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Abstract 

Phytoplankton activity in the Red and Assiniboine Rivers was 

examined during the ice-free period over two years (1994 and 1995) to 

evaluate the impact of physical and chernical factors (including) 

anthropogenic discharges on phytoplankton productivity, photosynthesis and 

standing crop. In total, approximately 60 kms of the Red and Assiniboine 

Rivers were sampled on a weekly basis for phytoplankton activity and this 

was related to the physico-chernical status in the Rivers by a series of 

multivariate approaches including principal component, canonical 

correlation and mu1 tiple discriminant analyses. 

The spatio-temporal variability in parameters was examined and 

pronounced temporal fluctuations in parameters appeared to be highly 

correlated with River flow rate. Between Rivers and between upstream and 

downstream Red River locations, there were significant differences in 

primary productivity that were related to the availability of light within the 

water colurnn (i.e., euphotic depth) and possibly to nutrient load. 

The study clearly identified the restrictions of phytoplankton saturated 

production to the superficial layers of the water column. While light 

extinctions were significantly different between yens of the study, there was 

an alteration in phytoplankton photosynthetic efficiency that is proposed to 

have sustained a conservative saturating depth for photosynthesis. The 

differences in turbidity between 1994 and 1995 in the Red River did not reduce 

saturated photosynthesis but rather compromised light-lirnited rates in 1994. 

However, in both years, the negative influence of turbidity was pronounced. 

There were few periods during the study in which nutrient status was 

clearly observed to be a factor in modifying phytoplankton activity. However, 
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during late September and October, in 1995, there was a downward shift in the 

N/P ratio that coinaded with the occurrence of the cyanobacteria Anabaena 

and Aphanizomenon. Photosynthetic parameters were shown to markedly 

deviate during this time as weii. 

This study was limited in its ability to determine the sole influence of 

nutrient load on phytoplankton productivity and photosynthesis. This was 

explained by the spatial gradient downstream of increasing light availability 

and nutrient load. Since it was dearly observed that euphotic depth and the 

underwater light environment were the principle factors to modify 

phytoplankton activity in the Red River, it was difficult to isolate the impact 

of nutrient Load from euphotic depth downstream of the City of Winnipeg. 

Both parameters were significantly higher when compared with upstream 

locations. 
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Chapter 1 Introduction 

1.1 Features of Rivers 

There are important physical features of rivers that may be integral to 

the biotic processes that occur within them. These featuxes indude generaliy 

short residence times, which Vary in relation to Channel morphometry, and 

turbulent mixing that prevents the water c o l m  from stratifying. Reynolds 

(1994) has described a river, not by the severity of the turbulence it 

experiences, but rather by the kinetic energy that it typically displays. The 

distinction between rivers and lakes is based on the fact that in the latter, it is 

wind energy that is the principle action to generate turbulence. In rivers, 

there is a continuous horizontal unidirectional movement of water that may 

Vary in discharge rate but will always result in more or less turbulent eddies 

and never experience periods of stability as occur in lakes. As water is 

discharged downstream, attributes of the kinetic flow change with Channel 

cross-section area. Turbulence in the form of eddies, riffles, runs and pools 

create erratic water movements and circulation patterns. Furthemore, there 

may be pronounced temporal changes in the discharge rate from the runoff of 

the surrounding watershed not to mention the resuspension of sedirnents 

from eroded river banks. Consequently, the entrained particdates, including 

phytoplankton, will be churned within the water column and likely be in 

continuous motion. 

Another distinguishing feature of rivers as opposed to lakes is the 

typically higher concentrations of nutrients found in rivers throughout the 

year. The stratification that occurs in lakes during the summer months 

effectively seals off the deeper profiles of the lake and consequently traps 

nutrients from the superficial epilimnion (Wetzel 1983). In contrast, nutrient 



depletion is rarely observed in rivers since there are greater contributions 

from runoff from the surrounding watershed and the resuspension of 

sediments by turbulence (Meybedc 1982). 

1.2 Algae and Rivers 

The phytoplankton community in rivers m u t  necessarily adapt to the 

variable river discharge and the degree of turbulent mixing (Reynolds 19941, 

not to mention the temporal cydes in water chemistry (Davis and Keiler 1983) 

and the underwater light regime (Le., Dokulil 1979 and 1994, Baker and Baker 

1979 and Grobbelaar 1985). The successful phytoplankter will arguably be the 

one that is tolerant of physical limitations and able to rapidly assimilate 

available nutrients in order to maintain short generation times. 

The phytoplankton community structure has also been related solely to 

flow driven changes in physical processes including discharge rate, 

temperature and light conditions. In the River Moselle, Descy (1993) 

considered the changes in phytoplankton community structure to be 

correlated to the severity in the changes in these factors. When there were 

large fluctuations in discharge, diversity was low and the assemblage was 

dominated by small centric Stephanodiscus spp. diatoms. Conversely, as 

these conditions improved, there was first an increase in the diversity, 

refleaing the intermediate range of river discharge, which was followed by a 

low diversity and dominance of Skeletonema spp. during low fluctuating 

conditions. Carvajal-Chitty (1993) found many similar responses in 

phytoplankton community structure in the Orinoco River in Venezuela. 

The pronounced shifts among Chlorophyceae, Bacillariophyceae and 

Cryptophyceae dominance was correlated with disturbance due to increases of 

water level and the suspended sediment. 





which will be availabie for phytoplankton photosynthesis may o d y  represent 

a small fraction of the incoming irradiance (Dokulil 1979, Wetzel 1983, 

Grobbelaar 1985, Oliver and Ganf 1988). When turbid conditions prevail, the 

depth to which irradiances penetrate wiil be severely comprornised and wili 

be evidence by shallow euphotic depth, secchi depth and greater light 

extinction (Talling 1971, Dokulü 1994 and Grobbelaar 1985). 

While it has been clearly documented that phytoplankton standing 

crop may create a light-limitation in the water-column, i.e., self-shading 

(Talling 1971), the impact of abiogenic turbidity is less understood. However, 

conference symposia and publications have been forthcoming on this subject 

(Le., volume 289 of Hydrobiologia). There is a growing body of evidence to 

show that abiogenic turbidity typical of shallow lakes, impoundments and 

rivers reduces the potential phytoplankton production by plaung a limitation 

below that ordinarily observed by self-shading in otherwise nutrient rich 

conditions (Saballe and Kimmel 1987, Dokulil 1994). So severe is this 

limitation, that Jewson and Taylor (1978) have described a competitive 

response in phytoplankton for the light that is rapidly attenuated by abiogenic 

physical factors. 

The importance of light-limitation on phytoplankton photosynthesis 

has been dearly established (Reynolds 19û4 and 1994, Ssballe and Kimmel 

1987, Grobbelaar 1985, Dokulil 1994). Talling (1971) used the ratio of euphotic 

depth to mixing depth to desaibe the underwater light environment to 

which circulating phytoplankton were exposed. Since then researchers 

induding Grobbelaar and Stegmann (1976), Grobbelaar (1985), Dokulü (1994) 

and Reynolds (1994), to name only a few, have referred to its utility in 

defining the photosynthetic and productivity processes of turbid shallow 

systems. Reynolds (1994) contrasted the photosynthetic processes and 



productivity of turbid lakes and rivers with those of deep dear lakes in which 

the entrained phytoplankton is in continuous vertical motion. 

As cells are erratically relocated in the water column by turbulent 

motion, they are exposed to varying irradiances. In a dear water body, in 

which the light is principaiiy attenuated only by water itself, the underwater 

light environment will conceivably penetrate to the circulation, or mixing, 

depth below. Therefore, the celis will be continuously exposed to a profiie of 

light as they are transported verticdy through the water column (Grobbelaar 

1985, Reynolds 1994). However, as the suspended load, that is either abiogenic 

or biogenic, is increased in the water column, there is greater scattering and 

absorption of light. Consequently, light extinction results in shallower 

euphotic depths than the mixing or circulating depth. Cells that are entrained 

in the water column are exposed to less and less available light as they are 

transported to deeper depths. If the attenuation is so severe, there may be 

excessive portions of the water column that do not support net 

photosynthesis since light penetration beyond the compensation level is not 

encountered at these depths (Grobbelaar 1985, Reynolds et al. 1994). 

The utility of the ratio of euphotic to mixing depth relates to the 

changes in euphotic depth due to turbidity (Grobbelaar 1985). As suspensions 

of particulates increase, there are concomitant increases in light extinction 

and reductions in the euphotic depth. A profile ensues between the euphotic 

depth and mixing depth in which subsaturating irradiances, or even 

darkness, prevail. If the circulation of the water column is over short 

intervals, then the exposure of communities to subsaturating irradiances will 

have less impact than 

Grobbelaar (1985 and 

factors are critical in 

if the circulation occurs over extended periods. Thus, 

1989) and Reynolds (1994) have conduded that 

determining photosynthesis in turbid sys tems: 

5 

three 

The 



circulation pattern of entrained cells, attenuation of light within the water 

column, and the relative muing depth in the water column. 

1.4 Natura. and Anthro~o~enic Sources of Nutrients in Rivers 

Since before the tirne of the first sewage collection system in the Indus 

valley and Middle East cities some 5000 years ago (Meybeck 1993), human 

activity have profoundly influenced the quality of surface waters. Our 

influence has accelerated since the 1950's with the mass production and 

application of N and P fertilizers, detergent polyphosphates, effluent from 

pulp and paper mills and textile and food industries, not to mention the 

enrichment by the fallout of atmospheric pollutanh. Conservative estimates 

indicate that anthropogenic additions have resulted in a doubling of nutrient 

loading in river systems in the last few decades (Meybeck 1982 and 1993), and 

this is perhaps most pronounced in Europe. Furthermore, the transport of 

these nutrients to oceans only reduces these additions by less than 10 %, and 

the remainder is retained on the continental surface (Meybeck 1993). 

Concomitant with these enrichments has been changes in the biotic 

community. Nuisance phytoplankton blooms, including filamentous 

cyanobacteria and Cladophora have been observed to dog waterways and 

shorelines downstream of point discharges (Whitton 1975). There have also 

b e n  substantial inaeases in heterotrophic bacterial processes on enhanced 

organic loads (Whotton 1994). 

There are comparatively few forms of phosphates in natural bodies of 

water and over 90 % of phosphorus is bound to organics in cellular 

constituents (Wetzel 1983). Conversely, the sources of inorganic nitrogen are 

several-fold and indude nitrate (NO3-), nitrite (NO29 and amrnonia (m+ 
and NH3). In natural waters, that are not impacted by human activity, these 

nutrients are very nearly undetectable. For example, the concentrations of 
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orthophosphates available to autotrophic organisms is typicdy between 1 to 

24 pg 1-1 with the most commonly encountered value around 8 pg 1-1 

(Meybeck 1982). Furthermore, there are relatively low concentrations of 

allochthonous organics in natural rivers since these are rapidly mineralized 

by decomposition and assimüated by autotrophic organisms. 

There have been great shides to quantify natural concentrations in 

pristine rivers in order to generate a database for comparative work with 

human disturbed systems. For exampie, Meybeck (1993) has described the 

global concentrations in unpolluted waters as the most common natural 

concentration (MCNC). This value represents the median concentration on a 

distribution curve from major rivers around the world. In Table 1.1, the 

nutrient concentrations of unpolluted rivers, including their minimum, 

maximum and MCNC are compared to the Seine and the Mississippi Rivers 

of France and Unites States, both of which have been exploited by human 

activity. 

Table 1.1 Statisticai distribution of N and P (mg 1-1) in unpolluted world 
Rivers, the Seine and Mississippi Rivers that are affected by multiple human 
activity (from Meybedc 1993). 

s 

Dissolved Inorganic 
Carbon (DIC) 
Dissolved Organic 
Carbon (DOC) 
Particdate Organic 
Carbon (POC) 

Nitrate (N03--N) 
Soluble Organic 
Nitrogen (SON) 
Soluble Reactive 
Phosvhorus (SRP) 

UnpoLluted Rivers Seine 
Minimum 1 Maximum 1 MCNC 

Mississippi 



The disparity between Rivers in regards to nutrient enridunent was 

pronounced in 2993, the year of the report. In particular, the concentrations 

of -+ and SRP were found to be higher in the Seine and Mississippi Rivers 

when compared unpolluted rivers and this enrichment was most 

pronounced in the Seine River. This was evidenced, for example, in 

concentrations of m+, NO3- and SON (Table 1.1). 

In Manitoba, surface water quality, including local discharge 

regulations, are regulated by the government through a series of objectives 

outlined in, for example Williamson (1988). To meet these standards, the 

City of Winnipeg water pollution control efforts have incurred over $200 

million in renovations to treatrnent plant processes over the past 20 years 

(Ross 1996). 

Davis and Keller (1983) examined the seasonal cydes in the transport of 

dissolved and suspended material. In temperate rivers, there are seasonal 

changes in the chemical coricentrations of rivers that at times, appear poorly 

correlated to precipitation. In the winter precipitation is accumdated as snow 

and is not a contributing factor to river discharge. While the high discharge 

rates that result from snowmelt appear uncorrelated to recent precipitation 

events, the runoff from the surrounding watershed significantly enhances 

the allochthonous nutrient load. Lastly, there is a transition into summer 

and autumn conditions with significant evapotranspiration losses. The 

varying contribution of water from rain, snowmelt and groundwater during 

the course of the year were proposed by Davis and Keller (1983) to be a factor 

that defines the chemical concentrations found in streamwater and river 

water. 

Meybeck (1993) compared the influence of river discharge on nutrient 

concentrations in pristine and anthropogenically impacted rivers. As shown 



in Figure 1.1, these relationships were profound for concentrations of NO3- 

and SRP. In particular, the discharge in pristine rivers was poorly correlated 

with either NO3- or SRP concentration in the river water. The slight inaease 

that is observed for NO3- was contributed by the runoff from the surroundhg 

basin. Conversely, there are more pronounced correlations between river 

discharge and nutrient concentrations in regions more heavily exploited by 

human activity. In agricultural watersheds, the enhanced concentrations of 

NO3- and SRP observed in river water during high discharge result from the 

runoff of fertilizers and manure from saturated fields. Lastly, point sources of 

industrial or wastewater treatment plants are characterized by dilution 

patterns with increase discharge. 

2.5 Nutrients and Biotic Processes 

Quantifying the cyding of nutrients in disturbed areas is complicated by 

the biochemical reactions that result in transformations of organic and 

inorganic pools of carbon, nitrogen and phosphorus. This is most 

pronounced in nitrogen cycling in which ammonification of organic 

nitrogen, nitrification, denitrification and nitrogen fixation can dramatically 

alter the concentrations of the various nitrogen forms (Wetzel 1983). Jana 

(1994) provides a review of the processes of ammonification of organic 

nitrogen by heterotrophic bacteria in aquatic environments. 

There are both ionized (Na+) and unionized (NH3-N) species of 

ammonia dissolved in water that edst in equilibrium defined by temperature 

and pH (Trussell 1972). When the unionized form reaches particularly high 

concentrations, it may become toxic to fish populations (Richardson 1991, 

Mommsen and Walsh 1992, Wajsbrot et al. 1993). There are inconsistencies 

in the reported thresholds of critical concentrations that may be species- 

9 



Log River Discharge (1 s-1 km-2) 

Figure 1.1 Behavior of (a) nitrate and (b) soluble reactive phosphorus 
to River discharge in: 

a pnsitne streams; 

b agricultural watershed with drainage systems; and 

c systems receiving domestic waste water inputs. 



specific. While Richardson (1991) has found that toxicity at 15 OC and p H  8 

was approximately 1.60 mg NH3-N 1-1, Wajsbrot et al. (1993) reported the 

maximum acceptable toxic concentration for growth at 0.3 and 0.5 mg NH3-N 

1-1. Furthermore, Szai et al. (1991) have reported greater toxicity in 

chlorinated effluent because of the interactive effects of residual chlorine, 

ammonia and reduced dissolved oxygen concentrations. Further 

complicating the issue of toxicity is the influence of intermittent exposure to 

ammonia that rnay be more important in defining toxicity than continuous 

exposure (Handy 1994). 

Further transformations of the ammonia pool involve the nitrification 

of ammonia to nitrate, in which organic and inorganic nitrogen speues are 

oxidized to nitrate. While the process reduces the concentration of ammonia 

in solution, the oxygen demand during the reaction rnay reduce oxygen 

concentrations dissolved in the water. Although the process rnay continue at 

low oxygen tensions, Wetzel (1983) has desaibed an inhibition of nitrification 

in waters containing high concentrations of dissolved humic organic matter 

such as tannins. 

Through the actions of denitrification and N2 fixation, there rnay be 

export and/or import of nitrogen that does not strictiy lead to its recyding 

within the system. In particular, denitrification occurs by facultative 

anaerobic bacteria and involves the biochemical reduction of oxidized 

nitrogen species, Le., NO3- and NO2; with concomitant oxidation of organic 

matter (Wetzel 1983). In so doing, the combined nitrogen concentration rnay 

be significantly reduced and the N2 gas formed rnay represent a net export to 

the atmosphere. Conversely, some cyanobacteria may fix 

atmospheric/dissolved Np gas directly by way of nitrogenase and thereby 

import nitrogen into the system. Such a procesç is conçidered to have 

I l  



significant ramifications in the dominance of heterocystous cyanobacteria 

blooms during periods in which the N/P ratio is low (Sdundler 1977, Hecky 

et ai. 1993). 

The assimilation of nitrogen compounds by autotrophic 

phytoplankton has been well studied in the laboratory setting (i.e., Hattori 

1960, Syrett and Morris 1963, Healey 1977). And parallehg the numerous 

transformations of nitrogen by heterotrophic bacteria, there are seemingly 

varied sources of nitrogen available to algae as evidenced by the utilization of 

arnmonia, nitrate and nitrite as well as organic sources such as urea, amino 

acids and purines (Healey 1973 and 1977, Neilson and Larsson 1980). 

However, whatever the source, there is consensus that it is first converted to 

NH4+-N before incorporation into cellular organic compounds (Syrett 1981). 

Consequently ammonia has generally been considered the more energy- 

efficient sourcc of nitrûger~ ;or plants. Furthermore, the suppression of 

nitrate assimilation, via the inactivation of nitrate reductase, has been linked 

to the availability of ammonia (Syrett and Morris 1963, Eppley et al. 1969). 

However, while higher growth rates have been reported in algae grown on 

sources of ammonia, toxicity may occur at high concentrations (Toetz et al. 

1977, Toetz and Cole 1980). 

The forms of phosphorus that are available to autotrophs are more 

restricted. Generally, the only inorganic form that is assimilated by algae is 

orthophospha te, although there have been reports of utilization of 

polyphosphates and organic phosphorus compounds by the action of alkaline 

phosphatase (Healey 1973, Nalewajko and Lean 1980, Pi& 1987). 

Phytoplankton cells growing a nutrient-unlimited environment 

would normally show a CN:P atomic ratio of approximately 106:16:1, typicdy 

referred to as the Redfield ratio (Redfield et al. 1963). While studies have 



adjusted the range in these ratios which suggest suffiuency, large deparhues 

are considered to represent nutrient limitation. Indicators of nutrient 

deficiency typically include ratios of compositional atomic nitrogen, 

phosphoms, carbon, silicon and units of biomass (dilorophylI a, dry weight). 

The rather ubiquitous response to sufficiency/defiuency in numerous 

algae have permitted the semi-quantification of physiologicai deficiency 

(Healey 1975, Healey and Hendzel 1980). The general response to a deficiency 

in nutrient is a deaease in the ce11 quota of the limiting nutrient. The effects 

of both phosphorus and nitrogen limitation have been extensively studied in 

the marine diatom Thalassiosira (Eppley and Renger 1974, McCarthy and 

Goldman 1979). Nitrogen limitation causes a decrease in growth rate 

expressed as generation time and photosynthetic rate. The cell quotas for 

nitrogen, phosphorus, and dilorophyll a dedine at a faster rate than that of 

carbon, bringing about an increase in the ratio of carbon to the other ce11 

components when deficiency occurs (Healey 1973 and 1975, and Healey and 

Kendzel 1980). Phosphorus deficiency also increases the generation time, but 

while the ce11 quota for phosphorus drops, nitrogen remains constant and the 

carbon per ce11 inaeases. 

The utility of atomic ratios in ecological applications has been 

indispensable in surface water management as reviewed by Hecky and 

Kilham (1988). Perhaps the importance of these ratios, and in particular the 

N/P ratio, is exemplified in the occurrence of heterocystous cyanobacteria in 

phosphorus enriched systems which result in a depressed N/P ratio 

(Schindler 19ïï). Although both the absolute concentrations and ratio of N 

and P Vary depending on the source, an average N/P ratio for North 

American sewage is 4:1 to 5:1, which contrasts with the Redfield naturai ratio 

of 16:l to 30: 1 in natural inputs (Schindler et al. 1973). Concomitant with the 



change in the N/P nutrient ratio is the shift in the phytoplankton of sewage 

enriched receiving waters from a state of phosphorus deficiency to one of 

nitrogen limitation. The occurrence of the cyanobacterium An ab aena 

correlated with nitrogen limitation has been weil documented (Schindler 

1977, Hedcy ef al. 1993). Furthemore, Flett ef al.  (1980) has shown that it is 

not the concentration of soluble inorganic nitrogen (SIN) in the water 

column, per se, that influences phytoplankton composition. By altering the 

concentration of SIN, it appeared that there was little consequence on the 

dominance of heterocystous cyanobacteria, as their occurrence was noted at 

both high and low SIN concentrations. Rather, these researcher reported that 

it was the ratio of SIN to inorganic phosphorus that was the determining 

factor in the occurrence of a bloom. The importance of this ratio has also 

been used in efforts to determine causes of nuisance blooms of Clado~hora in 

anthropogenically enriched streams (Lohman et al.  1992). 

