity decreased only in Chaplin 

and Ingebrigt lakes. Little Manitou Lake did not exhibit the same variation in specific 

conductivity as the other hypersaline lakes and this is likely a reflection of the input of 

fresh water by the Saskatchewan Water Corporation. 

Mean water column pH values remained relatively stable throughout the open-water 

season. The saline lakes are well buffered because of high salt concentrations (Hammer, 

1991 ). Increased primary productivity can cause a pH shift towards more alkaline levels 

by removing C02 from the water column (Wetzel, 1983). Humboldt Lake had the highest 

pH of all the study lakes and is also known to have one of the highest primary 

productivity rates in the world (Hammer, 1981; Robarts et al., 1992). This lake 

experiences cultural eutrophication as a result of nutrient loading from sewage effluent, 
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cattle feedlot drainage and agricultural runoff (Hammer, 1986a), although there has been 

some improvements in the past decade. The pH was observed to decrease with depth in 

W askesiu and Snakehole lakes in a pattern typical of mesoeutrophic and eutrophic lakes 

where respiration and decomposition of organic matter occurs at depth, thus increasing 

C02 concentrations and decreasing pH (Wetzel, 1983). 

When respiration and decomposition rates are high, the production of C02 exceeds the 

rate of 0 2 consumption and without continued mixing and photosynthetic augmentation 

the hypolimnion becomes anoxic (Wetzel, 1983). Oxygen solubility is affected by both 

salinity and temperature. Sea water (34 g TDS·L-1
) has 20% less DO than fresh water and 

warmer waters also have considerably less DO than cold waters (Wetzel, 1983). In 

addition, thermal stratification prevents the water column from mixing leading to the 

development of anoxia. Overall, the hypersaline lakes had lower DO concentrations in 

comparison with the fresh and low salinity lakes at the same temperature. Thermal 

stratification occurred only in W askesiu, Redberry and Basin lakes during the summer. 

Wind mixing aerated the water columns of the shallow, unstratified lakes, despite the 

increased water density due to higher salinity. Although Redberry Lake thermally 

stratified, the water column remained well oxygenated throughout the open-water season. 

This lake is especially clear with a photic zone that extends to approximately 15 m, as the 

phytoplankton biomass is low (Robarts et al., 1992). As a result of reduced 

phytoplankton biomass, respiration and decomposition rates are low and anoxia never 

occurred. Anoxia was never observed in Alberta saline lakes (Campbell and Prepas, 

1986), although salinity concentrations were not as high as the Saskatchewan lakes. Low 

salinity lakes in Manitoba had DO concentrations ranging from 4.7-11.6 mg·L-1
, which 

are comparable to Lenore and Humboldt lakes (Barica, 1975). In Manitoba saline lakes, 

it was observed that high DO concentrations occurred during algal blooms when primary 

productivity increased and low concentrations occurred during decomposition of a dead 

bloom (Barica, 1975). 

Nutrients, such as P and N, are essential for the growth of phytoplankton and their 

concentrations, especially P, are often attributed to be the primary factor limiting the 

growth of phytoplankton (Schindler, 1971). In the nine Saskatchewan lakes, 
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concentrations of TP, SRP, SN, NH3 and N02+N03 all increased along the salinity 

gradient. The proportion of SRP was generally greater in the saline lakes, although there 

were exceptions, such as Little Manitou Lake. In oligotrophic systems, SRP 

concentrations are generally low because of rapid utilization by phytoplankton and 

bacteria (Wetzel, 1983). Higher SRP concentrations are not surprising in eutrophic 

systems, although a concomitant increase in phytoplankton productivity and biomass is 

expected. In Humboldt Lake high productivity and phytoplankton biomass have been 

observed, however, the opposite is true in Redberry Lake despite the occurrence of high 

concentrations of both TP and SRP (Waiser and Robarts, 1995). Little Manitou Lake chl 

a concentrations were also lower relative to TP concentrations. While SRP has been used 

as a measure of the biologically available phosphorus, new steady-state radiobioassay 

techniques indicate that SRP concentrations determined by spectrophotometric and Rigler 

bioassay techniques overestimate by orders of magnitude, raising the question of the 

validity of this measurement (Hudson et al., 2000). 

Alberta saline lakes with low TN:TP ratios <12 have been noted to have reduced 

chlorophyll a in relation to TP concentrations (Campbell and Prepas, 1986). The 

Saskatchewan study lakes all had low SN:TP ratios <12, although the measurements of 

total nitrogen in Alberta and this study are not completely comparable because SN does 

not include the dissolved organic nitrogen fraction. Unlike Alberta, significant 

correlations were observed between chi a and nutrient concentrations (P < 0.05), in 

particular TP and SN in the nine study lakes. Similar significant correlations between chi 

a and nutrients has been observed in Manitoba saline lakes (Barica, 1975). The higher 

salinity lakes have relatively low chl a concentrations based on TP and SN 

concentrations. In the Saskatchewan lakes, sestonic ratios suggest P- and N-limitation 

likely occurred in all nine lakes, but this limitation was generally less pronounced in the 

higher salinity lakes with the exception of Ingebrigt Lake. 

Nutrient concentrations are affected by thermal stratification because it forms a barrier 

that prevents nutrients in the hypolimnion from circulating up into the epilimnion. In the 

thermally stratified lakes, epilimnia nutrient concentrations will decrease due to uptake by 

phytoplankton and bacteria. Under anoxic condition, nutrients are regenerated from the 
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sediments and accumulate in the hypolimnion until the water column is mixed (Wetzel, 

1983). Wind events can, however, cause the epilimnion to deepen, enabling nutrients to 

leak across the thermocline (Wetzel, 1983). In Alberta lakes, Prepas (1983) observed that 

hypolimnia TP concentrations increased only during periods of anoxia, but surface 

concentrations would increase periodically whenever there was vertical mixing. Most of 

the study lakes are polymictic, but there were three study lakes which did stratify, 

W askesiu, Redberry and Basin lakes. Redberry Lake does not exhibit a nutrient 

concentration gradient with depth (Robarts et al., 1999). 

There are other nutrients which are important for phytoplankton growth, in particular, 

Si02 which is especially important for the growth of diatoms. There was a significant 

correlation between chi a and Si02 concentrations. Concentrations were highest in 

W askesiu and Humboldt lakes, although Little Manitou, Chaplin and Ingebrigt lakes had 

moderate concentrations relative to the other study lakes. Si02 concentrations were not 

determined in the Alberta saline lakes. In Manitoba, silicate concentrations ranged from 

1.8-13 mg·L-t, which is a greater range than the maximum concentrations observed in 

Humboldt Lake, but the relationship between Si02 and chi a was not examined (Barica, 

1975). 

A significant correlation was observed between specific conductivity and both TP and 

SN, but not Si02• Specific conductivity was also significantly correlated with surface 

area and maximum depth. The results of the PCA indicate that the nine lakes separated 

most strongly along surface area and nutrient concentration gradients. It was surprising 

to find that salinity was not the primary gradient separating the lakes, since it is the most 

obvious difference among the lakes. In this study, the smaller, shallower, more eutrophic 

lakes tend to be more saline, but there are exceptions. Redberry Lake is a deep, 

mesosaline lake with elevated concentrations of P and N, whereas Humboldt Lake is a 

shallow, hyposaline lake with high levels of P and N, primarily a result of cultural 

eutrophication. These two lakes may be obscuring the salinity relationship, but due to 

limited sample size were not discarded from the analyses. The inclusion of these two 

lakes may allow the detection of other relationships otherwise obscured by the 

preconception that salinity is the dominant gradient separating these lakes. 
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Lakes can be classified according to concentrations of nutrients, chi a and Secchi depth 

(Wetzel, 1983). Lakes range from oligotrophic (low nutrients, low chi a, high Secchi 

depth) through to hypereutrophic (high nutrients, high chi a, low Secchi depth). The 

trophic status of some of the study lakes can be readily classified according to TP and chi 

a concentrations and Secchi depth, while the classification of other lakes is not so 

straightforward (Table 2-4). Some of the discrepancy may be because this classification 

is based upon fresh water systems. Despite the significant correlations between chi a, TP 

and Secchi depth, the relationship between these variables appears to be different in some 

of the saline lakes compared to fresh water lakes. 

Table 2-4. Trophic classification of nine Saskatchewan prairie lakes. 
Lake 
Waskesiu 
Humboldt 
Lenore 
Red berry 
Basin 
Snakehole 

Little Manitou 
Chaplin 
lngebrigt 

mesotrophic mesotrophic mesotrophic 
hypereutrophic hypereutrophic hypereutrophic 
mesoeutrophic oligotrophic mesoeutrophic 
eutrophic oligotrophic oligotrophic 
eutrophic mesotrophic mesotrophic 
eutrophic- eutrophic- eutrophic 
hypereutrophic hypereutrophic 
hypereutrophic mesotrophic 
hypereutrophic hypereutrophic 
hyPereutrophic hyPereutrophic 

oligo-mesotrophic 
hypereutrophic 
hxpereutrophic 

adapted from Wetzel (1983) 

It is clear nutrient concentrations are elevated in the prairie saline lakes, but there is a 

limited understanding of interactions among the environmental factors and water 

chemistry. Caraco et al. (1989) proposed that as sulphate concentrations increase, P 

becomes more abundant because of the preferential binding of iron with sulphate rather 

than Fe with P. Waiser and Robarts (1995) suggested caution in employing this 

hypothesis because in addition to the ionic composition of the lake water, the pH and 

dissolved organic carbon may also affect the bioavailability of P. Bierhuizen and Prepas 

(1985) found that there was no significant correlation between chi a and either TP or TN 

concentrations, but significant correlations were observed between ionic composition and 
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pH, suggesting water chemistry is a controlling factor in nutrient availability and, 

ultimately, productivity. This suggests that higher salinity lakes function differently than 

low salinity lakes. As suggested by Evans et al. (1996), it may be that lakes with 

salinities <9 mS•cm-1 function more like eutrophic freshwater lakes. Overall, it appears 

that, while nutrient limitation may account for reduced chlorophyll a concentrations in 

some of the study lakes, it is not a factor within all of the study lakes and there must be 

some other factor( s) accounting for low chl a concentrations. It may be that the 

phytoplankton community composition affects the apparent relationships between 

nutrients, chlorophyll a and biomass. This will be examined in more detail in chapter 3. 
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Chapter 3 - Plankton Dynamics in Prairie Saline Lakes 

3.0 Introduction 

Athalassic lakes are extreme environments in which salinity is thought to control the 

biotic community composition because species distribution will be based on an 

organism's ability to cope with osmotic stress (Colburn, 1988). Estuarine systems 

provide an example where salinity can affect spatial distribution of different species. In 

such systems, salinity gradients are present, but mobile organisms are able to move to 

areas where they are at their salinity optimum (Carpelan, 1964). By contrast, organisms 

isolated within inland saline lakes do not have this option: they can either survive at sub

or super-optimal salinities or they die. 

Organisms of marine origin have adapted to freshwater conditions through active control 

of osmotic balance. Poikilosomotic organisms have body fluids isotonic with the 

surrounding medium while homoiosmotic organisms maintain hypertonic body fluids 

through active uptake of ions from the water (Beadle, 1959). The fauna of athalassic 

saline lakes are generally less sensitive to fluctuations in salinity and chemical 

composition than organisms restricted to freshwater (Beadle 1959). This sensitivity is 

especially important for those organisms living within athalassic saline lakes which 

undergo salinity changes up to 10% per year (Northcote and Larkin, 1966). In highly 

saline waters, fauna have low body surface permeability coupled with excretory organs 

that maintain body fluids with low osmotic pressure and enable these organisms to 

survive in such extreme environments (Beadle, 1959). These adaptations may also allow 

many of these organisms to survive at lower salinities. Hammer and Hurlbert (1992) 

determined experimentally that Artemia could survive in lower salinity waters, but in 

such environments predators can also exist. Thus, predation could be a contributing 

factor to the lack of Artemia in low salinity waters. 
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Species diversity in both the phyto- and zooplankton communities decreases with 

increasing salinity (Hammer et al., 1983; Hammer 1993). The phytoplankton community 

of Saskatchewan saline lakes is dominated by euryhaline species (Rawson and Moore, 

1944; Hammer et al., 1983). The crustacean zooplankton community composition also 

changes with increasing salinity, shifting from predominantly freshwater species, such as 

cladocerans to taxa with marine affinities and high salinity tolerances, such as calanoid 

copepods and anocostracans (Rawson and Moore, 1944). Crustacean zooplankton 

biomass is positively correlated with salinity. This increased biomass is believed to be a 

result of the lack of predators within the higher salinity lakes as larger-bodied 

zooplankton species are able to grow and become dominant with reduced predation 

(Reynolds, 1979, Vareschi, 1987). 

Chi a concentrations are low in many of the saline lakes relative to nutrient 

concentrations (i.e., TP, SN), indicating a reduction in phytoplankton biomass (see 

chapter 2). The cause(s) of this reduced biomass is not clear and may be the result of 

environmental factors, such as decreased bioavailability of nutrients due to water 

chemistry, and/or biological factors, such as zooplankton grazing, bacterial competition. 

Earlier studies conducted in the prairie saline lakes by D.S. Rawson and U.T. Hammer 

were primarily qualitative and did not examine the relationship between plankton 

composition and environmental variables beyond salinity (e.g., Rawson and Moore, 

1944; Hammer and Haynes, 1978; Hammer et al., 1983; Hammer, 1993). Studies 

conducted in Alberta have used changes in chl a concentrations to estimate the 

phytoplankton biomass but have not measured biomass directly nor examined the 

plankton community composition in any detail (Bierhuizen and Prepas, 1985; Campbell 

and Prepas, 1986; Evans and Prepas, 1997). While the lakes examined in this study cover 

a broad range of salinities (0.2-170 g TDS·L-1
), other environmental variables, such as TP 

and SN, also vary across the salinity gradient (see chapter 2). The data used in this study, 

then, provide an opportunity to examine the plankton and related environmental data 

from a quantitative perspective. 
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3.1 Objectives 

Plankton community composition and biomass was examined in nine Saskatchewan lakes 

to determine if a compositional shift in the plankton community exists across a salinity 

gradient. Relationships between both phyto- and zooplankton community composition 

and biomass and environmental variables were explored to determine if any significant 

relationships may account for the observed differences in the prairie lake plankton 

communities. Multivariate statistical methods were applied to the phytoplankton data to 

determine which environmental variable(s) was(were) important in the distribution of 

phytoplankton taxa. Similar analyses could not be conducted on the zooplankton 

community due to insufficient data. 

3.2 Material and Methods 

3 .2.1 Plankton Collection and Identification 

All samples were collected during the open water season between May and October. In 

1989, bimonthly samples were collected from Redberry and Humboldt lakes. Monthly 

samples were collected in 1990 from Redberry, Humboldt, Basin and Lenore lakes. 

W askesiu Lake was sampled once a month in both 1992 and 1993 and then bimonthly in 

1994. Snakehole, Little Manitou, Chaplin and Ingebrigt lakes were sampled monthly 

from July to October in 1994; Little Manitou was sampled bimonthly from May to 

October 1995. The open water season was divided into the same three seasonal periods 

as defined in chapter 2. A number of different individuals were involved during the 

seven years in which the samples were collected, but sampling procedures did not 

change. 

On each sampling date, two replicate zooplankton samples were collected using a 50 em 

diameter, 76-J..Lm mesh conical zooplankton net. The net was pulled vertically through the 

water column, beginning approximately 1 m above the lake bottom and ending at the lake 

surface. Samples were concentrated and either soda or tonic water was added to the 
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zooplankton samples to relax the zooplankton to prevent contortion, hindering 

identification and length estimations. A sugar-formalin solution at a concentration of 4% 

by volume was added as a preservative to prevent the organisms from ballooning and loss 

of eggs. 

Zooplankton identification and enumeration was carried out by technicians at the 

National Hydrology Research Centre, Environment Canada, Saskatoon. Each sample 

was subdivided to the required concentrations using a Folsom plankton splitter (Sell and 

Evans, 1982). The genera and species of crustaceans wefe identified and enumerated 

according to procedures outlined in Evans and Jude (1986). Although the rotifer 

community was analyzed in some of the lakes, only the crustacean zooplankton were 

enumerated in all of the lakes; therefore, only the crustacean zooplankton species were 

considered in this study. 

Zooplankton abundance was expressed as number of animals per litre. The biomass for 

identified zooplankton was calculated in one of two ways. The first method calculated 

mean body length of zooplankton taxa using a stereomicroscope equipped with a drawing 

tube, digitizing pad and computer equipped with a counting program, Zoop-0-Matic 

(Shaw, 1989). These lengths were used to establish a length-weight regression and a 

mean weight for the different stages was determined. This method was used in six lakes: 

Humboldt, Redberry, Snakehole, Little Manitou, Chaplin and Ingebrigt. The second 

method used in the remaining lakes applied mean weights {established in Hawkins and 

Evans, 1979). All zooplankton biomass was expressed as milligrams per litre dry weight. 

Duplicate phytoplankton samples were collected on each sampling date. Water was 

collected at discrete depths using either a 4 or 8 L opaque Niskin bottle. Water from 

different depths was combined to form composite samples. Samples were preserved 

using a 100:4 Dafano's:Lugol's solution and analyzed at the Concordia College by Dr. 

J.C. Earle. Phytoplankton were identified to the division, genus and species levels when 

possible according to Earle et al. (1987). In some cases, phytoplankton were identified 

only to the divisional or generic level. Phytoplankton abundance was expressed as cells 

per litre and biomass was reported as wet weight in milligrams per litre. Biomass was 
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calculated by determining the cell biovolume as outlined in Earle et al. (1987). Further 

information on methods can be found in Robarts et al. (1992), Evans et al. (1995, 1996) 

and Evans (unpubl. report). 

3 .2.2 Statistical Analyses 

As in chapter 2, the open-water season was divided into three periods: (1) spring, between 

May and the end of June; (2) summer, between July and September; and (3) fall, October. 

Data from Little Manitou Lake (1995) were discarded from the statistical analyses due to 

missing environmental data, although the composition and biomass were still considered. 

Two multivariate analyses, canonical correlation (CA) and canonical correspondence 

analysis (CCA) (ter Braak, 1986), were conducted using the program CANOCO (ter 

Braak and Smilauer, 1997) in order to examine relationships between phytoplankton 

species composition and select environmental variables. Both methods use indirect 

gradient analysis methods. However, in CCA the axes are constrained by the 

environmental variables while in CA the axes are unconstrained by the environmental 

variables (ter Braak and Smilauer, 1998). A high level of discordance between the CA 

and CCA results would indicate the appropriate environmental variables had not been 

measured. 

In order to increase sample size, lakes with multiple sampling years (i.e. Waskesiu, 

Humboldt, Redberry lakes) were included separately; Little Manitou Lake (1995) was not 

included because of missing environmental data. This procedure increased the sample 

size from 9 to 13, reducing statistical problems associated with smaller sample sizes. The 

resulting ordinations placed the more similar lakes and species close together and 

dissimilar lakes and species farther apart. Sampling year was included as a covariable 

removing variance due to year, making these analyses a partial CA and partial CCA. The 

correlations between the environmental variables and the ordination axes were 

maximized and assumed a unimodal species-environment relationship. Individual 

species influence was determined by the weighted total biomass of the species in the nine 

lakes. While abundance allows quantitative comparisons to be made between species, 
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biomass was used because it accounts for size differences between different organisms. 

A Monte Carlo permutation test was used to test for differences in phytoplankton 

community composition due to environmental variables associated with the ordination 

axes. 

The mean summer biomass data for phytoplankton genera was log(x+ 1) transformed 

where x was the biomass of each species and the species matrix consisted of 140 species 

x 13 lakes. The environmental matrix was reduced to only those variables expected to 

have a direct effect on the phytoplankton composition and included: TP, SN, Si02, 

temperature, specific conductivity, pH, Secchi depth, maximum depth, surface area and 

hypolimnion thickness (10 environmental variables x 13 lakes). Zooplankton biomass 

was not included because they could not be divided into different taxa since the 

maximum number of environmental variables would be exceeded. A separate analysis 

was not conducted with the zooplankton biomass data because the variation was too small 

and the zooplankton community composition is affected by salinity. All environmental 

variables were transformed to satisfy the requirements of normality and homogeneity of 

variance. The co variable matrix included only year (1 co variable x 13 lakes) and was 

used to remove any variation due to the different sampling years. 

3.3 Phytoplankton Community Composition and Biomass 

Phytoplankton species diversity decreased with increasing salinity (Table 3-1). As 

salinity increased, euglenophytes and pyrrophytes were generally absent from the saline 

lakes, although both taxa tended to be rare in all of the study lakes. Diversity of the 

chrysophytes and cryptophytes decreased with increasing salinity, but the proportion of 

the chrysophytes and cryptophytes increased in the more saline lakes. Diatom species 

diversity also declined, but the proportion of diatoms was not related to salinity. 

Spring phytoplankton total biomass ranged from 357-46,428 mg·m-3 (Table 3-2; Figure 

3-1a). Fresh and low salinity lakes had higher phytoplankton total biomass in 
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Table 3-1. Phytoplankton diversity in nine Saskatchewan prairie lakes ordered by increasing salinity. 

Lake 
Waskesiu 1992 
Waskesiu 1993 
Waskesiu 1994 
Humboldt 1989 
Humboldt 1990 
Lenore 
Redberry 1989 
Redberry 1990 
Basin 
Snakehole 
Little Manitou 1994 
Little Manitou 1995 
Chaplin 
Ingebrigt 

Cyanobacteria Chlorophyta Euglenophyta Chrysophyta Cryptophyta PyrrQ~ Bacillariophyta 
24 23 0 11 6 2 23 
27 31 0 13 7 3 28 
35 47 2 26 14 10 34 
14 20 1 18 8 0 20 
10 10 2 4 4 0 7 
11 17 0 7 2 2 21 
14 23 0 18 4 1 25 
9 8 0 13 1 1 19 
7 9 2 7 2 1 12 
2 3 0 3 3 1 12 
2 3 0 5 2 0 12 
3 3 0 7 5 1 18 
3 6 0 2 0 0 3 
3 1 0 4 0 0 12 

Total 
89 

108 
168 

81 
37 
60 
75 
51 
40 
24 
24 
37 
14 
20 



Table 3-2. Open water season phytoplankton biomass for nine Saskatchewan lakes ordered by increasing salinity. 