1.6 The Relation Between L i ~ h t  and Nutrients in Rivers 

While the importance of nutrient status in defining suffiuency and 

deficiency has been dearly identified, there is an increasing acknowledgrnent 

of the restrictions of nutrients as sole predictors of phytoplankton aaivity in 

rivers and impoundments (Saballe and Kimmel 1987, Reynolds 1994, Dokulil 

1994). In these systems, the residence time and turbidity are reported to 

reduce population dynamics below its potential (Bindloss 1976, Saballe and 

Kimrnel 1987). For example, Kimmel et al. (1990) found that phytoplankton 

production was lower than wouid be predicted by elemental concentrations of 

N or P. Bindloss (1976) reported that although the Loch Leven had a high 

phytoplankton production potential, it was not realized because the 

resuspension of sediments significantly increased light attenuation. 



Furthemore, the cyding of nutrients has been reported to shift from biogenic 

to physical control as residence time deaeased (Meyer and Likens 1979). 

Several researchers have reported differences in the relationships of 

total phosphorus concentrations with phytoplankton activity. Saballe and 

Kimmel (1987) and Dokulil (1994) found that phytoplankton standing a o p  

were significantly lower, by about 2 to 3 times, than counts in lakes with 

comparable phosphorus concentrations. Phytoplankton abundance in 

systems of short residence times was found to often depend more on 

variation in physical characteristics (i.e., temperature, turbidity and flow 

variation) than on actual nutrient concentration (Hynes 1970, Swanson and 

Bachmann 1976, Round 1981, Seballe and Bachmann 1984, S~ba l l e  and 

Threlkeld 1985). 

Models that related phytoplankton abundance and productivity strictly 

to nutrient concentration may neglect the influence of physical factors. In 

short-residence systems, such as rivers and impoundments, abiotic factors 

that may be unrelated to nutrient availability have dearly been shown to be 

important determinants of phytoplankton biomass (Dokulil 1994, Grobbelaar 

1985, Se~balle and Kimmel 1987, Loehr 1987). As a result of the dissirnilarities 

in the magnitude of discharge between rivers and lakes, the relative 

importance of physical and biotic processes would necessariiy differ and the 

river phytoplankton community composition and dynamism should be 

more dosely tied to turbulence and light availability (i-e., Descy 1993, Dokulil 

1994, Reynolds 1994). 

1.7 The Utilitv of Alprae in River Assessments 

Algae are being increasingly exploited in biomonitoring in both Europe 

and the United States (i.e., Whitton 1975, Lhotsky and Marvan 1991, Coste et 



al. 1991, Dokulil 1991). Arguably, it makes more sense to monitor the 

response of the biological communities in conjunction with changes in the 

physico-chernical status than the latter alone. Organisms have a integrated 

response to their dynamic environment which may be readily measured. 

However, as pointed out by Whitton and Kelly (1995), even though 

photosynthetic algae are important components of most rivers, their actual 

use for monitoring purposes seldom matches their importance. 

The advantages of using algae to rnonitor water quality are several fold. 

They form an important component of the system that can neither be 

removed nor ignored in ecological modeling, they are present before and after 

pollution incidents and their nutrient and community composition tend to 

reflect that of the surface water. However, as pointed out by Cox (19911, the 

validity of correlations between measured environmental variables and 

species abundance or standing crop without demonstrable causal 

relationships is questionable. 

1 -8 Obiec tives 

The objectives of this study were to assess the activity of the 

phytoplankton community in the Red River and to determine the influence 

of Assiniboine discharge, and anthropogenic activity, induding point source 

discharges and urban runoff, on these processes. To this end, the thesis has 

been organized into sections as follows: 

(1) Chapter 2 provides a desaiption of the study area induding the 

physical geography and anîhropogenic activity. 



Chapter 3 presents a summary of the methods, including field 

techniques, laboratory procedures and statisticd approaches used in the 

collection and analysis of data. 

Chapter 4 provides a detailed description of the temporal and spatial 

variability observed in physical, chernical and phytoplankton 

p arameters. 

Chapter 5 evaluates the underwater light environment as a potentiaily 

limiting factor to phytoplankton activity. 

Chapter 6, through a multivanate approach, identified the factors that 

were most influential to phytoplankton photosynthesis and 

productivity in the years of the study. 

1.9 Definitions 

The following indudes definitions and terms encountered throughout 

the thesis: 

(a) Physical Parameters: measures of flow rate, precipitation, in situ water 

temperature, ambient photosynthetically active radiation (PAR), light 

extinction and euphotic depth. Light extinction and euphotic depth were 

measurements of the available light within the water column and were, 

themselves, negatively correlated. 

(b) Chernical Parameters: measurements of nutrient concentrations 

(mg 1-1) induding carbon, nitrogen and phosphorus as foliows: 

DO = in situ dissolved oxygen 

TN = total nitrogen (induding aii forms) 
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SON = soluble organic nitrogen 

SIN = soluble inorganic nitrogen (induding m + / N H 3 - N  + TON) 

N&+/NHJ-N (mg 1-1) = total ammonia nitrogen (induding ionized and 

un-ionized forms) 

TON = total oxidized nitrogen, or NOS-/N02--N 

PN = particulate nitrogen, determined in 1994 only 

Tl? = total phosphorus 

DP = total dissolved phosphoms 

PP = particulate phosphoms 

SRP = soluble reactive phosphorus 

SOI? = soluble organic phosphorus 

TOC = total organic carbon, determined in 1995 only 

SOC = soluble organic carbon 

PC = particulate carbon, determined in 1994 only 

(c) Phytoplankton Parameters: measurements of phytoplankton activity, 

induding standing crop, photosynthesis and primary production. 

Estimated Daily Productivity: measures of in situ primary production 

dependent on measures of in vitro photosynthesis and the availability of 

light within the water column. 

Standing crop or biomass (pg Ch1 a): esiîmated by the concentration of 

chlorophyll a extr acted from filtered water samples. 

Parameters of Photosynthesis: measures of photosynthesis under light- 

limitation (alpha) and saturation (P,,) that result in a curvilinear 

relationship (i.e., the P vs. 1 curve). 

alpha (pg C 1-1 h-1 po le -*  m-2 KI): is the inaeasing dope of the P vs. 1 

curve representative of light-dependent carbon uptake . With inaeasing 
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irradiance, more carbon is fixed in a linear relationship. Chlorophyll- 

normalized values of alpha are referred to as SPalpha (pg C h-1 p01e-1 

m-2 s-1 pg Chi a). 

Pm, (pg C 1-1 h-1): the plateau of the P vç. 1 cuve, representative of 

saturated carbon uptake. Once the threshold irradiance is exceeded, the 

relationship between carbon uptake and exposure irradiance become 

uncorrelated. Chlorophyll-normalized values of Pm, are referred to as 

SP, (pg C h-1 pg Ch1 a-'). 

Ii, (pmoles m-2 s-1): the threshold irradiance that saturates photosynthesis. 

This is a derived value from the intercept of alpha and Pm,,. 



Chapter 2 Study Site Description 

2.1 Geomaphv 

The area considered in this study encompassed approximately 60 km of 

the Red and Assiniboine Rivers. The Red River is formed in the United 

States by the confluence of the Otter T d  and Bois de Sioux Rivers at 

Wahpeton, North Dakota (Water Resources Division 1953). From there, the 

River travels 880 km north, through Fargo/Moorhead, Grand Forks, Emerson 

and Winnipeg until it empties into Lake Winnipeg. Along this course, it is 

joined by the Assiniboine River within the limits of the City of Winnipeg. 

The watershed of these two Rivers is vast in cornparison with the 

study area. As shown in Figure 2.1, these Rivers drain large portions of 

Manitoba, southeastern Saskatchewan, North Dakota and northwestern 

Minnesota. The Red River basin extends roughly 160 km in the east/west 

direction to Winnipeg and has several major confluences (Water Resources 

Division 1953). These include the Sheyeme, Red Lake, Pembina and Roseau 

Rivers. 

Continental glaciers çhaped the basin into a landscape of very flat lake 

plains with gently rolling uplands, lakes and wetlands dong the basin 

margins (Stoner et al. 1993). Althougii the basin only drops 0.1 m km-* 

(McLaurin and Wedel 1981), a total area of 287,500 km* is drained by the River 

at Lockport (C.E.C. 1992). 

The Assiniboine River basin drains southeastern Saskatchewan, 

northwest North Dakota and southern Manitoba. It travels south upon 

entering Manitoba, through the Manitoba Escarpment where it joins with the 

Qu' Appelie River. It then flows east to its confluence, first with the Souris 

River and finally with the Red. Of the water flowing through the City of 
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Winnipeg north of the confluence, approximately 31% is derived from the 

Assiniboine River and 69 % from the Red River. The combined origins of 

flow are 45% from Manitoba, 46% from the United States, and 9% from 

Saskatchewan (C.E.C. 1992). 

Within the confines of the study are numerous smaiier tributaries that 

may impact water quaiity in both the Red and Assiniboine Rivers. These 

indude the Lasaile, and Seine Rivers as well as Grassmere, Parkdale, Bunn's 

and Cook's Creeks along the Red River, and the Sturgeon and Omand's 

Creeks along the Assiniboine. 

2.2 Geolow and Soi1 

The Red River watershed is underlain with a bedrock composed of 

Ordovician limestone and dolomite known as the Red River formation 

(Geological Survey of Canada 1987). Over this bedrock are significant deposits 

of glacial drift (rock flour, day, sand, grave1 and boulders) that Vary in 

thickness from 9 to 15 meters (Water Resources Division 1953). Geologicaily, 

these deposits resulted from the alluvium emptied into Lake Agassiz by the 

former Assiniboine River system which, at the time of glacial retreat, drained 

the entire prairie region. Highly plastic days have deposited over this till and 

have given rise to the meanders in the Red River (McLaurin and Wedel 

1981). This winding nature is found dong much of the Red River, from its 

origins in North Dakota, and through Manitoba to the north-end of 

Winnipeg. Thereafter, the River follows a relatively direct north-easterly 

course beyond Lockport (Ross and Hemphiii 1991). 



2.3 Climate 

The climate of the Red River basin is described as continental 

subhumid (Stoner et al. 1993). The local climate in Winnipeg is best 

described by its extrernes in conditions induding wide ranges in temperatures 

and precipitation with the season (Ross and Hemphïll 1991). The long-term 

monthly mean precipitation and temperatures in Winnipeg are found in 

Figure 2.2. April through October are attributed with daily means that are 

above freezing and are highest during July (Figure 2.2b). This period is also 

attributed with higher recorded amounts of precipitation in contrast with 

winter months, but there is typically a minimum of 17.5 mm of precipitation 

during each month. Highest precipitation is commonly found in June 

(Figure 2.2a). 

Recorded precipitation varied considerably on a weekly basis during 

1994 and 1995, the years of this study (Figure 2.3). In 1994, major events were 

observed in late June and early July. In 1995, major precipitation events 

occurred in August. 

Although not shown, the in situ water temperatures are well above 

freezing by early May and remain consistently high during July and Auguçt. 

In September, temperatures are comparable to June but by October, they have 

fallen weli below the recorded values in May. 

2.4 Hvdrology 

Within the United States, 75 % of the Red River annual flow is 

received from the eastern tributaries as a result of regional patterns of 

precipitation, evapotranspiration, soils and topography (Stoner et al. 1993). 

In Canada, the annual mean discharge rates (1964 to 1990) in the Red 

River are 146 m3 s-1 at St. Agathe, upstream of the City of Winnipeg (Water 
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Figure 2.3 Total daily precipitation in (a) 1994 and (b) 1995 over the 
sampling period (May - September/October). Data ftom City of 
Winnipeg Telemetry studies (1994 and 1995) and Environment Canada 
Winnipeg International Airport (Environment Canada AES 1994 and 
1995). 



Survey of Canada 1992). Flows at Lockport, which indude the contribution 

from the Assiniboine River, are higher at 206 m3 s-1, but these rates are 

extremely variable from year to year. Rates are dominated by spring runoff 

events that, in combination with higher spring precipitation, are often 

responsible for major flooding dong the Rivers (Ross and Hemphill 1991, 

Stoner et al. 1993). 

The long-term mean + maximum/minimum discharge rates are found 

in Figure 2.4. Lowest discharges at Lockport occur during the month of 

February but increase during Mardi and Apnl. Thereafter, these rates taper 

off into the summer and fa11 months. The discharge rates in the Red and 

Assiniboine Rivers during 1994 and 1995 are found in Figure 2.5. As expected, 

these rates increased during Mardi and April of both years. However, this 

rate increase was more pronounced in 1995. Moreover, these rates remained 

elevated through May and June in 1995, a feahire that was most pronounced 

in the Assiniboine River. 

There were several months in both 1994 and 1995 in which discharges 

approached the maximum recorded long-tenn rate (Figure 2.4). In addition, 

the discharges in both Rivers rarely decreased below the long t e m  mean and 

never approached the long-term minimum. 

2.5 River Momhometrv 

Water flows and levels are regulated dong both drainage basins which 

influence the hydraulic properties of the Red and Assiniboine Rivers. On the 

Assiniboine River system, are the Shellmouth Dam and the Portage 

Diversion. The Qu' Appelle River has five smaller control structures in 

Saskatchewan that regulate water flow into the Assiniboine. On the Red 

River, both the Winnipeg Floodway and the St. Andrews Lodcs are the major 
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Figure 2.4 Long-term, 1994 and 1995 monthly River discharges monitored 
at (a) Lockport and (b) St. Agathe (Water Survey of Canada 1992,1994 
and 1995). 



Figure 2.5 Weekly River discharge rates at (a) Lockport and 
(b) Headingley during 1994 and 1995 (Water Survey of 
Canada 1994 and 1995). 



hydraulic structures in Manitoba. In addition, there axe five major reservoirs 

located on tributaries of the Red River in the United States which inciude the 

Red Rock Reservoir on the Red Rock River; Orwell on the Ottertaii River; 

Baldhill on the Sheyenne River; Homme Dam on the 

Traverse. There are also nurnerous control structures 

tributaries of the Red, as for example the LaSalie River . 

Park River and Lake 

Cound on the smaller 

mos t 

(Ross 

Within the City of Winnipeg and the boundaries of this study, the 

important of these structures is the Lockport Dam on the Red River 

and Hemphill 1991). It effectively raises the River water level during 

the open water season, thereby increasing the charnel width and aoss-section 

area downstream of the Assiniboine confluence (Table 2.1). 

2.6 Renional Uses 

Williamson (1988) has outlined the Manitoba Surface Water Quality 

Objectives (MSWQO) and it is not surprising that land-use practices are 

paramount. These practices, which indude the exploitation for hydroelectric 

stations, agriculture and forestry, rnay alter concentrations of pesticides, 

bacterial contaminants and sediment loads in the Rivers. In the United 

States, the Red River basin is heavily exploited for agriculture. In 1990, 

productive cropland covered 66 % of the land area (Stoner et al. 1993). 

Additional activity indude sugar-beet refining, and potato processing. 

More important to this study, is the recognition that surface water 

quality may be compromised through the disposa1 of industrial and 

municipal effluents. There are numerous &es and towns dong the banks of 

the Red and Assiniboine Rivers and their tributaries that discharge varying 



Table 2.1 Distances, GPS coordinates, channei widths and channel cross- 
section areas of sampling locations in the Red River. Distances were 
determined using a planimeter and map from the Surveys and Mapping 
Brandi, Dept. of Energy, Mines and Resources (1980). No morphometric 
information was available for locations dong the Assiniboinekiver. 
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levels of treated sewage into the Rivers. These centers include: Fargo- 

Moorhead, Grand Forks, Souris, Brandon, Portage la Prairie, Selkirk and 

Winnipeg. 

2.7 Citv of Winnipepi Wastewater Discharpie Practices 

Wastewater discharges to the Red and Assiniboine Rivers are derived 

from either point-source, or dry weather discharges, and urban stormwater 

runoff and combined sewer overflow, or wet weather events. Dry weather 

sources are defined as year round discharges from treatment facilities that are 

independent of major Storm events or snow melt. In Winnipeg, these 

originate from three wastewater treatment facilities (WPCCs) (Figure 2.6). 

Two of these WPCCs are located dong the Red River. The largest is located 

near the northern lirnit of the City, the NEWPCC, and services an area of 

approximately 16,200 ha, or roughly 70 % of the sewered-area of the City. The 

smaller facility, the SEWPCC, is located near the southern limit of the City 

along the Red River and services an area of approximately 7,700 ha or 20%. 

The third treatment faülity, the WEWPCC, is also located near the western 

limit of the City of Winnipeg on the Assiniboine River and services 3,900 ha 

or 10 % (Permut et al. 1980). Information about WPCC loadings in the Red 

River is available in, for example, Wardrop et al. (1991). 

Al1 City of Winnipeg treatment facilities have been equipped with 

primary and secondary technologies that indude oxygen-activated secondary 

treatment at both the NEWCC and SEWPCC. Furthermore, sludge digestion 

and dewatering (of primary sludge and waste activated sludge) are performed 

at the NEWPCC (Ross 1996). 



AU 

Perirneter Highway 

Figure 2.6 Locations of the thirteen samphg stations along the Red (R) 
and Assiniboine (A) Rivers in relation to the three water pollution control 
centers within the City of Winnipeg and the Assiniboine confluence. 
SEWCC, NEWPCC and WEWPCC represent the South, North and West 
End Pollution Control Centers. 



There are a few smaller dry weather discharge sources that have been 

identified other than the City of Winnipeg. In 1991, there were nine sources 

identified within confines of the study area between the NEWPCC and 

Lockport. Four were identified between Headingley and the Assiniboine 

confluence (Wardrop et al. 1991). However, based on their disdiarges, these 

were overwhelmingly outranked by the three WPCC's. 

As the quality of treated effluent has increased, attention has shifted to 

the issue of discharges that originate from stormwater runoff and combined 

sewer overflows. These are episodic wet weather events, in which the 

volume of discharge overwhelms the carrying capacity of interceptors 

(Wardrop et al. 1991). The standard design for WPCC's in Winnipeg calls for 

secondary treatment of peak wet weather flows of up to 2.75 x average dry 

weather flow (Ross 1996). Approximately thirty to fifty times a year, however, 

the carrying capacity of interceptors is overwhelrned and overflows occur. In 

1992, these events were associated with inaeases in fecal coliform densities 

(C.E.C. 1992). 

Hvitved-Jacobsen (1986) provides an overview of the impacts of urban 

mnoff on receiving waters and identifies three factors, namely the short and 

long term depletion of oxygen, inoculum of bacteria and pathogens, and the 

inaease in phosphorus load as critical factors. Furthemore, stormwater and 

combined sewer runoff enhance scouring and resuspension at discharge sites 

which significantly increase the concentrations of total suspended solids in 

Rivers. 

2.8 Site Selection 

The boundaries of this study were set by the south Floodway Control 

structure and the Lockport Dam to the north of the City. Along the 



Assiniboine River, the western boundary was established at Headingley 

(Figure 2.6). In total, there were eleven sampling locations chosen along the 

Red and two along the Assiniboine Rivers. Their locations were chosen to 

monitor changes in chernical and phytoplankton parameters through the City 

of Winnipeg as well as downstream of the NEWPCC. 

Red River sarnpling locations were identified by an R and a number. 

R1 to R4 were stations located upstream of the Assiniboine River confluence, 

with RI located downstream of the Floodway Structure but upstream of the 

Lasalle confluence (Figure 2.6). R3 was positioned adjacent to the SEWPCC. 

R5 and R5.1 were Iocated downstream of the Assiniboine confluence and R6 

adjacent to the NEWPCC. Lastly, R7 to RI0 were located at inaeasing distance 

downstream of the NEWPCC to the Lockport Dam. The GPS coordinates and 

the approximate distance of these sampling station from RI are found in 

Table 2.1. 

Along the Assiniboine River, the two stations were identified with an 

A followed by either a U, to reflect its location upstream of the WEWPCC, or a 

D, to reflect its location downstream of the point source. AU was located in 

Headingley, adjacent to the Beaudry Park boat launch. AD was positioned 

within the City of Winnipeg at Clifton Street, some distance downstream of 

the WEWPCC (Figure 2.6). Site selection along the Assiniboine River was 

restricted due to accessibility of the River. In fact, AD was the farthest 

upstream dong the Assiniboine that was considered to be reliably accessible 

throughout the sampling year. 



Chapter 3 Materials and Methods 

3.1 Introduction 

This chapter desaibes the methods employed in the collection and 

determination of physical, chernical and phytoplankton parameters. A brief 

explanation is aiso provided outlining the statistical techniques that were 

employed in subçequent chapters. 

3.2 Field/Sam~linp: Methods 

Stations were sampled weekly from the beginning of May to mid- 

October in 1994 and from late July to mid-October in 1995. The delay in 1995 

was because of uncharacteristically high River discharge in both May and 

June that prevented navigation by boat. As well, in both years the sampling 

effort was suspended for a period in July (from the 18th to 31st in 1994; the 

23=d to 30th in 1995). Thus, while there were 23 possible weeks of sampling in 

each year, only weeks 8 through 10 (late June to mid-July), and weeks 13 

through 23 (August through mid-October) were sampled in both years. There 

was no information available for weeks I l  and 12 (in July) in 1994 and weeks 

1 to 7 (in May and June) and week 12 (in July) in 1995. 

To ensure that disaete water samples were taken from each location, 

the geographic sampling order was from the furthest downstream station 

(RIO). Sampling continued upstream to the confluence of the Red and 

Assiniboine Rivers (R5). On the second day, the Assiniboine stations (AU 

and AD) as well as the locations upstream of the confluence (from R4 to RI) 

were sampled. The AU station was sarnpled at dawn on the second day using 

a canoe because of the restricted access by motor boat. These sampling 

locations are çhown in Figure 2.6. 



In situ measurements of dissolved oxygen and water temperature 

were made using a YS1 (Mode1 50) probe and stir~er, while pH was measured 

using a Horïba U-10 Water Quality CheckerTM. Al1 measurements were made 

at a depth of 0.5 m. The light profile, using 0.1 rn inaements, was determined 

at each station using a submersible LI-COR Spherical Quantum SensorT* and 

LI-COR LI 1000TM datalogger. Concomitant above-water measurements were 

made using the LI-COR Flat Quantum SensorTM. Water samples were 

coilected from a depth of 0.5 m using a horizontal 4L van Dom sampler while 

the boat dnfted with the River current. These samples were stored in IL 

polyethylene containers at 40C in coolers until transported to the laboratory. 

The Laboratory Services Division of the City of Winnipeg Waterworks, Waste 

and Disposa1 Department obtained samples for chemical analyses. Water 

samples were also collected for determination of in vitro primary 

productivity, soluble reactive phosphorus and biomass at the University of 

Manitoba. 

3.3 Laboratorv Methods and Calculations 

Phvsical Parameters 

Mean Dailv Ambient Photosvntheticallv Active Radiation (PAR) 

Measurements of PAR were made in both 1994 and 1995 from May 

through October. Hourly integrations of incident PAR were measured using 

a LI-COR quantum sensor with a datalogger that was mounted at the 

meteorological station of the Department of Plant Science, University of 

Manitoba. Because integrated PAR values were also applied to the estimation 

of in situ primary production, values were reduced by 10 % to account for 

scatter and reflection of light before it penetrated the water (Hutchinson 1975). 



Hourly values were totaled over the 24 hour period to determine daily PAR 

values. For each sampling week (Le., over the previous seven day period), 

these daily PAR values were averaged to obtain values of mean daily ambient 

PAR. 

Total Weeklv Precipitation 

Precipitation information, from May to August in both 1994 and 1995, 

was acquired from the City of Winnipeg yearly telemetry rain stations. As 

shown in Figure 3.1, only those sites nearest to the sampling stations were 

used. For those weeks when telemetnc measurements were not available, 

precipitation data from Environment Canada monthly meteorological 

summaries were used. This information was applied to weeks 21, 22 and 23 

(end of September, October) in 1994 and to weeks 18 through 23 (September 

and October) in 1995. These measurements were taken at the Winnipeg 

International Airport (Environment Canada AES 1994, 1995). At each 

sampling location, the quantity of precipitation, recorded over the previous 

seven day period, was totaled for each sampling week. 

River Flow Rates 

Site-speufic flow rates dong the Red River were derived from aoss- 

section areas and weekly River discharge rates as follows: 

Flow rate (m ç-1) = River Discharge (m3 s-l) 

Weekly River discharges were provided by the Water Survey of 

Canada (1994 and 1995). Along the Red River, measurements at St. Agathe 

were employed for locations upstream of the Assiniboine confluence (Sites 

RI through R4) while Lockport values were used for locations downstream 

(Sites R5 through RIO). Along the Assiniboine River, discharge rates 
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Figure 3.1 Locations of the telemetry stations in the City of Winnipeg used 
to gather precipitation information in 1994 and 1995. Superimposed are 
the locations of the sampling stations dong both the Red and Assiniboine 
Rivers. When information from these telemetry stations was unavailable, 
recorded precipitation at the Winnipeg Interational Airport was used 
(Environment Canada, AES 1994 and 1995). 



recorded at the Headingley station, immediately West of the City of Winnipeg, 

were used. 

Cross-section area was determined from the width of the River, 

provided by the Survey Services Brandi of the City of Winnipeg, Water and 

Waste Department. Both the River depth and channel profile were 

determined by a Lowrance X-15 Computer Scanner. The sonar profile was 

scanned into a computer and the software package, NM Image 1.59 was used 

to calculated the cross-section area from defined horizontal (channel width) 

and vertical (channel depth) scales provided. The channel widths and depths 

and cross-section areas for stations along the Red River are found in Table 2.1. 

These parameters were not determined for stations along the Assiniboine 

River and consequently, the flow rates at the two stations along the 

Assiniboine River could not be deterrnined. 

Euvhotic - Devth and Mean Light - Extinction per 0.1 m 

At each sampling station, weekly measurements were made of both the 

depth of the euphotic zone and the extinction of light within the water 

column. Simultaneous rneasurements of PAR, at the surface and within the 

water column, were made at 0.1 m increments until light extinction was 

complete (Le., c 1 p o l e s  m-2 s-1). The depth of the euphotic zone (ml was 

defined as the total nurnber of inaements the probe was submersed x 1/10. 

To determine light extinction within the water column, it was 

necessary to convert irradiance values (1) to percentages as follows: 

I depth 

1 suiface 

where 1 (pmoles m-2 s-1) is the irradiance available at surface or at depth. 



Light extinction (%) at each 0.1 m depth interval of the euphotic zone 

was calculated by the following relationship (Wetzel 1983): 

Light Extinction (%) = (% 1 - 95 1 ) x 100 (4) 

where 9% 1 is the percentage of light available at a given depth and % I is the 

percentage of light available 0.1 m below. 

A mean value of light extinction per 0.1 m was then calculated over 

the entire water column, exduding both surface and final measurements. 

Chernical Parameters 

Sample Handling, Preservation and Storage 

The majority of water chemistry was conducted by the Laboratory 

Services Division of the City of Winnipeg. Samples were mked to resuspend 

settled particulates and split for each diemical determination. Samples that 

were to be measured for total Kjeldahl nitrogen (TKN), total ammonia 

ni trogen (W4+ / N H3-N), to ta1 oxidized nitrogen, or TON (NO3-/ NO?--AT) 

and total phosphorus (TP) were preserved with 4% HgC12 and refrigerated at 4 

OC until subsequent analysis. Samples that were analyzed for total dissolved 

phosphorus (DP), soluble Kjeldahi nitrogen (Sm) and soluble organic carbon 

(SOC) were passed through Sartorius 0.45 jun pore-size cellulose acetate filters 

under vacuum pressure. Filtrates that were to be analyzed for DP and SKN 

were preserved with 4% HgC12 and stored at 4 OC, and those sample filtrates 

that were to be analyzed for SOC were frozen. A flow &art highlighting the 

handling, presewation and storage methods used by the City of Winnipeg is 

found in Figure 3.2. 
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Figure 3.2: The handling, storage and preservation methods employed by the Laboratory Services 
Division of the City of Winnipeg Waterworks, Waste and Disposal Department. Dependent on the 
chernical parameter, samples were either preserved directly or initially passed through cellulose 
acetate filters. Preservation was ensured by the addition of mercuric chloride. Çamples were either 
refrigerated at 4 O C  or frozen. City of Winnipeg Watenvorks, Waste and Disposa1 (Ross and 
Hemphill1996). 



In 1994, samples were also collected for determination of particulate 

carbon (PC) and nitrogen (PN). Whatman GF/C glass fiber filters were 

combusted at 450 O C  for 4 hours, and stored in a glass lidded container. On 

each sampling occasion, 250 ml of water sample was passed through a pre- 

combusted filter and frozen until analyzed in late October 1994. The 

Elemental Analyzer used to determine both PC and PN was not available in 

1995. However, total organic carbon (TOC) was measured in 1995 and water 

sarnples were frozen directly without preservation or filtration. 

Soluble reactive phosphorus (Sm) concentrations were determined 

directly without preservation or storage at the University of Manitoba. 

Samples were initially passed through Whatman GF/C glass fiber filters to 

remove particulates. Al1 glassware for this procedure was soaked in 7% 

HN03 for 2 or more days before use. 

Chemistrv Determinations 

Particdate Carbon (PC) and Nitro~en (PN) 

In 1994, PC and nitrogen PN were determined by the Freshwater 

Institute of Fisheries and Oceans, Canada according to Stainton et al. (1977). 

Filters that had been stored in the freezer were thawed and dried at low 

temperatures. These dried filters were then punched into pre-ignited nickel 

sleeves and placed into the sample wheel of the Elemental haiyzer (Mode1 

240-XA). The sarnples, and a series of standards, were then combusted in an 

oxygen/ helium atmosphere at 950 O C .  The combustion gases were oxidized to 

CO2, H20 and N2, through a series of specialized padllngs induding heated 

copper. The mixture was then passed through a series of high precision 

thermal conductivity detectors to sequentially remove H 2 0  and CO2 

respectively. The difference between signds from each pair of detectors was 



proportional to the amount of H and C present in each sample. The only gas 

remaining, N2, was measured against the pure He carrier gas. 

Total Organic - Carbon (TOC) and Soluble Or~ranic Carbon (SOC) 

TOC in 1995, and SOC, in both 1994 and 1995, were detennined usuig a 

Dohrmann DC-180 high temperature carbon analyzer with infrared CO2 

detector at a temperature of 900 OC, following the combustion-infrared 

method (5310 B) (APHA 1992). 

Total and Soluble Kieldahl Nitroeren (TKN and SKN) 

TKN was determined using a macro-Kjeldahl method (4500-NOrg B) 

(APHA 1992). Water samples were first digested with mercuric sulfate, 

sulfuric acid and potassium sulfate in a Bran and Luebbe BD-40 Heating 

UnitTM over a period of three hours to convert organic nitrogen to ammonia. 

Digested samples were then analyzed for ammonia-N in the Technicon 

AutoAnalyzer IITM following the automated phenate method (4500 NH3 H) 

(APHA 1992). Determination of SKN followed this procedure with the 

exception that samples were first filtered. 

Total Ammonia-N WH4+/ NHI-N) 

Determination of NH4+/NH3-N followed the automated phenate 

method (4500-NH3 H) (APHA 1992). Water samples were introduced into a 

Technicon AutoAnalyzer IITM and reacted with hypochlorite and phenol 

solutions. Sodium potassium tartrate solutions substituted for the EDTA 

required. The ammonia in solution formed a blue-green indophenol 

complex that was measured spectrophotometrically. 



Soluble organic nitrogen (SON) was derived from these measurements 

as follows: 

Note that in this derivation of SON, it was assumed that the N&+/NH3- 

Nadsorbed on particdate matter was negligible. 

Total Oxidized Nitrogen or TON (NO3-/N0~--N) 

TON followed the automated cadmium reduction method utilizing a 

Technicon AutoAnalyzer IITM (4500-NO3 F) (APHA 1992). Nitrate (NO3-) 

present in the water samples was first reduced to nitrite (NO2-) in the 

presence of copper-cadmium granules. The total N02--N was then 

complexed with sulfanilamide and N-(1-naphthy1)-ethylenediamine 

dihydrochloride to form a reddish-purple azo complex which could be 

measured ~pectrophotometrically~ 

TKN, NH4+/NH3-N and TON measurements were used to derive 

Total Nitrogen (TN) and soluble inorganic nitrogen (SIN) as follows: 

TN = TKN Cïotai ~rganic  N + NH4+/~H3-N) + TON 

SIN = NHq+/NH3-N + TON 

Phosphorus 

There were three forms of phosphorus determined in this study. 

These forms included soluble reactive phosphorus (SRP), that responded to 

colorimetric tests directly without preliminary digestion; and total dissolved 

phosphorus (DP) and total phosphorus (TP) that required preliminary 

oxidative digestion to convert both condensed and organically bound 

phosphates to soluble reactive phosphorus (APXA 1992). 



To determine both TP and DP, water samples were first digested to 

convert ail phosphorus to reactive phosphate. The reactive phosphorus in 

solution was then detennined by the automated ascorbic acid method (4500-P 

F) (APHA 1992) using a Technicon AutoAnalyzer IITM. In this method, 

ammonium molybdate and potassium antimonyl tartrate reacted with 

orthophosphate to fonn a phosphomolybdic acid. Ascorbic acid, when added, 

reduced the phosphomolybdic acid to intensely colored molydenum blue 

which was then measured spectrophotometrically. 

The SRP component was determined manually following the methods 

outlined in Stainton et al. (1977). Similar to ascorbic acid method, the 

molydenum blue in the sample waç determined spectrophotometrically at 

885 nm, and related to the concentration of SRP using a standard curve. 

Particdate organic phosphorus (PP) and soluble organic phosphorus 

(SOP) were derived from the measurements of TP, DP and SRP as follows: 

PP = (Partidate Organic P + bluble Organic-P + SRP) - DP (Çoluble Oganic-P + SRP) 

= Dl? (Soluble Organic-P + SRP) - SRP 

Phytoplankton - Parameters 

Phytoplankton parameters were assessed in terms of standing aop,  or 

biomass, photosynthetic parameters (Le., photosynthesis at subsaturating and 

saturating irradiances) induding the parameters alpha, Pm,, and Ik. Daily 

estimates of productivity were derived from these P vs 1 relationships. 

Biomass (Chioro~hvll a )  

The biomass of phytoplankton in the Rivers was estimated from 

concentrations of chlorophyll a following the methods outlined in Marker 



(1980). These values were not corrected for phaeophytin since spurious 

results were often observed. 

For determinations, three x 250 ml samples were filtered ont0 

Whatman GF/C papers. The filters were shaken in 8 to 10 ml of 90 % 

methanol and the pigments were extracted over a 24 hour period in the dark 

at 4 OC. The extracts were filtered through GF/A filters and chiorophyii n 

concentrations were determined spectrophotometrically at both 665 and 750 

nm. 

Photosvnthesis-kadiance Incubations 

A photosynthesis-irradiance (P vs 1) relationship was derived for each 

sampling station on each sampling occasion by in vitro incubations 

(Robinson et al. 1997). Eighteen sub-samples of 25 ml were dispensed into 

glass screw-top culture tubes (three of which were blackened with paint and 

bound with bladc plastic tape to exdude all light). Samples were inoculated 

with a standardized amount of N ~ H ~ ~ C O ~  and placed in a water-filled 

incubator, which maintained temperatures similar to that of the River, for 

two hours. The incubator was front lit by a high pressure sodium vapor lamp 

(Sylvania Lumalux LU-70), thereby creating a light gradient ranging from Ca. 

20 - 2000 p o l e s  m-2 s-1 PAR. Because of the severity observed in the in situ 

attenuation of light, at least half of the tubes were placed at subsaturating 

irradiances within the tank (9 out of 15 tubes were incubated at <200 p o l e  

m-2 s-1 PAR). The irradiance to which each sample was exposed in the 

incubator was determined by a LI-COR underwater spherical quantum sensor. 

Test tubes wew inverted severai times during the incubation to maintain 

both the suspension of cells and an accurate incubation irradiance. 

Subsequently, samples were filtered simultaneously ont0 GF/A filters, fumed 

over concentrrted HC1 for 1-5 minutes to remove residual inorganic 1 4 ~  and 
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placed into scintillation vials containing 5 ml ~eadysafea  (Beckman 

Scientific) scintiliation cocktail. Determination of specific radioactivity (dpm) 

was conducted in a B e h a n  LS3801 liquid santillation counter, using "H- 

number" quenchîng correction. 

The in vitro productivity was estimated from dpm according to the 

following relations hip: 

where dpmç is the speufic radioactivity of each sample corrected for any dark 

"uptake"; C is the DIC of River water (pg C 1-1) as determined from alkalinity 

(APHA 1992), pH and temperature; 1.05 is an isotope discrimination factor; 

dpmT is the specific radioactivity of added 14C; T is the incubation duration 

(hl 

Using non-linear regression (Systat 1986), alpha and Pm,, were 

estirnated according to the relationship desaibed by Platt and Jassby (1976): 

where Pm,, is the maximum observed rate of Ps; alpha is the dope of light- 

limited photosynthesis (Le. photosynthetic effiuency) and 1 is the incubation 

irradiance. 

Although beta, a measure of photo-inhibition, was included in the 

equation, it was never observed in incubated samples. Therefore, it was 

assigned a value of O in equation (2). 

Ik, the irradiance after which photosynthesis became saturated, was 

derived from the intersect of P, and alpha. 



Chlorophyll normalized values of Pm,, (SP,,,) and alpha (SPalpha) 

were also determined as measures of physiological performance. 

Estimated in situ Produc tivity 

In situ produaivity was estimated for each sarnpling station using the 

following parameters: 

(i) in vitro derived parameters of photosynthesis (alpha and Pm,) 

(ii) hourly integrations of incident PAR, reduced by 10 % to account for 

reflection, that were measured at the meteorological station at the 

University of Manitoba 

(iii) euphotic depth; and 

(iv) mean light extinction within 0.1 m of water. 

The hourly integrations of PAR were reduced by the mean light 

extinction in each successive 0.1 m of the euphotic zone to obtain values of in 

situ PAR. At each 0.1 m intemal of the euphotic depth, these in situ PAR 

values were used in equation (2) with Pm,, and alpha to estimate in situ 

productivity. These estimates were multiplied by 100 to obtain values within 

a square meter, and were totaled over the entire euphotic depth to obtain the 

hourly euphotic column productivity measurements. Hourly values were 

summed over the day and the units were adjusted to mg C fixed m-2 day-l. 

3.4 Statistical Methods 

Log Transformation 

Following Mead (1988), datasets were log transformed prior to 

regression analyses and parametric tests of Analysis of Variance, Principal 

Component analysis and Canonical correlation analysis. The exploratory 



statistical software packages, DataDesk 4.0 8 (1988) and Syn-Tax 5.02 (Podani 

1995), were used for these statistical analyses, unless otherwise stated. 

Tukev Box-Plots 

Modified Tukey boxplots (Figure 3.3) were utilized in ail cases to 

characterize the variability of chernical and physical factors within the Red 

and Assiniboine Rivers. 

These boxplots include five basic components (DataDesk 1988; Moore 

and McCabe 1989): 

the median value (50th percentile) of the dataset, as shown by the 

horizontal bar within the box; 

the 25th and the 75th percentiles that demark the ends of the box. The 

length of the box represents the interquartile range (IQR); 

the 1.5 IQR (1.5 x IQR), as shown by "hinges" that extend from the top 

and bottom of the box; 

suspected outliers that are above either 1.5 or 3 interquartile deviations of 

the main body of the data, are plotted as cirdes or stars, respectively; and 

the 95% confidence interval (CI.), to aid in cornparison of medians, is 

indicated as the shaded area. In particular, if two gray boxes fail to 

overlap, the corresponding medians are considered discernibly 

different at approximately the 5% significance level (DataDesk 1988). 

Analvsis of Variance (ANOVA) 

One-wav ANOVA 

One-way ANOVAs were performed on several datasets to evaluate the 

significance of spatio-temporal physicochemical heterogeneity in the Red and 

Assiniboine Rivers. One-way ANOVA is a statistical method for comparing 



* 1.5 Interquartile 
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$1 > 3.0 interquartile Range 
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Figure 3.3 Diagram of Tukey Boxplot witli explanation. The rectangular box represents 
2 interquartile range, with the mediaii indicated by the horizontal line, and the shadcd 
area representing the 95% confidence interval of the median. T's extend frorn the box 
to the nearest point within + 1.5 interquartile range. Circles and stars represent outliers 
within and beyond + 3.0 interquartile range, respectively (from Emerson & Strenio 1983). 



several "population" means whereby the F-statistic tests the nul1 hypothesis 

pl = )n = . . . = pp against the alternative that at  lenst one mean is not equal to 

the others (DataDesk 1988). Larger F-values suggest that the means differ 

more than expected on the basis of the underlying sample-to sample 

variability within groups and support rejection of the nul1 hypothesis. 

Conversely smaller values suggest that the means are not discernibly 

different (Zar 1974, Moore and McCabe 1989). 

In this study, the nuii hypothesis was rejected when p 1 0.05 and the 

groups were said to sig-xuficantly differ. When 0.05 < p < 0.10, the groups were 

said to be nearly significantly different. 

Multiple comparisons were not performed in this study since the 

approach is not based upon random effeds as are found in this study (Neter e t  

al .  1990). Alternatively, when significant differences were detected from 

ANOVA, the 95 % confidence intervals from the boxplots were used to 

determine the precise relationship. 

Two-wav ANOVA 

In many instances, two-way ANOVAs were performed. Similar to the 

one-way, two-way ANOVA tests the n d  hypothesis that means of several 

populations differ significantly. However, the two-way ANOVA introduces 

more parameters since three nuil hypotheses cm be tested: the main effect of 

the first parameter on the response, the main effect of the second parameter, 

and the interaction between the two parameters. This is important since 

parameters might influence the response, both individually and jointly, 

through some interaction (Neter et al. 1990). In this study, when significant 

interactions between parameters occurred (i.e., p r 0.005 for the interaction), 

one-way ANOVAs were performed. 



Principal Component Analvsis (PCA) 

In many instances in this study, when the goal was to compare 

multivariate data sets, PCAs were performed using the statistical package 

DataDesk 4.0 (1988). This statistical approach provides a method to 

graphically and mathematically express multi-dimensional relationships 

within a new set of fewer orthogonal (perpendicular) axes. When 

multivariate datasets are examined in this way, each variable that is induded 

in analysis adds another axis or dimension to the relationship. For example, 

there are two axes, both x and y, when two variables are compared; three axes, 

x y and z, with three variables etc. The objective of PCA is to reduce the 

dimensions required to desaibe variability within the multivariate dataset by 

redistributing the variance to the first few axes. This redistribution is 

accomplished by finding a rigid rotation of the original multiple axes while 

not influencing the relative point positions. hdeed, often the variability 

tapers off dramatically after the second or third axis of a multivariate dataset, 

and the subsequent axes have been shown to often represent spurious 

information (Gauch 1982). 

Whereas in standard axes, the x and y axes intercept at coordinates (0,0), 

the first prinapal axis of the PCA passes through the center of the point doud 

and the (0,O) coordinates represent the means of each data variable (DataDesk 

1988). The first axis points in the direction of greatest variabiiity in the cloud 

of points and therefore is considered to be the line through the means dong 

which the variance of the projection is greatest. Subsequent axes must be 

perpendicular to the former, and therefore higher axes are fully determined 

(DataDesk 1988). 

In this study, it was typically only the first axis that was used and the 

"success" of the PCA redistribution of variance was quoted as a percent. The 



PCA axis 1 was used in subsequent traditional regressions as the x, or 

independent axis. It was often regressed, for example, against phytoplankton 

parameters to evaluate the correlation between physico-diemical parameters 

and a measure of phytoplankton activity. 