Lake Season Cyanobacteria Chlorophyta Euglenophyta Chrysophyta Cryptophyta Pyrrophyta Bacillariophyta Total 
ms·m-3 ms·m-3 ms·m-3 ms·m-3 ms·m-3 ms·m-3 ms·m-3 ms·m-3 

Waskesiu 1992 summer 368 5763 - 35 34 888 4187 11,274 
fall 398 323 - 36 11 - 17,080 17,847 

Waskesiu 1993 spring 113 681 - 180 141 779 9785 11,679 
summer 527 800 57 82 70 3763 14,375 19,673 
fall 1107 449 - 83 49 6 47,735 49,428 

Waskesiu 1994 spring 74 161 36 341 311 493 6033 7448 
summer 288 292 2 44 91 506 2151 3373 
fall 162 162 - 103 628 91 5717 6862 

Humboldt 1989 spring 421 386 9 405 882 3 2009 4115 
summer 322,037 131 1 260 86 1 79,538 402,053 
fall 13,904 528 53 235 497 - 60,426 75,643 

Humboldt 1990 spring 13,197 762 264 8730 388 210 22,497 46,047 
......... summer 204,450 163 4 3 51 - 10,917 215,586 
0 
-....l fall 14,472 295 10 38 398 - 54,440 69,652 

Lenore spring 1153 3342 137 1397 152 7961 7063 21,203 
summer 2755 11,084 - 154 31 16,138 6878 37,040 
fall 2860 5256 - 1762 127 86 15,806 25,897 

Redberry 1989 spring 26 318 - 573 4 198 416 1534 
summer 226 371 - 134 44 4 610 1389 
fall 271 477 - 177 40 - 423 1388 

Redberry 1990 spring 38 475 - 974 - 11 708 2206 
summer 47 377 - 209 1 33 697 1364 
fall 35 186 - 22 4 - 107 354 

Basin spring 356 1714 22 2512 74 933 1156 6766 
summer 3438 2474 30 300 27 21 829 7119 
fall 4302 1519 - 1817 147 - 4421 12,205 

Snakehole summer 26 115 - 35 109 56 664 1005 
fall 45 - - 96 192 - 34,648 34,980 
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Table 3-2. Concluded. 

Lake Season 

Little Manitou 1994 summer 
fall 

Little Manitou 1995 spring 
summer 
fall 

Chaplin summer 
fall 

Ingebrigt summer 
fall 

Cyanobacteria Chlorophyta Euglenophyta Chrysophyta Cryptophyta Pyrrophyta Bacillariophyta Total 
m~·m-3 m~·m-3 m~·m-3 m~·m-3 m~·m-3 m~·m-3 m~·m-3 m~·m-3 

11 21 - 42 122 - 18 213 
4 - - 21 166 - 29 220 

40 73 - 11 193 - 39 357 
24 88 - 62 456 45 341 1015 
39 47 - 138 233 - 256 714 

6702 3914 - 4012 - - 1136 15,765 
15,093 2025 - 2317 1 - 12,810 32,246 

5120 56 - 172 - - 4975 10,323 
15,394 1045 - 528 - - 11,943 28,910 
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Figure 3-1. (A) Total spring phytoplankton biomass and (B) community composition 
(%biomass) for six Saskatchewan lakes. Lakes are in order of increasing 
salinity. Data was unavailable for Snakehole, Little Manitou (1994), Chaplin 
and Ingebrigt lakes. 
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comparison to the hypersaline Little Manitou Lake. Total biomass was highest in 

Humboldt Lake (1990) and lowest in Little Manitou Lake. Redberry Lake biomass was 

also lower in comparison with the other study lakes. 

The spring phytoplankton community composition varied across the salinity gradient 

(Figure 3-1b). In Waskesiu Lake (1993 and 1994), over 80% of the phytoplankton total 

biomass was composed of diatoms and the predominant species were Stephanodiscus 

niagarae and Cyclotella comta. In Humboldt Lake, compositional differences were 

observed between the two sampling years. In both 1989 and 1990, diatoms accounted for 

approximately 50% of the phytoplankton community. In 1989, the remaining 50% 

composed of relatively equal proportions of cyanobacteria, chlorophytes, cryptophytes 

and chrysophytes. In contrast, in 1990 the remaining phytoplankton community was 

composed of approximately 30% cyanobacteria and 20% chrysophytes. In both years, 

predominant taxa were Stephanodiscus niagarae, Diatoma spp., Gleothece rupestris 

(diatoms) and Aphanizomenon jlos-aquae ( cyanophyte) and, in 1990, the chrysophyte, 

Ochromonas sp. Lenore Lake was predominated by the diatom Diatoma tenue and the 

dinoflagellate Peridinium umbonatum, while the chlorophytes and chrysophytes together 

accounted for approximately one-quarter of the phytoplankton community. 

Cyanobacteria, euglenophytes and cryptophytes were present, but comprised a relatively 

small percentage of the total biomass. In 1989, Redberry Lake was composed of 

chrysophytes ( Chrysocapsa planctonica, Chrysidalis peritaphrena ), diatoms 

(Stephanodiscus niagarae, Surirella ovata ), chlorophytes (Planktosphaeria gelatinosa) 

and pyrrophytes (Peridinium umbonatum and Gymnodinium limnecticum ). In 1990, 

chrysophytes ( Chrysidalis peritaphrena, Chrysocapsa planctonica and an unidentified 

chrysophyte), chlorophytes (Coccomyxa spp.) and diatoms (Chaetoceros elmorei) were 

the predominant taxa, but pyrrophytes were nearly absent. Basin Lake had similar 

proportions of taxa as Redberry Lake (1989), with Chrysidalis peritaphrena, 

Chrysocapsa planctonica, Chrysophyte sp., Diatoma spp., Chlamydomonas sp., 

Coccomyxa sp., and Oocystis submarina being the predominant species. Cyanobacteria 

accounted for a very small percentage of the biomass in Redberry and Basin lakes. The 

Little Manitou Lake phytoplankton community was composed primarily of the 
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cryptophyte Chroomonas acuta; chlorophytes (Mougeotia sp.), diatoms (Diatoma spp.), 

cyanobacteria (unidentified species) and rare chrysophytes made up the remainder of the 

community. 

Phytoplankton total biomass increased during the summer, rangtng from 213-

402,053 mg·m-3 (Table 3-2). Phytoplankton biomass was generally higher within the 

freshwater and low salinity lakes, with the exception of two hypersaline lakes, Chaplin 

and Ingebrigt (Figure 3-2a). Humboldt Lake biomass was similar in both 1989 and 1990 

and continued to have the highest biomass of all the lakes. Phytoplankton biomass in 

Redberry, Snakehole and Little Manitou lakes remained quite low; the lowest biomass 

was observed in Little Manitou Lake (1994). 

Some differences in the summer phytoplankton community composition were observed 

(Figure 3-2b). In Waskesiu Lake, the chlorophyte, Coccomyxa minor, accounted for 

approximately 50% of the phytoplankton community. This large proportion of 

Coccomyxa minor was not observed in 1993 or 1994, although it remained a predominant 

species. In the summers from 1992-1994, diatoms comprised a large proportion of the 

phytoplankton community, but were especially prominent in 1993 and 1994. 

Dinoflagellate biomass was also relatively large during 1993 and 1994. Stephanodiscus 

niagarae, Cyclotella comta, Melosira granulata, Ceratium hirundinella were 

predominant in all three years, while Vorticella sp. and Peridinium willei were 

predominant in 1992, Fragilaria sp. in 1993 and 1994 and Tabellaria fenestratata in 

1994 only. The summer phytoplankton community of Humboldt Lake (1989 and 1990) 

was almost completely dominated by cyanobacteria, with the remainder composed of 

diatoms. Aphanizomenon jlos-aquae and Stephanodiscus niagarae were the predominant 

species. Lenore Lake had large proportions of pyrrophytes (Peridinium umbonatum) and 

chlorophytes ( Oocystis parva, Cosmarium angulosum, Tetraedron minimum and 

Stichococcus sp.). Diatoms (Entomoneis paludosa and Cyclotella comta) and 

cyanobacteria ( Gomphosphaeria lacustris) together accounted for approximately one

third of the phytoplankton community composition. 

The two mesosaline lakes had quite different summer phytoplankton community 

compositions. In both 1989 and 1990, Redberry Lake had a large proportion of diatoms, 
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Figure 3-2. (A) Total summer phytoplankton biomass and (B) community composition 
(%biomass) for nine Saskatchewan lakes. Lakes are in order of increasing 
salinity. 
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chlorophytes and chrysophytes. The proportion of cyanobacteria was greater in 1989 

than in 1990. The predominant species in 1989 were Diatoma sp., Stephanodiscus 

niagarae, Surirella ovata, Entomoneis alata, Chaetoceros elmorei, Sphaerocystis 

schroeteria and Chrysidalis peritaphrena. In 1990, Chaetoceros elmorei, Coccomyxa 

sp., Erkenia subaequiciliata, Chrysidalis peritaphrena and an unidentified chrysophyte 

were predominant. The Basin Lake phytoplankton community was approximately 50% 

cyanobacteria (Oscillatoria tenuis, Microcystis incerta and Chroococcus dispersus) and 

30% chlorophytes (Coccomyxa sp. and Oocystis gloeocystiformis), with the remainder of 

the community primarily composed of diatoms (Diatoma spp.). 

The hypersaline lakes were variable in their summer phytoplankton composition. 

Approximately two-thirds of the phytoplankton in Snakehole Lake was composed of 

diatoms (Nitzschia acicularis), with the other one-third composed of cryptophytes 

(Chroomonas coerulea), chlorophytes (Chlamydomonas sp.) and pyrrophytes 

(Gymnodinium eurytopum); chrysophtyes and cyanobacteria composed only a small 

portion of the community. Little Manitou Lake had a very large proportion of 

cryptophytes in both summer 1994 and 1995. Diatoms, chrysophytes and chlorophytes 

were also present and showed some interannual proportional differences; pyrrophytes 

were present only in 1995. In 1994, Chroomonas acuta was the single dominant species, 

whereas in 1995, Chroomonas acuta, Characium sp., Amphora ovalis, Nitzschia 

acicularis and Ceratium hirundinella were predominant species. The phytoplankton 

community of Ingebrigt Lake was composed of approximately 50% cyanobacteria, 

dominated by an unidentified species. The remainder of the Ingebrigt Lake 

phytoplankton community was almost completely composed of the benthic diatom, 

Navicula sp., while chrysophytes were rare. The Chaplin Lake phytoplankton 

community was also composed of approximately 50% cyanobacteria and the remainder 

consisted of chlorophytes, chrysophytes and some diatoms, and was predominated by 

Chlamydomonas sp., Cercobodo sp. and Plagiotropis sp. 

Fall phytoplankton total biomass ranged from 220-75,643 mg·m-3 (Table 3-2). Total 

phytoplankton biomass decreased from summer levels in all lakes, except Snakehole 

Lake where there was an increase in biomass (Figure 3-3a). Total biomass in· Redberry 
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Figure 3-3. (A) Total fall phytoplankton biomass and (B) community composition 
(%biomass) for nine Saskatchewan lakes. Lakes are in order of 
increasing salinity. 
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and Little Manitou lakes was still lower than the other lakes; Little Manitou Lake (1994) 

total biomass remained the lowest of all the lakes. 

The proportion of diatoms increased in all lakes, except Redberry and Ingebrigt lakes 

(Figure 3-3b ). Waskesiu Lake phytoplankton community was almost exclusively 

composed of diatoms, but in 1994, cryptophytes composed approximately 10% of the 

community. The predominant species were Stephanodiscus niagarae, Melosira 

granulata (1992 and 1994), Fragilaria sp. (1993 only) and Cryptomonas erosa (1994 

only). Humboldt Lake, which had previously been dominated by cyanobacteria, became 

almost exclusively dominated by the diatom, Stephanodiscus niagarae. However, 

Aphanizomenon jlos-aquae and Gleothece rupestris (1990 only) remained predominant 

species. In Lenore Lake, diatoms accounted for 60% of the total biomass, 20% was 

composed of chlorophytes and 20% was composed primarily of chrysophytes and 

cyanobacteria. The predominant species were Surirella ovata, Entomoneis paludosa, 

Erkenia subaequiciliata, Oocystis parva, Tetraedron minimum and Gomphosphaeria 

lacustris. 

In Redberry Lake, the proportion of diatoms decreased from the summer (1989, 1990) 

while the proportion of chlorophytes increased; the percentage of chrysophytes and 

cyanobacteria did not change. The predominant species were Stephanodiscus niagarae 

and Oocystis borgei in 1989 and Chaetoceras elmorei and Coccomyxa sp. in 1990. In 

Basin Lake, the diatoms increased to approximately 40% of the community and were 

primarily composed of Diatoma sp. Cyanobacteria also accounted for 40% of the 

community and the predominant taxa were Oscillatoria tenuis, Chroococcus dispersus. 

Chlorophytes and chrysophytes together composed approximately 20% of the 

community. Snakehole Lake was also almost exclusively comprised of the diatom, 

Chaetoceras elmorei. The majority of the Little Manitou Lake (1994) phytoplankton 

community was composed of the cryptophyte, Chroomonas acuta, but diatoms and 

chrysophytes were still present. In Little Manitou Lake (1995), the chrysophytes showed 

a slight increase from summer proportions, while the remainder of the community 

showed little change; pyrrophytes were absent. The predominant species were 

Chroomonas acuta, Cryptomonas sp., Entomoneis sp., Chaetoceras elmorei, Amphora 
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ova lis, Desmarella brachycalyx and an unidentified chrysophyte species. In Chaplin 

Lake, no change was observed in the proportion of cyanobacteria, but the proportion of 

diatoms increased. The predominant species were Plagiotropis sp. and an unidentified 

cyanobacterial taxon. The Ingebrigt Lake phytoplankton community exhibited almost no 

compositional change from the summer and Navicula sp. and an unidentified 

cyanobacteria remained the dominant species. 

3.4 Zooplankton Community Composition and Biomass 

Zooplankton species diversity declined dramatically across the salinity gradient (Table 3-

3). Cyclopoid copepods and cladocerans were only found in lakes with salinity <20 g 

TDS• L-1
• Calanoid copepods were also present in these lakes, with a slightly higher 

species diversity observed in Redberry Lake. The anostracans were restricted to the 

hypersaline lakes (>80 g TDS·L-1
) and were the dominant crustacean zooplankton taxa 

present within these lakes. 

Spring zooplankton total biomass ranged from 103-1680 mg•m-3 (Table 3-4). The highest 

total biomass was observed in Little Manitou Lake (Figure 3-4a). In 1990, Redberry 

Lake total biomass was the lowest of all the lakes, with the 1989 biomass being higher. 

Humboldt Lake zooplankton total biomass also differed between the two sampling years, 

being higher in 1989 than in 1990. Zooplankton biomass was similar in Waskesiu, 

Lenore, Redberry and Basin lakes and was much lower than either Humboldt and Little 

Manitou lakes. 

Clear differences were observed in the spnng zooplankton community composition 

across the salinity gradient (Figure 3-4b ). Waskesiu Lake was dominated by Diacyclops 

bicuspidatus, but Skistodiaptomus oregonensis, Daphnia spp. and other cladocerans, such 

as Bosmina longirostris and Chydorus sphaericus, collectively accounted for 25% of the 

community composition. There was also a relatively large percentage of copepod nauplii. 

Humboldt Lake was dominated by Daphnia pulex, but Diacyclops bicuspidatus and 

Leptodiaptomus sicilis and copepod nauplii were also present. Lenore Lake was 
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Table 3-3. Zooplankton diversity in nine Saskatchewan lakes ordered by increasing salinity. 

Lake Cladocerans CJ!.clOf!.S SEE· Diae_tomus SEE· Anostracans Total 
Waskesiu 1992 7 3 1 0 11 
Waskesiu 1993 7 3 1 0 11 
Waskesiu 1994 7 3 1 0 11 
Humboldt 1989 3 3 1 0 7 
Humboldt 1990 3 3 1 0 7 
Lenore 3 1 1 0 5 
Redberry 1989 2 1 2 0 5 
Redberry 1990 2 1 2 0 5 
Basin 0 1 1 0 2 
Snakehole 0 0 0 1 1 
Little Manitou 1994 0 0 0 1 1 
Little Manitou 1995 0 0 0 1 1 
Chaplin 0 0 0 1 1 

~ Ingebrigt 0 0 0 1 1 ~ 

-....l 
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Table 3-4. Mean water column summer zooplankton biomass (mg·m-3
) for nine Saskatchewan lakes in order of increasing salinity. 

Taxon W askesiu Waskesiu Waskesiu Humboldt Humboldt Lenore Redberry Redberry Basin Snakehole Little Little Chaplin Ingebrigt 
1992 1993 1994 1989 1990 1990 1989 1990 1990 1994 Manitou Manitou 1994 1994 

1994 1994 
Daphnia sp. 67 53 63 350 400 - 112 51 
cladocerans 7 25 39 416 95 263 
nauplii 6 26 19 72 73 27 5 20 19 
Cyclops sp. 59 82 159 218 125 196 1 2 36 
Diaptomus sp. 40 27 44 159 249 26 83 261 617 
Artemia sp. - - - - - - - - - 3835 1391 79 1923 222 
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Figure 3-4. (A) Total spring zooplankton biomass and (B) community composition 
(%biomass) for nine Saskatchewan lakes. Lakes are ordered by 
increasing salinity. 
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predominated by Diacyclops bicuspidatus and copepod nauplii; Daphnia spp. were 

absent, but other cladocerans, such as Bosmina longirostris, were present. In Redberry 

Lake (1989 and 1990), diaptomid copepods, dominated by Leptodiaptomus sicilis, 

accounted for more than 75% of the zooplankton community. There was also a large 

percentage of copepod nauplii in both sampling years. Basin Lake was composed of the 

diaptomid copepod, Leptodiaptomus sicilis, and the cyclopoid copepod, Acanthocyclops 

vernalis; copepod nauplii were rare. Little Manitou Lake was exclusively dominated by 

Artemia sp. 

Summer zooplankton total biomass ranged from 178-3835 mg·m-3 (Table 3-4) and there 

was no distinct trend in zooplankton total biomass across the salinity gradient, although 

many of the saline lakes had high biomass (Figure 3-5a). The highest total biomass was 

observed in Snakehole Lake, followed by Chaplin, Little Manitou (1994) and Humboldt 

lakes. The remaining lakes had relatively similar zooplankton biomass, with the lowest 

total biomass observed in Waskesiu Lake (1992). Little Manitou Lake (1995) and 

Ingebrigt Lake had relatively low total biomass in comparison with the other hypersaline 

lakes. 

The summer zooplankton community exhibited only slight compositional changes 

(Figure 3-5b ). In Waskesiu Lake, the proportion of Daphnia spp. and Skistodiaptomus 

oregonensis increased while the proportion of the cyclopoid copepod, Diacyclops 

bicuspidatus, either remained the same (1994) or declined slightly (1992, 1993). Any 

change in the proportion of other cladocerans, such as Bosmina longirostris and 

Chydorus sphaericus, was slight. In Humboldt Lake (1989), approximately 30% of the 

community was composed of Daphnia pulex and another 30% was composed by the 

cladoceran species, Chydorus sphaericus. Copepods, primarily Diacyclops bicuspidatus 

accounted for the remaining 40% of the community. In 1990, one-half of the community 

was composed of Daphnia pulex and the remainder of the community was made up of 

almost equal proportions of other cladoceran species and copepods. The Lenore Lake 

zooplankton community was evenly divided, with one-half composed of cladocerans, 
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dominated by Bosmina longirostris and the other half composed of copepods, dominated 

by Diacyclops bicuspidatus. In 1989, Redberry Lake was composed equally of large 

cladocerans, such as Daphnia schoderli and Daphnia pulex, and the diaptomid copepod, 

Leptodiaptomus sicilis. In 1990, approximately three-quarters of the community 

consisted of the diaptomid copepod, Leptodiaptomus sicilis, with the remainder 

composed of Daphnia pulex. In both years, nauplii were present, but not prominent. 

Basin Lake was composed almost exclusively of the diaptomid copepod, Leptodiaptomus 

sicilis., with Acanthocyclops vernalis and copepod nauplii accounting for <10% of the 

community composition. The zooplankton community of the four hypersaline lakes, 

Snakehole, Little Manitou, Chaplin and Ingebrigt, were exclusively composed of Artemia 

sp. 

The broadest range in zooplankton biomass occurred in the fall, ranging from 11.8-3723 

mg·m-3 (Table 3-4). Zooplankton total biomass was highest in Basin Lake and lowest in 

Chaplin Lake (Figure 3-6a). In Humboldt (1990), Lenore, Redberry and Basin lakes, 

zooplankton total biomass increased from the summer to the fall season, while the 

remaining lakes exhibited declines in zooplankton biomass. The largest decrease in total 

zooplankton biomass was observed in Chaplin and Ingebrigt lakes. 

Only slight changes were observed between the summer and fall zooplankton community 

composition (Figure 3-6b ). In Waskesiu Lake, the proportion of copepods and Daphnia 

spp. declined while the proportion of other cladoceran species increased, especially in 

1994. In Lenore Lake the proportion of copepods increased while cladocerans, such as 

Bosmina longirostris, decreased. The zooplankton of Basin Lake remained composed of 

Leptodiaptomus sicilis. No change in zooplankton composition was observed 1n 

Humboldt, Redberry, Snakehole, Little Manitou, Chaplin and Ingebrigt lakes. 

3.5 Statistical Analyses 

There was very little difference between the CA and CCA correlations of the 

environmental variables and the first four ordination axes (Table 3-5) suggesting that all 
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(%biomass) for nine Saskatchewan lakes. Lakes are ordered by 
increasing salinity. 
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Table 3-5. Comparison of correlations of environmental variables with ordination axes using correspondance analysis (CA) axes and 
canonical correspondance analysis (CCA). 
Variable Axis1 Axis2 Axis 3 Axis4 

CA CCA CA CCA CA CCA CA CCA 
specific conductivity (SC) 0.93 0.94 0.23 0.21 0.14 0.15 -0.00 -0.02 
surface area (SA) -0.87 -0.86 0.15 0.18 -0.29 -0.28 -0.03 -0.04 
maximum depth (MD) -0.80 -0.80 0.00 0.01 -0.21 -0.22 -0.35 -0.36 
hypolimnion thickness (H) -0.62 -0.62 -0.14 -0.16 -0.29 -0.31 -0.51 -0.48 
temperature (T) 0.28 0.28 -0.23 -0.21 0.17 0.17 0.43 0.45 
pH 0.58 0.57 -0.27 -0.28 -0.11 -0.12 0.09 0.14 
Secchi depth (SD) -0.39 -0.38 0.28 0.26 -0.26 -0.26 -0.44 -0.45 
total phosphorus (TP) 0.78 0.78 -0.24 -0.28 0.43 0.42 0.01 0.02 
sum nitrogen (SN) 0.62 0.61 -0.23 -0.23 0.39 0.39 0.35 0.35 
silica ~SiO~~ -0.03 -0.04 -0.33 -0.35 0.23 0.21 -0.19 -0.18 

% Eh~~;o:elankton cr accounted for b~ axis 20.8 20.8 13.2 13.5 12.6 12.5 11.1 11.2 



relevant variables were included in the analysis. The covariable, year, accounted for 

almost none of the variance (0.1% ). 

The first CCA ordination axis accounted for 20.8% of the variation in the phytoplankton 

community composition (Table 3-6). Specific conductivity (0.94) was the environmental 

variable most strongly correlated with this axis. Surface area (-0.86), maximum depth(-

0.80) and TP (0. 78) also had high correlations with the first axis. The first axis was not 

significant (P = 0.33) indicating that the phytoplankton community composition is not 

determined by a single dominant gradient. Chaplin Lake was most strongly correlated 

with high specific conductivity, TP and SN. Two genera, Proterospongia sp. and 

Plagiotropis sp. were found exclusively in Chaplin Lake and were also strongly 

correlated with high specific conductivity, TP and SN. The genus Chlamydomonas sp. 

was observed in the saline lakes and the biomass of this genus was highest in Chaplin 

Lake. In comparison, Ingebrigt, Snakehole and Little Manitou lakes were still correlated 

with high specific conductivity, TP and SN, but not as strongly as Chaplin Lake. The 

diatom, Rhopaloidia sp. was only observed in Little Manitou Lake and had the same 

correlation with specific conductivity, TP and SN. Chrysosphaerella sp. was only 

observed in Snakehole Lake and the genus Tetramitus sp. was found in three of the four 

hypersaline lakes. Waskesiu Lake (1992-1994) was correlated with large surface area 

and deep maximum depth. 

The remaining three axis are not as easily interpreted and this is likely a reflection of the 

high level of collinearity in the environmental data. The second axis accounted for 13.5% 

of the variance and had the strongest correlation with Si02 ( -0.35), pH ( -0.28) and TP (-

0.28). However, it is not as clear how the lakes and phytoplankton species relate to the 

second axis. It is not clear why Humboldt Lake 1990 is so different from Humboldt 1989 

because it did not have exceptionally high Si02 concentrations nor were Si02 

concentrations exceptionally low in Little Manitou and Snakehole lakes. This would 

suggest that other environmental variables, such as pH and TP have a strong effect on the 

phytoplankton community composition. Axis 3 accounted for 12.5% of the total variance 

and was most strongly correlated with TP (0.42) and TN ( 0.39). The four hypersaline 

lakes, Snakehole, Little Manitou, Chaplin and Ingebrigt lakes, were the most strongly 
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correlated with TP and SN. Again, it is not clear why Humboldt Lake 1990 is so 

different from Humboldt Lake 1989. Axis 4 accounted for 11.2% of the variation and 

was most strongly correlated with hypolimnion thickness (-0.48), Secchi depth (-0.45) 

and temperature (0.45). The significance of the second, third and fourth axes were not 

tested separately, but all four canonical axes were tested together and were found to be 

significant (p = 0.01) indicating that the phytoplankton community composition was 

related to the environmental variables associated with each of the axes and together, these 

variables determine phytoplankton composition. 

The individual environmental variables were tested separately for significance by a 

Monte Carlo permutation test in order to rank their importance in determining species 

composition (Table 3-6). Specific conductivity, TP, SN, maximum depth, surface area 

and hypolimnion thickness were all found to be highly significant (p = 0.01-0.02), but 

Si02, temperature, pH and Secchi depth were not significant (p ~ 0.05). 

The ordinations (Figures 3-7 a-c) indicate there is a difference in summer phytoplankton 

community composition between the fresh water/low salinity lakes and the higher salinity 

lakes (> 20 g TDS• L-1
). The phytoplankton community in the low salinity lakes exhibited 

more diversity and was dominated by chlorophytes, cyanophytes and diatoms. In 

comparison, the phytoplankton community of the more saline lakes shifted to a 

chrysophyte-diatom dominated community, with chlorophytes and cyanophytes 

decreasing in prominence, although Chaplin and Ingebrigt lakes had a large proportion of 

cyanophytes. Species diversity also declined. Certain lakes were also characterized by 

specific phytoplankton species occurring only within that lake, such as Proterospongia 

sp. and Plagiotropis sp. in Chaplin Lake. Some differences between sampling years 

within the same lake were detected (e.g. Humboldt Lake). 

3.6 Discussion 

The correlation between species diversity and salinity has been documented in saline 

lakes worldwide (e.g., Colburn, 1988; Williams, 1991; Blinn, 1993). Several surveys of 
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Table 3-6. Correlations between environmental variables and the CCA axes based on phytoplankton community data from nine 
Saskatchewan lakes. 
Variable Axis 1 Axis2 Axis 3 Axis4 p 

specific conductivity (SC) 0.94 0.21 0.15 -0.02 0.01* 
surface area (SA) -0.86 0.18 -0.28 -0.04 0.01* 
maximum depth (MD) -0.80 0.01 -0.22 -0.36 0.01* 
hypolimnion thickness (H) -0.62 -0.16 -0.31 -0.48 0.02* 
temperature (T) 0.28 -0.21 0.17 0.45 0.45ns 
pH 0.57 -0.28 -0.12 0.14 0.11 ns 
Secchi depth (SD) -0.38 0.26 -0.26 -0.45 0.14ns 
total phosphorus (TP) 0.78 -0.28 0.42 0.02 0.01 * 
sum nitrogen (SN) 0.61 -0.23 0.39 0.35 0.02* 
silica ~Si0,2 -0.04 -0.35 0.21 -0.18 0.55ns 

% phytoplankton craccounted for by axis 20.8 13.5 12.5 11.2 
cumulative % of a 20.8 34.3 46.8 58.0 
significance of canonical axis 1 0.33 
siS!!ificance of all canonical axes 0.01 

* = significant; ns = non significant 
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Figure 3-7 a. Axes 1 and 2 of CCA of mean summer phytoplankton composition from nine Saskatchewan lakes. The following 
abbreviations were used to indicate environmental variables: SC =specific conductivity, pH= pH, T =temperature, 
SA = surface area, H =hypolimnion thickness, MD =maximum depth, S = Secchi depth, TP = total phosphorus, 
TN =total nitrogen and Si02 =silica. 
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Saskatchewan lakes conducted between 1939-1982 examined plankton diversity. Kuehne 

(1941) first noted that saline lake phytoplankton communities were dominated by three 

groups, diatoms, chlorophytes and cyanobacteria, but that diversity was low. Rawson 

and Moore (1944) observed that certain crustacean zooplankton taxa, such as Daphnia, 

Bosmina and Cyclops, were more frequently encountered with salinity< 20 g TDS·L-1
• 

Hammer et al. (1983) and Hammer (1993) observed a decline in species diversity of the 

phyto- and zooplankton communities as salinity increased. This present study confirmed 

the decrease in phyto- and zooplankton species diversity across a salinity gradient that 

ranged from 0.2 g TDS• L-1 to 170 g TDS• L-1
• However, it should be noted that some 

study lakes had more samples collected and this sampling intensity affects the total 

number of species observed. In addition, the total number of phytoplankton species in 

each lake are affected by the level of taxonomic identification because some saline lake 

samples were not identified to the species level. 

While there is a strong relationship between species diversity and salinity, questions still 

remain as to whether salinity alone is the causal factor. Hammer et al. (1983) suggested 

that, while salinity is the common denominator, it is itself a complex interaction of ions, 

each of which may have a strong influence. They suggested the Na:Mg and Cl:S04 ratios 

may affect species distribution and diversity. They observed that two prairie lakes of 

equal salinity, Deadmoose and Waldsea, had a notable difference in the number of 

phytoplankton species (Deadmoose =59; Waldsea = 36) and that Deadmoose Lake was 

NaCl-dominated whereas Waldsea Lake was MgS04-dominated. On the other hand, this 

present study showed there is as great a difference in the number of species in W askesiu 

Lake between 1992-1994 and Humboldt Lake between 1989 and 1990, suggesting that 

annual variation may result in very different phytoplankton species composition. Thus, 

the relationships are not simple and caution should be used when drawing conclusions 

based on limited data. 

Phytoplankton community compositional data were collected from several lakes 

examined in this study by Hammer et al. (1983). This study and Hammer et al. (1993) 

observed that diatoms dominate the phytoplankton communities of the saline lakes, with 

chlorophytes and cyanophytes generally decreasing in proportion with increasing salinity, 
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although there were exceptions, such as Chaplin and Ingebrigt lakes. Pyrrophytes and 

euglenophytes tended to be rare in the saline lakes. Hammer et al. (1983) noted few 

occurrences of chrysophytes and cryptophytes within the saline lakes, contradictory to the 

findings of this present study which found that the proportion of these taxa increased with 

salinity. This discrepancy can be explained by differences in sampling procedure and 

frequency. Many of the lakes surveyed by Hammer et al. (1983) were sampled only once 

and water was collected either close to the surface or filtered through a standard plankton 

net. Chrysophytes and cryptophytes are motile and are able to migrate during the day to 

avoid predation. They are also fragile species which can be easily damaged during 

collection. Therefore, samples taken only from the surface may not adequately sample 

these groups. Filtering through a plankton net will also bias the results towards larger 

phytoplankton species. Finally, the seasonal changes in the phytoplankton community 

cannot be reflected in only one sample. 

Hammer et al. (1983) identified Chaetoceros elmorei, Dunaliella salina, Rhizoclonium 

hieroglyphicum, Ctenocladus circinnatus and Nodularia spumigena as being restricted to 

the saline lakes. Not all of the species identified by Hammer et al. were found in the 

saline lakes of this study, but this may be a reflection of different sampling times (i.e., 

spring versus summer) and the level of identification of the saline lake samples. 

Particular phytoplankton species were associated with individual Saskatchewan saline 

lakes. Chaplin Lake was the only one in which Plagiotropus sp. and Gonium sp. 

occurred; only Little Manitou Lake (1994) had Rhopaloidia sp.; and Chrysosphaerella 

rodhei only occurred in Snakehole Lake in 1994. Other genera, such as Chaetoceros 

elmorei, are considered to be characteristic of saline lakes and many of these are, in fact, 

marine taxa (Hammer et al., 1983; Round et al., 1990). Other genera, such as Nitzschia, 

Navicula, Synedra, Cocconeis, Surirella and Rhizoclonium, are cosmopolitan and 

euryhaline (Hammer et al., 1983). 

With the exception of Humboldt, Chaplin and lngebrigt lakes, the majority of the study 

lakes had a relatively low proportion of cyanobacteria. The SN:TP ratios were low(< 12) 

in all of the Saskatchewan lakes (see chapter 2) and low N:P ratios are generally 

associated with the development of planktonic cyanobacterial blooms (Marino et al., 
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1990). Similarly low planktonic cyanobacterial biomass has been observed in most 

coastal marine ecosystems where conditions of low N :P ratios would be otherwise 

expected to lead to the development of abundant planktonic cyanobacteria (Howarth et 

al., 1988). In marine systems, benthic cyanobacteria are present where water clarity 

permits sufficient light penetration, which suggests salinity is not the primary factor 

affecting their abundance (Howarth et al., 1988). Several hypotheses have been proposed 

to explain the relatively low cyanobacteria in marine systems, including low Mo 

concentrations as indicated by high Mo:S04 ratios (Howarth and Cole, 1985), low Fe 

availability (Howarth et al., 1988) and increased turbulence (Paerl, 1985). Marino et al. 

(1990) observed that the abundance of cyanobacteria is variable within Alberta saline 

lakes. They concluded that the bioavailability of Mo was a strong limiting factor, but that 

low Fe and high turbulence were more important in limiting the abundance of 

cyanobacteria within these saline lakes. 

Phytoplankton total biomass was generally lower in the meso- and hypersaline lakes than 

in the fresh and low salinity lakes. Chi a concentrations were low relative to nutrient 

concentrations within many of the study lakes (see chapter 2). Nutrient concentrations 

were high in many of the study lakes and this pattern of elevated nutrients in saline lakes 

has been observed in other studies (e.g., Barica, 1975; Bierhuizen and Prepas, 1985). In 

chapter 2, it was also found that N- and P-limitation likely occurred in all of the study 

lakes, but it was likely less severe in the hypersaline lakes. There are a number of 

possible explanations for the lower chi a concentrations and phytoplankton biomass in 

the saline lakes. DOC, pH and ionic concentrations may affect the bioavailability of 

nutrients (Bierhuizen and Prepas, 1985; Campbell and Prepas, 1986; Waiser and Robarts, 

1995). Competition between bacteria and phytoplankton for nutrients (Waiser and 

Robarts, 1995) and zooplankton grazing have both been suggested as causes of lower 

phytoplankton biomass (Campbell and Prepas, 1986). Campbell and Prepas (1986) did 

not find grazing pressure to be sufficient to account for reduced chi a concentrations in 

the Alberta lakes, but noted that other studies observed increased phytoplankton growth 

when grazers were removed. Evans et al. (1996) estimated Redberry Lake zooplankton 

were capable of clearing the water column in 7 days in 1989 and 8 days in 1990. 
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Phytoplankton production estimates for this lake indicate phytoplankton turnover time 

was 4 days in 1989 and 8 days in 1990 suggesting zooplankton grazing could account for 

much of the loss of phytoplankton in Redberry Lake. Artemia in Mono Lake, California 

were estimated to be capable of clearing the water column in approximately 1 day (Lenz, 

1983). When this grazing rate of 150 mL/indlday (Lenz, 1983) was applied to the 

Artemia in the Saskatchewan saline lakes, a similar turnover time of 1 day was calculated. 

Since no primary production data were available to determine phytoplankton turnover 

times, comparisons between the phyto- and zooplankton turnover times could not be 

made, but it is likely grazing does have a significant impact on saline lake phytoplankton 

biomass. 

The apparently high grazing rates found in the hypersaline lakes leads to the possibility 

that an alternate food source may be available for Artemia, such as bacteria or benthic 

algae. The proportion of flagellate species is greater in the saline lakes. These small, 

single-celled phytoplankton are an excellent food source for zooplankton (Wetzel, 1983). 

Some flagellate species feed on bacteria in addition to taking up nutrients for primary 

production (Wetzel, 1983). Heterotrophic pathways have not been examined in the saline 

lakes, but possible that they may account for a significant proportion of productivity. 

Benthic productivity was beyond the scope of this study, but these lakes are shallow and 

in some cases the photic zone extends to the bottom so that benthic production may be 

high. Benthic taxa, such as Navicula, Cocconeis and Rhopalodia, were common in many 

of the saline lakes and can be stirred up from the bottom sediments (Round et al., 1990). 

A high proportion of these taxa in the water column indicate the importance of benthic 

production (Round et al., 1990). Others, such as Nitzschia, can be either benthic or 

planktonic, and indicate the importance of benthic production (Round et al., 1990). In 

addition, many of the lakes undergo frequent vertical mixing regenerating nutrients, 

including silica which is essential for diatom growth. 

Different zooplankton species are capable of altering the structure of the phytoplankton 

community. Daphnia are large herbivores capable of intense grazing and may be 

responsible for triggering algal blooms in eutrophic fresh water lakes (Lampert et al., 
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1986). Copepods feed upon algae, although there are certain taxa which are omnivorous 

(e.g., Acanthocyclops). The grazing rate of copepods is lower than cladocerans and as a 

result copepods will not have as great an impact on the phytoplankton community 

(Wetzel, 1983). Artemia, like Daphnia, are large herbivores with a relatively high 

grazing rate (Lenz, 1983). It would be expected that Artemia would impact the 

phytoplankton community structure in the same way as Daphnia, but large, inedible 

phytoplankton forms, such as colonial chlorophytes and cyanobacteria, are often rare in 

the saline lakes dominated by Artemia. These lakes have a high proportion of single

celled, flagellated taxa, which are an excellent food source for the zooplankton. Artemia 

over-winters in diapause eggs and the elimination of all grazers during the winter season 

has an additional effect on the phytoplankton community composition because there is no 

grazing pressure. 

Results of this study suggest specific conductivity was the dominant factor affecting 

species diversity and composition, however, lake size, depth and concentrations of TP 

and SN also appear to be important. Williams et al. (1990) showed that salinity may not 

necessarily be the entire explanation for species composition. Colburn (1988) examined 

species diversity in saline lakes in Death Valley, California, and concluded that salinity is 

important in limiting the species diversity, but biotic factors, such as predation, also 

explain species distribution. Hammer and Hurlbert (1992) examined whether Artemia 

could be limited by either salinity or predation. Artemia eggs are carried between 

different bodies of water by birds and wind, eliminating the problem of access and they 

found that Artemia could survive in lower salinity waters, provided predators were 

absent. Hammer and Hurlbert (1992) noted that Artemia could tolerate a variety of ionic 

concentrations, but could not survive in waters with high carbonate concentrations and 

this may help to explain why Artemia are rarely found in the more saline lakes of British 

Columbia. Lenz (1987) suggested predation, particularly fish predation, and competition 

are factors contributing to the limitation of Artemia to higher salinity waters. Species 

tolerance ranges are most likely the result of a combination of salinity, ionic composition 

and biological factors, such as predation. 
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Chapter 4. Application of Ecological Models to Prairie Saline Lakes 

4.0 Introduction 

The understanding of the functioning any ecosystem is limited by complexity of the 

system. There are numerous interactions within and between abiotic and biotic factors 

and these interactions quickly become too complicated for easy comprehension. While 

theoretical models are highly simplified representations, robust models can nevertheless 

be applied across a broad range of ecosystems, allowing general relationships to be 

examined under varying conditions. 

It is impossible, and not necessarily desirable, to include every possible variable in any 

one model. There are, however, certain relationships that are well known. TP has been 

related empirically to chl a concentrations (Dillon and Rigler, 1974), phytoplankton 

biomass (Kalff and Knoechel, 1978), zooplankton biomass (Hanson and Peters, 1984), 

fish biomass and fish yield {Hanson and Leggett, 1982). Since chl a is correlated with TP 

it can also be used to predict zooplankton biomass (Hanson and Peters, 1984). Chl a is 

also frequently used as a surrogate measure of phytoplankton biomass (Wetzel, 1983). 

As a result, both total phytoplankton biomass and chl a are used in zooplankton biomass 

predictive models (McCauley and Kalff, 1981 ). 

In fresh water lakes, elevated nutrient concentrations are correlated with increased 

phytoplankton biomass (e.g., Edmondson and Lehman, 1981; Wetzel, 1983; Bergquist 

and Carpenter, 1986). In Saskatchewan and Alberta lakes, P and N concentrations 

increase with salinity, although lakes affected by cultural eutrophication do not conform 

to this pattern (e.g., Humboldt Lake). Despite the elevated nutrient concentrations, saline 

lakes do not respond as expected, tending to have low phytoplankton total biomass 

relative toP and N concentrations (Bierhuizen and Prepas, 1985; Campbell and Prepas, 

1986; Evans et al., 1996). 
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Zooplankton taxa can affect the phytoplankton community structure. Daphnia are known 

to have a high grazing rate and essentially can remove all the small ( <40 J.tm), edible 

phytoplankton which enables the biomass of larger (>40 J.tm), colonial phytoplankton 

species to accumulate because they are not easily consumed. In fresh water lakes, the 

cladoceran, Daphnia, has been linked to cyanobacteria blooms (Bergquist et al., 1985; 

Lampert et al., 1986; Kerfoot et al., 1988). In Saskatchewan, hypersaline lakes are 

dominated by the large zooplankter, Artemia. Since body size is correlated to 

zooplankton grazing rate (Wetzel, 1983), Artemia should have a strong impact on 

phytoplankton community structure and, in fact, are estimated to be capable of clearing 

the water column in 1 day (see chapter 3). It seems eutrophic fresh water lakes 

dominated by large grazers develop frequent algal blooms, but saline lakes with 

comparable nutrient concentrations and greater zooplankton biomass have less 

phytoplankton biomass than expected (Bierhuizen and Prepas, 1985; Evans et al., 1996). 

Four predictive models were applied to the phyto- and zooplankton biomass data to 

determine how well predictions match the actual biomass. Watson and McCauley (1988) 

found both mean summer edible and inedible phytoplankton biomass can be predicted by 

mean summer total phosphorus concentration of a lake. They examined the 

phytoplankton-TP relationship across 28 temperate and tropical lakes. Total 

phytoplankton biomass was split into two categories: (1) inedible biomass (iB) -

phytoplankton >40 J.tm (individual cells or colonies) or any cyanobacteria, pyrrophyte or 

gelatinous chlorophyte and (2) edible biomass (eB) - phytoplankton <40 J.tm and 

belonging to the chrysophyte, cryptophyte, bacillariophyte or non-colonial chlorophyte. 

Mean summer crustacean zooplankton biomass was estimated using three different 

models. Hanson and Peters (1984) derived the zooplankton-chi a model using data from 

49 temperate and tropical lakes. McCauley and Kalff (1981) examined the zooplankton

phytoplankton biomass relationship. This model was based on data from 17 lakes. The 

final model examined the relationship between crustacean zooplankton biomass and TP 

concentrations and was based on the same 49 lakes used in the chi a model (Hanson and 

Peters, 1984). 
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Nearly all lake models are constructed using data collected from fresh water lakes. 

However, when applied to saline lakes, the biomass estimates frequently do not match 

biomass found in saline lakes (Campbell and Prepas, 1986; Evans et al., 1996). 

Modification of the lake's biota by anthropogenic activities, such as discharge of sewage 

effluent, fish stocking, mining and harvesting of Artemia, alters the functioning of the 

ecosystem. These systems could be further adversely affected by excessive exploitation 

with ill-fitting model predictions. Differences in the relationship between nutrients and 

phytoplankton may account for deviations from these models. In this present study, 

nutrient-chlorophyll a relationships are examined in nine Saskatchewan prairie lakes to 

determine if there are significant differences in these relationships between 

freshwater/low salinity and high salinity lakes. Based on previous results obtained in this 

present study, it was expected that significant differences will exist between the two lake 

types. 

4.1 Objectives 

Four predictive mathematical models constructed within freshwater lakes were applied to 

saline lake data in order to determine their accuracy in predicting phyto- and zooplankton 

biomass. In addition to analyzing total biomass, the phytoplankton community was 

divided into two functional groups, edible and inedible, analyzed separately. The 

distinction in the two functional groups was based on primarily on size, but certain taxa, 

such as cyanobacteria and dinoflagellates, were classified as inedible regardless of size 

because of the toxins they produce. The proportions of these two functional groups 

across the salinity gradient were also examined. 