Canonical Correspondence - Analvsis (CCA) 

CCA examines the relationship between two series (thus 'canonical') of 

data collected on the same individuals. CCA extracts successive linearly 

uncorrelated ordination axes thereby maximizing the correlation between the 

two sets of variables (ter Braak 1987). In ecological applications, the second 

variable set generally consists of environmental measures. The ordination 

diagram displays the positions of both the individuais and environmental 

variables, as well as vectors indicating the direction and 'strength' of the 

environmental correlates. Essentially, the resultant ordination is a biplot of 

individuals in which the relationship is 'constrained' (Le., dependent) by the 

environmental information. 

In this study, sevrral CCAs were calculated using weekly measures of 

chemical or phytoplankton parameters as one data set and the physical 

variables of flow rate and light availability as constraining environment 

variables. All canonical analyses were undertaken using the program Syn- 

Tax 5.02 (Podani 1995). Figure 3.4 provides an example of the CCA output and 

interpretation. 

Multivle Discriminant Analvsis (MDA) 

MDAs were performed in several instances using Syn-Tax 5.02 (Podani 

1995). The objective of multiple discriminant analysis is to find axes (or 

linear composites) dong which two or more groups are maximally separated 

(Green 1979). To distinguish between two groups using one variable simply 
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Figure 3.4 An example of the CCA scatterplot used in this study. 
Arrows, or vectors, point in the direction of the increasing 
environmental parameter (as shown here for extinction and flow rate). 
Environmental parameters have boen italicized in al1 CCA scatterplots. 
The left-hand set of parameters, or "individuals", are represented by 
the numbers found scattered within the plot. The highest ranking of 
these individuals are found nearest that parameter. In this shdy,  each 
parameter has been outlined for easy identification (in this example 
these include SRP and NH4+/NH3-N). To determine the influence of 

flow rate and/or extinction on SRP and NQ+/NH3-N, right ar~gtes 
are visualized from the vector to the parameter. If this is associated 
near the head of the vector, there is a strong positive correlation. In 
this example, w + / N H 3 - N  is considered to have a very strong 
positive correlation to flow rate. A negative correlation is found 
when the parameter is segregated in the opposite direction to the 
vector. In this example, SRP has a strong negative correlation to 
flow rate. If the right angle intercepts the center, or centroid, of the 
vectors, the response is considered to be average, or is considered to 
have no significant correlation with that environmental parameter. 
In the above example, both SRP and NH4+/NH3-N were found to 
exhibit this condition. This was evident by the right angle to the 
centroid. 



requires a single axis. However, when two or more g ~ o u p s  are to be 

distinguished using numerous variables greater complexity results, 

increasing the difficulty in making disaiminations. Similar to the PCA, 

MDA provides a tool to reduce the dimensionality and to summarize 

relationships. However, MDA differs from PCA as it strives to find the best 

linear fit that maximally distinguishes between several groups among several 

variables by yielding linear composites in which the befween group variance 

is maximized relative to the variance within groups. In fact, the MDA points 

to those variables that are most useful in disaiminating amongst the groups. 

Scaling of the discriminant weights is accomplished by "spherizing" 

the average within-groups variation (i.e., providing an average within-group 

variance of unity displayed as the 95% confidence ellipses) (Green 1979). This 

step is important to hypothesis testing. The question whether group 

centroids significantly differ is visualized by the proximity of these ellipses to 

one another. When ellipses overlap the groups do not differ sigmficantly. 

Conversely, when these ellipses are discrete from each other, there are 

significant differences between the groups. 



Chapter 4 S patio-Temporal Variability in Physical, Chernical and 

Phytoplankton Parameters in the Red and Assiniboine Rivers 

4.1 Introduction 

The objectives of this chapter were to identify the spatial and temporal 

variability that occurred in physical, chexnical and phytoplankton parameters. 

First, the underlying temporal variability in the datasets were described by 

their episodic features. Secondly, the division of the Red River into groups 

based on the proximity to the Assiniboine confluence and/or NEWPCC, was 

evaluated. 

When the datasets were structured into seasonal episodes and River 

groups, variability was quantified within each year and between years of the 

study. The spatial differences between Red River groups and between Red 

and Assiniboine Rivers was examined as well. 

4.2 Data Structures 

Seasonal Episodes 

Both 1994 and 1995 datasets were divided into episodes following Davis 

and Keller (1983) and Meybeck (1993) who attributed the fluctuations in 

dissolved loads in Rivers to annual and/or cydical events. 1 used the 

parameters induding mean daily ambient PAR, in situ water temperature, 

total weeWy precipitation and River disdiarge rate to aeate these divisions 

since they appeared to exhibit episodic features (Figure 4.1). For example: 

mean daily ambient PAR was significantly higher at the beginning of 

the sampling year when compared with conditions at the end of the year; 

in situ water temperatures were much lower at both the beginning 



Figure 4.1 
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Sampling Week 

The weekly means of (a) daily ambient PAR, 
water temperature and (c) ~ e d  River discharge rate - 

during sampling in 1994 (-) and 1995 (-* )- 



and end of the sampling year when compared with mid-season values; 

Red River discharge rate appeared to fluctuate cyclicdy. Rates were 

higher in weeks 8 through 10 in both years, and in weeks 1 to 3, and 21 to 

23 in 1994. Conversely, low discharge periods were found in weeks 4 

through 7 in 1994, and weeks 14 through 19 in both 1994 and 1995. 

The divisions 1 used to create the seasonal episodes are defined in Table 4.1. 

Table 4.1 The seasonal episodes and correspondhg sampling weeks in 1994 
and 1995. 

Episode 1994 1995 
1 Weeks 1 to 3 No Sampling Due to 

High Flows 
2 Weeks 4 to 7 No Sampling Due to 

3 Weeks 8 to 10 Weeks 8 to Il 

Sampling Interrupted Due to River Flows in 1994 

Both PCA and MDA were employed to validate these divisions. PCAs 

were performed on three series of log transformed parameters. The physical 

parameters induded mean daily ambient PAR, total weekly precipitation, Red 

River discharge rate and in situ water temperature. Light extinction was 

correlated with River discharge rate and therefore removed from the analysis. 

The chernical dataset included SOC, TN and TP. The third series comprised 

phytoplankton biomass (Ch1 a), parameters of the P vs. 1 curve (i.e., alpha, 

Pm,, and Ik) and estimated daily produbivity. The first two axes of PCA were 

subjected to MDA to obtain the 95 % confidence ellipses for each seasonal 

episode so that the relative significance of these divisions could be evaluated. 

1 

4 
5 

Weeks 13 to 20 
Weeks 21 to 23 

Weeks 13 to 20 
Weeks 21 to 23 



The individual data points were removed from the MDA ordination for 

presentation. 

Phvsical Parameters 

The PCA performed on the 1994 and 1995 datasets ascribed 74.4 % and 

82.5 % of the total variance to axes 1 and II and the MD& exhibited significant 

separation of seasonal episodes (Figures 4.2 and 4.3). In 1994, episodes 3 and 5 

were situated at either extremes along the first axis of the PCA and MDA, 

with seasonal episode 1 situated between these (Figure 4.2). Seasonal episodes 

2 and 4 separated from the other episodes but were themselves dosely 

associated. In 1995, al1 seasonal episodes differed significantly with a 

sequential distribution of the episodes dong the first axis (Figure 4.3). 

The PCAs of 1994 showed that seasonal episodes 1 and 5 represented 

periods of low water ternperatures and ambient PAR (Figure 4.2). The 

intermediate seasonal episodes were found to exhibit high ambient PAR and 

water temperatures, and episode 3 represented the period of greatest ambient 

PAR. Similarly, the PCA performed on the 1995 dataset showed a dear 

separation of seasonal episode 5 from the others (Figure 4.3). Although there 

was leçs contrast between seasonal episodes 3 and 4, episode 3 was heavily 

weighted by ambient PAR and in situ water temperature, while episode 4 

represented a period of fluctuating precipitation. 

Chemical Parameters 

The ordinations dearly separated seasonal episodes in both the PCAs 

and MDAs (Figures 4.4 and 4.5). In 1994, 84.7 % of the variance was 

distributed along axes 1 and II of the PCA, and it deaeased slightly to 82.1 % in 

1995. The ellipses of the MDAs were ail discrete, showing that there were 
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-2.50 - 1.25 0.00 1.25 

Principle Component Axis 1 (47.2 %) 

Mu1 tiple Discriminant Axis 1 

Figure 4.2 Ordinations of (a) Principle Components and @) Multiple 
Discriminant Analyses performed on daily ambient PAR, in sifu water 
temperature, Red River flow rate and total weekly precipitation. 
Individual data points have been grouped in the PCA and numbered 
1 to 5 to indicate the seasonai episodes in 1994. 



Principle Component Axis 1 (58.3 %) 

Multiple Discriminant Axis I 

Figure 4.3 Ordinations of (a) Prinuple Components and @) Multiple 
Discriminant Analyses performed on daily ambient PAR, in sifu water 
temperature, Red River flow rate and total weekly precipitation. 
Individual data points have been grouped in the PCA and numbered 
3 to 5 to indicate the seasonal episodes in 1995. 
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Multiple Discriminant Axis 1 

Figure 4.4 Ordinations of (a) Principle Components and @) Multiple 
Discriminant Analyses performed on TN, TP and SOC. Individual data 
points have been grouped in the PCA and numbered 1 to 5 to indicate 
the seasonal episodes in 1994. 
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Prinuple Component Axis 1 (49.9 5%) 

Multiple Discriminant Axis 1 

Figure 4.5 Ordinations of (a) Principle Components and (b) Multiple 
Discriminant Analyses performed on TN, TP and SOC. Individual data 
points have been grouped in the PCA and numbered 3 to 5 to indicate 
the seasonal episodes in 1995. 



significant differences in chernical status between seasonal episodes in both 

years. 

In the 1994 dataset, seasonal episodes 4 and 5 were attributed with a 

high concentration of SOC but low TN (Figure 4.4). In contrast, the f i s t  three 

seasonal episodes of 1994 were found to exhibit the reverse relationships. 

There were further separations of the dataset by TP dong the second mis. 

This was evidenced by the separation of seasonal episodes 4 from 5, and 3 

from episodes 1 and 2. 'IT concentrations were highest in episodes 3 and 5, 

and lowest in 2 and 4. These concentrations appeared to be intermediate in 

episode 1. 

There were seasonal divisions observed in chemical parameters in the 

PCAs performed on the 1995 dataset. These divisions were based on the SOC 

concentrations (Figure 4.5). In particular seasonal episode 3 was shown to be a 

period of low SOC in contrast to episode 4 while intermediate concentrations 

typified seasonal episode 5. Each seasonal episode displayed varying 

concentrations of TN and Tl?. 

Phvtoplankton Parameters 

There were episodic features found in the phytoplankton parameters. 

As found in the chemical datasets, the PCA redistibution maintained a large 

proportion of the variance dong the first two axes. In 1994, thiç amounted to 

94.5% and 93.9 % in 1995 (Figures 4.6 and 4.7). The MDAs identified several 

episodes that were significantly different. However the MDA failed to 

separate episodes 2 and 4, in 1994 and episodes 3 and 4, in 1995. Seasonal 

episode 5 was segregated from the other episodes in both years. 

As shown in the PCA, seasonal episodes 1 ,2  and 4 in 1994, represented 

periods of high biomass, P,,,, alpha and estimated daily productivity (Figure 



Prinuple Component Axis I (79.8 %) 

0 
Multiple Disaiminant Axis 1 

Figure 4.6 Ordinations of (a) Prinaple Components and (b) Multiple 
Discriminant Analyses performed on biomass (Ch1 a), P,, alpha, Ik 
and estirnated daily productivity. Individual data points have been 
grouped in the PCA and numbered 1 to 5 to indicate the seasonal 
episodes in 1994. 



Prinuple Component Axis 1 (70.3 %) 

Multiple Discriminant Axis I 

Figure 4.7 Ordinations of (a) Principal Components and @) Multiple 
Discriminant Analyses performed on biomass (Ch1 a), Pm,, alpha, Ik 
and estimated daily productivity. Individual data points have been 
grouped i n  the PCA and numbered 3 to 5 to indicate the seasonal 
episodes in 1995. 



4.6). Episodes 2 and 4 displayed high values of Ik, but episode 1 did not. 

Episodes 3 and 5 displayed markedly lower biomass and photosynthesis. 

In 1995 there appeared to be an increase in phytoplankton activity h m  

episode 3 into episodes 4 and 5. Low measures of biomass, alpha, Pm,, and 

eshated daily productivity characterized episode 3. Conversely, high values 

were attributed with both episodes 4 and 5. There was a noticeable dedine in 

Ik observed between episodes 4 and 5 (Figure 4.7). 

River Sections 

The sampling locations dong the Red River were sectioned into three 

groups based on their association to either the Assiniboine River confluence 

or proximity to the point source discharge at the NEWPCC. Group 1 induded 

sites R7 to RI0 that were downstream of the NEWPCC. The "inter-city" 

section, referred to as group 2, comprised sites R5, R5.1 and R6 that were 

situated between the Assiniboine River confluence and the NEWPCC. Lastly, 

group 3 incorporated the "upstream" sites RI to R4, that were located 

upstream of the Assiniboine River confluence. These River sections are 

shown in relation to both WPCC's and the Assiniboine confluence in Figure 

4.8. Individual sampling locations are also shown. 

Along the Assiniboine River, the Upstream (AU) and Downstream 

(AD) sampling stations were grouped together as the Assiniboine group 

(Figure 4.8). 

Oneway ANOVAs were performed to quantify the "within group" (or 

"intra-group") variability in physical, chemical and phytoplankton 

parameters in each of the seasonal episodes in 1994 and 1995. Results are 

presented in Tables 4.2 to 4.7, located at the end of the chapter. When 

significant variability between locations was detected by ANOVA (Le., p I 



Assiniboine Group 

WEWPCC 

Figure 4.8 The river sections dong the Red and Assiniboine Rivers 
inrelation to the t h i r t e  sampli@ stations. River groups have been 
shaded. Induded are the three water pollution control centers within 
the City of Winnipeg. SEWPCC, NEWCC and 'MrEMrpCC represent 
the South, North and West End Water Pollution Conno1 Centers. 



0.05), line-plots of means and standard deviations were aeated to display 

these differences. Along the Red River, the distance from R1 was used to plot 

these sampling stations. The distances of the sampling stations from RI are 

presented in Table 21. 

Intra-Grouv Variabilitv in Phvsical Parameters 

No intra-group variability was obsemed in measures of total w e d y  

precipitation (p 2 0.893) or in situ water temperature (p 2 0.836). However, 

Red River flow rates were different throughout 1994 and 1995 (Tables 4.2, 4.3, 

4.5 and 4.6). Flow rates declined from R7 to RI0 in group 1 (Figure 4.9) and 

from R5 to R6 in group 2 (Figure 4.10). There were two exceptional periods 

during this study, and in particular seasonal episode 3 in 1994 and episode 5 

in 1995, when flow rate among these locations were equivalent (p > 0.10). 

In contrast with groups 1 and 2, River flow rate did not differ 

significantly in locations RI  to R4 in group 3 during any seasonal episode in 

either 1994 or 1995 (p 2 0.224). 

Flow rate in the Assiniboine River was not deterrnined since cross- 

section information was not available. 

There were no instances of iiitra-group variability in light extinction in 

either groups 2 or 3, and few in group 1. These were restricted to episodes 1 

and 2 in 1994 (p = 0.029 and 0.012, respeaively) and episode 5 in 1995 (p = 

0.017). Similar differences were found in the depth of the euphotic zone in 

both episodes 1 and 2 in 1994 (p = 0.007 and 0.012, respectively). However, 

there were no significant differences found in the depth of the euphotic zone 

in 1995 (p 2 0.239). During those periods of significant variability, RI0 

displayed lower light extinctions and consequently, greater euphotic depths 

(Figures 4.1 1 and 12). 



45 50 

Distance from RI (km) 

Figure 4.9 Mean Red River flow rate observed within e;roup 1 in 
eadi seasonal episode in (a) 1994 and (b) 1995. ~ocati&s Ge represented 
as their distance from R1 (Table 2.1). Significant differences were found 
in seasonal episodes 1 (f), 2 (O), 4 (A) and 5 (e) in 1994 and episodes 
3 (*) and 4 (A) in 1995. Error bars have been removed for darity. 



30 32 34 

Distance from R1 (km) 

Figure 4.10 Mean flow rates in group 2 locations during (a) 1994 
and (b) 1995. Locations are represented as their distance from RI. 
Significant differences were found in seasonal episodes 1 (t), 2 (O), 
4 (A) and 5 (a ) in 1994 and episodes 3 @) and 4 (A) in 1995. Error bars 
have been removed for darity. 



Distance from RI (km) 

Figure 4.11 Mean light extinction observed in group 1 locations 
during (a) 1994 and (b) 1995. Locations are represented as their 
distance from RI. Sipifkant differences were found in seasonal 
episodes 1 (f) and 2 (O) in 1994 and episode 5 (a ) in 1995. 



45 50 

Distance from RI (km) 

Figure 4.12 Mean euphotic depth observed in group 1 locations 
during 1994. Locations are represented as their distance from RI. 
Significant differences were found in seasonal episodes 1 (f) and 2 (O). 



Cornparisons were not made of euphotic depth or light extinction 

between Assiniboine locations because the upstream locations was 

consistently sampled before sumise. 

Intra-Group Variabilitv in Chernical Parameters 

In 1994, variability among locations in group 1 was restricted to 

episodes 1 and 2 (Table 4.2). Concentrations of PN (p S 0.052) and PC (p S 

0.035) were sigruficantly lower in RI0 during seasonal episodes 1 and 2 (Figure 

4-13), as well as PP (p = 0.065) in episode 1 and NH4+/NH3-N (p = 0.029) in 

episode 2 (Figure 4.14). 

In 1995, the variability within group 1 was restricted to the 

concentration of SOC (p = 0.035) during episode 5. Concentrations were found 

to dedine from R7 to R9 but were elevated again at RI0 (Figure 4.15). 

There were only a few instances of intra-group variability in chemical 

parameters in group 2 in 1994 and 1995. In 1994, concentrations of TN (p = 

0.098) were much lower at site R5.1 than either R5 or R6 in episode 1 (Figure 

4.16). In seasonal episode 2, pH (p = 0.030) and PN (p = 0.020) were found to 

increase from site R5 to R6 (Figure 4-17], while NH4+/NH3-N (p = 0.005) was 

found to decrease (Figure 4.18). In 1995, the only factor to exhibit a difference 

among locations was SIN (p = 0.035) in seasonal episode 5 and it was found to 

decrease in concentration from R5 to R6 (Figure 4.19). 

N H4+ / N H3-N was the only chemical parameter found to exhibit 

variability among locations in group 3 (Figure 4.20). Significant differences 

were found during seasonal episodes 1 (p = 0.0451, 2 (p = 0.001), 4 (p = 0.000) 

and 5 (p = 0.007) in 1994, and ali episodes in 1995 (p S 0.028). Concentrations 

were significantly higher downstream of the SEWPCC, at location R4. 



Distance from R1 (km) 

Figure 4.13 Mean (a) particdate nitrogen (mg pl) and 
(b) particdate carbon (mg 1-1) in group 1 locations during 1994. 
Locations are represented as their distance from RI. Significant 
differences were found in seasonal episodes 1 (* and 2 (0) in 1994. 



Distance from R1 (km) 

Figure 4.14 Mean concentrations of (a) particulate phosphoms and 
(b) total ammonia (NH4+/NH3-N) in group 1 locations during 1994. 
Locations are represented as their distance from RI. Significant 
differences were found in seasonal episodes 1 (f) and 2 (O). 



Distance from R1 (km) 

Figure 4.15 Mean concentration of soluble organic carbon (SOC) - 
(mg 1-1) found in group 1 locations during seasonal episode 5 
in 1995. Locations are represented as their distance from RI. 

30 32 34 
Distance from R1 (km) 

Figure 4.16 Mean concentration of total nitrogen (mg 1-') 
obsemed in locations R5, R5.1 and R6 during seasonal 
episode 1 in 1994. Locations are represented as their distance 
from RI. 



30 32 34 

Distance from RI (km) 

Figure 4.17 Mean (a) pH and (b) particdate nitrogen concentration 
in group 2 locations during seasonal episode 2 in 1994. Locations are 
represented as their distance from RI. 



26 28 30 32 34 36 38 

Distance from R1 (km) 

Figure 4.18 Mean concentration of total ammonia (N&+/NH3-N) - 
in group 2 locations during seasonal episode 2 in 1994. 
Locations are represented by their distance from RI. 

Distance from R1 (km) 

Figure 4.19 Mean concentration of soluble inorganic nitrogen 
(SIN) in group 2 locations during seasonal episode 5 in 1995. 
Locations are represented by their distance from RI. 
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Distance from RI (km) 

Figure 4.20 Mean concentrations of total ammonia nitrogen 
(NH4+/NH3-N) in group 3 locations during (a) 1994 and 
(b) 1995. Sigxuficant differences were found in seasonal 
episodes 1 m, 2 (O), 3 e), 4 (A) and 5 (a) in 1994 and 
episodes 3 (e), 4 (A) and 5 (e) in 1995. Locations are 
represented by their distance from RI. Error bars have 
been removed for darity. 



In a similar approach, the variability in chemical parameters was 

examined between the upstream (AU) and downstrearn (AD) Assiniboine 

locations. Results from one-way ANOVAs are presented in Tables 4.8 and 4.9 

at the end of the Chapter. 

In 1994, AD was found to exhibit significantly (or near significantly) 

higher concentrations of the following chemical parameters: PN (p = 0.006) 

and SOC (p = 0.093) in seasonal episode 2 (Figure 4.21); SRP in episodes 3 (p = 

0.087), 4 (p = 0.009) and 5 (p = 0.019) (Figure 4.22); q + / N H 3 - N  in episodes 4 

(p = 0.095) and 5 (p = 0.009) as weli as DP in episode 4 (p = 0.071) (Figure 4.23). 