Nutrient-chi a relationships were tested using analysis of covariance (ANCOVA) to 

determine if there is a significant difference in this relationship between freshwater/low 

saline and meso/hypersaline lakes. It was expected that differences would exist between 

the two groups of lakes, with the lower salinity lakes functioning more like fresh water 
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lakes and the higher salinity lakes deviating from the normal relationship between 

nutrients and chl a. 

4.2 Materials and Methods 

4.2.1 Plankton Collection and Identification 

All samples were collected during the open water season between May and October. 

Further information regarding sampling protocol can be found in Robarts et al., 1992; 

Evans and Beaven, 1993; Evans et al., 1995; Evans, 1996; Evans et al., 1996; Evans and 

Robarts, 1999 and Robarts et al., 1999. In 1989, bimonthly samples were collected from 

Redberry and Humboldt lakes. Monthly samples were collected in 1990 from Redberry, 

Humboldt, Basin and Lenore lakes. Waskesiu Lake was sampled once a month in both 

1992 and 1993 and then bimonthly in 1994. Snakehole, Little Manitou, Chaplin and 

Ingebrigt lakes were sampled monthly from July to October in 1994; Little Manitou was 

sampled bimonthly from May to October 1995. The open water season was divided into 

the same three seasonal periods as defined in chapter 2. A number of different 

individuals were involved during the seven years in which the samples were collected. 

Zooplankton and phytoplankton samples were collected and analyzed as described in 

chapter 3. 

4.2.2 Phytoplankton Biomass Model 

In this study the relationships between mean summer water column TP and edible, 

inedible and total phytoplankton biomass were analyzed for nine Saskatchewan prairie 

lakes based on Watson and McCauley (1988). Their resultant model for edible 

phytoplankton biomass (eB) as wet weight (mg·m-3
) was predicted by the total 

phosphorus (TP) concentrations using the regression: 

log (eB) = 2.28 + 0.41 *log(TP) (4.1) 
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Inedible phytoplankton biomass (iB) wet weight (mg·m-3
) was predicted by the following 

model: 

log (iB) = 1.27 + 1.32*log(TP) (4.2) 

Total phytoplankton biomass was predicted by taking the inverse log of the edible and 

inedible biomass and summing the predicted edible and inedible biomass. The result was 

compared to the actual total phytoplankton biomass. 

4.2.3 Crustacean Zooplankton Biomass 

Three predictive models were applied to the crustacean zooplankton data. The initial 

models varied in the seasonality of the data: one model included only summer data 

(Hanson and Peters, 1981 ); one model included entire open water season (Hanson and 

Peters, 1981 ); one model did not specify the seasonality of the data (McCauley and 

Kalff, 1981 ). Since the more saline lakes had only partial sampling seasons and certain 

lakes had limited fall sampling, the data were restricted to the mean summer data. While 

this procedure may introduce some bias into the data, it can be argued that consistency 

among the lakes was more important and it is not accurate to compare an entire open 

water season with only summer data and/or limited fall data. 

The first model predicted crustacean zooplankton biomass (zB) dry weight (mg·m-3
) 

based on chi. a concentrations according to the following equation: 

log (zB) = 1.44 + 0.529*1og (Chi a) (4.3) 

The second model predicted crustacean zooplankton biomass (zB) wet weight (mg·m-1
) 

based on total phytoplankton biomass (pB) according to the following equation: 

log (zB) = 1.015 + 0.719*log (pB) (4.4) 

The actual dry weight zooplankton biomass was converted to wet weight ustng a 

conversion factor of 10.0 (Evans et al., 1996). 
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The third model predicted crustacean zooplankton biomass (zB) dry weight (mg·m-3
) 

based on total phosphorus (TP) concentrations according to the following equation: 

log (zB) = 0. 756 + 0.907*log (TP) (4.5) 

4.2.4 Analysis of Covariance (ANCOV A) 

Analysis of covariance (ANCOVA) was used to test for differences in nutrient-chi a 

relationships between fresh/low and saline lakes (see Table 4-3) (Minitab Inc., 1994). 

The relationship between TP, SN and Si02 with chi a were tested as these were the 

environmental variables used in earlier PCA and CCA analyses. The SRP-chlorophyll a 

relationship was also tested because SRP has traditionally been thought to be a direct 

measure of biologically available phosphorus. In this present study concentrations of 

SRP increased with increasing salinity. A recent study by Hudson et al. (2000) indicates 

that older methods of measuring SRP result in overestimation by two orders of 

magnitude. Lakes with< 7 g TDS·L-1 (Waskesiu, Humboldt and Lenore lakes) were 

classified as fresh, lakes with salinity> 7 g TDS·L-1 and the covariates were TP, SRP, SN 

and Si02• Significant P-values for the category x covariate interaction suggest 

significantly different slopes; significant P-values for the effect of category suggests 

significantly different y-intercepts (Mazumder and Havens, 1998). In order to increase 

the sample size, all of the mean water column data were included in the ANCOV A, rather 

than just mean summer data. 

4.3 Predictors of Phytoplankton Biomass 

In the freshwater/low salinity lakes, total summer phytoplankton biomass was 5.8-17.9 

times higher than predicted based on Watson and McCauley's (1988) TP model (Table 4-

1, Figure 4-1a). By contrast, all of the saline lakes had less phytoplankton biomass than 

predicted (Figure 4-1a). The actual phytoplankton biomass was 1.2 to 114.0 times lower 

than predicted in the saline lakes. 
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Table 4-1. Comparison of actual and predicted estimates of phytoplankton biomass (wet weight) in nine Saskatchewan prairie lakes 
using model from Watson and McCauley (1988). 

Lake Classification Total Edible Inedible 
actual Eredicted ratio actual Eredicted ratio actual Eredicted ratio 

Waskesiu fresh 9423 1623 5.8 2501 646 3.9 6923 977 7.1 
Humboldt fresh 362,096 44,747 8.1 517 2089 0.2 361,579 42,658 8.5 
Lenore fresh 37,040 2073 17.9 8454 725 11.7 28,587 1349 21.2 
Redberry saline 1381 3953 0.3 395 933 0.4 987 3020 0.3 
Basin saline 7119 8816 0.9 2230 1230 1.8 4889 7586 0.6 
Snakehole saline 1005 73,249 0.01 133 2455 0.1 872 70,795 0.01 
Little Manitou saline 614 70,007 0.01 396 2399 0.2 218 67,608 0.003 
Chaplin saline 15,765 440,881 0.04 8140 4365 1.9 7626 436,516 0.02 
lngebrigt saline 10,323 85747 0.1 5047 2570 2.0 5277 83,176 0.1 
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Figure 4-1. Predicted (solid line) and actual (data points) (a) total, (b) edible and (c) 
inedible phytoplankton biomass in nine Saskatchewan lakes. Predicted 
line based on Watson and McCauley (1988). 
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There was no distinctive pattern between fresh and saline lakes when only edible 

phytoplankton biomass was considered (Figure 4-1 b). In five of the lakes, edible 

phytoplankton biomass ranged from 1.8-11.7 times greater than predicted by TP; in the 

remaining 4 lakes, the actual phytoplankton biomass was 2.4-18.5 times lower than 

predicted (Table 4-1 ). The inedible phytoplankton biomass was not accurately predicted 

in the majority of the lakes (Figure 4-lc). The fresh water and lower salinity lakes had 

7.1-21.2 times more inedible phytoplankton than predicted. By contrast, the more saline 

lakes had 1.6 to 309.6 times less inedible phytoplankton biomass. 

On a percentage basis, the freshwater and low salinity lake summer phytoplankton 

communities had a larger proportion of inedible biomass. Humboldt Lake's summer 

phytoplankton community was almost completely composed of inedible species (Figure 

4-2). Inedible biomass in the saline lakes accounted for a higher percentage of the 

phytoplankton community, except Snakehole Lake phytoplankton which had only 10% 

edible biomass. In Chaplin and Little Manitou lakes, edible phytoplankton biomass 

accounted for more than 50% of total phytoplankton biomass. 

4.4 Predictors of Crustacean Zooplankton Biomass 

Hanson and Peters' (1984) chi a model underestimated the crustacean zooplankton 

biomass in all lakes except Ingebrigt Lake (Figure 4-3a). The model predictions were 3.4 

to 50.5 times lower than the measured zooplankton biomass (Table 4-2). Ingebrigt Lake 

was not underestimated, but this is likely a reflection of a population crash which 

occurred in the Artemia population unexpectedly in late August 1994; the exact cause for 

this population crash is unknown, but was not the result of over-harvesting because no 

harvesting took place that year. However, using only the zooplankton biomass from the 

period prior to the population crash, the model still underestimates the biomass in 

Ingebrigt Lake. 

McCauley and Kalff's (1982) phytoplankton biomass model generally overestimated 

zooplankton biomass within the fresh water lakes, which had a greater proportion of 
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Table 4-2. Comparison of actual and predicted estimates of zooplankton biomass in nine Saskatchewan prairie lakes. 

Lake Classification Actual Actual Chlorophyll a1 Phytoplankton2 Total Phosphorus1 

(dry weight) (wet weight) predicted ratio predicted ratio predicted ratio 
Waskesiu fresh 413 4131 72 5.7 7413 1.8 87 4.7 
Humboldt fresh 1152 1151 339 3.4 102,329 8.9 1148 1.0 
Lenore fresh 735 7350 44 16.8 19,953 2.7 107 6.9 
Redberry saline 369 3689 36 10.4 1862 2.0 190 1.9 
Basin saline 1325 13,254 65 20.5 6026 2.2 354 3.7 
Snakehole saline 3835 38,354 76 50.5 1749 21.9 1621 2.4 
Little Manitou saline 735 7351 63 11.6 1047 7.0 1585 2.2 
Chaplin saline 1923 19,226 372 5.2 10,715 1.8 5754 3.0 
Ingebrigt saline 222 2221 339 1.5 7943 3.6 1820 8.2 
1 Hanson and Peters, 1984; zooplankton biomass is reported as dry weight 
2 McCauley and Kalff, 1981; zooplankton biomass is reported as wet weight 
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inedible phytoplankton, and underestimated the zooplankton biomass within the saline 

lakes, which had a greater proportion of edible phytoplankton (Figure 4-3b). In the fresh 

water lakes, the predicted value was 1.8-8.9 times higher than the measured values (Table 

4-2). In the saline lakes, the predicted biomass was 1.8-21.9 times lower than that 

present. The exception within the saline lakes was Ingebrigt Lake where the actual 

biomass was 3.6 times lower than predicted. Again, this difference was likely a reflection 

of the Artemia population decline. 

The final model predicted crustacean zooplankton biomass as a function of the TP 

concentration (Hanson and Peters, 1984). This model produced the most accurate 

predictions of the three models investigated, but there was no discernible difference 

between the fresh and saline lakes. Zooplankton biomass in Little Manitou, Chaplin and 

Ingebrigt lakes were 2.2-8.2 times below the predicted values (Table 4-2; Figure 4-3c ); 

the remaining lakes had zooplankton biomass 1.0-6.9 times greater than predicted. The 

lower zooplankton biomass in Ingebrigt Lake is likely a reflection of the Artemia 

population crash. 

4.5 Nutrient-Chlorophyll a Relationships 

There was a significant relationship between TP and chi a concentrations (ANCOV A: P < 

0.001) (Table 4-3; Figure 4-4a). However, the TP-chl a relationship was not significantly 

different between freshwater and saline lakes. Chi a concentrations as a function of TP 

were also not significantly different when the two lake types were compared. 

The SRP-chl a relationship was also significant (ANCOVA: P < 0.001) and, unlike the 

TP-chl a relationship, the SRP-chl a relationship was significantly different between the 

two lake types (ANCOVA: P < 0.001), (Table 4-3, Figure 4-4b). Chi a concentrations as 

a function of SRP were also significantly different between freshwater and saline lakes 

(ANCOVA: P < 0.001). The ANCOVA results from both the TP- and SRP-chl a 

relationships indicate that phosphorus is important in determining chi a concentrations. 
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What was unexpected was the difference between freshwater and saline lakes when SRP 

was considered since no difference was detected when TP was used. 

The relationship between SN and chi a was found to be significant (ANCOVA: 

P < 0.001) (Table 4-3, Figure 4-5a). Neither the chi a concentrations as a function ofSN 

Table 4-3: Analysis of covariance (ANCOVA) results indicating significant differences in 
chlorophyll a concentrations in fresh and saline lakes with TP, SRP, SN, NH3, N02+N03 

and Si02 as covariates. 

Source df MS P-value 
Lake Type 1 0.43 0.07ns 
Covariate (TP} 1 18.57 < 0.001 * 
Lake Type* TP 1 0.11 0.35ns 
Error 58 0.12 
Lake Type 1 4.43 < 0.001 * 
Covariate (SRP) 1 11.75 < 0.001 * 
Lake Type * SRP 1 1.09 < 0.001 * 
Error 47 0.10 
Lake Type 1 0.62 0.11ns 
Covariate (SN) 1 8.16 < 0.001 * 
Lake Type * SN 1 0.10 0.52ns 
Error 48 0.23 
Lake Type 1 0.02 < 0.001 * 
Covariate (NH3) 1 12.46 0.72ns 
Lake Type * NH3 1 0.95 < 0.03* 
Error 48 0.18 
Lake Type 1 1.56 < 0.001 * 
Covariate (N02+ N03) 1 7.68 < 0.02* 
Lake Type* N02+ N03 1 0.36 0.26ns 
Error 47 0.28 
Lake Type 1 1.95 < 0.001 * 
Covariate (Si02) 1 13.09 < 0.001 * 
Lake Type * Si02 1 2.68 < 0.001 * 
Error 56 0.19 

Note: Lake type refers to fresh (<7 mg·L-1 salinity) and saline (>7 mg·L-1 salinity). A significant p-value 
for lake type suggests chlorophyll a concentrations as a function of TP, SRP, SN and Si02 are significantly 
different for the two lake types. A significant p-value for the covariate indicates a significant relationship 
between chlorophyll a concentrations and the individual covariate. A significant interaction suggests 
significantly different slopes for each of the relationships between the two lake types. * =significant, ns= 
not significant. 
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(P = 0.11) nor the SN-chl a relationship (ANCOV A: P = 0.52) in freshwater versus saline 

lakes was found to be significantly different. Chi a concentrations are thus dependent on 

SN concentrations. This relationship is the same in both freshwater and saline waters. 

There was a difference in chi a concentrations as a function of both NH3 and N02+N03 

between freshwater and saline lakes (ANCOVA: P < 0.001) (Table 4-3; Figure 4-5b-c). 

Chi a had a significant relationship with N02+N03 (ANCOV A: P < 0.02), but not with 

NH3• The NH3-chl a relationship was significantly different between the freshwater and 

saline lakes (ANCOV A: P = 0.03), but the N02+N03-chl a relationship was not 

(ANCOV A: P=0.26). 

There was a significant relationship between Si02 and chi a concentrations (ANCOV A: 

P < 0.00) (Table 4-3; Figure 4-6). Chi a concentrations as a function of Si02 were also 

significant (ANCOVA: P < 0.001) as was the difference between freshwater and saline 

lakes (ANCOVA: P < 0.001). 

4.6 Discussion 

Models developed for freshwater lakes produce inaccurate results when applied to the 

saline lakes of this study. In the saline lakes, both the total phytoplankton biomass and 

the inedible phytoplankton biomass are much lower than expected relative to the 

observed TP concentrations. The relationship between P and phytoplankton biomass is 

well documented within lakes (Schindler, 1971; Edmondson and Lehman, 1981; Wetzel, 

1983). In marine systems, nitrogen limitation is thought to be more important in 

determining algal biomass (Thomas, 1970). The saline lakes in this present study, as well 

as several Alberta saline lakes, have elevated concentrations of both P and N, yet the 

phytoplankton biomass does not conform to model predictions (Bierhuizen and Prepas, 

1985; Campbell and Prepas, 1986). This would suggest that there is some other factor, 

perhaps bioavailability ofN or P, that is affecting the phytoplankton biomass. 

It is intriguing that the proportion of summer edible to inedible biomass was higher in the 

saline lakes. In eutrophic freshwater lakes the proportion of edible phytoplankton 
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decreases during the summer (Lampert et al. 1986). Though nutrient concentrations may 

be elevated, the zooplankton community structure influences the phytoplankton 

community through grazing. If the zooplankton community is dominated by larger 

species, such as Daphnia, the intense grazing pressure alters the phytoplankton 

community structure by selectively removing edible phytoplankton (Kerfoot et al., 1988; 

Bergquist et al., 1985). The competition for nutrients is reduced and larger, slower 

growing, inedible species are allowed to dominate the system eventually leading to the 

production of a cyanobacteria bloom. Artemia, the zooplankter that dominates the 

hypersaline lakes, are large grazers that are thought to play a similar role as Daphnia. If 

grazing estimates of Artemia in Mono Lake, California (Lenz, 1983) are applied to 

Saskatchewan Artemia, they are capable of rapidly clearing the water column. As a 

result, a high biomass of Artemia should increase the inedible phytoplankton biomass, 

ultimately leading to cyanobacteria blooms. This assumed grazing pressure and elevated 

concentrations of nutrients, however, do not result in the same outcome as observed in 

freshwater lakes. 

Differences in the phytoplankton community composition may affect the nutrient

plankton biomass relationship. As discussed in chapter 3, the saline lakes have a larger 

proportion of small, flagellate phytoplankton taxa, such as chrysophytes and 

cryptophytes, than fresh water lakes, and these taxa may be better able to withstand the 

grazing pressure of large zooplankton through a high growth rate (Wetzel, 1983). 

Bacteria may be outcompeting phytoplankton for nutrients (Waiser and Robarts, 1995) or 

the presence of high benthic algal biomass could alter the phytoplankton-zooplankton 

relationship. In addition, alternate food sources may be available to the Artemia, such as 

bacteria, benthic algae or detritus, ultimately reducing the grazing impact on the 

phytoplankton community (Campbell and Prepas, 1986). 

The chl a-zooplankton biomass model (Hanson and Peters, 1984) underestimated 

zooplankton biomass in all of the study lakes, except Ingebrigt Lake. This 

underestimation of zooplankton biomass is likely due to the inherent variability of chi a. 

Chi a is quite commonly used as a surrogate measure of phytoplankton biomass as it is 

easy to determine. There are, however, problems with chl a since it varies both 
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seasonally and taxonomically (Wetzel, 1983). Ahlgren (1970), found that chi a 

represented 1% of the total measured phytoplankton biomass and that a conversion factor 

of 0.01 could be used to convert chi a to phytoplankton biomass. It has since been 

observed that phytoplankton in lakes with low TN :TP ratios may have lower chi a 

concentrations and a 0.01 conversion factor may not accurately convert chi a to 

phytoplankton biomass (Bierhuizen and Prepas, 1985; Evans et al. 1996). In the lakes 

examined in this study, the TP:SN ratios were low (<12) and the percentage of the 

phytoplankton biomass accounted for by chi a was found to be quite variable. In eight of 

the nine lakes, chi a accounted for <1% of the total phytoplankton biomass (Table 4-4). 

This result suggests that a 0.01 conversion factor is not accurate and underestimates the 

phytoplankton biomass in these lakes. 

Table 4-4. Ratio of mean summer chlorophyll a to phytoplankton biomass in nine 
Saskatchewan lakes arranged in order of increasing salinity. 

Lake 
Waskesiu 1992 
W askesiu 1993 
Waskesiu 1994 
Humboldt 1989 
Humboldt 1990 
Lenore 
Redberry 1989 
Redberry 1990 
Basin 
Snakehole 
Little Manitou 1994 
Little Manitou 1995 
Chaplin 
Ingebrigt 

% Chlorophyll a 
0.06 
0.04 
0.15 
0.03 
0.03 
0.01 
0.12 
0.07 
0.07 
0.02 
1.64 
0.60 
0.42 
0.34 

The total phytoplankton biomass- zooplankton biomass model (McCauley and Kalff, 

1982) predictions were better than the chi a-zooplankton biomass model, however 

McCauley and Kalff s phytoplankton biomass-zooplankton biomass model generally 

underestimated the zooplankton biomass in saline lakes, while overestimating biomass in 
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the freshwater lakes. In the saline lakes a greater proportion of edible phytoplankton 

biomass was present than predicted. It would be expected that the edible biomass would 

be lower because it is less likely to accumulate due to grazing pressure. However, small, 

fast-growing phytoplankton species are able to outcompete larger, slower-growing 

species for nutrients because they can take up nutrients more quickly (Wetzel, 1983). 

Many of these larger species are often associated with cyanobacteria blooms (e.g., 

Aphanizomenon ). In the saline lakes there is a large proportion of small, edible 

phytoplankton taxa and these likely compete for nutrients and hinder the development of 

an algal bloom. Bacterial competition would also decrease the nutrients available to 

phytoplankton. 

The third zooplankton biomass model (Hanson and Peters, 1984) was based on TP and 

produced results that more accurately reflect the zooplankton in the study lakes. This 

result is in direct contrast with the inability of Watson and McCauley's (1988) TP model 

to predict phytoplankton biomass in Saskatchewan lakes. Again, this discrepancy could 

be the result of differences in the community composition of the phytoplankton and the 

greater proportion of edible phytoplankton in the saline lakes. TP may also include other 

food sources, such as detritus and bacteria. TP overestimated the zooplankton in 

Ingebrigt Lake and this was attributed to the Artemia population crash. It also 

overestimated the zooplankton biomass in Little Manitou and Chaplin lakes. However, 

Artemia was harvested from both of these lakes and may account for the lower 

zooplankton biomass. 

It was interesting that freshwater and saline lakes did not exhibit a significant difference 

in the TP- and SN-chl a relationships, but did exhibit significant differences in the 

relationships between SRP-, NH3, N02+N03 and Si02-chl a. This present study has 

found that concentrations of both P and N increased with salinity, yet this is not reflected 

in the relationship of TP or SN with chl a. When SRP, NH3 and N02+N03 were used, 

differences were found between freshwater and saline lakes. While this might suggest 

that these variables may be better to use in relation to phytoplankton biomass in the saline 

lakes, Hudson et al. (2000) clearly shows that there are problems with current techniques 
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determining SRP. Due to the small number of lakes in this study, the development of 

new models based on SRP, NH3 and N02+N03 were not attempted. 

Clear environmental differences, such as salinity and nutrient concentrations, exist among 

the study lakes and have an impact on the structure of the plankton community. In 

general, current freshwater models inaccurately predicted phytoplankton zooplankton 

biomass within the nine study lakes. This inaccuracy is not surprising since these models 

were constructed for freshwater lakes, but it is problematic if these models are applied to 

saline lakes for management purposes. However, before new models can be constructed 

for saline lakes, further research should be conducted to examine other factors, such as 

nutrient availability, trace metals, bacterial and benthic production, in order to determine 

what effect these factors have on the plankton biomass. 
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5.0 Conclusions and Suggestions for Future Research 

5.1 Conclusions 

The prairie saline lakes of Saskatchewan are unusual ecosystems providing habitat for 

wildlife and are important for economic and recreational purposes. However, these lakes 

have been altered by anthropogenic activities and are experiencing cultural eutrophication 

(Hall et al., 1999). Despite the many impacts on these lakes, there are relatively little 

baseline data upon which to monitor changes within these ecosystems. This study has 

shown major differences in terms of nutrient concentrations and plankton biomass and 

community composition between fresh water and saline lakes and, indeed, between 

individual saline lakes themselves. It may be that prairie saline lakes are more resilient 

than freshwater lakes to eutrophication as a result of their unique chemical composition 

and their plankton community structure. 

Prairie saline lakes have elevated P and N concentrations, yet phytoplankton biomass was 

lower than in comparable freshwater lakes. This present study suggests that the effect 

these nutrients is somehow limited, although the severity of this limitation is reduced in 

the more saline lakes. Zooplankton biomass was higher in the saline lakes and the 

phytoplankton biomass does not appear to be sufficient to support the levels of 

zooplankton. Thus, an alternate food source must exist for the zooplankton besides 

planktonic algae. 

PCA results indicate that the nine study lakes could be separated by nutrient 

concentrations and lake size and depth. Unexpectedly, specific conductivity, the variable 

used to select the lakes, was not a primary variable separating the lakes. 
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Specific conductivity is correlated with TP, SN, maximum depth and surface area. It is 

possible that the inclusion of Humboldt and Redberry lakes may have affected the results 

of the PCA. Humboldt Lake is a hypo saline, hypereutrophic lake and Redberry Lake is a 

deep, mesosaline lake. Testing this idea was not possible because the data from the 

remaining lakes represent too small a sample size to include the required environmental 

variables. 

Previous studies of the phyto- and zooplankton communities noted differences in 

diversity and composition along a salinity gradient (Hammer et al., 1983; Hammer, 

1993). The present study confirmed this variation with salinity using CCA. However, 

notable differences in phytoplankton composition exist between this study and previous 

studies (Rawson and Moore, 1944; Hammer et al., 1983) and these differences are likely 

due to different sampling frequency and technique. The present study observed a large 

proportion of small flagellate taxa in the more saline lakes and a reduced proportion of 

cyanobacteria; diatoms were common in all lakes. 

With the exception of the TP-zooplankton biomass model, the phytoplankton and 

zooplankton biomass was inaccurately predicted when existing models were applied to 

the study lakes. Phytoplankton total biomass was lower and zooplankton biomass was 

higher in the saline lakes. This may be a reflection of differences in the phytoplankton 

community composition and the inherent taxonomic and seasonal variability of chl a 

concentrations. The biomass of small phytoplankton taxa, such as chrysophytes and 

cryptophytes, does not accumulate to the same extent as large phytoplankton taxa, such as 

large, colonial cyanobacteria taxa. It may also be due to the small size of the data set 

used in the present study. The most obvious reason why these models are not predicting 

plankton biomass in saline lakes is because they were developed in freshwater lakes. 
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5.2 Suggestions for Future Research 

It is clear that saline lakes function differently from fresh water lakes and future research 

should focus on alternate hypotheses affecting the nutrient-phytoplankton-zooplankton 

relationships. It has been proposed that limitation of trace metals may be affecting 

phytoplankton biomass and it has also been postulated that the bioavailability of P and N 

are affected by high DOC, high pH, high alkalinity and ionic concentrations. 

Trace metal limitation (specifically Fe and Mo) has been proposed as an alternative toP

and N-limitation, based on studies of several saline lakes in Alberta (Marino et al., 1990; 

Evans and Prepas, 1997). Non-toxic concentrations of trace metals are required for 

proper nutrition of the biota. Trace metal limitation has also been found in oligotrophic 

fresh water ecosystems (Goldman, 1972) and in hard-water (calcareous) lakes where they 

are present in biologically unavailable forms (Wetzel, 1983). Fe and/or Mo limitation has 

also been suggested as a possible factor accounting for reduced phytoplankton biomass is 

estuarine and coastal marine systems with low N:P ratios (Howarth, 1988). 

The pathways of many of these trace metals are not always direct because their 

complexation with organic carbon can be modified by competition with the primary 

major ions (Ca+2
, Mg+2

, Na+, K+) and are, therefore, directly affected by water chemistry 

(Santschi, 1988). Fe is essential or involved in a multitude of biological processes such 

as cellular enzymatic reactions, oxidative metabolism, photosynthesis and blood 

haemoglobin (Home and Goldman, 1994). In lakes with high P concentrations most of 

the soluble Fe precipitates as FeP04 • In oxygenated water, ferric iron (Fe3+) and 

phosphorus precipitate as ferric phosphate .(FeP04) which becomes part of the sediment 

(Home and Goldman, 1994). When the sediment layer becomes anoxic, soluble ferrous 

iron (Fe2+), phosphate (PO/-) and hydrogen sulfide (H2S) are released and the dissociated 

sulphide ions {82
-) produced from H2S will precipitate Fe2+ as ferrous sulphide (FeS) 

which is insoluble (Home and Goldman, 1994). Both of these reactions remove Fe from 

the system and can result in Fe limitation (Wetzel, 1983; Home and Goldman, 1994). 

Evans and Prepas (1997) found that Fe limitation occurred in a high alkalinity Alberta 
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saline lake due to the binding of alkaline 1ons with the Fe making it biologically 

unavailable. 

Mo is essential in the enzymatic processes of the N cycle and the consequences of Mo 

deficiency are well known (Wetzel, 1983). While both fresh and marine systems can 

become N-limited, in freshwater lakes, planktonic N-fixing cyanobacteria are able to 

compensate for most of this limitation which dominates theN-fixation in freshwater lakes 

(Wetzel, 1983; Howarth, 1988; Marino et al., 1990). These cyanobacteria require high 

concentrations of P relative to N in order to establish dominance in the plankton 

community (Marino et al., 1990). In marine systems, planktonic cyanobacteria tend to be 

rare and this may be due, at least in part, to the chemistry of sea water. The ratio of 

SO/-:Mo in sea water is high relative to fresh water systems, and there is some evidence 

suggesting that this elevated SO/- inhibits the uptake of Mo, ultimately decreasing N

fixation (Wetzel, 1983; Howarth and Cole, 1985; Marino et al., 1990). The high SO/

concentrations within the saline lakes of Alberta and Saskatchewan may be, at least 

partially, responsible for depleted Mo concentrations which in turn may limit the 

phytoplankton biomass, especially that of the N-fixing cyanobacteria (Marino et al., 

1990). 

To date, there have been no formal trace metal limitation studies conducted on 

Saskatchewan saline lakes, but exploratory experiments conducted on Little Manitou 

Lake water suggest Fe limitation does affect phytoplankton growth (M. Evans, pers. 

comm., 1999). In addition to trace metal studies, empirical models should be constructed 

for the prairie saline lakes instead of applying models developed in fresh water systems. 

The foodweb, especially the microbial and benthic components, should be characterized 

more completely. In particular, production pathways should be examined to determine the 

relative importance of planktonic versus benthic production as well as primary versus 

heterotrophic production. The benthic productivity of prairie saline lakes has never been 

determined and could be very high due to the shallow depth of most lakes. The high 

proportion of flagellate taxa in the saline lakes could be indicative of a high level of 

heterotrophic production. 
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Appendix A 

Appendix A-1. Summary of the saline lakes of the Southern Interior Plateau, British Columbia 

Lake Location Surface Maximum Mean Salinity Na+ K+ Ca2+ Mg2+ c1- so42- HC03- cot 
Area Depth Depth (g TDS·L-1)b (g·L-I)b (g•L-I)b (g·L-l)b (g·L-l)b (g•L-I)b (g•L-I)b (g·L-l)b (g·L-I)b 

~km2t ~mt ~mt 
Barnes 52°00'N 17.2 4.5 2.0 14.0 2.4 0.6 0.01 0.0 0.6 4.5 3.9 2.0 

122°27'W 
Boitano 51°57'N 80.7 4.5 2.7 7.2 2.1 0.3 0.01 0.06 0.2 2.2 1.3 1.0 

122°07'W 
Bower's 50°40'N 3.6 2.5 1.3 13.6 1.5 0.2 0.5 1.5 0.3 9.5 0.03 0.08 

120°27'W 
Clinton 51 °05'N - - - 130.4 7.5 0.7 0.02 19.8 1.1 98.1 0.0 3.2 

121°39'W 
~ East 51°57'N 
0"\ 

27.1 6.5 1.9 3.8 0.9 0.1 0.01 0.09 0.03 0.9 1.2 0.6 
-.....} 122°26'W 

Goodenough 51°20 'N 15.4 1.5 0.8 45.8 16.5 0.6 0.01 0.06 2.6 0.2 7.3 18.5 
121°39'W 

LB1 50°50'N 5.1 5.2 2.9 21.4 2.4 0.4 0.2 3.6 0.1 13.7 0.7 0.3 
120°27'W 

LB2 50°50'N 3.1 2.5 1.1 18.8 6.6 0.4 0.004 0.2 0.2 5.1 1.9 4.4 
120°28'W 

LE3 51 °24'N 3.1 1.5 0.7 4.1 1.3 0.1 0.01 0.01 0.08 1.3 0.5 0.8 
121°55'W 

LE4 51 °24'N 7.0 1.5 1.3 10.5 2.3 0.3 0.01 0.01 0.2 4.5 2.7 0.5 
121°54'W 

Long 51 °24'N 33.5 4.5 2.2 33.6 10.5 1.0 0.01 0.01 0.6 14.4 3.6 3.5 
121 °57'W 

Lye 52°01 'N 46.5 5.4 2.8 10.3 1.6 0.3 0.02 0.0 0.4 3.9 2.6 1.5 
122°29'W 

Meadow 51°22'N - - - 3.4 0.6 0.2 0.01 0.01 0.06 0.3 1.2 1.0 
121°46'W 



Appendix A-1. Concluded. 

Lake Location Surface Maximum Mean Salinity Na+ K+ Ca2+ Mg2+ Ct SO/ HC03- CO/-
Area Depth Depth (g TDS·L-1? (g·L-l)b (g·L-I)b (g·L-l)b (g·L-I)b (g·L-l)b (g·L-I)b (g·L-l)b (g·L-I)b 
~km2t ~mt ~mt 

Rock 51°58'N 34.6 2.5 1.1 2.6 0.8 0.06 0.01 0.04 0.02 0.02 1.1 0.5 
122°25'W 

Round-up 52°02'N 30.8 6.2 2.6 16.5 5.1 0.5 0.01 0.004 0.8 4.1 3.7 2.3 
122°30'W 

Rush 51°56'N 19.6 2.5 1.1 8.3 1.3 0.2 0.1 0.1 0.07 4.1 1.4 1.0 
121°07'W 

Three Mile 51°03'N - - - 34.8 6.8 0.6 0.9 16.5 0.5 8.0 1.5 0.4 
121°34'W 

Westwick 52°00'N 58.3 4.5 1.3 4.9 0.9 0.08 0.2 0.0 0.06 2.7 0.7 0.3 
122°10'W 

'""""" White 51 °24'N 127.7 15.5 5.0 9.8 2.8 0.3 0.01 0.01 0.2 1.3 3.4 1.8 
0\ 
00 121°52'W 

a. Topping and Scudder, 1977; b Hammer and Forr6, 1992. 



Appendix A-2. Mean concentration of major ions in the saline lakes of the Interior Plain. 

Lake Salinitv Na+ K+ Ca2+ Mg2+ c1- SO/ HC03- CO/-

~~i~l 'l!lli.~illillll~,~~i~'~;~~~~::lllllll1iihlir~;~~:;;:li::::. ,. <•·•;~:~: ~~l
1