Conversely, AU had near sigmficantly higher pH (p = 0.089) in episode 3 

(Figure 4.23) and higher concentrations of SOC (p = 0.046) in episode 5 (Figure 

4.24). 

In 1995, differences between Assiniboine locations were found in the 

following chemical parameters: SRP in episodes 3 (p = 0.074) and 4 (p = 0.059) 

as well as SOP in episode 3 (p = 0.063) (Figure 4.24); TN in episode 4 (p = 0.009) 

and DP in episodes 4 (p = 0.038) and 5 (p = 0.031) (Figure 4.25a); and SIN and 

NH4+/NH3-N in episode 5 (p = 0.060, 0.053, respectively) (Figure 4.25b). With 

the notable exception of SOP in seasonal episode 3, chemical concentrations 

were typically higher at AD. 

Intra-Group Variabilitv in Phvtoplankton Parameters 

In 1994, variability among locations in group 1 was restricted to 

seasonal episode 2 when estimated daily primary productivity (p = 0.009) and 

Ik (p = 0.051) were significantly higher at R9 and RI0 than at either R7 or RB 

(Figure 4.26). In 1995, variabüity was found in seasonal episode 3 when Ik (p = 

0.080) was significantly higher at R7. 



Location 

Figure 4.21 Mean concentrations of (a) particdate nitrogen 
(-1 and (b) soluble organic carbon (SOC) (- - -) in 
Assiniboine locations during seasonal episode 2 in 1994. 
Refer to text for description of locations. 

Location 

Figure 1.22 Mean concentration of soluble reactive phosphorus 
(SRP) in Assiniboine locations during seasonal episodes 
3 (*), 4 (A) and 5 (a) in 1994. Refer to text for description of 
locations. 



Figure 4.23 Mean concentrations of (a) total ammonia N 
(NH4+/NH3-N) and (b) total dissolved phosphorus (- 1 md 
pH(--- ) in the Assiniboine locations in 1994. Significant differences 
were found during seasonal episodes 3 (e), 4 (A) and 5 (e ). Refer to 
text for description of Assiniboine locations. 



Location 

Figure 4.24 Mean concentrations of (a) soluble organic carbon (SOC) 
) and soluble organic phosphorus (SOP) (- - -) and (b) soluble (- 

reactive phosphorus (SRP) in Assiniboine locations. Signihcant differences 
in SOC were found during seasonal episode 5 (a) in 1994; in SOP and/or 
SRD during episodes 3 (*) and 4 (A) in 1995. Refer to text for description 
of locations in the Assiniboine River. 



Figure 4.25 Mean concentrations of (a) total dissolved phosphorus ( 4 
and total nitrogen (- - ) and (b) soluble inorganic nitrogen (SIN) (- 1 
and total ammonia N (NH4+/NH3-N) (- - - ) in Assiniboine locations. 
Significant ciifferences were found in seasonal episodeç 4 (A) and/or 5 (O) 

in 1995. 



35 40 45 50 55 60 
Distance from R1 (km) 

Figure 4.26 Mean measurements of Ik and estimated daily 
phytoplankton productivity (PROD) in Group 1 locations. Significant 
differences in Ik were found during seasonal episodes 2 in 1994 
(+) and 3 in 1995 (- + -). Differences in estimated daiIy 
productivity were found during episode 2 in 1994 w). 

Distance from R1 (km) 

Figure 4.27 Mean measurements of Ik in Group 2 locations in 
1994. Sigruficant differences were observed during seasonal episodes 
1 ( t ) A o ) a n d 5 ( a ) .  



Within group 2 in 1994, variability between locations occurred during 

episodes 1, 2 and 5 (Table 4.3). While only Ik (p = 0.059) was significantly 

lower in episode 1, all phytoplankton parameters were significantly lower at 

R5 in episode 2 (Figures 4.27 to 4.29). Moreover, there was a progressive 

increase in parameters downstream of R5. Lastly, in seasonal episode 5, 

significantly lower activity was noted at R5 in al1 parameters with the 

exception of chlorophyll n (Figures 4.27 to 4.29). 

In 1995, variability among locations in group 2 was restricted to alpha, 

Pm, and Ik during seasonal episode 5 (Figure 4.30). 

In group 3, intra-group variability was found in alpha (p = 0.064) during 

seasonal episode 2 in 1994. Alpha was similar at R1 and R4, but significantly 

higher than found in samples taken from R3 (Figure 4.31). Phytoplankton 

activity at location R2 were intermediate. 

Significant differences in phytoplankton parameters in AU and AD 

were found in seasonal episodes 2 and 4 in 1994 (Table 4.8). In episode 2, both 

biomass (p = 0.037) and Ik (p = 0.002) were shown to be significantly higher at 

AD than at AU (Figure 4.32) as was estimated daily productivity in episode 4 

(p = 0.077) (Figure 4.33). There were no significant differences detected in 

phytoplankton parameters between Assiniboine locations in 1995 (Table 4.9). 

4.3 Temporal Variabilitv Ektween Seasonal E~isodes in 1994 and 1995 

To quantify the differences between seasonal episodes in each year 

along the Red River, two-way analysis of variance was performed for al1 

physical, chernical and phytoplankton parameters. The first factor was 

seasonal episode (l,2,3, 4 or 5), the other, River section (Group 1,2 or 3). 



28 30 32 34 36 

Distance from RI  (km) 

Figure 4.28 Mean measurements of Pm, and alpha in group 2 
locations in 1994. Signrficant differences were found during seasonal 
episodes 2 (0) and 5 (a). 



26 28 30 32 34 36 38 

Distance from R1 (km) 

Figure 4.29 Mean (a) estimated daüy phytoplankton productivity 
(PROD) and (b) chlorophyIl a in group 2 locations. Significant 
differences were found during çeasonal episodes 2 (O) and 
5 (e )  in 1994. 
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Figure 4.30 Mean (a) Pm, (-) and Ik ( - - ) and 
(b) alpha in group 2 locations during seasonal 
episode 2 in 1994. 
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Figure 4.31 Mean measurements of alpha in group 3 
locations during seasonal episode 2 in 1994. 

. - 

AU 
Location 

Figure 4.32 Mean chlorophyll a concentrations ( 
c j -  

and Ik (- - .) in Assiniboine locations in seasonal episode 2 
in 1994. Refer to text for a description of Assiniboine locations. 



Location 

Figure 4.33 Mean estimated phytoplankton primary productivity 
(PROD) in Assiniboine locations in seasonal episode 4 in 1994. 
Refer to the text for a description of Assiniboine locations. 



One-way ANOVAs were chosen for the analysis of these parameters in the 

Assiniboine River. 

These ANOVAs were calculated for five physical, sixteen chernical and 

five phytoplankton parameters. The physical parameters induded total 

weekly precipitation, Red River flow rate, in situ water temperature, 

euphotic depth and light extinction. The diemicd parameters induded the 

following: DO, pH, TN, SON, SIN, m+/NH3-N,  TON, PN, TP, DP, PP, SRI?, 

SOP, PC, TOC and SOC. The phytoplankton parameters induded biomass 

(Ch1 a) ,  P,,,, alpha, II, and estimated daily phytoplankton primary 

productivity. 

ANOVA results are presented in Tables 4.10 and 4.11 at the end of the 

chapter. To summarize significant differences between seasonal episodes, 

three dimensional line plots of episode means were consmicted for a i l  River 

sections along the Red River and the upstream and downstream locations 

along the Assiniboine River. These three dimensional line plots are found at 

the end of the chapter in Figures 4.34 to 4.80. 

Variabilitv in Phvsical - Parameters Between Seasonal Episodes - 

Total Weeklv Precivitation 

Total weekly precipitation differed significantly between seasonai 

episodes in 1994 in both the Red (p = 0.000) and the Assiniboine (p = 0.000) 

Rivers. Highest amounts were recorded in episode 1 followed by episode 3 

(Figures 4.34). No episodic differences were detected in either the Red @ = 

0.398) or the Assiniboine (p = 0.982) Rivers in 1995. 

Flow Ra te 

Flows rate in the Red River was significantly different between 

seasonal episodes in both 1994 (p = 0.000) and 1995 (p = 0.000), with the highest 
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rate assoaated with episode 3 in both years (Figure 4.35). In 1994, River flow 

initially declined from seasonal episode 1 to 2, but increased in episode 3. 

Rates dedined in episode 4, but in episode 5, increased once again. In 

contrast, River flow steadily declined h m  seasonal episode 3 to 5 in 1995. 

Although flow rate was not determined in the Assiniboine River, the 

discharge rate at Headingley was found to differ significantly between 

seasonal episodes, both in 1994 (p = 0.000) and 1995 (p = 0.000). It steadily 

dedined in each sampling year (Figure 4.36). 

In Situ Water Temperature 

In situ water temperaiures, in both the Red and Assiniboine Rivers, 

were significantly different between seasonal episodes in both 1994 and 1995 

@ = 0.000). Highest temperatures were found during seasonal episode 3, in 

both 1994 and 1995 (Figure 4.37). 

Mean Dailv Ambient PAR 

Mean daily ambient PAR was significantly different between seasonal 

episodes in both 1994 (p = 0.000) and 1995 (p = 0.000). Maximal values were 

found in seasonal epiçode 3, during weeks 8 to IO, and lows in episodes 1 and 

5, at both the beginning and end of the sampling year (Figure 4.1a). 

Euphotic Dep th 

There were significant seasonal differences found in the depth of the 

euphotic zone in the Red River in 1994 (p = 0.000) and in both the Red and 

Assiniboine Rivers in 1995 (p = 0.000 and 0.003, respectively) (Figures 4.38 and 

4.39). In 1994, episodes 2 and 4 represented periods of high euphotic depths. 

In 1995, the euphotic depth steadily increased from episode 3 to 5 within the 

Red River and between episodes 3 and 4 in the Assiniboine River. 



Liaht Extinction 

In both the Red and Assiniboine Rivers, there were significant seasonal 

differences found in the extinction of light during 1994 (p S 0.016) and 1995 (p 

= 0.000). High extinctions were noted in episodes 1,3 and 5 in 1994 (Figures 

4.40 and 4.41). In contrast, there was a steady decline throughout the 

sampling year in 1995 (Figures 4.4ûb and 4.41b). 

Variabiiitv in Chernical Parameters Behveen Seasonal Episodes 

Dissolved Oxvgen (DO) 

Concentrations of DO, in both the Red and Assiniboine Rivers, was 

found to exhibit significant episodic vanability in both 1994 (p = 0.000) and 

1995 (p = 0.000) (Tables 4.10 and 4.11). In 1994, DO concentrations declined 

from seasonai episode 1 to 3 and thereafter increased once again into episode 

5. In 1995, DO concentrations were depressed throughout episodes 3 and 4 but 

dramaticaily increased in episode 5 (Figures 4.42 and 4.43). 

DH 
There were significant seasonal differences in pH values detected in 

1994 in both the Red (p = 0.000) and Assiniboine (p = 0.004) Rivers. In the Red 

River, pH first dedined from seasonal episodes 1 to 3 in 1994, increased in 

seasonai episode 4 but dramatically declined in episode 5 (Figure 4.44). In 

contrast, pH in the Assiniboine River increased from seasonal episodes 1 to 4, 

but dramatically dedined in seasonai episode 5 (Figure 4.45). 

Whereas the pH of Red River water in 1995 was lowest during seasonal 

episode 4 (Figure 4.441, this was found during episode 3 in the Assiniboine 

River (Figure 4.45). 



Total Nitroszen (TN) 

In 1994, there were significant reductions in TN concentrations from 

seasonal episode 1 to 4 within both the Red and Assiniboine Rivers (p = 0.000) 

(Figure 4.46 and 4.47). Concentrations increased slightly from episode 4 into 

episode 5. 

Among groups 1 and 2 in the Red and within the Assiniboine, there 

were no significant differences in TN concentration between seasonal 

episodes in 1995 (p = 0.242 and 0.654, respectiveiy). However, within group 3, 

TN concentration was lowest during episode 5 (p = 0.026) (Figure 4.46). 

Soluble Organic Nitro~en (SON) 

In 1994, SON concentrations in both the Red and Assiniboine Rivers, 

were shown to exhibit an overall dedine in concentration (p = 0.000) (Figure 

4.48 and 4.49). However, SON concentrations did not differ significantly 

between episodes in 1995 (p = 0.983 and 0.288, respectively). 

Soluble Inorganic Nitronen - (SIN), Total Oxidized Nitrozen (TON) and 

To ta1 Ammonia-N (NH4+/ NHq-N) 

Most inorganic nitrogen parameters varied significantly between 

seasonal episodes in both the Red and Assiniboine Rivers. Soluble inorganic 

nitrogen (SIN), total oxidized nitrogen (TON) and (NH4+ / NH3-N) exhibited 

sigruficant differences in both 1994 and 1995 (Tables 4.10 and 4.11). 

In 1994, both SIN and TON increased from episode 1 to 3 in the Red 

River, declined in episode 4 and increased again in episode 5 (Figures 4.50 and 

4.51). Concentrations of NH4+ / NH3-N were significantly lower during 

episode 3 in 1994 in groups 1 and 2. However, the seasonal differences in 

NH4+/NH3-N concentrations were not obsewed in group 3 (Figure 4.52). 
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In 1995, SIN and TON concentrations dedined from seasonal episodes 

3 to 5 (Figures 4.50 and 4.51). This was in contrast with the inaease in 

concentrations of NH4+/NH3-N from episode 3 to 5 (Figure 4.52). 

Similar trends in concentrations of SIN and TON were found in the 

Assiniboine River in both 1994 and 1995 (Figures 4.53 and 4.54). In 1994, SIN 

and TON concentrations increased from episode 1 to 3, dedined in episode 4 

and inaeased again in episode 5. In 1995, there was a dedine from seasonal 

episode 3 to 5. 

During 1994, concentrations of N%+/NH3-N increased from seasonal 

episode 1 to 4 within the Assiniboine River (Figure 4.55). While NH4+/NH3- 

N concentrations were shown to increase within groups 1 and 2 in the Red 

during 1995 (Figure 4.52), concentrations dedined significantly frorn episode 3 

to 4 in the Assiniboine River (Figure 4.55). Furthermore, concentrations 

increased at AD from episode 4 to 5, but decreased during at AU. 

Particulate Nitronen (PN) 

Significant seasonal differences were found in the concentrations of 

particulate nitrogen (PN) within the Red River (p = 0.000) during 1994. 

Concentrations fluctuated from highs in seasonal episodes 1, 3 and 5 to lows 

in episodes 2 and 4 (Figure 4.56). This variability was not observed within the 

Assiniboine (p = 0.265). 

Total Phos~horus (TP) and Total Dissolved Phos~horus (DP) 

There were significant episodic differences in phosphorus loads found 

in the Red River during both 1994 (p = 0.000) and 1995 (p = 0.000). In the 

Assiniboine River, there were only "nearly" significant differences found in 

1994 (p = 0.069) and none in 1995 (p = 0.302). 
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In 1994, TP concentrations fluctuated in both Rivers from highs in 

episodes 3 and 5 to lows in episodes 2 and 4 (Figures 4.57 and 4.58). In 1995, 

concentrations in the Red River were dramatically lower in episode 5 than in 

early periods. 

In both the Red and Assiniboine Rivers, concentrations of DP were 

found to differ significantly between episodes in 1994 (p = 0.000 and 0.004, 

respectively) and 1995 (p = 0.000 and 0.024, respectively). While DP 

concentrations inaeased o v e r d  within the Red River in 1994 (Figure 4.59a), 

they declined between episodes 3 and 5 within the Assiniboine River (Figure 

4.60a). In 1995, concentrations generally dedined from episode 3 to 5 in both 

the Red and Assiniboine Rivers with only a small increase noted during 

episode 4 (Figures 4.59b and 4.60b). 

Particulate Phos~homs (PP) 

PP concentrations exhibited significant variability between seasonal 

episodes in the Red River (p = 0.000) in 1994, fluctuating h m  highs during 

episodes 1,3 and 5 and lows during episodes 2 and 4 (Figure 4.61a). However, 

no significant differences were observed in 1995 (p = 0.586). 

While there were no significant differences detected in 1994 (p = 0.398) 

PP concentrations in the Assiniboine River were found to increase 

throughout the 1995 sampling year (p = 0.030) (Figure 4.62b). 

Soluble Reactive Phos~homs (SRP) 

Within both the Red and Assiniboine Rivers, concentrations of SRP 

were found to exhibit significant seasonal differences during 1994 (p = 0.000 

and 0.004, respectively) (Figures 4.63a and 4.64a). However, in 1995 o d y  

"nearly" significantly differences were observed in the Red River (p = 0.054) 



(Figure 4.63b) and none were found in the Assiniboine River (p = 0.105) 

(Figure 4.64~). 

Within the Red River in 1994, concentrations were found to gradualiy 

increase during the sampling year with a slight decrease noted in episode 4 

(Figure 4.63a). In 1995, SRP concentrations in groups 2 and 3 declined from 

episodes 1 to 5. However, concentrations dramatically increased in episode 5 

within group 1 (Figure 4.63b). 

in 1994, SRP concentrations within the Assiniboine River fluctuated 

from highs during episodes 1, 3 and 5 to lows in episodes 2 and 4 (Figure 

4.64a). 

Soluble Oraanic Phosphorus (SOP) 

Whereas SOP concentrations were found to differ significantly in the 

Red River during both 1994 (p = 0.038) and 1995 (p = 0.000) (Figure 4.65), there 

were only "nearly" significant differences observed in the Assiniboine River 

in 1994 (p = 0.091) and none in 1995 (p = 0.853) (Figure 4.66). 

The differences observed within the Red River in 1994 were resultant 

of the highs that occurred during episodes 3 and, in the case of groups 1 and 2, 

5 (Figure 4.65). Within the Assiniboine in 1994, and the Red River in 1995, 

SOP concentrations declined overall from the beginning to the end of the 

sampling year (Figure 4.65 and 4.66). 

Particdate Carbon (PC) 

PC exhibited sigxuficant variability between seasonal episodes in 1994 in 

the Red River (p = 0.000) (Figure 4.67a). Episodes 3 and 5 were periods when 

PC concentrations were significantly higher than during episodes 2 or 4. 



There was much less variability in PC concentrations in the 

Assiniboine River in 1994 (p = 0.097). Concentrations increased only slightly 

from episodes 1 to 3, and thereafter deaeased into episode 5 (Figure 4.67%). 

No equivalent data were available for 1995. 

Total Oraanic Carbon (TOC) 

In both the Red and Assiniboine Rivers, concentrations of TOC 

inaeased significantly during the sampling year in 1995 (p = 0.000). However, 

there was a slight decrease noted between episodes 4 and 5 in both Rivers 

(Figure 4.68). 

Soluble Ornanic Carbon (SOC) 

SOC was found to differ significantly between seasonal episodes in both 

years in both Rivers (p = 0.000). Overall, concentrations of SOC appeared to 

increase by the end of the sampling period (Figures 4.69a and 4.70a). Similar 

to TOC, SOC concentrations in 1995 were found to level off between episodes 

4 and 5 in both Rivers (Figures 4.69b and 4.70b). 

Phvtoplankton Parameters 

In general, there were differences in phytoplankton parameters 

between seasonal episodes in both the Red and Assiniboine Rivers in 1994 (p 

= 0.000 and p < 0.091, respectively) and 1995 (p 1 0.038 and p 5 0.013, 

respectively) (Figures 4.71 to 4.79). The notable exception was phytoplankton 

biomass. Between seasonal episodes 2 and 4, in 1994, there were no observeci 

differences in groups 1 and 2 in the Red nor between locations in the 

Assiniboine River (Figure 4.75 and 4.80). 

In 1994, measures of phytoplankton activity (i.e., Pm,,, alpha and Ik) 

and estimated daily productivity in the Red River were found to be highest in 



seasonal episode 2 in groups 1 and 2, and in seasonal episode 1 in group 3 

(Figures 4. 71a to 4.74a). Intermediate values were typically found during 

episode 4. Activity among the three River groups was depressed during 

episode 3 in 1994, and lowest in episode 5. While phytoplankton biomass was 

found to be highest during seasonai episode 1 in groups 2 and 3, it was 

greatest in episode 2 within group 1 (Figure 4.75). 

In the Assiniboine River in 1994, phytoplankton activity and estimated 

daily productivity first increased from episode 1 to 3 but thereafter dedined 

into episode 5 (Figures 4.76a to 4.79a). There were no significant differences 

observed in biomass measured during 1994 in the Assiniboine (p = 0.458). 

In 1995, there was an increase in most phytoplankton parameters noted 

during the sampling year in both Rivers (Figures 4.71b to 4.80b). The 

exception was Ik, which increased from episode 3 to 4, but thereafter 

drama tically dedined (Figure 4.73b and 4.78b). 

4.4 Temporal Variabilitv Between Years in Cornvarable Seasonal 

Evisodes 

Two-way analysis of variance was performed to quantify the differences 

within the Red River between the two years of this study. The first factor was 

sampling year (1994 or 1995), the other River section (Group 1, 2 or 3). One- 

way ANOVA was chosen for the Assiniboine River. 

These ANOVAs were calculated for the five physical, sixteen chernicd 

and five phytoplankton parameters described above. ANOVA results are 

presented in Tables 4.12 and 4.13 at the end of the chapter. The three 

dimensional line plon of seasonal episode means were used to display these 

yearly differences among the three groups in the Red River and the upstream 



and downstream locations dong the Assiniboine River (Figures 4.34 to 4.80). 

These are located at the end of the chapter. 

Variabilitv in Phvsical Parameters Between Years of the Studv 

Total Weeklv Precivitation 

In the Red River, total weekly recorded precipitation differed between 

years in episodes 3 and 5 (p = 0.042 and 0.000, respectively). In particular 

amounts were higher in 1994 during episode 3 but this was reversed in 

episode 5 (Figure 4.34). These yearly differences were also observed in the 

Assiniboine River. 