l ;;;;;!!!!~l;!]lil~~~,i~ii;!~~i~lil':lll~i li.Tl!~:;:~.~;~~; 11!1;~~ l~'',.!!'~i~i~~; 
Birch 16.9 5.2 0.1 0.02 0.07 0.3 6.6 2.4 2.2 
Fluevog 7.3 2.3 0.07 0.03 0.06 0.1 2.6 1.5 0.6 
Haunted 2.4 0.7 0.04 0.01 0.04 0.03 0.2 0.8 0.6 
Joseph 2.3 0.6 0.06 0.03 0.05 0.04 0.6 0.7 0.2 
Miquelon 5.7 1.5 0.1 0.01 0.2 0.1 2.4 0.9 0.5 
Oliva 78.8 22.8 0.4 0.02 0.1 0.5 29.4 4.5 21.1 
Peninsula 10.7 3.4 0.1 0.03 0.1 0.2 4.8 1.4 0.7 
Red Deer 9.1 2.7 0.07 0.02 0.1 0.07 4.4 1.1 0.6 
White's 4.3 1.3 0.05 0.02 0.03 0.06 1.5 1.0 0.3 
~~~~-~~~~~~~ii!i!i!!:;H 

·>y::~:;·:::.:, 

·:==.===~===r==~=~==Y==·====~==,·~<:H/1J:~i/:r:r:::~ 

Aroma 85.6 12.5 0.9 0.2 9.1 3.3 58.9 0.6 0.1 
~ 

Basin 18.1 2.2 0.2 0.3 2.0 0.6 12.0 0.8 0.0 0\ 
\0 Big Quill 48.2 8.1 0.6 0.4 4.5 3.5 30.2 0.8 0.1 

Big Stick 6.5 1.4 0.1 0.08 0.3 0.7 3.2 0.6 0.07 
Birch bark 3.3 0.9 0.02 0.2 0.09 2.0 0.0 0.09 0.0 
Bitter Lake 193 18.2 2.7 0.6 29.7 44.5 95.5 1.8 0.0 
Cabri 5.2 1.2 0.04 0.2 0.2 0.1 2.8 0.6 0.04 
Chaplin(West) 214.2 59.6 2.2 1.5 5.0 11.2 132.0 1.9 0.8 
Fishing 4.0 0.4 0.08 0.1 0.5 0.07 2.5 0.3 0.05 
Humboldt 4.0 0.3 0.09 0.1 0.5 0.09 2.6 0.3 0.03 
Ingebrigtd 170.4 35.5 1.3 0.6 15.2 32.8 85.0 0.0 0.0 
Lenore 6.7 0.6 0.2 0.06 0.9 0.2 4.2 0.4 0.1 
Little Quill 4.8 0.5 0.06 0.06 0.6 0.4 3.1 0.1 0.01 
Little Manitou 81.8 (1988)4 12.3 0.9 0.5 9.5 18.0 39.6 0.8 0.2 
Lonetree (Clear) 9.3 0.9 0.2 0.3 1.1 0.1 6.4 0.2 0.07 
Luck 4.9 0.8 0.07 0.08 0.4 0.3 2.9 0.3 0.02 
Manito2 26.2 8.0 0.2 0.04 0.4 1.8 12.4 2.2 1.2 
Muskiki 342.8 62.2 1.6 0.1 29.0 11.4 237.0 1.5 0.0 
Old Wives · 4.8 1.1 0.06 0.1 0.2 0.1 2.5 0.5 0.2 
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Appendix A-2. Concluded. 

Lake 

Patience 
Red berry 
Reflex 
Snakeholed 
Tramping 
Waldsea 
Wakaw 
Whiteshore 
Willow Bunch 

701 
702 
721 
810 
818 
876 

Salinity Na+ K+ Ca2+ Mg2+ Ct SO/- HC03- CO/ 
(g·L-1) (g·L-1) (g·L-1) (g·L-1) (g·L-1) __ (g·~-1) (g·L-1) (g·L-1) (g·L-1) 

207.1 55.2 25.2 1.8 2.6 105.0 17.2 0.1 0.02 
17.9 1.9 0.2 0.1 2.3 0.2 12.5 0.6 0.1 
8.7 2.9 0.07 0.01 0.07 3.5 0.5 1.2 0.4 

81.2 15.0 0.5 0.5 7.3 7.1 50.8 0.0 0.0 
8.8 2.4 0.1 0.07 0.1 0.3 5.1 0.7 0.06 

23.2 3.0 0.3 0.3 2.7 3.9 12.6 0.3 0.05 
3.6 0.3 0.03 0.2 0.4 0.2 2.3 0.1 0.02 

201.3 50.4 1.0 3.1 7.4 10.0 128.6 0.7 0.09 
31.8 9.9 0.3 0.09 0.3 2.2 15.6 2.5 0.9 

3.2 0.2 0.06 0.06 0.4 0.08 1.8 0.5 0.06 
5.6 0.6 0.09 0.08 0.9 0.2 4.5 0.2 0.06 
3.5 0.2 0.06 0.1 0.5 0.03 2.1 0.5 0.05 
5.7 0.5 0.08 0.1 0.7 0.08 3.7 0.5 0.06 
6.3 0.5 0.09 0.2 0.9 0.08 4.5 0.1 0.04 
3.1 0.1 0.05 0.1 0.5 0.05 2.0 0.3 0.03 

a Barica, 1975; b Hammer, 1978; c Bierhuizen and Prepas, 1985; d Evans, unpub. report. 
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Appendix A-3. Summary of the morphometry Interior Plain saline lakes. 

Lake Location 

111 °36'W 
Fluevog 52°50'N 

111 °19'W 
Gooseberrye 52°07'N 

110°44'W 
Haunted 52°25'N 

113°10'W 
Joseph 53°17'N 

113°04'W 
Killam eye 52°35'N 

110°06'W 
Miquelong 53°21'N 

112°55'W 

Olivag 53°05'N 
111°36'W 

Peninsulag 52°52'N 
111 °29'W 

Surface 
Area 

0.3 

5.0 

2.2 

5.9 

7 

8.7 

0.5 

1.4 

Shoreline 
Length 

-

-

-

-

-

19.5 

3.4 

6.2 

Maximum 
Depth 

2.1 

6.0 

2.7 

3.0 

4.0 

6.0 

1.7 

3.1 

Mean 
Depth 

-

-

-

-

-

2.7 

1.3 

2.1 

Salinity 
(g TDS·L-1) 

8.4 

44.9 

2.1 

2.0 

5.7 

5.4 

84.3 

9.6 

Lake Type 

NaS04 

(HC03) 

NaS04 

Na(CO/HC03) 

NaS04 

(HC03) 

NaS04(C03) 

NaS04 

(COiHC03) 

NaSOlC03) 

NaS04 

(C03/HC03) 

Notes 

0 Provincial Park 

0 no permanent inflow, spring fed 
0 designated as a bird sanctuary in the 1900s 
OProvincial Park est. in 1958 
0 no game fish; brook stickleback were reported 
0 good water quality 
0 declining lake levels {cause unknown} 
0 closed basin lake 
0 recreation site 
0 relatively clear water and sparse plant growth 
0 no fish 
0 no outflow 
0 recreation site 
0 sparse plant growth 
0 low transparency (likely due to colour) 
0 no fish 



Appendix A-3. Continued. 

Lake Location Surface Shoreline Maximum Mean Salinity Lake Type Notes 
Area Length Depth Depth (g TDS·L-
~km2l ~kml ~ml ~ml ll 

Red Deer 52°44'N 18 - 7.5 - 8.3 NaS04 

ll3°06'W (CO/HC03) 

White's 53°21'N 4.0 - 1.5 - NaS04 

Ill 0 39'W 

Aroma 52°18'N 0 deposit of sodium sulphate (salt bed not 
108°33'W permanent and brine concentration not sufficient 

for economic recovery 
Arthur 54°43'N 2.5 - 4.0 - 24.7 Mg(Na)S04 

101°54'W 
~ Basin 52°38'N 40.9 31.3 14 7.4 17.6 Mg(Na)S04 0 Federal Bird Sanctuary est. in 1925 -.l 
N 105°17'W 0 commercial fishing ended 197 4-7 5 

Big Quill 51°55'N 307.4 87.6 2.6 1.5 47.5 Mg(Na)S04 0 bird sanctuary located between Big and Little 
104°22'W Quill lakes (important staging and migration site) 

0 EOEular recreational site historicall~ 
Big Stick 50°16'N 10.7 18.8 6.0 2.4 6.1 Na(Mg)S04 0 important waterfowl staging area 

109°20'W 
Birchbark 53°33'N 2.9 8.8 1.5 1.4 3.3 NaC03 0 dense aquatic vegetation 

105°07'W 0 limited fish survival-under ice ox~gen deEletion 
Bitter Lake 51°38'N 16.9 57.8 <1.0 - 192.1 Mg(Na)S04 0 no permanent salt bed 

103°17'W (Cl) 0 waterfowl hunting site 
Cabri 51°06'N 10.0 9.0 1.0 - 4.8 NaS04 0 no commercial fishing 

109°44'W 



Appendix A-3. Continued. 

Lake Location Surface Shore lin Maximum Mean Salinity Lake Type Notes 
Area e Depth Depth (g TDS·L-1

) 

(km2) Length (m) (m) 

~km1 
Chaplin 50°22'N 10.4 27.8 <1.0 - 213.7 NaS04 0 sodium sulphate solution mining began in 1945 
(West) 106°36'W by Saskatchewan Minerals 

0 brine shrimp fishery (1983-84 harvest: 3,625kg of 
brine shrimp and 9,975 kg of eggs) 
0 West Chaplin is fmallake in series of four lakes 
from which water is removed for mining (most 
representative of reservoirs that were sampled in 
this study) 
0 declared a Western Hemispheric Shorebird 
Reserve in May 1997r ,__. 

Deadmoose 10.0 48.0 28.3 Mg(Na)S04 -......) 52°19'N - -
w (Cl) 105°10'W 

Fishing 51°50'N 29.0 38.0 20.0 6.5 4.3 Mg(Na)S04 0 small inflowing stream 
103°32'W 0 Provincial Park est. in 1967 

0 recreational use 
0 large blue heron colony, but few waterfowl 
0 good water quality 
0 several varieties of fish 

Humboldt 52°09'N 17.2 53.4 8.0 4.8 3.9 Mg(Na)S04 0 stocked with fish (history of winter kill) 
105°06'W 0 historically, effluent from Humboldt sewage 

lagoon flowed into lake 
0 diversion of water drainage north of Humboldt 
0 some recreational use 
0 waterfowl staging area 

Ingebrigti 50°30'N - - 10.0 - 170.3 NaS04 0 dry bed lake which is mined for sodium sulphate 
109°20'W using the dredge method 



Appendix A-3. Continued. 

Lake Location Surface Shoreline Maximum Mean Salinity Lake Type Notes 
Area Length Depth Depth (g TDS·L-1) 

~km2l ~kml ~ml ~ml 
Lenore 52°09'N 60.7 96.8 9.3 4.0 6.4 Mg(Na)S04 0 St. Brieux Regional Park est. in 1972 

104°59'W 0 important bird sanctuary (waterfowl, shorebirds 
and colonial nesting birds) 
0 sport fishing 
0 commercial fishing until 197 6 

Little Quill 51°55'N 181.0 85.8 4.3 2.6 4.8 Mg(Na)S04 0 Ducks Unlimited projects around lake 
104°05'W 0 waterfowl breeding and staging area (ducks, 

geese, pelicans, cormorants and trumpeter swans) 
0 supported fish in 1920's, but increasing salinity 
limited survival 

~ Little Manitou 51°44'N 13.3 38.6 5.2 3.6 81.4 Mg(Na)S04 0 Regional Park est. in 1961 
-.l 105°30'W (1984); (Cl) 0 recreational site ~ 

95.9 0 contains brine shrimp (harvesting occurring as of 
(1988) 1995) 

Lonetree 50°29'N 1.4 5.4 2.0 2.0 9.7 Mg(Na)S04 0 Regional Park est. in 1964 
(Clear) 106°57'W 0 waterfowl use 

0 water level significantly increased in 1970s 
causing decrease in salinity 
0 East stocking of wallei:e unsuccessful 

Luck 51°05'N 24.2 19.2 2.0 2.0 4.7 Mg(Na)S04 0 used extensively by ducks, geese and sandhill 
107°05'W cranes (when water levels are sufficient) 

Manito 52°30'N 78.9 77.1 21.5 7.9 25.2 NaS04 0 one permanent creek entering lake 
109°50'W 0 small oil and gas field located NW of lake 

0 Sufferin Regional Park est. in 1968 
0 some use by shorebirds 
0 no fish; unsuccessful fish stocking 

Muskiki 52°20'N 16.7 28.6 2.0 - 342.1 Na(Mg)S04 0 abandoned anhydrous sodium sulphate plant 
105°45'W (deposits estimated to be 15 million tons) 



Appendix A-3. Continued. 

Lake Location Surface Shoreline Maximum Mean Salinity Lake Type Notes 
Area Length Depth Depth (g TDS·L-1

) 

~km21 ~kml ~ml ~ml 
Old Wives 50°06'N 296.2 90.2 1.0 - 4.4 NaS04(C03) 0 CWS est. bird sanctuary in 1925, within which Isle 

106°00'W of Bays declared Provincial Wildlife Refuge (est. 
1970) which protects double crested cormorants and 
white pelicans 
0 susceptible to winter oxygen deficiencies 
0 inflow from local runoff, occasional drainage from 
ChaElin Lake area and outflow from Wood River 

Patience 52°07'N 9.7 5.2 2.0 - 207.2 NaCl 0 Potash Company of America located at lake which 
106°20'W is believed to limit use by waterfowl (only Canadian 

Geese frequent lake l 
Redberry 52°42'N 54.4 49.8 18.0 9.3 19.4 Mg(Na)S04 0 significant water level fluctuations occur; salinity 

~ 

......:) 107°10'W increased from 13 g·L-1 (1940) to 21 g·L-1 (1979) 
VI 

0 Provincial Migratory Bird Sanctuary est. in 1925 
0 important nesting site for colonial birds 
0 Regional Park est. in 1968 
0 popular recreation site 
0 commercial fishery (whitefish); survival limited 
due to increasing salinity 
0 declared a World Biosphere Reserve in January 
2000h 

Reflex 52°30'N 14.7 19.5 8.0 - 8.0 NaCl 0 contains brine shrimp (currently no harvesting) 
110°59'W 0 cottages along shoreline 

0 waterfowl hunting site 
Sayer 52°33'N 2.0 - 5.0 - 36.8 Mg(Na)S04 

105°23'W 
Snakeholei 50°30'N - 4.0 - - 82.2 NaS04 0 dry bed lake which is mined for sodium sulphate 

108°30'W using the dredge method 



Appendix A-3. Concluded. 

Lake Location Surface Shoreline Maximum Mean Salinity Lake Type Notes 
Area Length Depth Depth (g TDS·L-1

) 

~km2l ~kml ~ml ~ml 
Tramping 52°08'N 22.32 84.92 4.3 - 8.51 NaS04 0 Regional Park est. in 1964 

108°49'W 0 fish stocking (walleye) occurred in 1974 and 1979; 
survival limited by low oxygen and high salinity 

Waldsea 52°17'N 4.64 10.17 14.3 8.1 22.97 Mg(Na)S04 0 1 of 2 known meromictic lakes in Canadian 
105°12'W (Cl) prairies 

0 Regional Park est. in 1961 
Wakaw 52°40'N 10.4 44.4 14.0 4.7 3.5 Mg(Na)S04 0 fed by run-off and numerous springs 

105°35'W 0 Regional Park est. in 1965 
0 thriving sport fishery 

White shore 52°07'N 23.0 56.0 1.0 - 201.2 NaS04 0 sodium sulphate plant located on lake 
......... 108°17'W 
-.....) 

Willow Bunch 49°27'N 38.2 78.2 1.0 30.5 NaS04 0 migration stop for waterfowl, but not extensively 0'1 -
105°27'W used 

0 

701 50°30'N 5.3 - 3.0 1.9 3.2 MgS04 0 stocked with rainbow trout 1968-1974 
100°10'W 

702 50°30'N - - - - 6.6 MgS04 

100°10'W 
721 50°30'N 6.5 - 3.0 1.6 3.5 MgS04 0 stocked with rainbow trout 1968-197 4 

100°10'W 
810 50°30'N 13.0 - 3.0 1.9 5.7 MgS04 0 stocked with rainbow trout 1968-197 4 

100°10'W 
818 50°30'N - - - - 6.4 MgS04 

100°10'W 
876 50°30'N 7.7 - 2.4 1.6 3.2 MgS04 0 stocked with rainbow trout 1968-197 4 

100°10'W 
a Barica, 1975; b Hammer, 1978; c Beak, 1984; dBierhuizen and Prepas, 1985; e Hammer and Heseltine, 1988; rEcocanada, 2000; g Crosby et al., 1990; h 

Humphries, 2000; i Evans unpubl. report. 



Appendix A-4. Physico-chemical parameters for nine Saskatchewan prairie lakes. 

Date Temperature pH Specific DO Chla Secchi 
(°C) Conductivity (mg·L-1) (J.Lg·L-1) Depth 

31-Jul-92 18.4 (±0.2) 8.4 (±0.6) 7.3 (±0.9) 3.7 
13-Aug-92 18.9 (±0.1) 8.6 (±0.0) 8.4 (±0.1) 3.9 (±0.1) 4.1 
17-Sep-92 11.6 (±0.0) 8.2 (±0.0) 0.3 (±0.0) 9.0 (±0.0) 8.1 (±0.3) 2.4 
3-0ct-92 10.0 (±0.1) 10.1 (±0.1) 4.6 (±0.7) 2.6 
21-May-93 9.4 (±0.1) 8.1 (±0.0) 0.3 (±0.0) 10.3 (±0.1) 2.8 (±0.9) 3.7 
19-Jun-93 14.6 (±0.3) 8.3 (±0.0) 9.5 (±0.0) 2.8 (±0.6) 4.7 
15-Jul-93 14.7 (±0.2) 8.1 (±0.2) 9.7 (±0.4) 4.1 (±1.5) 4.0 
13-Aug-93 17.5 (±0.0) 8.1 (±0.0) 8.6 (±0.1) 8.3 (±1.2) 1.9 
17-Sep-93 13.5 (±0.1) 8.7 (±0.0) 0.3 (±nla) 9.8 (±0.0) 14.1 (±2.2) 2.2 
8-0ct-93 8.9 (±0.0) 8.8 (±0.0) 10.3 (±0.1) 20.9 (±5.3) 2.2 
26-May-94 6.9 (±0.4) 8.5 (±0.0) 0.3 (±0.0) 12.2 (±0.2) 9.1 (±2.2) 3.2 
9-Jun-94 10.6 (±0.3) 8.4 (±0.0) 0.3 (±0.0) 11.8 (±0.2) 5.9 (±1.7) 3.3 
23-Jun-94 14.9 (±0.7) 8.4 (±0.0) 0.3 (±0.0) 10.0 (±0.4) 4.4 (±2.7) 4.9 
7-Jul-94 15.6 (±0.3) 8.5 (±0.1) 0.3 (±0.0) 9.0 (±0.9) 5.6 (±1.0) 3.9 
20-Jul-94 18.5 (±0.2) 8.5 (±0.0) 0.3 (±0.0) 8.9 (±0.2) 5.0 (±0.4) 4.4 
4-Aug-94 19.8 (±0.7) 8.3 (±0.1) 0.3 (±0.0) 7.2 (±1.1) 3.4 (±1.2) 3.3 
17-Aug-94 18.6 (±0.4) 8.3 (±0.1) 0.3 (±0.0) 7.7 (±1.6) 5.9 (±2.4) 1.8 
1-Sep-94 17.4 (±.0) 8.3 (±0.0) 0.3 (±0.0) 8.3 (±0.1) 4.2 (±0.3) 2.7 
18-Sep-94 16.2 (±0.3) 8.3 (±0.0) 0.3 (±0.0) 8.8 (±0.2) 5.9 (±0.2) 3.2 
9-0ct-94 11.0 8.2 0.3 9.3 14.3 2.4 

15-May-89 12.3 (±0.3) 8.5 (±0.0) 3.2 (±0.0) 8.5 (±1.0) 22.6 (±1.2) 1.4 
30-May-89 13.5 (±0.1) 8.4 (±0.1) 3.1 (±0.0) 7.5 (±0.0) 3.5 (±0.8) 3.0 
12-Jun-89 14.8 (±0.0) 8.5 (±0.0) 3.1 (±0.0) 7.3 (±0.0) 6.3 (±0.3) 2.9 
26-Jun-89 16.1 (±0.0) 8.5 (±0.0) 3.5 (±0.0) 7.2 (±0.0) 3.1 (±0.2) 2.9 
10-Jul-89 21.0 (±0.0) 8.6 (±0.0) 3.1 (±0.0) 8.8 (±0.3) 66.4 (±18.5) 1.4 
18-Jul-89 22.2 (±0.2) 8.9 (±0.0) 3.2 (±0.0) 12.2 (±0.4) 113.6 (±19.2) 1.0 
24-Jul-89 22.2 (±0.0) 8.8 (±0.0) 3.5 (±0.0) 7.9 (±0.2) 42.7 (±4.8) 1.6 
1-Aug-89 22.6 (±0.2) 9.1 (±0.0) 3.3 (±0.0) 11.5 (±0.3) 364.7 (±97.1) 0.2 
8-Aug-89 21.9 (±0.5) 9.1 (±0.0) 3.3 (±0.0) 10.9 (±0.4) 117.2 (±9.4) 1.0 
15-Aug-89 20.6 (±0.1) 9.1 (±0.0) 2.9 (±0.0) 8.6 (±0.2) 98.9 (±5.8) 1.2 
21-Aug-89 19.0 (±0.1) 9.0 (±0.0) 3.1 (±0.0) 9.7 (±0.4) 207.8 (±17.7) 0.5 
30-Aug-89 16.9 (±0.0) 9.2 (±0.1) 2.7 (±0.0) 9.7 (±0.0) 139.9 (±5.8) 0.8 
5-Sep-89 16.9 (±0.0) 9.3 (±0.0) 3.1 (±0.0) 10.2 (±0.2) 71.9 (±2.1) 1.0 
13-Sep-89 12.4 (±0.1) 9.5 (±0.0) 3.3 (±0.0) 9.8 (±0.2) 60.9 (±1.1) 1.1 
18-Sep-89 12.9 (±0.0) 9.5 (±0.1) 3.0 (±0.0) 9.2 (±0.1) 66.3 (±1.9) 1.0 
2-0ct-89 9.0 (±0.0) 9.3 (±0.0) 2.8 (±0.0) 9.3 (±0.0) 44.4 (±1.5) 1.2 
19-0ct-89 4.6 (±0.1) 9.2 (±0.0) 3.1 (±0.0) 10.9 (±0.0) 36.4 (±3.0) 1.6 
9-May-90 6.3 (±0.0) 9.2 (±0.0) 3.1 (±0.0) 13.3 (±0.1) 4.5 (±0.6) 0.8 
6-Jun-90 15.1 (±0.1) 8.7 (±0.0) 3.2 (±0.0) 6.3 (±0.0) 1.5 (±0.2) 2.7 
5-Ju1-90 19.3 (±0.0) 8.7 (±0.0) 3.1 (±0.0) 7.8 (±0.4) 67.3 (±20.2) 0.8 
31-Jul-90 19.8 (±0.1) 8.7 (±0.0) 3.1 (±0.0) 9.6 (±0.4) 70.8 (±8.6) 1.5 
13-Sep-90 15.1 (±0.0) 9.0 (±0.0) 3.3 (±0.0) 8.1 (±0.3) 87.0 (±5.6) 1.0 
11-0ct-90 6.2 9.0 3.3 10.0 31.0 1.9 

17-May-90 7.7 (±0.3) 6.0 (±0.1) 9.6 (±0.3) 1.9 (±0.3) 2.1 
18-Jun-90 17.2(±0.1) 8.9 (±0.0) 6.4 (±0.0) 9.0 (±0.1) 3.1 (±0.7) 1.8 
9-Jul-90 18.8 (±0.2) 8.8 (±0.0) 6.0 (±0.0) 9.1 (±0.1) 2.5 (±0.5) 2.4 
9-Aus-90 20.5 ~±0.1l 8.9 ~±O.Ol 6.1 ~±O.Ol 8.7 ~±0.1l 
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Appendix A -4 continued. 

Date Temperature pH Specific DO Chla Secchi 
ec) Conductivity (mg·L-1) (J.Lg·L-1) Depth 

~mS•cm-1l ~ml 
6.3 (±0.0) 2.4 (±0.1) 2.0 
6.6 

17-May-89 4.3 (±1.5) 8.9 (±0.0) 9.7 (±0.2) 4.4 (±1.6) 4.1 
1-Jun-89 6.4 (±1.6) 9.0 (±0.0) 16.8 (±0.4) 9.3 (±0.2) 2.2 (±1.0) 3.0 
14-Jun-89 9.2 (±2.3) 8.9 (±0.0) 15.3 (±1.0) 8.8 (±0.3) 1.1 (±0.3) 4.1 
28-Jun-89 9.8 (±2.3) 8.8 (±0.0) 18.8 (±0.7) 8.2 (±0.2) 0.5 (±0.1) 6.9 
12-Jul-89 11.5 (±2.5) 9.0 (±0.0) 16.4 (±0.4) 8.9 (±0.5) 0.7 (±0.2) 8.5 
20-Jul-89 15.3 (±3.3) 15.0 (±0.3) 0.5 (±0.2) 9.8 
26-Jul-89 17.5 (±1.6) 8.9 (±0.0) 15.8 (±0.1) 8.9 (±0.4) 0.9 (±0.4) 6.7 
10-Aug-89 13.8 (±2.9) 9.0 (±0.0) 17.3 (±0.8) 7.7 (±0.3) 0.7 (±0.2) 7.5 
17-Aug-89 14.2 (±2.7) 14.9 (±0.3) 1.1 (±0.3) 9.8 
23-Aug-89 14.2 (±2.6) 8.8 (±0.0) 15.1 (±0.1) 8.6 (±0.5) 1.5 (±0.4) 9.1 
11-Sep-89 11.0 (±1.6) 9.1 (±0.0) 15.8 (±0.2) 8.6 (±0.3) 1.1 (±0.1) 9.2 
20-Sep-89 10.3 (±1.4) 9.0 (±0.0) 14.6 (±0.2) 8.3 (±0.3) 7.2 (±2.8) 8.8 
4-0ct-89 8.5 (±0.8) 9.1 (±0.0) 15.0 (±0.2) 8.1 (±0.3) 8.5 
17-0ct-89 6.6 (±0.4) 9.0 (±0.0) 14.1 (±0.2) 8.2 (±0.5) 1.9 (±0.1) 6.5 
7-May-90 2.6 (±0.8) 9.3 (±0.0) 16.2 (±0.3) 10.4 (±0.1) 1.2 (±0.4) 4.5 
23-May-90 0.9 (±0.5) 2.8 
4-Jun-90 8.2 (±1.8) 8.6 (±0.0) 16.5 (±0.2) 9.4 (±0.4) 0.7 (±0.4) 5.0 
3-Jul-90 13.0 (±2.6) 8.7 (±0.0) 16.2 (±0.1) 8.6 (±0.6) 1.7 (±1.3) 5.8 
3-Aug-90 14.9 (±2.3) 8.8 (±0.0) 16.9(±0.1) 8.5 (±0.6) 0.8 (±0.4) 6.0 
18-Sep-90 12.9 (±1.4) 8.8 (±0.0) 17.3 (±0.0) 8.1 (±0.3) 0.5 (±0.1) 4.5 
16-0ct-90 7.6 9.0 16.6 8.8 0.4 

16-May-90 5.1 (±1.2) 20.4 (±1.0) 7.5 (±3.6) 
20-Jun-90 12.8 (±2.2) 8.8 (±0.0) 21.0 (±0.5) 4.3 (±1.8) 3.1 (±0.7) 
11-Jul-90 15.1 (±2.0) 8.6 (±0.1) 20.7 (±0.6) 4.7 (±2.2) 4.1 (±1.4) 
7-Aug-90 18.0 (±1.5) 8.8 (±0.0) 21.5 (±0.4) 4.7 (±1.9) 5.6 (±0.2) 
20-Sep-90 13.5 (±0.0) 21.4 (±0.0) 7.0 (±0.0) 
22-0ct-90 4.1 21.2 9.0 

21.0 (±0.1) 8.4 (±0.1) 44.9 (±2.6) 1.3 
19.8 (±0.9) 8.3 (±0.1) 59.7 (±4.8) 2.1 
12.7 (±0.3) 8.4(±0.1) 63.7 (±1.7) 0.6 
8.5 8.5 65.1 

15-Jul-94 20.3 (±0.0) 8.3 (±0.0) 56.7 (±0.0) 7.1 (±0.0) 3.9 (±0.5) 3.9 
26-Jul-94 22.4 (±0.4) 8.2 (±0.0) 57.2 (±0.1) 6.1 (±0.1) 2.5 (±0.3) 3.8 
9-Aug-94 20.2 (±0.4) 8.1 (±0.0) 60.8 (±1.7) 5.0 (±1.0) 3.3 (±0.8) 3.8 
24-Aug-94 20.3 (±0.2) 8.1 (±0.0) 58.8 (±0.3) 4.8 (±0.9) 4.6 (±0.1) 3.5 
16-Sep-94 16.8 (±0.1) 8.3 (±0.0) 66.4 (±0.0) 8.2 (±0.0) 3.8 (±0.0) 3.6 
29-Sep-94 12.4 (±1.0) 8.3 (±0.0) 66.9 (±0.1) 8.0 (±0.6) 3.1 (±0.2) 4.0 
16-0ct-94 8.5 (±0.0) 8.1 (±0.0) 68.8 (±0.0) 9.0 (±0.0) 3.3 (±0.2) 4.2 
19-May-95 8.3 (±1.2) 8.7 (±0.0) 61.3 (±1.9) 4.2 (±0.7) 2.3 
1-Jun-95 14.4 (±2.4) 8.7 (±0.0) 61.7 (±4.0) 6.7 (±1.4) 0.7 (±0.1) 4.1 
15-Jun-95 15.9 (±2.8) 8.7 (±0.0) 65.6 (±2.6) 7.2 (±0.6) 1.5 (±0.0) 4.5 
27-Jun-95 17.1 (±2.2) 8.7 (±0.0) 65.1 (±1.9) 7.0 (±0.4) 2.4 (±0.1) 3.8 
12-Jul-95 19.7 ~±2.1l 8.9 ~±O.Ol 65.0 ~±1.8l 6.4 ~±0.7l 2.4 ~±0.1l 4.2 
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Appendix A-4 concluded. 

Date Temperature pH Specific DO Chla Secchi 
CCC) Conductivity (mg·L-1) (J.tg·L-1) Depth 

~mS•cm-1l ~ml 
31-Jul-95 18.0 (±0.1) 8.5 (±0.0) 67.0 (±0.1) 5.7 (±0.1) 5.3 (±1.5) 
11-Aug-95 16.4 (±0.1) 8.5 (±0.0) 67.3 (±0.0) 5.4 (±0.0) 6.5 (±0.6) 
25-Aug-95 17.5 (±0.0) 8.4 (±0.0) 63.1 (±0.0) 7.1 (±0.0) 13.1 (±2.0) 
15-Sep-95 16.8 (±0.0) 8.3 (±0.0) 65.7 (±0.1) 6.0 (±0.0) 4.7 (±0.8) 
29-Sep-95 12.3 (±0.0) 8.4 (±0.0) 67.1 (±2.6) 7.5(±0.1) 4.9 (±0.2) 
22-0ct-95 6.6 8.1 69.3 7.5 3.5 

18-Jul-94 23.4 (±0.5) 9.0 (±0.0) 78.2 (±0.4) 2.1 (±0.1) 121.0 (±15.3) 
28-Jul-94 22.2 (±0.1) 8.9 (±0.0) 81.9 (±0.2) 0.9 (±0.2) 24.5 (±0.6) 
11-Aug-94 21.4 (±0.4) 8.9 (±0.0) 96.4 (±0.7) 2.8 (±1.9) 109.9 (±3.1) 
29-Aug-94 19.0 (±0.9) 8.8 (±0.0) 93.3 (±1.1) 0.6 (±0.5) 122.0 (±102.2) 
17-Sep-94 17.2 (±0.2) 8.8 (±0.0) 99.7 (±0.2) 6.0 (±2.8) 320.7 (±49.5) 
1-0ct-94 14.6 (±1.2) 8.9 (±0.1) 97.2 (±0.0) 4.8 (±1.6) 929.8 (±501.3) 
13-0ct-94 8.3 9.0 88.9 8.8 689.4 

19-Jul-94 25.9 (±n/a) 
12-Aug-94 19.8 (±0.4) 8.0 (±0.0) 99.7 (±0.3) 2.9 (±0.2) 32.2 (±5.8) 0.2 
22-Sep-94 14.1 (±0.1) 8.1 (±0.0) 106.1 (±0.4) 0.9 (±0.2) 241.1 (±43.5) 0.3 
12-0ct-94 11.3 ~±0.8l 8.0 ~±O.Ol 96.9 ~±1.3l 5.7 ~±1.7l 233.7 ~±l.Ol 0.2 
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Appendix A-5. Mean water column nutrient concentrations for nine Saskatchewan prairie lakes. 

Date TP TDP SRP SN NH3-N N02+N03 Si02 
pp PN POC 

-1~ . (~s·L-ll ~~~:~· ;: :.: ::::~} ~t~:g:~:~ (~ 

31-Jul-92 16 (±1) 14 (±0) 2 (±0) 134 (±36) 11 (±3) 2 (±0) 0.7 (±0.0) 2 (±1) 122 (±33) 786 (±234) 
13-Aug-92 16 (±2) 11 (±4) 8 (±4) 125 (±27) 14 (±6) 2 (±0) 1.8 (±1.2) 6 (±2) 109 (±21) 774 (±36) 
17-Sep-92 34 (±2) 23 (±11) 2 (±1) 86 (±4) 13 (±3) 2 (±0) 1.7 (±0.2) 12 (±9) 72 (±7) 492 (±40) 
3-0ct-92 26 (±3) 13 (±5) 2 (±0) 110 (±6) 14 (±4) 2 (± n/a) 0.2 (±0.1) 13 (±3) 95 (±1) 569 (±80) 
21-May-93 15 (±2) 10 (±1) 3 (±1) 120 (±13) 13 (±4) 3 (±0) 2.2 (±1.7) 5 (±1) 105 (±17) 1160 (±110) 
19-Jun-93 14 (±2) 8 (±1) 2 (±0) 89 (±51) 46 (±41) 2 (±0) 0.2 (±0.0) 6 (±3) 42 (±10) 290 (±68) 
15-Jul-93 24 (±2) 11 (±4) 2 (±0) - 15 (±2) - 0.4 (±0.0) 13 (±6) 144 (±13) 683 (±152) 
13-Aug-93 33 (±16) 12 (±1) 2 (±0) 40 (±12) 15 (±n/a) 2 (±0) 1.0 (±0.0) 22 (±16) 31 (±5) 734 (±66) 
17-Sep-93 30 (±3) 17 (±2) 3 (±2) 109 (±49) 10 (±1) 2 (±0) 0.5 (±0.1) 13 (±1) 98 (±48) 910 (±490) 
8-0ct-93 23 (±4) 19 (±6) 2 (±0) 248 (±37) 5 (±0) 2 (±0) 0.1 (±0.0) 4 (±2) 242 (±37) 1670 (±330) 
26-May-94 18 (±1) 9 (±1) 7 (±0) 123 (±5) 7 (±2) 2 (±0) 0.9 (±0.0) 10 (±2) 115 (±7) 850 (±12) 

~ 9-Jun-94 18 (±1) 16 (±1) 5 (±1) 80 (±35) 11 (±7) 2 (±0) 0.9 (±0.1) 2 (±1) 68 (±42) 730 (±198) 00 
0 23-Jun-94 16 (±1) 11 (±0) 2 (±0) 21 (±4) 14 (±4) 2 (±0) 1.0 (±0.0) 5 (±1) 5 (±0) 478 (±150) 

7-Jul-94 14 (±1) 7 (±2) 3 (±2) 64 (±44) 23 (±9) 2 (±0) 0.7 (±0.3) 7 (±3) 40 (±35) 651 (±196) 
21-Jul-94 14 (±2) 8 (±3) 3 (±1) 94 (±2) 25 (±13) 2 (±0) 0.6 (±0.0) 7 (±1) 67 (±11) 483 (±65) 
4-Aug-94 11 (±3) 3 (±1) 2 (±0) 84 (±25) 10 (±1) 2 (±0) 1.3 (±0.4) 8 (±4) 73 (±25) 676 (±56) 
17-Aug-94 14 (±0) 8 (±1) 2 (±0) 127 (±8) 12 (±2) 2 (±0) 1.9 (±0.7) 7 (±1) 114 (±6) 770 (±23) 
1-Sep-94 18 (±3) 11 (±4) 2 (±0) 143 (±31) 7 (±1) 2 (±0) 1.8 (±0.1) 7 (±1) 135 (±31) 657 (±80) 
17-Sep-94 19 (±3) 9 (±2) 2 (±0) 93 (±64) 7 (±2) 2 (±0) 4.0 (±1.3) 10 (±1) 85 (±65) 210 (±16) 

~-=~.~.~-=.~~---················································ ....... ~-~ .... ~.:?.~ 11 ~:.~.t 4 ~±n/a) 127 (±8) 17 (±1) 3 (±0) 3.4 (±0.0) 18 (±4) 107 (±8) 652 
Dum'llatt~:f:lili~c::'JI/&!#f:~~~---· · 
15-May-89 149 (±2) 109 (±4) 59 (±3) - - 10 (±0) 3.8 (±0.0) 39 (±2) 255 (±40) 1413 (±179) 
30-May-89 215 (±5) 204 (±4) 164 (±1) 301 (±8) 209 (±4) 52 (±1) 5.8 (±0.4) 12 (±2) 41 (±10) 415 (±11) 
12-Jun-89 273 (±9) 251 (±3) 209 (±2) 299 (±25) 120 (±5) 103 (±0) 5.2 (±0.0) 23 (±7) 76 (±20) 554 (±46) 
26-Jun-89 277 (±5) 265 (±1) 209 (±2) 259 (±10) 87 (±4) 30 (±0) 5.9 (±0.0) 12 (±5) 142 (±14) 751 (±192) 
10-Jul-89 292 (±1) 272 (±3) 239 (±13) 790 (±19) 57 (±1) 30 (±1) 7.1 (±0.3) 21 (±2) 704 (±19) 3635 (±275) 
18-Jul-89 305 (±11) 298 (±8) 263 (±9) 994 (±487) 44 (±6) 7 (±4) 7.6 (±0.0) 7 (±3) 942 (±498) 4540 (2310) 
24-Jul-89 366 (±2) 347 (±4) 308 (±4) - 158 (±6) 33 (±3) 7.6 (±0.0) 19 (±2) 
1-Aug-89 362 (±21) 350 (±17) 295 (±9) - - - 7.1 (±0.0) 13 (±4) 
8-Aug-89 383 (±7) 342 (±4) 280 (±3) - 66 (±8) 5 (±1) 5.9 (±0.0) 41 (±3) 
15-Aug-89 443 (±1) 363~) 287 (±6) - 86 (±15) 8 (±1)_ - 80 (±4) 



Appendix A-5 continued. 

Date TP TDP SRP SN NH3-N N02+N03 Si02 
pp PN POC 

~l:!~·L-12 ~l:!~·L-12 ~l:!~·L-12 ~l:!~·L-12 ~l:!~·L-12 ~l:!~·L-12 ~m~·L-12 ~l:!~·L-12 ~l:!~·L-12 ~l:!~·L-12 
21-Aug-89 434 (±2) 318 (±4) 251 (±5) 1173 (±261) 56 (±4) 4 (±1) 1.9 (±0.1) 116 (±3) 1114 (±267) 5970 (±900) 
30-Aug-89 297 (±9) 236 (±7) 176 (±0) 1059 (±95) 52 (±9) 2 (±0) 0.1 (±0.0) 62 (±3) 1004 (±86) 5470 (±260) 
5-Sep-89 315 (±n/a) 253 (±n/a) 183 (±3) 86 (±30) 44 (±1) 3 (±0) 0.1 (±0.0) - 39 (±29) 3670 (±350) 
13-Sep-89 310 (±12) 225 (±9) 183 (±1) 271 (±50) 66 (±7) 19 (±0) - 85 (±3) 186 (±56) 4300 (±250) 
18-Sep-89 334 (±19) 211 (±11) 172 (±2) 250 (±97) 54 (±6) 14 (±0) - 124 (±30) 182 (±91) 6320 (±1190) 
2-0ct-89 258 (±n/a) 208 (±3) 145 (±4) 823 (±n/a) 102 (±1) 20 (±0) 0.1 (±0.0) 53 (±n/a) 602 (±101) 3780 (±360) 
19-0ct-89 287 (±33) 239 (±35) 143 (±7) 632 (±10) 237 (±8) 59 (±1) 0.1 (±0.0) 48 (±3) 335 (±17) 2225 (±65) 
9-May-90 297 (±5) 99 (±7) 29 (±3) 798 (±28) 69 (±2) 2 (±0) 0.0 (±0.0) 198 (±2) 727 (±30) 5920 (±40) 
6-Jun-90 283 (±2) 268 (±5) 205 (±4) 407 (±29) 287 (±10) 22 (±1) 0.5 (±0.0) 16 (±3) 99 (±20) 498 (±15) 
5-Ju1-90 338 (±4) 332 (±1) 256 (±1) 831 (±479) 165 (±21) 22 (±4) 2.0 (±0.0) 7 (±5) 645 (±455) 3435 (±2195) 
31-Jul-90 399 (±10) 373 (±16) 320 (±7) 653 (±140) 56 (±19) 28 (±15) - 26 (±7) 570 (±173) 2975 (±935) 
13-Sep-90 319 (±5) 255 (±8) 203 (±4) 1083 (±108) 99 (±11) 2 (±0) 1.0 (±0.0) 64 (±4) 983 (±97) 5265 (±725) 

~ 11-0ct-90 205 (±2) 139 (±7) 86 (±1) 634 (±211) 70 (±3) 39 (±0) 0.3 (±0.0) 66 (±5) 526 (±209) 3455 
00 
~ 

:~P~.~~-~-:~?~"-'-~!':~::::~·:~:~:~::Y': 

17-May-90 29 (±3) 17 (±2) 7 (±0) 184 (±22) 46 (±18) 2 (±0) 0.7 (±0.1) 13 (±2) 137 (±4) 1025 (±25) 
18-Jun-90 74 (±46) 13 (±1) 2 (±0) 276 (±46) 20 (±11) 2 (±0) 0.2 (±0.0) 61 (±45) 255 (±35) 4380 (±2320) 
9-Ju1-90 19 (±3) 14 (±1) 2 (±0) 141 (±40) 8 (±0) 2 (±0) 0.2 (±0.0) 6 (±4) 131 (±40) 1795 (±275) 
9-Aug-90 26 (±6) 21 (±1) 2 (±0) 187 (±67) 9 (±1) 2 (±0) 0.4 (±0.0) 6 (±6) 177 (±67) 2805 (±925) 
24-Sep-90 32 (±1) 14 (±2) 10 (±1) 249 (±47) 8 (±0) 2 (±0) - 18 (±1) 240 (±47) 2480 (±420) 

.~;:.~~.!:.~.8 ..... ·.····••(···:::/ .................... ~?.!~ .. ~ ... ~. ~~.~=~~ 7 ~±12 239 ~±261 6 .!~ol. 2 ~±01 - 7 ~~~.~ 231 !±262 2415! <<<~ 
lrfi//J.ftr;~IYlJ~ •il.lll~~~?:il; ii 

,. ,. ·.· ~: ~i~~:~~·~::~:~::;:::: ~i:?): r :·: :':':> ' f((j )~: ::@:: r+ 

17-May-89 44 (±6) 36 (±5) 26 (±4) 41 (2) 18 (±0) 2 ±(0) 0.3 (±0.0) 8 (±4) 21 (±2) 217 (±42) 
1-Jun-89 40 (±1) 33 (±4) 14 (±1) 38 (±5) 16 (±1) 2 (±0) 0.3 (±0.0) 7 (±3) 20 (±5) 348 (±29) 
14-Jun-89 49 (±2) 44 (±0) 19 (±1) 49 (±5) 17 (±1) 2 (±0) 0.3 (±0.0) 8 (±1) 31 (±4) 338 (±107) 
28-Jun-89 49 (±3) 41 (±1) 18 (±0) 33 (±8) 15 (±1) 2 (±0) 0.3 (±0.0) 8 (±3) 17 (±8) 190 (±41) 
12-Jul-89 60 (±8) 39 (±3) 26 (±1) - 32 (±17) 2 (±0) 0.4 (±0.0) 21 (±5) 
20-Jul-89 
26-Jul-89 41 (±3) 35 (±4) 20 (±1) - 16 (±1) 2 (±0) 0.2 (±0.0) 7 (±1) 
10-Aug-89 44 (±4) 39 (±5) 14 (±1) - 20 (±2) 2 (±0) 0.1 (±0.0) 5 (±4) 
17-Aug-89 
23-Aug-89 48 (±4) 46 (±3) 22 (±2) 30 (±1) 22 (±1) 2 (±0) 0.2 (±0.0) 1 (±1) 5 (±0) 409 (±63) 
11-Sep-89 39 (±1) 36(±j) 29 (±2) 29 (±1) 23 (±1) 2 (±O) o.~_{::~:_Q.lL_ .. ~ (±1}_. ___ 5 (±O) 386 (±29) 



Appendix A-5 concluded. 

Date TP TDP SRP SN NH3-N N02+N03 Si02 
pp PN POC 

~l!s·L-ll ~l:!:s·L-ll ~l!s·L-ll ~l:!:s·L-ll ~l!s·L-ll ~l!s·L-ll ~ms·L-ll ~l!s·L-ll ~l!s·L-ll ~l!s·L-ll 
20-Sep-89 61 (±20) 42 (±4) 34 (±4) 75 (±25) 23 (±3) 2 (±0) 0.3 (±0.1) 19 (±16) 50 (±22) 678 (±102) 
4-0ct-89 47 (±8) 40 (±6) 20 (±1) 72 (±8) 23 (±8) 2 (±0) 0.3 (±0.1) 7 (±3) 47 (±7) 520 (±14) 
17-0ct-89 45 (±7) 37 (±8) 21 (±3) 87 (±20) 35 (±12) 2 (±0) 0.3 (0.1) 8 (±1) 50 (±9) 647 (±66) 
7-May-90 48 (±3) 38 (±4) 26 (±2) 47 (±4) 21 (±0) 2 (±0) 0.2 (±0.0) 10 (±3) 25 (±4) 439 (±99) 
23-May-90 48 (±3) 41 (±3) 13 (±1) 54 (±15) 29 (±4) 2 (±0) 0.2 (±0.0) 7 (±1) 24 (±12) 169 (±87) 
4-Jun-90 51 (±2) 38 (±2) 21 (±1) 38 (±4) 25 (±1) 2 (±0) 0.2 (±0.0) 13 (±2) 11 (±3) 179 (±25) 
3-Jul-90 44 (±4) 36 (±1) 13 (±1) 129 (±19) 26 (±6) 2 (±0) 0.1 (±0.0) 7 (±4) 101 (±18) 815 (±160) 
3-Aug-90 47 (±2) 42 (±2) 17(±1) 107 (±34) 19 (±1) 2 (±0) 0.1 (±0.0) 5 (±3) 86 (±34) 494 (±194) 
18-Sep-90 43 (±2) 41 (±2) 20 (±2) 56 (±4) 20 (±1) 3 (±0) 0.3 (±0.0) 2 (±1) 34 (±5) 280 (±47) 
16-0ct-90 4,~ .. ~.: ... ~ .. ~ ...... ~~ ... ~.:~1 18 ~±1l 76 ~±5l 28 ~±1l 2~:±:~l ?:?~:±:?:?l 15 (±5) 46 (±5) 351 
Bfi.si~: ;1.~~~tt+: 

/" /"W" •• '"/" • /," ... •••'<••'•'•'••'•'•"•'•••• ••'.",_. 

16-May-90 98 (±10) 60 (±7) 28 (±9) 461 (±180) 265 (±228) 4(±1) 0.2(±0.1) 38 (±3) 191 (±57) 1717 (±380) 
,...... 

20-Jun-90 84 (±16) 59 (±9) 13 (±3) 500 (±219) 267 (237) 2 (±0) 0.2 (±0.1) 25 (±7) 231 (±25) 1460 (±163) 00 
N 11-Jul-90 98 (±27) 54 (±11) 16 (±4) 630 (±394) 399 (±376) 2 (±0) 0.2 (±0.2) 44 (±16) 229 (±22) 1310 (±57) 

7-Aug-90 84 (±17) 75 (±12) 17 (±3) 765 (±337) 375 (±353) 2 (±0) 0.2 (±0.2) 9 (±4) 388 (±91) 3047 (±837) 
20-Sep-90 101 (±2) 60 (±3) 27 (±1) 614 (±13) 45 (±3) 3 (±0) 0.6 (±0.0) 41 (±4) 566 (±14) 3193 (±70) 

~.::~.;~:.~.~••r•••····.····•••i''·••·••••i········~··~•~•·•.•~•~·~.l 'Snali.eliole.1!itiltej~"'~l!·i········ 
53.~:±:1l 23 ~±1l 680 .. ~:±:4~l 55 ~:±:.~.l 3 (±0) 0.2 (±0.0) 53 (±6) 622 (±53) 3843 

473 (±46) 447 (±45) 79 (±29) 342 (±85) 265 (±65) 5 (±0) 0.6 (±0.1) 26 (±1) 
508 (±26) 456(±31) 118 (±38) 458 (±59) 290 (±106) 6 (±0) 0.9 (±0.1) 52 (±6) 
554 (±16) 523 (±25) 90 (±4) 1015 (±54) 640 (±30) 5 (±0) 0.6 (±0.0) 31 (±9) 

~·~;~ {~~~.~ 687 (±3) 15~.~=~.l .~ .. ~.~ .... ~:±: .. ~ ... ~ ... ~~ ~.?~ ..... ~:±:~ .. ~.l ..... 5 ~±1l 0.4 ~±O.Ol 26 
(e~.~~.~~~~~,g~liil ,·.· •••• <· .... ~::;::. ~ •••• , 

15-Jul-94 460 (±3) 443 (±12) 66 (±1) 225 (±13) 213 (±13) 8 (±1) 1.1 (±0.0) 17 (±9) 5 (±0) 602 (±238) 
26-Jul-94 514 (±5) 492 (±5) 65 (±5) 222 (±48) 113 (±3) 5 (±0) 1.2 (±0.0) 22 (±9) 105 (±51) 497 (±224) 
9-Aug-94 477 (±1) 435 (±17) 71 (±2) 390 (±1) 315 (±0) 6 (±1) 1.2 (±0.0) 42 (±16) 69 (±1) 370 (±10) 
24-Aug-94 576 (±2) 561 (±6) 80 (±3) 251 (±84) 150 (±60) 4 (±0) 1.2 (±0.0) 15 (±5) 97 (±24) 385 (±123) 
16-Sep-94 491 (±3) 479 (±11) 86 (±3) 661 (±19) 565 (±1) 5 (±1) 1.3 (±0.0) 12 (±8) 91 (±17) 520 (±91) 
29~Sep-94 529 (±12) 499 (±23) 91 (±1) 681 (±20) 596 (±18) 6 (±1) 1.3 (±0.0) 30. (±11) 79 (±1) 561 (±36) 
16-0ct-94 469 (±14) 448 (±19) 98 (±4) 326 (±9) 221 (±5) 8 (±1) 1.3 (±0.0) 21 (±6) 98 (±15) 470 (±30) 
19-May-95 429 (±7) 359 (±23) 51 (±0) - - 7 (±0) 1.3 (±0.0) 71 (±16) 267 (±44) 
1-Jun-95 429 (±11) 412 (±18) 67(±2) ___ - - 5 (±1) 1.4 (±0.1) 17 (±7) 112 (±57) 
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Appendix A-5 continued. 

Date 

15-Jun-95 
27-Jun-95 
12-Jul-95 
31-Jul-95 
11-Aug-95 
25-Aug-95 
15-Sep-95 
29-Sep-95 
22-0ct-95 

18-Jul-94 
28-Jul-94 
11-Aug-94 
29-Aug-94 
17-Sep-94 
1-0ct-94 
13-0ct-94 

19-Jul-94 
12-Aug-94 
22-Sep-94 
12-0ct-94 

TP TDP SRP SN NH3-N N02+N03 Si02 PP PN POC 
(Jlg·L-1) (Jlg•L-_1_ (Jlg•L-1) (Jlg·L-1) (gg·L-1) (J.1g•L~1_) (mg·L-1) (Jlg·L-1) (Jlg·L-1) (gg·L-1) 

458 (±9) 420 (±12) 67 (±6) - - 7 (±0) 1.2 (±0.0) 38 (±4) 197 (±8) 
437 (±7) 419 (±3) 71 (±2) - - 6 (±0) 1.1 (±0.0) 18 (±4) 28 (±18) 
417 (±1) 402 (±10) 67 (±6) - - 4 (±0) 1.0 (±0.1) 15 (±10) 77 (±2) 
461 (±7) 454 (±7) 55 (±0) - - 6 (±2) 1.1 (±0.1) 7 (±1) 109 (±33) 

485 (±14) 458 (±10) 77 (±1) - - 4 (±1) 1.5 (±0.0) 27 (±23) 217 (±10) 
478 (±0) 454 (±1) 71 (±2) - - 4 (±0) 1.6 (±0.0) 24 (±1) 157 (±1) 

524 (±10) 511 (±2) 79 (±1) - - 13 (±7) 1.5 (±0.0) 13 (±11) 124 (±25) 
539 (±7) 512 (±9) 78 9±5) - - 6 (±2) 1.4 (±0.0) 27 (±16) 136 (±1) 
511 (±8) 489 (±18) 40 (±1) - - 7 (±1) 1.4 (±0.0) 22 (±11) 99 

1825 (±55) 1650 (±40) 1085 (±136) 1402 (±500) 328 (±15) 8 (±0) 0.9 (±0.1) 175 (±15) 1066 (±514) 5675 (±2925) 
1670 (±40) 1585 (±25) 945 (±11) 834 (±49) 210 (±50) 5 (±0) 0.9 (±0.0) 85 (±65) 619 (±99) 3345 (±545) 
2070 (±60) 1810 (±90) 1135 (±65) 1059 (±222) 318 (±153) 11 (±2) 1.0 (±0.0) 260 (±30) 731 (±68) 3935 (±155) 