Red River Flow Rates and Assiniboine River Dischar~e Rates 

1994 Red River flow rates exceeded those of 1995 during seasonal 

episodes 3 and 5 (p = 0.029 and 0.000, respectively). Flow rates were most 

similar during episode 4 (p = 0.450) (Figure 4.35). 

Discharge rates in the Assiniboine River were higher dwing the 1995 

sampling period. Furthemore, rates in episode 3 were significantly higher 

than had been recorded in 1994. There was a dramatic deche observed from 

episode 3 to 4, but this rate continued to exceed the previous year (p = 0.065). 

By episode 5, however, equivalent discharge rates were observed between 

years (p = 0.948) (Figure 4.36). 

In Situ water Tem~erature 

In situ water temperatures differed significantly between years in 

episode 4 in the Red (p = 0.033) and episode 3 (p = 0.027) in the Assiniboine 

River. In both instances, temperatures were significantly higher in 1995 

(Figure 4.37). 



Eu~hotic D e ~ t h  

In the Red River, the euphotic depths were found to be significantly 

higher in 1995 (p 5 0.007) (Figure 4.38). Significantly greater euphotic depths 

were found in 1995 in the Assiniboine River during episodes 4 (p = 0.078) and 

5 (p = 0.087) (Figure 4.39). 

Light - Extinction 

Light extinction, in the Red River, was significantly higher in 1994 

during al1 three episodes (p 0.047). Higher light extinctions were also 

observed in 1994 during episodes 4 and 5 in the Assiniboine River (p = 0.018 

and 0.001, respectively) (Figures 4.40 and 4.41). 

Variabilitv in Chemical Parameters Between Years of the Studv 

Dissolved Oxvgen (DO) 

In the Red River, DO concentrations were found to be higher in 1994 

during episode 4 (p = 0.000), but higher in 1995 in episodes 3 and 5 (p = 0.000) 

(Figure 4.42). Within the Assiniboine River, DO concentrations were 

significantly higher in 1994 in seasonal episode 5 (p = 0.012) (Figure 4.43). 

Red River pH values were consistently higher in 1995 (p = 0.000) 

(Figure 4.44). Conversely, during episodes 4 and 5 in the Assiniboine River, 

the pH was found to be higher in 1994 (p = 0.000) (Figure 4.45). 

Total Nitrozen (TN) 

In both Rivers, TN concentrations were significantly higher in 1994 

during seasonal episode 3 (p 5 0.002) (Figures 4.46 and 4.47). 



Soluble Oreranic Nitro~en (SON) 

Concentrations of SON were found to differ significantly between years 

in both the Red and Assiniboine Rivers (p 0.046 and 0.025, respectively). 

While concentrations in both Rivers were higher in 1994 in episode 3, they 

were lower during both episodes 4 and 5 (Figures 4.48 and 49). 

Soluble Inorganic - Nitrogen (SIN), Total Oxidized Nitrogen (TON) and 

Total Ammonia-N (NI&+/ NHq-N) 

Within the Red River, there were significantly higher concentrations 

of SIN (p = 0.000) and TON (p = 0.000) during episode 5 in 1994 when 

compared to 1995 (Figures 4.50 and 51). Conversely, the concentrations of 

NH4+/NH3-N during 1995 exceeded those measured in 1994 during episodes 4 

and 5 (p = 0.000 and 0.004, respectively) (Figure 4.52). 

During episode 4 in the Assiniboine River, SIN (p = 0.000), TON (p = 

0.001) and NH4+/NH3-N (p = 0.002) were higher in 1994 (Figures 4.53,4.54 and 

4.55). In episode 5, only SIN (p = 0.004) and TON (p = 0.001) were found to be 

significantly higher in 1994. 

Phosvhorus 

Total Phosphorus (TP) and Total Dissolved Phosphorus (DP) 

During this study, both TP and DP concentrations were significantly 

higher in 1994 in both the Red and Assiniboine Rivers (p i 0.035 and 0.035, 

respeaively) (Figures 4.57 to 4.60). 

Particdate Phosphorus (PP) 

In the Red River, 1994 concentrations of PP exceeded those measured 

in 1995 during both episodes 3 and 5 (p = 0.000) (Figure 4.61). However, in the 

Assiniboine River, only episode 3 was attributed with this difference (p = 

0.031) (Figure 4.62). 
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Soluble Reactive Phosphoms (Sm' 

While SRP was significantly higher in 1994 during al1 seasonal 

episodes in the Red River (p 1 0.004), 1994 concentrations were only 

significantly higher in seasonal episode 5 in Assiniboine River (p = 0.022) 

(Figures 4.63 and 4.64). 

Soluble Orrranic Phosphorus (SOP) 

In the Red River, there were no significant yearly differences in SOP 

concentrations in either episode 3 or 4 (p 2 0.151). However, in episode 5, 1994 

concentrations greatly exceeding those of 1995 (p = 0.001) (Figure 4.65). In the 

Assiniboine River, significantly higher concentrations were found in 1994 

during episode 4 (p = 0.025) (Figure 4.66). 

Soluble Orzanic Carbon (SOC) 

Concentrations of SOC were higher in 1994 during seasonal episode 3 

(p = 0.003) in the Red River, and episode 5 in both the Red and Assiniboine 

Rivers (p 1; 0.010) (Figures 4.69 and 4.70). 

Variability in Phvtoplankton Parameters Between Years of the Studv 

Measures of Phvtodankton Activitv (alpha, PmaX and I d  

In the Red River, Pm,, was sigmficantly higher in 1995 in both episodes 

3 and 5 (p 5 0.049) (Figure 4.71). In contrast, Pm,, during episode 3 in the 

Assiniboine River was significantly higher in 1994 (p = 0.012) (Figure 4.76). 

Alpha exhibited yearly differences in all comparable seasonal episodes 

in the Red River (p = 0.000). While alpha was higher in 1994 in episodes 3 

and 4, it was higher in 1995 in episode 5 (Figure 4.72). In the Assiniboine 



River, alpha was significantly higher in 1994 in episodes 3 and 4 (p = 0.000) 

(Figure 4.77). 

Lastly, measurements of Ik indicated that the threshold irradiance that 

saturated photosynthesis was significantly higher in 1995 in all seasonal 

episodes in the Red River (p = 0.000) (Figure 4.73). In the Assiniboine River, 

these differences were found in episodes 3 and 4 (p = 0.000) (Figure 4.78). 

Estimated Dailv Productivity 

In the Red River, there were significant yearly differences in estimated 

daily productivity al1 seasonal episodes (p < 0.050) (Table 4.12). While 

productivity values were higher in 1994 in episode 4, they were lower than 

1995 during episodes 3 and 5 (Figure 4.74). 

In the Assiniboine River, significant differences were only observed 

during episode 3 (p = 0.000) when productivity was significantly higher 

during 1994 (Figure 4.79). 

Biomass (Chloro~hvl a )  

Phytoplankton biomass was significantly higher in 1995 during 

episodes 3 and 5 (p S 0.006) in the Red River and in 1994 in episode 3 in the 

Assiniboine River (p = 0.016) (Figures 4.75 and 4.80). 

4.5 Spatial Variabilitv Within the Red River Between Groups 1, 2 and 

3 - 

To quantify the spatial heterogeneity dong the Red River, one-way 

analysis of variance was performed using River section (Group 1, 2 or 3) from 

each seasonal episode in both 1994 and 1995. The differences between 

Assiniboine locations were previously descnbed in the first section of this 

chap ter. 



ANOVAs were calculated for the five physical, sixteen diemical and 

five phytoplankton parameters and results are presented in Tables 4.14 and 

4.15 at the end of the chapter. The three dimensional line plots were used to 

display spatial variability in Red River sections are found among Figures 4.34 

to 4.75 at the end of the chapter. 

Spatial Variabilitv in Phvsical Parameters 

Total Weeklv Precipitation 

Analysis of variance showed that the precipitation information 

collected did not Vary significantly between the three groups along the Red 

River in either 1994 (p = p 2 0.837) or 1995 (p à 0.188) (Figure 4.34). 

Red River Flow Rates 

Red River flow rates were significantly lower in group 1 during al1 

seasonal episodes in 1994 (p 1 0.018) (Figure 4.35a). In 1995, flow rates were 

lower in group 1 during seasonal episode 4 (p = 0.001), and were nearly 

significantly lower in seasonal episode 3 (p = 0.108) and episode 5 (p = 0.081) 

(Figure 4.35b). 

In Situ Water Temperature 

There were no significant differences detected in the in situ water 

temperatures between Red River groups during this study (p S 0.463) (Figure 

4.37). 

Euphotic D e ~ t h  and Mean Light Extinction 

Significantly higher euphotic depths were associated with group 1 

during seasonal episodes 2 (p = 0.009) and 4 (p = 0.099) in 1994, and 3 (p = 0.026) 

and 4 @ = 0.000) in 1995 (Figure 4.38). 



niere  were significantly lower light extinctions noted within group I 

during seasonal episodes 2 (p = 0.000) and 3 (p = 0.081) in 1994 and episodes 3 

(p = 0.082) and 4 (p = 0.000) in 1995. Moreover, during episodes 2 and 4, there 

was a sequential change in measures of extinction. Highest values were 

observed within group 3 and lowest in group 1 (Figure 4.40). 

S~atial Variabilitv in Chernical Parameters 

Dissolved Oxvgen (DO) 

In contrast with group 1, DO concentrations were significantly higher 

within group 3 during seasonal episode 5 in both 1994 (p = 0.005) and 1995 (p = 

0.006). During episode 4 in 1995, "nearly" significantly higher DO 

concentrations were found in group 2 (p = 0.097) (Figure 4.42). 

DH 
During seasonal episodes 4 and 5 in 1994 (p = 0.001 and 0.004, 

respectively), and in episode 5 in 1995 (p = 0.015) the pH within group 1 was 

significantly Iowa than either group 2 or 3 (Figure 4.44). 

Total Nitroaen (TN) 

TN did not differ significantly between groups in the Red River in 1994 

(p 5 0.119) or 1995 (p 2 0.151) (Figure 4.46). 

Soluble Oraanic Nitroeen (SON) 

SON concentrations were significantly higher in group 1 in the Red 

River during seasonal episodes 3 and 4 in 1994 (p = 0.044 and 0.020, 

respectively) and 4 in 1995 (p = 0.008) (Figure 4.48). 



Soluble Inorpranic Nitrogen (SIN), Total Oxidized Nitrogen - (TON) and 

Total Ammonia Nitroeen (NH4+/NH%-N) 

In 1994, SIN was found to be significantly higher in concentration in 

group 1 during seasonal episodes 1 (p = 0.000), and 4 (p = 0.000) and nearly in 

seasonal episode 5 (p = 0.071) (Figure 4.50a). In 1995, the only period of higher 

concentrations was during episode 5 (p = 0.000). Again, highest 

concentrations were assoaated with group 1 (Figure 4.50b). 

In 1994, TON concentrations were higher in group 1 during seasonal 

episodes 1 (p = 0.003) and 4 (p = 0.096) in 1994 (Figure 4.51a). Conversely, in 

episode 3 in 1995, TON concentrations were higher in group 3 (p = 0.101) 

(Figure 4.51b). 

Concentrations of NH4+ / NH3-N were found to differ significantly 

between groups in the Red River in both 1994 (p 1 0.035) and 1995 (p = 0.000). 

Concentrations were always highest downstream of the City in group 1, 

intermediate within the "inter-city" in group 2 and lowest in the upstream 

group 3 (Figure 4.52). Moreover, concentrations were significantly altered 

downstream of WPCC's as evidenced at sampling locations R4, R7 and/or RB 

that were located downstream of the SEWPCC and NEWPCC, respectively 

(Figure 4.81 located at the end of the chapter). 

Particdate Nitro~en - (PN) 

PN concentrations were highest in group 1 during seasonal episode 4 (p 

= 0.000) in 1994 (Figure 4.56a). PN data was not available in 1995. 

Phosphorus 

Total Phos~horus (TP) and Total Dissolved Phosvhorus - (DP) 

TP concentrations were significantly different between Red River 

groups during seasonal episodes 1 (p = 0.027) and 4 (p = 0.012) in 1994 and 
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episodes 4 (p = 0.056) and 5 (p = 0.002) in 1995. In seasonal episode 1, 

equivalent concentrations were found between groups 1 and 2, but these were 

significantly higher than in group 3 (Figure 4.57). Conversely, equivalent 

concentrations were found between groups 2 and 3 in the remaining periods, 

but these were significantly lower than f o n d  within group 1. 

Significant differences in DP were restricted to seasonal episode 5 in 

both 1994 (p = 0.103) and 1995 ( p  = 0.000). Concentrations were significantly 

higher in the group 1, and equivalent between groups 2 and 3 (Figure 4.59). 

Particulate Phosphorus (PP) 

PP concentrations were not significantly different along the Red River 

in 1994. In 1995, concentrations in group 1 were significantly higher during 

seasonal episode 4 (p = 0.012) (Figure 4.61b). 

Soluble Reactive Phos~horus (SRI?) 

in 1994, SRP concentrations differ significantly between groups in 

seasonal episodes 1 (p = 0.022) and 4 (p = 0.000) and in episodes 4 (p = 0.002) 

and 5 (p = 0.001) in 1995 (Figure 4.63b). Highest concentrations were found in 

group 1 downstream of the NEWPCC (Figure 4.63a). Moreover, in 1995, the 

concentrations of SRP were found to increase throughout the year within 

group 1. 

Soluble Oreranic Phosr~homs (SOI?) 

Concentrations of SOP were higher in Red River group 2 during 

seasonal episodes 1 (p = 0.082) and 4 (p = 0.043) in 1994 (Figure 4.65). No 

spatial variability was obsewed in 1995 (p 2 0.206). 



Partidate Carbon (PC) 

Significantly higher concentrations of PC were found within group 3 in 

the Red River during seasonal episodes 2 (p = 0.019) and 3 (p = 0.029) in 1994 

(Figure 4.66a). 

Total Orrzanic Carbon (TOC) 

TOC, measured in 1995, was not found to exhibit significant spatial 

variability in the Red River (p 2 0.320). 

Soluble Organic Carbon (SOC) 

Croup 3 was found to exhibit higher SOC concentrations during 

seasonal episode 5 (p = 0.058) in 1994 (Figure 4.69a). No other periods were 

found to exhibit spatial differences in concentrations. 

Spatial Variabilitv in Phvtoplankton Parameters 

Photosvnthetic Parameters (alpha. Pm,, and Ik) 

Pm, was found to differ between Red River groups throughout 1994 (p 

a 0.096) and 1995 (p = 0.000). Pm,, values were highest in group 1 and lowest 

in group 3 (Figure 4.71). Group 2 values were typically equivaient to group 1. 

However, in seasonal episodes 3 and 5 in 1994, they were equivalent to group 

3. 

Alpha was consistently found to differ between Red River groups 

during 1994 (p 5 0.047) and 1995 (p = 0.000). While in 1994, alpha in group 1 

was higher than both 2 and 3 (Figure 4.72a), groups 1 and 2 were equivalent in 

1995 (Figure 4.72b). 

Ik differed significantly between groups among most seasonal episodes 

in both 1994 (p 5 0.043) and 1995 (p a 0.055). The notable exception was found 
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during seasond episode 1 in 1994 when no significant differences could be 

detected (p = 0.801). Otherwise, groups 1 and 2 were equivaient in Ib but were 

sigxuficantly higher than group 3 (Figure 4.73). 

Estimated Dailv Roductivitv 

Estimated daiiy productivity was found to d.iffer significantly between 

groups in both 1994 (p S 0.011) and 1995 (p = 0.000). Groups 1 and 2 were 

equivalent throughout such of the sampling year. However, these groups 

displayed significantly higher estimates of productivity than group 3 (Figure 

4.74). Exceptions were found during seasonal episodes 2 in 1994 and 5 in 1995 

when group 1 rstimated phytoplankton daily productivity exceeded 

measurements from group 2 (Figure 4.74). 

Biomass (Chlorophvll a ) 

Biomass was found to differ significantly between River groups in 

most seasonal episodes in 1994 (p 1 0.002) and 1995 (p 1 0.016). Similar to Ik, 

the notable exception was found in seasonal episode 1 in 1994 (p = 0.941). 

During periods of significant spatial heterogeneity, there was less biomass 

found in group 3 than in either groups 1 or 2 (Figure 4.75). 

4.6 Variabilitv Between the Red and Assiniboine Rivers 

To quantify the spatial heterogeneity between the Red and Assiniboine 

Rivers, one-way analyses of variance were performed using River sections 

(Croup 1, 2,3 or As) from each seasonai episode in both 1994 and 1995. 

ANOVAs were calcuiated for the same five physical, sixteen chernical 

and five phytoplankton parameters previously described. ANOVA results 

are found in Tables 4.16 and 4.17 at the end of the chapter. The three 



dimensional line plots previously were used to describe these differences 

between Rivers and these are located at the end of the chapter. 

Spatial Variabilitv in Phvsical Parameters 

Total Weeklv Precipitation 

Significant differences between Rivers were found in seasonal episodes 

4 (p = 0.000), in 1994 (Figure 4.34), and 3 (p = 0.057) in 1995. Compared to the 

Red River, weekly preupitation in the Assiniboine River was significantly 

higher during episode 4. However, the reverse was found during episode 3 

(not shown). 

In Situ Water Temperature 

For the most-part, water temperatures were equivalent between Rivers. 

The only exception occurred during episode 4 (p = 0.094), in 1994 when lower 

temperatures were found in the Assiniboine River (not shown). 

Euvhotic Depth and Mean Light Extinction 

There were significant differences in the euphotic depths between 

Rivers. This was noted in seasonal episodes 2 (p = 0.000) and 4 (p = 0.001) in 

1994 (Figures 4.38a and 4.39a) and episodes 3 (p = 0.000) and 5 (p = 0.000) in 

1995 (Figures 4.381, and 4.39b). These differences were also observed in light 

extinction during seasonal episodes 2 (p = 0.000), 3 (p = 0.073) and 4 (p = 0.001) 

in 1994 and al1 episodes in 1995 (p 1 0.019) (Figures 4.40 and 4.41). 

The water column in the Assiniboine River was characterized by 

shallower euphotic depths and significantly higher light extinctions than 

found in the Red River (Figures 4.38 to 4.41) with the exception that during 

episode 3 in 1994, comparable extinctions were found between groups 1,2 and 

the Assiniboine but these were significantly lower than group 3 (Figures 4.40a 



and 4.41a). In episodes 3 and 4 in 1995, comparable extinctions were found 

between groups 3 and the Assiniboine but were significantly higher than the 

groups 1 and 2 that were downstream of the confluence (Figures 4.40b and 

4-41 b). 

Spatial Variabilitv in Chemical Parameters 

Dissolveci Oxveren (DO) 

DO concentrations were higher in the Assiniboine River in episode 5 

in 1994 (p = 0.000) (Figure 4.42a and 4.43a). DO concentrations were 

comparable between Rivers in 1995. 

EH 
The Assiniboine River was found to be more alkaline than the Red 

throughout the study (p s 0.062) (Figures 4.44 and 4.45). 

Total Nitrogen (TN) 

TN differed between Rivers throughout the study. In seasonal 

episodes 1 (p = 0.098), 2 ( p = 0.103) and 3 (p = 0.066) in 1994 and 4 (p =0.000) in 

1995, Red River concentrations exceeded those in the Assiniboine River 

(Figures 4.46 and 4.47). However, in episode 3 (p = 0.027) in 1995, TN 

concentrations were equivaient in groups 1, 2 and the Assiniboine but were 

significantly higher in group 3 (Figure 4.46b and 4.4%). 

Soluble Or~anic Nitrogen - (SON) 

SON concentrations between Rivers were similar upstream of the 

NEWPCC among the Assiniboine locations and groups 2 and 3. However, 

group 1 concentrations were sigmficantly higher during seasonal episodes 3 (p 



= 0.076) and 4 (p = 0.024) in 1994 (Figures 4.48a and 4.49a). Conversely, in 

episode 4 in 1995, groups 1, 3 and the Assiniboine locations were equivalent 

but were significantly higher than group 2 (p = 0.008) (Figures 4.48b and 4.49b). 

Soluble Inorsianic - Nitronen (SIN), Total Oxidized Nitronen (TON) and 

Total Arnmonia Nitroeen (NH4+1NH~-N) 

SIN, TON and NE&+/ NH3-N concentrations were consistently lower in 

the Assiniboine River in both years (p 1 0.000, 0.002 and 0.000, respectively) 

(Figures 4.50 to 4.55). However, there were comparable concentrations of 

NH4+/NH3-N between As and group 3 during seasonal episode 3, in 1995 and 

episode 5, in both 1994 and 1995 (Figures 4.52 and 4.55). 

Par ticulate Nitrozen - (PN) 

PN concentrations were significantly higher in the Assiniboine during 

seasonal episodes 2 (p = 0.000), 3 ( p = 0.076), 4 (p = 0.000) and 5 (p = 0.102) in 

1994 (Figure 4.56). 

Total Phosphorus (TP) and Total Dissolved Phosrihorus (Dl?) 

In seasonal episode 2 (p = 0.001), in 1994, and episode 5 (p = 0.001), in 

1995, TP concentrations were comparable in the Assiniboine River and Red 

River group 1, but these were sigruficantly higher than groups 2 or 3 (Figures 

4.57 and 4.58). This sharply contrasted with episodes 1 (p = 0.051) and 5 (p = 

0.043) in 1994 and episode 4 (p = 0.018) in 1995 when concentrations were 

significantly lower in the Assiniboine River. Lastly, in episode 4, in 1994, 

there were comparable concentrations of TP in the Assiniboine and Groups 2 

and 3 in the Red River. Concentrations were, however, significantly lower 

than found within group 1 (Figure 4.57 and 4.58). 



DP concentrations were significantly lower in the Assiniboine River, in 

both 1994 and 1995, during episodes 3 (p = 0.095 and 0.067, reçpectively), 4 (p = 

0.000 in both years) and 5 (p = 0.000 in both years) (Figures 4.59 and 4.60). 

Particula te Phosphorus (PP) 

In seasonal episode 4 in 1994 (p = 0.043) and 1995 (p = 0.002). 

concentrations of PP were found to ciiffer significantly between groups in the 

Red and the Assiniboine Rivers. While in 1994., concentrations of PP were 

comparable between groups 1,3 and the Assiniboine (Figures 4.61a and 4.62a), 

they were significantly higher in the Assiniboine River during 1995 (Figures 

4.61 b and 4.62b). 

Soluble Reactive Phosphorus (SRP) 

Between the two Rivers, there were consistently higher concentrations 

of SRP in the Red during 1994 (p a 0.032) and 1995 (p = 0.000) (Figures 4.63 and 

4.64). 

Soluble Oraanic Phosphorus (=Pl 

Red River SOP concentrations were significantly higher than those in 

the Assiniboine River during seasonai episodes 3 and 4 in 1995 (p = 0.009 and 

0.000, respectiveiy) (Figures 4.65b and 4.66b). In seasonai episode 4 (p = 0.054) 

in 1994, concentrations in the Assiniboine River was comparable to both 

groups 2 and 3 but were significantly lower than found in group 1 (Figures 

4.65a and 4.66a). 

Particdate Carbon (PC) 

PC concentrations, in 1994, were significantly higher in the Assiniboine 

River during seasonal episodes 2 and 4 (p = 0.000 and 0.000, respectively) 
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(Figure 4.67). However, in episode 3 (p = 0.0311, concentrations were 

equivalent between the Assiniboine and group 3. There were no comparable 

PC data available in 1995. 

Total Ornanic - Carbon (TOC) 

There were significantly higher TOC concentrations found in the Red 

River during episode 5 (p = 0.005) in 1995 (Figure 4.68). 

Soluble Organic - Carbon (SOC) 

Between the two Rivers, there were several seasonal episodes in 1994 

in which concentrations of SOC were significantly higher in the Red. These 

induded seasonal episodes 2 (p = 0.004), 4 (p = 0.015) and 5 (p = 0.043) in 1994 

(Figures 4.69a and 4.70a) . No differences were found between Rivers in 1995 

(p 20-253). 

Spatial Variabilitv in Phvto~lankton Parameters 

Photosvnthetic Parameters (alpha. Pm, and IA 

Pm,, measurements were significantly higher in the Assiniboine 

during seasonal episodes 3 (p = 0.000), 4 (p = 0.000) and 5 (p = 0.000) in 1994 and 

episode 4 (p = 0.000) in 1995 (Figures 4.71 and 4.76). 

For the most-part, alpha measurements in the Assiniboine River were 

higher than any group in the Red River as well. However, during seasonal 

episodes 1 and 2 in 1994 and episode 3 in 1995, measurements were 

comparable between the Assiniboine and Red River group 1 (Figures 4.72 and 

4.77). 

Ik values in the Assiniboine River were comparable to the Red River 

throughout much of 1994. In episode 5, however, measuremenh in the 

Assiniboine were significantly higher than groups 1 and 3 in the Red River 



(Figures 4.73a and 4.78a). In 1995, Ik in the Assiniboine was higher than in 

group 3 during episode 3, lower than groups 1 and 2 in episode 4 and 

significantly lower than the Red River during episode 5 (Figures 4.73b and 

4.78b). 

Estimated Dailv Productivitv 

Estimated daily productivity in the Assiniboine was higher than any 

group in the Red River during seasonal episodes 3 and 5 in 1994 (Figures 4.74a 

and 4.79a), and episode 4 in 1995 (Figures 4.74b and 4.79b). During seasonal 

episodes 2 and 4 in 1994 and episode 3 in 1995, comparable estimates were 

found between groups 2, 3 and As. However these estimates were 

significantly lower than found in group 1. 

Biomass (Chlorophyll a 

Throughout much of the sampling year in 1994 (p = 0.000) and during 

al1 of 1995 (p < 0.001), there were significant differences in biomass between 

the two Rivers in this study (Figures 4.75 and 4.80). The only episode in 

which significant differences were not observed were during episode 1 (p = 

0.959). Otherwise, the biomass determined in the Assiniboine River was 

typically higher than the Red River. In episode 5 in 1995, biomass 

measurements in group 1 of the Red River were comparable to those in the 

Assiniboine River (Figures 4.75 and 4.80). 

4.7 The Impact of the Assiniboine River on the Red River 

Downstream of their Confluence 

Paired t-tests, using locations R4 and R5, were performed to identify 

any impact of the Assiniboine River on the Red River downstrearn of their 

confluence. This approach was based on the premise that any change between 



these locations was resdtant of the status of the Assiniboine River that 

discharged between these sites. 

Factors that were anaiyzed in paired t-tests induded two physical (in 

situ water temperature and euphotic depth), sixteen chemical and five 

phytoplankton parameters that were emp!oyed in previouç analyses. 

Results of the t-tests are found in Table 4.18. When significant 

differences were detected, boxplots were created using R4, R5 and the 

Assiniboine downstream (AD) locations. These are found in Figures 4.82 and 

4.83 at the end of the chapter. 

There were few significant differences found between R4 and R5 in 

terms of their chemical status. The only parameters that were different 

induded total ammonia-hl (p = 0.039) and soluble organic Carbon (p = 0.025). 

Both were found to be significantly lower in concentrations at R5 in the Red 

and AD in the Assiniboine River (Figure 4.82). 

In terms of the phytoplankton dynamics, significant differences were 

observed in al1 parameters between sites R4 and R5 (p I 0.043). 

Measurements were aiways significantly higher at N in the Red and at AD in 

the Assiniboine River (Figures 4.83). However, on a chlorophyll normalized 

basis, SP,,, remained significantly different between R4 and R5 (p = 0.041). 

Higher SP,,, was observed at both R5 and AD in contrast with R4 (Figure 

4.83). 



4.8 Summarv 

There were pronounced cyclical features found in the physical, 

chemical, and phytoplankton parameters. These features were 

employed to subdivide the 1994 and 1995 datasets into seasonal 

episodes as defined in Table 4.1. 

In 1994, seasonal episodes 1,3 and 5 differed significantly from episodes 

2 and 4 in physical, chernical and phytoplankton parameters. Episodes 

2 and 4 were equivalent in physical and phytoplankton parameters but 

were significantly different in chemical concentrations. 

In 1995, episodes were significantly different in physical and chemical 

parameters. However, phytoplankton parameters did not differ 

between episodes 3 and 4. 

There were discernible sections in the Red River. Group 3 was 

upstream of the Assiniboine confluence and induded sites RI to R4. 

The only parameter that differed significantly was the concentration of 

NI&+ /N&-N. 

Group 2 included the inter-city locations between the Assiniboine 

confluence and the NEWPCC (i.e., R5, R5.1 and R6). Parameters 

induding flow, pH and nitrogen concentrations (i.e., TN, PN, SIN and 

NH4+/NH3-N) were observed to differ in locations in a few episodes. 

Phytoplankton parameters differed during episodes 1,2 and 5 in 1994. 

Group 1 induded locations downstream of the NEWPCC. There were 

lower flow rates observed at RI0 as well as more light available. 



Il. 

Chernical parameters, induding PN, PC, Pl?, SOC and NEQ+/NH3-N 

were reported, on occasion, to differ in locations as well. There were 

few reports of differences in phytoplankton activity in these locations. 

There were differences in chemical parameters between upstream and 

downstream locations in the Assiniboine River. Typically, 

concentrations were higher at the downstream location. 

Differences in phytoplankton parameters in Assiniboine locations were 

restricted to episodes 2 and 4 in 1994. Higher activity was obsenred at 

location AD. 

There were pronounced differences in physical, chemical and 

phytoplankton parameters between seasonal episodes in each year. 

These differences were quantified by ANOVA and are presented in 

Tables 4.10 and 4.11. 

In 1994, many parameters oscillated between episodes. In particular, 

highs in nutrient concentrations were observed in episodes 1, 3 and 5 

and lows in episodes 2 and 4. Lows were also obsewed in measures of 

available light during episodes 1,3 and 5. 

In 1995, there were less fluctuations observed. Rather, parameters 

exhibited more of a sequential dedine/indine from seasonal episode 3 

to 5 without the aests and troughs identified in 1994. 

Temperature displayed an inverted "Ut', first increasing to a aest in 

episode 3 and thereafter dedining. Dissolved oxygen was inverse to 

temperature. 



There were many parameters that differed significantl y between years 

as presented in Tables 4.12 and 4.13. In general, seasonal episodes 3 and 

5 exhibited pronounced yearly differences while episode 4 was most 

simiiar. With few exceptions, chernical concentrations were higher in 

1994. The notable exception was -+ /NH3-N concentrations that 

were higher in 1995 during episodes 4 and 5. 

Phytoplankton parameters displayed pronounced yearly differences. 

Pm, and Ik were higher in 1995, while alpha was higher in 1994. 

Estimated daily productivity was significantly higher in 1994 during 

episode 4. Otherwise, higher production estimates were observed in 

1995. 

The results from the analysis of spatial heterogeneity behveen sections 

in the Red River are presented in Tables 4.14 and 4.15. Generally 

speaking, both light availability and nutrient concentrations were 

higher in group 1 locations. Flow rate was also low in group 1 when 

contrasted with group 3. However, particdate carbon concentrations 

were often higher in group 3 locations. 

Phytoplankton parameters were conçistently higher among group 1 

locations when compared with activity in group 3. 

Results from the analysis of differences between Assiniboine and Red 

Rivers are presented in Tables 4.16, 4.17 and 4.18. There were few 

parameters that differed between R4 and RS so as to represent an 

impact of Assiniboine discharge downstream of the confluence. The 

two chemical parameters found to display significant differences were 



N H 4 + /  NH3-N and SOC. Both were significantly lower in 

concentration at AD and R5. Chlorophyll normalized Pmax was the 

only phytoplankton parameter to exhibit significant differences. It was 

higher at AD and R5 compared to R4. 



Table 4.2 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quantify the intra-group ciifferences between 
locations W to RIO in Group f du~ing the five seasonal episodes in 1994. 

Parameter 1 Episode 1 Episode 1 Episode 1 Episode ( Episode 
1 2 3 4 5 

Phvsid Parameters * . 
Preapitatim 1.000 1 .O00 1 .O00 1.000 1 .O00 
River Flow Rate 0.003 0.000 0.186 0.002 0.001 

1 In Situ Water 0.999 0.836 0.989 0.999 1 .O00 
Temperature 
Light Extinction 0.029 0.012 0.533 0.601 0.566 
Euphotic Depth 0.007 0.012 0.804 0.916 0.387 

Chernical Parameters 
Dissolved Oxygen 0.969 0.673 0.998 0.626 0.147 

p H  0.940 0.637 0.971 0.479 0.387 
(a) Nitrogen 

I I 1 I 
- - 

1 

SON 1 0.332 1 1.000 1 0.612 1 0.940 1 0.783 
I 

SIN 0.267 0.963 0.508 0.250 0.950 
Na+/NH3-N 0.353 0.029 0.510 0.320 0.461 
TON 0.595 0.804 0.571 0.566 0.979 

SRP 1 .O00 0.962 0.965 0.421 0.981 
SOP 0.903 0.847 0.828 0.539 0.797 

(CI Carbon 
I?C 0.015 0.035 0.904 0.751 0.988 
SOC 1 0.792 1 0.722 1 0.983 1 0.966 1 0.309 

1 

Phytoplankton 
Parameters 

I I 1 D 1 

Estimated Dailv 1 0.138 1 0.009 1 0.732 1 0.639 1 0.244 
Productivity 
Ch1 a 0.885 0.160 0.220 0.997 0.990 
h a x  0.559 0.420 0.643 0.647 0.799- 
alpha 0.114 0.413 0 -429 0.721 0.604 



Table 4.3 Probability (p) values obtained frorn Analysis of Variance. 
ANOVAs were performed to quantify the intra-group differences between 
locations R5, ~5.1 and R6 in ~ r o u p  2 during the five seasonal episodes in 
1994. 

River Flow Rate 1 0.016 1 0.000 1 0.287 1 0.019 1 0.010 
In Situ Water 0.990 0.982 0.998 0.978 0.998 
Tem~erature 

1 1 I 1 1 I 

Light Extinction 1 0.700 1 0.226 1 0.875 1 0.990 1 0.364 
~ i ~ h o t i c  Depth 

I 

0.526 0.916 0.906 0.998 0.692 
Chernical Parameters 

1 

Dissolved Oxygen 0.975 0.974 0.844 0.933 0.991 

p H  0.959 O. 030 0.958 0.693 0.821 
(a) Nitrogen 

T N  0.098 0.901 0.773 0.870 0.965 
I 1 I I 1 

SON 1 0.897 1 0.977 1 0.690 1 0.890 1 0.849 
SIN 1 0.634 1 0.310 1 0.944 1 0.800 1 0.958 

1. 

Nfi+/NH3-N 0.907 0.005 0.916 0.966 0.699 
TON 0.699 0.399 0.929 0.816 0.975 

1 I 1 I 1 

(b) Phosphorus 1 1 1 1 1 

SOC 0.975 0.547 1 0.897 0.710 0.935 
Phytoplankton 
Parameters 

Estimated Daily 0.586 0.000 0.563 0.618 0.063 
Productivity 
Ch1 a 0.963 0.003 0.759 0.383 0.146 
b a x  0.590 0.000 0.151 0.381 0.084 
alpha 0.875 0.003 0.207 0.334 0.082 



Table 4.4 Probability (p) values obtained from Analyçis of Variance. 
ANOVAs were performed to quanbfy the intra-group differences between 
locations R4 to RI in Group 3 during the five se&ond episodes in 1994. 

Parameter Episode Episode Episode Epiçode Episod~ 
1 2 3 4 5 

Physical Parameters 
Precipita tion 0.993 0.973 1 .O00 1 .O00 1 .O00 
River Flow Rate 0.536 0.551 0.804 0. 722 0.234 
In Situ Water 1.000 0.991 0.999 1.000 1 .O00 
Temperature 
L k h t  Extinction 0.314 0.427 0.972 0.414 0.364 

I J 

Euphotic Depth 0.696 0.374 0.959 0.550 0.617 
Chernical Parameters 

1 

Dissolved Oxygen 1.000 0.990 0.978 0.998 0.995 
DH 0.942 0.781 0.818 0.987 0.835 

1 3 1 I 1 

SON 1 0.992 1 0.648 1 0.565 1 0.492 1 0.746 
1 . 

SIN i 0.833 f 0.916 1 0.966 1 0.885 1 0.934 
Na+/NH3-N 0.045 0.001 0.773 0.000 0.007 
TON 0.904 0.965 0.956 0.995 0.979 

m 

PN 0.61 1 0.414 0.461 0.346 0.754 
(b) Phosphorus 

TP 0.763 0.592 0.954 0.697 0.362 

I . 
SRP 1 0.900 1 0.869 1 0.999 1 0.388 1 0.993 

SOC 0.995 0.930 0.995 0.579 0.895 
Phytoplankton 
Parameters 

Estimated Daily 0.965 0.733 0.999 0.780 0.905 
Productivi ty 
Ch1 a 0.982 0.91 1 0.628 0.957 0.275 



Table 4.5 Probabiiity (p) values obtained from Analysis of Variance. ANOVAs 
were performed to quantify the intra-group ciifferences between locations R7 to 
RI0 in Group 1 during the three seasonai epiçodes in 1995. 



Table 4.6 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quantify the intra-group differences between 
locations RS, R5.1 and R6 in Group 2 during the three seasonal episodes in 

Parameter Episode Episode 
3 4 

Physical Parameters 
Precipitation 0.987 1.000 
River Flow Rate 0.030 0.000 
In Situ Water 0.992 0.997 
Temperature 
Light Extinction 0.770 0.974 
Euphotic Depth 0.824 0.833 

Chernical Parameters 
Dissolved Oxygen 0.982 0.925 
DH 0.854 0.825 
A I 1 

(a) Nitroaen 1 1 
V I 

T N  0.628 0.625 
SON 0.945 0.800 
SIN 0.837 0.966 

PN 
(b) Phosphorus 

TP 0.532 0.542 

11 SRP 
I 1 

1 0.863 1 0.801 

% TOC 1 O. 725 1 0.798 
SOC 0.946 0.875 

Phytoplankton 
Parameters 

Estimated Daily 0.726 0.568 
Productivity 
Ch1 a 0.576 0.618 
P m  0.762 0.464 
a l ~ h a  0.619 0.441 

Episode 
5 



Table 4.7 Probabiiity (p) values obtained from Analysis of Variance. 
ANOVAs were performed to q u a n q  the intra-group ciifferences between 
locations RI to R4 in Group 3 during the three seasonal episodes in 1995. 

Parameter Episode Episode Episode 
3 4 5 

Physical Piiameters 
Precipitation 0.474 0.931 1.000 
River Fiow Rate 0.920 0.273 0.832 
In Situ Water 1 .O00 1.000 0.980 
Temperature 
Light Extinction 0.966 0.980 0.971 
Eu~hotic D e ~ t h  0.926 0.986 0.968 

A A 

Chernical Parameters 0.994 
Dissolved Oxygen 0.985 0.909 0.821 
PH 0.872 0.801 0.977 

(a) Nitrogen 
TN 0.455 0.820 0.677 

1 SON 1 0.964 1 O. 149 1 0.698 
1 SIN 

1 I 1 

1 0.988 1 0.952 1 0.406 
I 

N-+ /NH3-N 0.025 0.000 0.028 
TON 0.996 0.983 0.833 

(b) Phosphorus 
TP 0.651 0.813 0.383 

II SRP 
1 1 I 

1 0.984 1 O. 787 1 0.254 

1 . 
TOC 0.894 0.865 0.635 1 0.816 0.916 0.775 

Phytoplankton 
Parameters 

I 

Estimated Daily 0.978 0.984 0.948 
Productivity 
Ch1 a 0.678 0.998 0.999 

I 

Pmax 0.995 1 0.976 0.626 
alpha 0.936 0.985 0.865 
Ik 0.796 0.420 0.580 



Table 4.8 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were perfomed to quantify the differences between upstrearn and 
downstream locations in the Assiniboine River during the five seasonal 
episodes in 1994. 

Parame ter 

Phvsical Parame ters 
Predpitation 
River Flow Rate 
In Situ Water 
Temperature 

Chernical Parameters 
Dissolved Oxygen 

(a) Nitrogen 

1 SON 1 0.352 1 0.757 
I 

11 SIN 1 0.257 1 0.356 
N&+/NH3-N 0.356 1 TON 0.283 0.550 
PN O. 723 0.006 

(b) Phosphorus 
Tl? 0.288 0.221 

m 

PP 0.576 0.474 1 SRP 0.369 O. 187 

SOC 0.336 0.093 
Phytoplankton 
Parameters 

Estimated Daily 0.751 0.794 
Productivi tv 

Episode Episode Episode 
3 4 5 



Table 4.9 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quanti* the differences between upstream and 
downstream locations in the Assiniboine River during the three season 

(a) Nitrogen 
T N  0.741 0.009 0.977 
SON 0.521 0.109 0-942 

1 L 1 

SIN 1 0.599 1 0.226 1 0.060 
Na+/NH3-N 0.106 0.199 0.053 
TON 0.765 0.377 
PN 

(b) Phosphorus 
TP O .434 0.240 0.608 

rn . I 

SRP 1 0.074 1 0.059 1 0.133 

1 1 1 

TOC 1 1 1 
SOC 1 0.658 1 0.71 1 1 0.492 

Phytoplankton 
Parameters 

Estimated Daily 0.615 0.763 0.804 
Productivitv 



Table 4.10 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quantify the differences between seasonal 
episodes in the Red River in (a) 1994 and (b) 1995. 

* one-way ANOVAs were performed because interaction 
between seasonal episode and group occurred. 

** one way ANOVA using only group 3 p = 0.026. 



Table 4.11 Probability (p) values obtained from one-way Analysis of Variance. 
ANOVAs were performed to quantify the differences between seasonal 
episodes within the Assiniboine River in (a) 1994 and (b) 1995. 

I Parameter (a). 1994 (b). 1995 
Physical Parameters 

Precipitation 0.000 0.982 
River Discharge 0.000 0.000 
In Situ Water 0.000 0.000 
Temperature 
Euphotic Depth 0.139 0.003 
Light Extinction 0.016 0.000 

Chernical Parameters 

1 SON 
I I 

1 0.000 1 0.288 
11 S I N  1 0.002 1 0.000 

N%+/NH3-N 0.040 0.080 1' TON 0.001 0.000 

a I 

TP 0.069 0.302 
DP 0.044 0.024 
PP 0.398 0.030 
SRP 0.004 0.105 
SOP 0.091 0.853 

1 

l?C 0.097 N/A 1 TOC N/A 0.000 
1 

SOC 0.000 0.000 
Phytoplankton 
Parameters 

1 
Estimateci Daily 0.002 0.000 
Productivi~ 



Table 4.12 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quantify the differences between years in 
seasonai episodes-3, 4 and 5 withi;i the Red River. 

Parame ter 1 Episode 1 Epiçode 1 Episode 
1 

Physical Parameters 
Precipitation 0.042 0.030 0.000 
River Flow Rate 0.029 0.450 0.000 
In Sifu Water O. 144 0.033 0.144 
Tempera ture 
Euphotic Depth O.OOO+ 0.05F 0.008* 
Light Extinction 0.001* 0.047, O.OOO* 

Chernical Parameters 
Dissolved Oxygen 0.000 0.000 0.000 
p H  0.000 0.000 0.000 

(a) Nitrogen 

II SON 
1 1 I 

1 0.006 1 0.000 1 0.025 
II SIN 

1 

1 0.771* 1 0.660 1 0.000 
N&+/NH3-N 0.385 0.000 0.004* 1 TON O.76Os 0.803 0.000 

m 

(b) Phosphorus 
0.000 0.035* O.OOO* 

PP 0.000 0.210+ 0.000 1 ÇRP 0.000 0.004* O.OOO* 

1 

Phytoplankton 
Parameters 

Estimated 0.034+ 0.050+ O.OOO* 
Productivitv 

* one-way ANOVAs were performed because interactions 
between year and group occurred. 