2400 (±250) 1865 (±305) 1210 (±190) 4708 (±231) 2815 (±375) 8 (±1) 1.2 (±0.0) 535 (±55) 1885 (±145) 11850 (±350) 
2345 (±15) 1925 (±105) 918 (±69) 4960 (±489) 2035 (±705) 10 (±2) 1.2 (±0.1) 420 (±90) 2915 (±215) 16550 (±850) 
2140 (±20) 1740 (±20) 887 (±36) 5281 (±76) 2090 (±80) 6 (±1) 1.1 (±0.0) 400 (±0) 3185 (±5) 18450 (±250) 
2170 (±n/a) 1780 (±n/a) 534 (±n/a) 4606 (±n/a) 810 (±n/a) 6 (±n/a) 1.0 (±n/a) 390 (±n/a) 3790 (±n/a) 18300 

537 (±n/a) 460 (±n/a) 165 (±n/a) 580 (±n/a) 2400 (±n/a) 65 (n/a) 2.5 (±n/a) 77 (±n/a) 
587 (±26) 532 (±3) 221 (±22) 2319 (±463) 1530 (±350) 13 (±0) 2.3 (±0.1) 55 (±23) 
604 (±44) 459 (±20) 150 (±4) 1940 (±362) 805 (±55) 10 (±1) 2.4 (±0.1) 145 (±64) 1125 (±416) 13505 (±5195) 
688 (±n/a) 644 (±21) 262 (±127) 3647{±227) 1380 (±260) 32 (±19) 3.9 (±0.5l_ 65 (±n/a) 2235 (±15) 14650 (±450) 



Appendix A-6. Analysis of variance results showing the significance of the interannual variation of environmental 
variables in nine Saskatchewan prairie lakes. 

Variable Lake Source df MS P-value 
Temperature Waskesiu Year 2 6.8 0.67 

Error 17 16.2 

Humboldt Year 1 34.1 0.29 
Error 21 29.3 

Redberry Year 1 4.5 0.61 
Error 18 16.2 

Little Manitou Year 1 13.2 0.46 
Error 12 22.8 

pH Waskesiu Year 2 0.00 0.96 
Error 15 0.05 

Humboldt Year 1 0.03 0.59 
Error 21 0.11 

Redberry Year 1 0.03 0.28 
Error 16 0.03 

Little Manitou Year 1 0.21 0.03* 
Error 12 0.03 

Specific Conductivity Humboldt Year 1 0.00 0.40 
Error 21 0.00 

Redberry Year 1 0.00 0.40 
Error 17 0.00 

Little Manitou Year 1 0.00 0.06 
Error 12 0.00 

Dissolved Oxygen Waskesiu Year 2 0.65 0.68 
Error 17 1.62 

Humboldt Year 1 0.15 0.83 
Error 21 3.04 

Redberry Year 1 0.51 0.29 
Error 16 0.42 

Little Manitou Year 1 0.48 0.60 
Error 12 1.71 

Secchi depth Waskesiu Year 2 0.00 0.98 
Error 17 0.01 

Humboldt Year 1 0.00 0.91 
Error 21 0.02 

Redberry Year 1 0.12 0.01 ** 
Error 16 0.02 

Little Manitou Year 1 0.15 0.01 ** 
Error 12 0.01 
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Appendix A -6 continued. 

Variable Lake Source df MS P-value 
Chlorophyll a Waskesiu Year 2 0.01 0.87 

Error 17 0.05 

Humboldt Year 1 0.44 0.26 

Error 21 0.33 

Redberry Year 1 0.07 0.18 

Error 18 0.04 

Little Manitou Year 1 0.07 0.09 

Error 16 0.02 

Total Phosphorus Waskesiu Year 2 0.03 0.18 
Error 17 0.02 

Humboldt Year 1 0.00 0.89 
Error 21 0.01 

Redberry Year 1 0.00 0.93 
Error 17 0.00 

Little Manitou Year 1 0.00 0.57 
Error 12 0.00 

Dissolved Phosphorus Waskesiu Year 2 0.09 0.06 
Error 17 0.03 

Humboldt Year 1 0.02 0.43 
Error 21 0.02 

Redberry Year 1 0.00 0.85 
Error 17 0.00 

Little Manitou Year 1 0.00 0.63 
Error 12 0.00 

Soluble Reactive Waskesiu Year 2 0.04 0.49 
Phosphorus Error 17 0.05 

Humboldt Year 1 0.09 0.24 
Error 21 0.06 

Redberry Year 1 0.03 0.17 
Error 17 0.01 

Little Manitou Year 1 0.02 0.12 
Error 12 0.01 

Ammonia Waskesiu Year 2 0.01 0.85 
Error 17 0.05 

Humboldt Year 1 0.04 0.41 
Error 19 0.06 

Redberry Year 1 0.01 0.33 
Error 17 0.01 
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Appendix A-6 concluded. 

Variable Lake Source df MS P-value 
Nitrate+ Nitrite Waskesiu Year 2 0.01 0.85 

Error 17 0.05 

Humboldt Year 0.04 0.41 

Error 19 0.06 

Redberry Year 1 0.01 0.60 

Error 17 0.01 

Little Manitou Year 0.02 0.12 

Error 12 0.01 

Silica Waskesiu Year 2 0.06 0.16 
Error 17 0.03 

Humboldt Year 1 0.52 0.06 

Error 17 0.12 

Redberry Year 0.00 0.66 

Error 17 0.00 

Little Manitou Year 1 0.00 0.12 

Error 16 0.01 

Particulate Waskesiu Year 2 0.02 0.79 
Phosphorus Error 17 0.09 

Humboldt Year 1 0.01 0.90 
Error 19 0.28 

Redberry Year 1 0.01 0.80 
Error 14 0.09 

Little Manitou Year 1 0.02 0.48 
Error 12 0.04 

Particulate Nitrogen Waskesiu Year 2 0.07 0.61 
Error 17 0.13 

Humboldt Year 1 0.57 0.14 

Error 17 0.24 

Redberry Year 1 0.25 0.19 

Error 14 0.14 

Little Manitou Year 0.37 0.11 

Error 12 0.12 

Particulate Organic Waskesiu Year 2 0.04 0.41 
Carbon Error 17 0.04 

Humboldt Year 1 0.01 0.84 

Error 17 0.26 

Redberry Year 0.01 0.63 

Error 14 0.05 

186 
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Appendix A-7. Mean water column summer phytoplankton biomass (mg·m-3
) for nine Saskatchewan prairie lakes. (Species absence indicated by "a"). 

Genus 

Achnanthes 

Amphidinium 

Amphora 

Anabaena 

Ankistrodesmus 

Ankrya 

Aphanizomenon 

Aphanocapsa 

Aphanothece 

Arthrodesmus 

Asterionella 

Bicoeca 

Bitrichia 

Botryococcus 

Caloneis 

Ceratium 

Cercobodo 

Chaetoceras 

Chamaesiphon 

Characium 

Chlamydomonas 

Chlorophyta 

Chromulina 

Chroococcus 

Chroomonas 

Chrysameoba 

Chrysapsis 

Chrysidalis 

Waskesiu Waskesiu Waskesiu Humboldt Humboldt Lenore Redberry Redberry Basin Snakehole 
1992 1993 1994 1989 1990 1990 1989 1990 1990 1994 

3 
a 
a 

78 
a 
a 

110 
48 

5 
251 

10 
3 
a 

a 
a 

933 
22 

a 
a 

a 
a 
a 

6 
32 

a 
a 
a 

a 

a 
a 

162 
a 

a 
145 
28 
76 

a 

48 
4 

a 
a 
a 

5623 
a 
a 
a 
a 
a 

8 

2 
18 
a 
a 
a 
2 

3 
2 

30 
105 

2 
a 

11 
15 
81 

a 

145 
1 

4 
4 

a 

525 
2 

a 

a 

a 

3 

3 
4 

12 
4 

a 

a 

a 

a 
a 
a 

12 
2 

2 
323594 

4 
a 
a 
a 
6 
a 
a 

a 
a 
7 

3 
25 
11 
2 

a 
33 
18 
26 
13 
3 
a 

a 
a 

a 

a 
43652 

16 
a 

a 

a 

a 

a 

a 
a 

a 

a 
a 

a 
2 

a 

a 

a 

a 
2 
a 
8 

a 
a 

a 

a 
a 
a 

9 
a 
a 
a 
a 
a 
a 
a 
a 

a 
a 
a 

a 
380 

a 

a 

a 

195 
10 

891 
48 

a 
a 

a 

a 
a 
a 

a 

17 
2 

85 
a 
a 
a 

a 
2 

a 

a 

6 

a 

65 
110 

5 
6 

4 

a 

2 
3 
a 
a 
4 

51 

a 

a 
a 
a 

a 

5 
a 

a 

a 

a 

2 

a 

a 
a 
a 
a 
a 

a 

a 

a 

a 
a 

a 

a 
a 

a a 
a a 
a a 
a a 

589 44 
4 a 

7 62 
2 4 
a a 
a a 

1072 
a 22 
3 a 

12 a 
44 a 

a 

71 
a 

a 

a 

a 

a 
a 
a 

a 
a 

a 

a 

a 

a 

a 

251 
a 

a 

174 
a 
a 

37 
110 

a 

a 

a 

Little Little 
Manitou Manitou 

1994 1995 

a 

a 
a 

a 

a 

a 
a 
a 

a 

a 
a 
a 

a 
a 
a 

a 
2 

a 

25 
a 
a 
2 

9 
123 

a 

a 
a 

a 

a 
132 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

269 
a 

19 
a 

234 
4 

a 

a 

14 
447 

a 
a 

a 

Chaplin Ingebrigt 
1994 1994 

a 

a 

a 

a 

a 
a 

a 

a 

a 

a 

a 
a 
a 

a 
a 

a 
3981 

a 
a 
a 

3802 
a 
a 
a 
a 
a 
a 
a 

a 
a 
a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 
a 

a 
a 

a 
a 

a 
a 

170 
a 

a 
a 

a 
a 

a 
a 
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Appendix A-7. Continued. 

Genus Waskesiu W askesiu W askesiu Humboldt Humboldt Lenore Redberry Redberry Basin Snakehole 

Chrysocapsa 

Chrysochromulina 

Chrysococcus 

Chrysophyta 

Chrysosphaerella 

Closteriopsis 

Closterium 

Coccomyxa 

Cocconeis 

Coe/astrum 

Coelosphaerium 

Coenocystis 

Cosmarium 

Crucigenia 

Cryptomonas 

Ctenocladus 

Cyanobacteria 

Cyclotella 

Cymatopleura 

Cymbella 

Dactylococcopsis 

Desmarella 

Diatoma 

Dictyosphaerium 

Dinobryon 

E/akatothrix 

Entomoneis 

Epiphyxis 

1992 1993 1994 1989 1990 1990 1989 1990 1990 1994 

a 

a 
16 

a 

a 
5 

5495 
a 
a 

a 

a 
15 
29 
47 

a 

2 
646 
118 

3 

2 

a 

2 
a 
a 

2 

a 

a 

a 

a 

a 
17 

a 

a 

16 
468 

a 

a 

45 
4 

20 
12 
62 

a 

17 
363 

a 
a 

a 
a 

170 
102 

a 

2 
a 

a 

a 
a 
2 

12 
a 

10 
2 

741 
9 

96 
65 

a 
9 
7 

72 
a 
4 

79 
1 
a 

1 
a 

191 
3 
3 

138 
a 

a 
3 

a 
85 

a 
a 
a 
a 
5 
5 

29 
a 
a 
2 

40 
a 

17 
4 

a 
11 

a 

49 
107 

a 
a 
a 

15 
10 

a 

a 

a 

76 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 
a 

93 
a 

a 

a 

83 
a 

a 

a 

a 
a 2570 
a a 

11 a 

a a 
a 22 
4 1862 
a a 
a a 
a a 
a a 

20 2570 
a a 
a a 

a a 
a 2512 
a a 

10 
a 
a 

12 
a 

a 

a 

a 

22 
2 

32 
a 

a 

3 
4 

10 
12 
22 

a 

13 
a 

a 
229 

a 
a 
a 

331 
a 

16 
a 

a 

a 
a a 

63 275 
a a 
a a 
a a 

347 1072 
a a 
a a 
a a 
a a 
a a 
a a 
a a 
a a 

19 107 
16 a 

a a 
a a 
a a 
a a 

35 759 
a a 
a a 
a a 
a a 

a a 

a 
a 
a 

22 
60 

a 

a 
a 

23 
a 
a 
a 
a 

a 
a 
a 
3 
a 

a 
a 
a 

a 
11 

a 

a 
a 
a 
a 

Little Little Chaplin Ingebrigt 
Manitou Manitou 1994 1994 

1994 1995 
a 
a 
a 

26 
a 
a 
a 
a 
9 
a 
a 
a 
a 
a 
a 
a 

7 

a 
a 
2 

a 
a 
8 

a 

a 
a 
a 
a 

a 
a 
a 

132 
a 
a 

a 

a 

31 
a 
a 

a 

a 

a 
a 

759 
a 

a 

a 

a 
a 

a 
a 

a 
a a 
a a 
9 a 

a a 
12 6761 

a a 

a a 
a a 
a a 
3 a 

62 178 
a a 
a a 
a. a 

204 a 

a a 

a 

a 
a 

110 
a 

a 

a 

a 

a 

a 
a 

a 

a 

a 
a 

a 
5129 

a 

a 

a 

a 

141 
302 

a 

a 

a 

76 
a 
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Appendix A-7. Continued. 

Genus 

Epithemia 

Eudorina 

Euglena 

Fragilaria 

Franceia 

Geminella 

Gleocapsa 

Gleocystis 

Gleothece 

Gloeotila 

Golenkinia 

Gomphonema 

Gomphosphaeria 

Gonium 

Gymnodinium 

Gyrosigma 
Hapalosiphon 

Heterochromonas 

Katablepharis 

Kephyrion 

Kephyriopsis 

Kirchneriella 

Lagerheimia 

Lyngbya 

Mallomonas 

Mastogloia 

Melosira 

Menoidium 

Waskesiu Waskesiu Waskesiu Humboldt Humboldt Lenore Redberry Redberry Basin Snakehole 
1992 1993 1994 1989 1990 1990 1989 1990 1990 1994 

a 
a 
a 

105 
a 
a 

a 

6 
a 
7 

10 
3 

69 
a 

a 
a 

a 

a 
2 
a 

a 

a 

a 

4 

a 

a 

417 
a 

a 

76 
a 

871 
a 

a 

23 
33 

a 
23 
3 
5 

81 
a 

8 

a 
a 

a 

4 

a 

a 
14 

a 
a 

23 
a 

251 
a 

a 
a 
5 

295 
3 

a 

7 

3 

a 
16 
3 
a 

37 
a 

21 
a 

a 

a 

3 

1 

a 

a 
9 
8 

15 
a 

36 
2 

a 
a 
4 

25 
a 

a 

17 
a 

a 
2 

a 

7 
28 

a 

a 

a 

a 

112 
4 
2 

a 

a 

a 

a 

115 
a 
a 

a 

8 

a 
158489 

a 

a 
a 

170 
a 
a 

a 

a 
a 
a 
a 
a 
a 
a 
a 

a 

a 
a 
a 
a 
a 
a 
a 

174 
a 

a 

a 
a 
a 

339 
a 
a 
a 

a 

a 
a 
a 

1778 
a 
a 

27 
a 
a 
a 

a 

4 

a 
178 

a 
a 

a 
a 
a 

a 

a 

a 

6 
a 

a 

66 
3 

a 

a 

8 

27 
a 

10 
a 

3 

3 
6 

2 
a 

a 

166 
a 

10 
2 

a 

12 a 
a a 
a 81 
a a 
a a 
a a 
a a 
a 339 
a a 
a a 
a a 
a a 

16 603 
a 

50 
a 

a 

a 

a 
a 
a 
a 
a 
a 
a 

44 
a 

a 
43 

a 
a 

a 
a 
a 
a 
a 
a 
a 
a 
a 

87 
a 

a 

a 

a 

a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 
170 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 
a 
a 

a 

Little Little 
Manitou Manitou 

1994 1995 
a 
a 
a 
3 

a 
a 
a 
2 

a 
a 
a 

a 

a 
a 
a 

2 

a 
a 

a 

a 

a 

a 
a 
a 
a 
a 
a 
a 
a 
a 

a 
a 
a 

a 

a 
a 
a 
a 

a 

a 

a 
a 

a 
a 
a 
a 
a 

a 

a 

a 
a 

a 

a 

a 
71 

a 

Chaplin Ingebrigt 
1994 1994 

a 

a 
a 
a 
a 
a 

a 

a 

a 
a 
a 

a 

a 

246 
a 

a 

a 

a 

a 

a 
a 

a 

a 

a 
a 
a 

a 

a 

a 

a 

a 

a 

a 
a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 
a 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 
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Appendix A-7. Continued. 

Genus 

Merismopedia 

Microcystis 

Monochrysis 

Monoraphidium 

Monosiga 

Mougeotia 

Navicula 

Neidium 

Nephrocytium 

Nitzschia 

Ochromonas 

Oocystis 

Oscillatoria 

Pandorina 

Parabodo 

Pediastrum 

Pelogloea 

Peridinium 

Petalomonas 

Phacus 

Phaeaster 

Plagiotropis 

Planctonema 

Planktosphaeria 

Pleuromonas 

Proterospongia 
Pseudokephryion 

Pteridomonas 

Waskesiu Waskesiu Waskesiu Humboldt Humboldt Lenore Redberry Redberry Basin Snakehole 
1992 1993 1994 1989 1990 1990 1989 1990 1990 1994 

a 
96 
2 

2 
2 

a 
15 

a 

13 
a 
5 

83 
7 

36 
a 

15 
a 

407 
a 
a 
a 

a 
a 

14 
a 
a 

a 
a 

50 
a 
2 
a 

a 

29 
a 

a 

8 

7 
41 
59 
12 

a 
151 

10 
a 

a 

174 
a 

a 
a 

a 

a 

a 

a 

a 

28 
a 

a 

a 

a 

a 

3 

7 
53 
46 

a 

a 

43 
a 

112 

3 

a 

a 

a 

2 

7 

1 

a 

2 
a 

a 
219 

a 

a 

a 

a 

63 
a 

12 
93 

102 
58 

a 

6 
36 

a 

9 

a 

a 
20 

a 

a 

12 
a 

a 

3 
a 

a 

145 
a 
a 

a 

a 

a 

a 

a 

5 
72 

a 
a 

a 
26 
19 

a 

a 

a a 
a 13 

324 4786 
162 11 

a a 
a a 

24 246 
a a 
a 16218 
a a 
a a 
a a 
a a 

a a 
27 102 

a a 
a a 
a a 

a a 

2 

8 

7 

a 

2 

7 

a 

3 

42 
9 

83 
54 

a 

a 
a 

a 

a 

a 
a 

a 

a 

a 

5 

a 

a 

a 

8 

2 63 
a 871 
a a 
a a 

a a 

a a 
a a 
a a 

a a 
a 13 

85 3 
22 1000 
28 2399 

a a 
a a 
a a 
a a 

a 

a 

a 

a 

a 

a 

a 

7 
a 

a 

a 

a 
a 

43 
a 

a 

a 
a 
a 
a 
a 
a 

a 

a 
a 
a 

a 

a 
4 

a 

a 

525 
a 
4 

a 

a 
a 
a 
a 

a 

a 

a 

a 

a 

a 

a 

a 
a 
a 

a 

Little Little 
Manitou Manitou 

1994 1995 
a 
a 
a 

a 

a 
14 

1 

a 

a 

6 
3 
4 
a 
a 

a 

a 

a 
a 
a 

a 
a 

a 

a 

a 

a 

a 

a 

a 

a 
a 
a 
a 
a 

62 
8 
a 

a 
54 

3 

a 
2 

a 
a 
a 

a 

a 

a 
a 
a 
a 
a 
a 
a 

a 
a 

Chaplin Ingebrigt 
1994 1994 

a 

a 
a 

a 

a 

a 

178 
a 

a 
91 

380 
a 

3 

a 

a 

a 
a 

a 

a 
a 

a 

3802 
a 

a 

a 

19 
a 

a 

a 

a 

a 

a 

a 

a 
4467 

135 
a 

31 
30 

a 
a 

a 

a 

a 
a 

a 

a 
a 

a 
a 

a 

a 

a 

a 

a 

a 
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Appendix A-7. Concluded. 

Genus Waskesiu Waskesiu Waskesiu Humboldt Humboldt Lenore Redberry Redberry Basin Snakehole 

Quadrigula 

Rhabdoderma 

Rhizosolenia 

Rhodomonas 

Rhoiocosphenia 

Rhopaloidia 
Salpingoeca 

Scenedesmus 

Scherffelia 

&intilla 

Sennia 

Sphaerobotyrs 

Sphaeroeca 
Sphaerosystis 

Spirogyra 

Spondylosium 

Staurastrum 

Stauroneis 
Stephanodiscus 

Stichococcus 

Stichogloea 

Surirella 

Synechococcus 

Synedra 

Tabellaria 

Tetraedron 

Tetramitus 

Uroglena 

1992 1993 1994 1989 1990 1990 1989 1990 1990 1994 

a 

a 

a 

4 

a 

a 

2 

6 

a 
a 

a 

a 

a 

9 

a 

a 

32 
a 

7586 
a 

49 
a 

21 
7 

18 
6 

a 

a 

a 

a 

4 

8 

26 
a 

2 

5 
a 

a 

a 

11 

a 

17 
a 

58 
37 

a 

12589 
a 

148 
a 

a 

19 
186 

8 

a 

a 

5 

2 
47 
17 

a 

a 

4 
3 
a 

a 

a 

a 

a 

10 
a 

a 

10 
a 

676 
a 

12 
a 

a 

20 
759 

2 

a 

a 

a 

a 

a 

54 
33 

a 

81 
4 

a 

a 

a 

a 
a 

4 

a 

aa 
a 

a 

12303 
a 

a 

a 

a 

16 
40 

a 

a 

a 

a 

a 

a 

10715 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

25 
a 

a 

10 
23 

a 

a 

a 

a 
a a 
a 83 
a a 
a a 

a a 

a a 
10715 a 

a 1175 

a a 
a 646 
a a 

a 148 
a a 

a 1445 
a a 
a a 

a 

a 

7 

41 
a 

a 

2 

2 

4 

7 

12 
a 

a 

191 
148 

a 

a 

a 

200 
a 

a 

224 
a 

16 
5 

a 

a 

a 

a 

a 

11 

2 

7 

a 

2 

a 

a 

a 

2 

a 

a 

3 
a 

a 

a 
a 

49 
a 

a 

22 
a 

3 
a 

a 

a 

a 

a 

a 

12 
15 

a 

a 
9 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

2 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

2 

a 

3 
a 

Little Little 
Manitou Manitou 

1994 1995 
a 

a 

3 
a 

20 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

17 
1 

a 

a 
a 

a 

a 

a 

a 

a 
a 
a 

a 

a 

4 

a 
a 

a 

a 
4 

a 

a 
a 

40 
a 

a 

a 

a 

17 
a 

Chaplin Ingebrigt 
1994 1994 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 

a 
a 

a 

a 

a 

a 

a 

a 

309 
a 

45 
a 
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