Table 4.13 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quanti* the differences between years in 
seasonal episodei3, 4 and 5 within the Assiniboine River. 

Parameter Episode Episode Episode 
3 4 5 

Physical Parameters 
Precipitation 0.000 0.065 0.094 
River Discharge Rate 0.000 0.003 0.94 
In Situ Water 0.027 0.556 0.753 
Temperature 
Euphotic Depth 0.81 7 0.078 0.087 
Li~ht Extinction 0.861 0.018 0.001 
u I I 

Chernical Parameters 
Dissolved Oxygen 0.470 0.154 0.012 
PH 1 0.002 0.032 0.179 

1 I I 

SON 1 0.010 1 0.041 1 0.046 
m L 

SIN 1 O. 144 1 0.000 1 0.004 

I I 1 

(b) Phosphorus 1 1 1 

SRP 1 0.355 1 0.959 1 0.022 
SOP 0.350 0.025 0.873 

(c) Carbon 
m 

SOC 1 0.309 1 0.542 1 0.010 
Phytoplankton 
Parameters 

Estimated Daily 0.000 0.796 0.157 
Productivi tv 



Table 4.14 Probabiiity (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quantify the differences between Red River 
groups during the five seasonal episodes in 1994. 

Parame ter 

P hvsical Parameters 
Precipitation 
River Flow Rate 
In Situ Water 
Temperature 
Light Extinction 
Euphotic Dep th 

Chernical Parameters 
Dissolved Oxvgen 
pH 

(a) Nitroaen 
s I 

TN 
SON 

Episode 1 Episode 1 Episode 1 Episode 1 Episode 

1 

SIN 0.000 0.965 0.837 0.000 0.071 
N&+/NH3-N 0.035 0.000 0.000 0.000 0.000 
TON 0.003 0.590 0.987 0.096 0.262 
PN 0.218 0.239 0.163 0.000 0.182 

(b) Phosphorus 
TP 0.027 0.633 0.594 0.012 0.877 

F 

DI? 0.167 0.716 0.914 0.844 0.103 
PP 0.496 0.930 0.437 0.191 0.667 
SRP 0.022 0.769 0.416 0.000 0.751 
SOP 0.082 0.655 0.978 0.043 0.363 

(CI Carbon 
PC 0.565 0.019 0.029 0.781 0.073 
SOC 0.980 0.633 0.767 0 -342 0.058 

Phytoplankton 
Parameters 



Table 4.15 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were ~er formed  to quantify the differences between Red River 
groups during se&onal episodes 3,4 and 5 in 1995. 

Parameter Episode Episode Episode 
3 4 5 

I 

Physical Parameters 
Precipitation 0.188 0.998 1 .O00 
River Flow Rate 0.108 0.001 0.081 
In Situ Water 0.670 0.988 0.819 
Temperature 
Euphotic Depth 0.026 0.000 0.667 
Light Extinction 0.082 0.000 0.672 

Chernical Parameters 
Dissolved Oxveen 0.685 0.097 0.006 

A 

(a) Nitrogen 
TN 0.302 0.877 0.151 . 
SON 0.287 0.008 0.810 
SIN 0.161 0.258 0.000 
N a +  /NH3-N 0.000 0.000 0.000 
TON 0.101 0.447 0.180 

(b) fhos~horus 

- - 
1 

- - -  
1 1 

SRP 1 0.749 1 0.002 1 0.001 

- - 
I 1 

TOC 0.368 0.987 0.320 
SOC 0.962 0.956 0.914 

Phytoplankton 
Parameters 

Estimated Daily 0.000 0.000 0.000 
Productivi ty 
Ch1 a 0.000 0.000 0.031 
Pmax 0.000 0.000 0.000 
alpha 0.000 0.000 0.000 



Table 4.16 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were perfonned to quantify the differences between Red and 
Assiniboine Rivers during the five seasonal episodes in 1994. 

Parameter 

Physical Parame tets 
Precipitation 
In Situ Water 
Tempera ture 
Light Extinction 
Euphotic Depth 

Chernical Parameters 
Dissolved Oxygen 

P 

Epiçode 
1 

- 
Episode Epiçode Epiçode 

2 3 4 

1 SON 
1 I I 

1 0.995 1 0.615 1 0.076 1 0.024 1 0.000 
# SIN 

m . 
I 0.000 1 0.000 1 0.000 I 0.000 I 0.000 

I 

PN 0.351 0.000 0.076 0.001 0.102 
(b) Phosphorus 0.000 

TP 0.051 0.006 0.504 0.038 0.043 

11 SRP 1 0.032 1 0.000 1 0-000 1 0.000 1 0.000 

I 

SOC 0.988 0.004 0.392 0.015 0.043 
Phytoplankton 
Parameters 

Estimated Daily 0.095 0.000 0.000 0.000 0.000 
Productivity 
Ch1 a 0.921 0.000 0.000 0.000 0.000 

I 

P m  o. 140 0.000 0.000 0.000 0.000 
alpha 0.042 0.000 0.000 0.000 0.000 
Ik 0.588 0.097 0.098 0.000 0.001 

: 



Table 4.17 Probability (p) values obtained from Analysis of Variance. 
ANOVAs were performed to quantify the differences between Red and 
Assiniboine ~iv& during seaçond epis6des 3 , 4  and 5 in 1995. 

In Situ Water 1 0.722 1 0.599 1 0.231 
Temperature 
Euphotic Depth 0.001 0.000 0.000 
Light Extinction 0.019 0.000 0.000 

Chernical Parameters 
1 

, Dissolved Oxygen 0.519 0.062 0.015 
DH 0.001 0.000 0.002 

. 
SON 0.324 0.020 0.897 
SIN 0.000 0.000 0.000 
N-+/NH3-N 0.000 0.000 0.000 
TON 0.000 0.000 0.000 

(b) Phosphorus 

PP 0.842 0.002 0.000 
SRP 0.000 0.000 0.000 

- -  - - 
1 1 1 

SOC 1 0.924 1 0.591 1 0.253 
Phytoplankton 
Parameters 

Estimated Daily 0.000 0.000 0.002 
Productivi tv 

1 

pmax 0.000 0.000 0.000 
alpha 0.000 0.000 0.000 

0.001 0.002 0.000 



Table 4.18 Probability (p) values obtained from Paired T-Test. Paired t-tests 
were performed to quantify the differences between locations R4 and RS dong 
the Red River and in so  doing, evaluate the impact of the Assiniboine River 
discharge. 

Parame ter I v Value 
Physical Parameters 

In Situ Water Temperature 0.907 
Euphotic Depth O. 195 

Chernical Paxameters 
Dissolved Oxygen O. 120 
PH 0.580 

(a) Nitrogen 
TN 0.784 
SON 0.21 O 

m + / N H 3 - N  0.039 
TON 0.820 

1 

(b) Phosphorus 1' TP 0.876 

PP 0.635 1 ÇRP 0.501 

Phytoplankton Parameters 
Estimated D d v  Productivitv 0.012 

Gmx 0.001 
alpha O. 043 
Ik 0.000 

Chiorophyli normalized 
Estimated Productivity 0.219 

4 I 

Gm' 0.041 
alpha 0.868 



Figure 4.34 Three dimensional line plots of the average preapitation 
obser~ed in each seasonal episode in the (a) Red and (b) Assiniboine 
Rivers in 1994. Refer to the text for a description of the Red River 
groups and Assiniboine locations. 



Figure 4.35 Three dimemional line plots of the average flow rate 
in each seasonal episode in each of the three groups in the Red River 
in (a) 1994 and (b) 1995. Refer to the text for a description of the Red 
River groups. 



Figure 4.36 Three dimensional line plots of the average River 
discharge (at Headingley) in each seasonal episode in the 
Assiniboine River in (a) 1994 and (b) 1995. 



Figure 4.37 Three dimensional line plots of the average in situ water 
temperature for each seasonal episode in each of the three groups in 
the Red River in (a) 1994 and (b) 1995. Refer to the text for a description 
of the Red River groups. 



Figure 4.38 Three dimensional line plots of the average euphotic depth 
for each seasonal episode in each of the three groups dong the Red River 
in (a) 1994 and (b) 1995. Refer to the text for a description of the Red 
River groups. 



Figure 4.39 Three dimensional line plots of the average euphotic 
depth in each seasonal episode in the two Assiniboine locations 
in (a) 1994 and (b) 1995. Refer to the text for a description of the 
Assiniboine River locations. 



Figure 4.40 Three dimensional line plots of the average measured 
light extinction in each seasonal episode in the three Red River 
groups in (a) 1994 and (b) 1995. Refer to the text for a description 
of the Red River groups. 



Figure 4.41 niree dimensional line plots of the average measured 
light extinction in each seasonal episode in the two Assiniboine 
locations in (a) 1994 and (b) 1995. Refer to the text for a description 
of the Assiniboine River locations. 



Figure 4.42 Three dimensional line plots of the the average dissolved 
oxygen concentration in each seasonal episode for the three groups 
in the Red River in (a) 1994 and (b) 1995. Refer to the text for a 
description of the Red River groups. 



Figure 4.43 Three dimensional iine plots of the average dissolved 
oxygen concentration in each seasonal episode in the two 
Assiniboine locations in (a) 1994 and (b) 1995. Refer to the text 
for a description of the Assiniboine River locations. 



Figure 4.44 Three dimensionai lin plots of the average pH for each 
seasonal episode in each of the three groups in the Red River 
in (a) 1994 and (b) 1995. Refer to the text for a description of the Red 
River groups. 



- 

Figure 4.45 Three dimensional line plots of the average pH 
measurements in each seasonal episode in the two Assiniboine 
locations in (a) 1994 and @) 1995. Refer to the text for a 
description of the Assiniboine River locations. 



Figure 4.46 Three dimensional line plots of the average total nitrogen 
concentration in each seasonal episode in each of the three groups 
in the Red River in (a) 1994 and @) 1995. Refer to the text for a 
description of the Red River groups. 



Figure 4.47 Three dimensional line plots of the average total 
nitrogen (TN) concentration in each seasonal episode in the 
two Assiniboine locations in (a) 1994 and (b) 1995. Refer to 
the text for a description of the Assirùboine River locations. 



Figure 4.48 Three dimensional line plots of the average soluble 
organic nitrogen (SON) concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.49 Three dimensional line plots of the average soluble 
organic nitrogen (SON) concentration in each seasonal episode 
in the two Assiniboine locations in (a) 1994 and (b) 1995. Refer 
to the text for a description of the Assiniboine River locations. 



Figure 4.50 Three dimensional line plots of the average soluble 
inorganic nitrogen (SIN) concentration found in each seasonal 
episode in each of the t h e  Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups* 



Figure 4.51 Three dimensional line plots of the average total 
oxidized nitrogen (TON) concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.52 Three dimensional line plots of the average total 
ammonia nitrogen (Wf/NH+I) concentration found in each 
seasonal episode in each of the three Red River groups in (a) 1994 
and @) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.53 Three dimensional line plots of the average soluble 
inorganic nitrogen (SIN) concentration in each seasonal episode 
in the two Assiniboine locations in (a) 1994 and (b) 1995. Refer 
to the text for a description of the Assiniboine River locations. ' 



Figure 4.54 Three dimensional line plots of the average total 
oxidized nitrogen (TON) concentration in each seasonal episode 
in the two Assiniboine locations in (a) 1994 and (b) 1995. Refer 
to the text for a description of the Assiniboine River locations. 



Figure 4.55 Three dimensional lin plots of the average total amrnonia 
nitrogen m+/NHJN) concentration in each seasonal episode in 
the two Assiniboine locations in (a) 1994 and (b) 1995. Refer to the 
text for a description of the Assiniboine River iocations. 



Figure 4.56 Three dimensional line plots of the average particdate 
nitrogen concentration found in each seasonal episode in 1994 in 
(a) the three Red River groups and (b) the Assiniboine locations. 
Refer to the text for a description of the Red River groups and 
Assiniboine locations. 



Figure 4.57 Three dimensional line plots of the average total 
phosphorus concentration found in each seasond 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.58 Three dimensional line plots of the average total 
phosphorus concentrations in each seasonal episode in the 
two Assiniboine locations in (a) 1994 and @) 1995. Refer to the 
text for a description of the Assiniboine River locations. 



Figure 4.59 Three dimensional line plots of the average total 
dissolved phosphorus concentration found in each seasond 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.60 Three dimensional line plots of the average total 
dissolved phosphoms concentration in each seasonal episode 
in the two Assiniboine locations in (a) 1994 and (b) 1995. Refer 
to the text for a description of the Assiniboine River locations. 



Figure 4.61 Three dimensional line plots of the average particdate 
phosphorus concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
@) 1995. Refer to the text for a description of the Red River 
F?L=PS* 



Figure 4.62 Three dimensional line plots of the average particdate 
phosphorus concentration in each seasonal episode in the two 
Assiniboine locations in (a) 1994 and (b) 1995. Refer to the text for 
a description of the Assiniboine River locations. 



Figure 4.63 Three dimensional line plots of the average soluble 
reactive phosphorus (SRP) concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.64 Three dimensional line plots of the average soluble 
reactive phosphorus (SRP) in each seasond episode in the two 
Assiniboine locations in (a) 1994 and (b) 1995. Refer to the text 
for a description of the Assiniboine River locations. 



Figure 4.65 Three dimensional line plots of the average soluble 
organic phosphorus (SOP) concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.66 Three dimensional line plots of the average soluble 
organic phosphoms (SOP) in each seasonal episode in the two 
Assiniboine locations in (a) 1994 and (b) 1995. Refer to the text 
for a description of the Assiniboine River locations. 



Figure 4.67 Three dimensional line plots of the average particdate 
carbon concentration found in each seasonal episode in 1994. 
(a) In each of the three Red River groups and (b) in the Assiniboine 
locations. Refer to the text for a description of the Red River groups 
and Assiniboine locations. 



Figure 4.68 Three dimensional Iine plots of the average total 
organic carbon (TOC) concentration found in each seasonal 
episode in 1994 in (a) the three Red River groups and (b) the 
Assiniboine River locations. Refer to the text for a description 
of Red River groups and Assiniboine River locations. 



Figure 4.69 Three dimensional line plots of the average soluble 
organic carbon (SOC) concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.70 Three dimensional line plots of the average soluble 
organic carbon (SOC) concentration in each seasonal episode 
in the two Assiniboine locations in (a) 1994 and (b) 1995. Refer 
to the text for a description of the Assiniboine River locations. 



Figure 4.71 Three dimensional line plots of the average Pm, 
measurement found in each seasonal episode in each of the three 
Red River groups in (a) 1994 and (b) 1995. Refer to the text for a 
description of the Red River groups. 



Figure 4.72 Three dimensional line plots of the average alpha 
measunnent observed in each seasonal episode in each of the 
three Red River groups in (a) 1994 anci (b) 1995. Refer to the 
text for a description of the Red River groups. 



Figure 4.73 Three dimensional line plots of the average Ik 
irradiance encountered in each seasonal episode in each of 
the three Red River groups in (a) 1994 and (b) 1995. Refer to 
the text for a description of the Red River groups. 



Figure 4.74 Three dimensional line plots of the average estimated 
daily phytoplankton productivity (PROD) meaçured in each 
seasonal episode in each of the three Red River groups in 
(a) 1994 and (b) 1995. Refer to the text for a description of the 
Red River groups. 



Figure 4.75 Three dimensional line plots of the average phytoplankton 
chiorophyll a concentration found in each seasonal 
episode in each of the three Red River groups in (a) 1994 and 
(b) 1995. Refer to the text for a description of the Red River 
groups. 



Figure 4.76 Three dimensional line plots of the average Pm, 
measurement found in each seasonal episode in the two 
Assiniboine locations in (a) 1994 and @) 1995. Refer to the text 
for a description of the Assiniboine River locations. 



Figure 4.77 Three dimensional line plots of the average alpha 
measurement obsewed in each seasonal episode in the two 
Assiniboine locations in (a) 1994 and (b) 1995. Refer to the text 
for a description of the Assiniboine River locations. 



Figure 4.78 Three dimensima! line plots of the average Ik 
irradiance encountered in each seasonal episode in the two 
Assiniboine locations in (a j 1994 and (b) 1995. Refer to the text 
for a description of the Assiniboine River locations. 



Figure 4.79 Three dimensional line plots of the average estimated 
daily phytoplankton productivity (PROD) in each seasonal episode 
in the two Assiniboine locations in (a) 1994 and (b) 1995. Refer 
to the text for a desaiption of the Assiniboine River locations. 



Figure 4.80 Three dimensional line plots of the average 
phytoplankton dilorophylI a concentration in each seasonal 
episode in the two Assiniboine locations in (a) 1994 and (b) 1995. 
Refer to the text for a description of the Assiniboine River locations. 



R e d  River Location 

Figure 4.81 Boxplots and 95 % confidence intervais for concentrations 
of N&+/NH+J in the Red River during (a) 1994 and (b) 1995. Locations 
1 to 4 correspond to Red River group 3; 5 to 6 to Red River group 2 
and 7 to 10 Red River group 1. 
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Figure 4.82 Boxplots of (a) NH4+/NH3-N, (b) SOC, (c) dilorophyil a 
and (d) Ik that were found to differ significantly between locations R4 
and R5 in paired t-tests. Location AD, from the Assiniboine River, has 
also been induded for cornparison. 
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Figure 4.83 Boxplots of (a) alpha, (b) estimated daily productivity, 
(c) Pm, and (d) SP,, that were found to differ significantly between 
locations R4 and R5 in paired t-tests. Location AD, from the Assiniboine 
River, has also b e n  induded for cornparison. 



Chapter 5 The Infiuence of the Li@ Environment on Phytoplankton 

Photosynthesis and Productivity 

5.1 Introduction 

Commonly used in the assessrnent of photosynthesis and productivity 

is the photosynthesis-hadiance, or P. vs. 1, relationship. It is typically derived 

from in vitro measurements of carbon assimilated, or oxygen evolved, dong 

an irradiance gradient. The carbon fixed during the incubation expriment is 

plotted against the corresponding exposure irradiance to obtain a curvilinear 

relationship with two characteristic regions (Figure 5.1). These indude the 

light-limited slope termed alpha, in which photosynthesis increases linearly 

with irradiance. Light-saturated photosynthesis, or Pm,,  is that portion of the 

curve in which photosynthesis is uncoupled from further increases in 

irradiance (Geider and Osborne 1992). Ik is a derived parameter from the 

intercept of Pmax and alpha and represents the threshold irradiance that 

saturates photosynthesis. 

nie physiologicd processes that define both Pm,, and alpha have been 

reviewed by many (i.e., Falkowski 1981, Prezelin 1981, Richardson et al. 1983, 

Geider and Osborne 1992). Indeed, the abmpt transition from light-limited to 

saturated regions of the P-1 curve is considered a switch in control of 

photosynthesis from the photosynthetic unit (PSU) in the light reactions to 

the dynamics of carboxylation of Rubisco and Calvin cycle enzyme activity in 

the dark reactions. 

There are predictable alterations observed in the P vs. 1 curve in 

response to the pre-history of light availability (i.e., Prezelin and Sweeney 

1978, Falkowski and LaRoche 1991, Prezelin 1981, and Sukenik et al. 1987). 

For example, the prolonged exposure to light-limiting irradiances is 
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hadiance (pole m-2 s-1) 2oo 1 400 

Figure 5.1 Mode1 of the photosynthesis vs. irradiance relationship. 
The dope of the curve represents light-limited photosynthesis, 
commonly referred to as alpha. Saturated photosynthesis occurs in 
the plateau, or light-uncoupled portion of the curve. This is commonly 
referred to as Pm,. Ik is the threshold irradiance that marks this change 
in photosyntheçis and is derived from the intercept of Pm, and alpha. 



correlated with an overall increase in alpha that is considered to be the result 

of an inaease in the PSU size or activity. However, when normalized to 

chlorophyll a, these differences are not typically observed since they are 

cancelled out by the proportional increase in pigment concentration 

(Falkowski 1981, Geider and Osborne 1992, Prezelin 1981). The notable 

exception is found in ceils that predominantly inaease accessory pigments in 

response to low light conditions. In this instance, alpha may appear slightly 

higher because of the under-estimation of photosynthetic pigments 

(Richardson et al. 1983). 

The objectives of this chapter included the following: 

1). Determination of the factors that influenced and modified the light 

environment in 1994 and 1995. 

2). Contrast the importance of these light-modifying factors dong a spatial 

gradient from locations in group 3 to group 1. 

3). Quantification of the influence of the light environment, in 1994 and 

1995, on photosynthetic activity and estimated productivity. 

5.2 Results 

The Nature of the Liaht Environment in 1994 and 1995 

There were significant differences observed in parameters that defined 

the light environment between years of the study as well as between River 

sections (Table 5.1). Profiles of the light environment for both 1994 and 1995 

are shown in Figure 5.2. These profiles are based on means for each year, as 

presented in Table 5.1, and a commonly encountered surface irradiance of 

1000 p o l e s  m-2 s-1. In both years, there was a rapid attenuation of light with 



Table 5.1 Summary statistics for light parameters in the Red River and - - 

groups 1 and 3 in 1994 and 1995. 
- - - - - - - -- -- 

Light Extinction (% per 0.1 m) 
Red River 

Mean + SD 
Max 
Min 

Group 1 
Mean +. SD 
Max 
Min 

Group 3 
Mean + SD 
Max 
Min 

Euphotic Depth (ml 
Red River 

Mean + SI3 
Max 
Min 

Group 1 
Mean + SD 
Max 
Min 

Group 3 
Mean 4 SD 
Max 
Min 



Irradiance (pmoles m-2 s-l) 
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<-~Accounts for only 1% of the 
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- ' 1994 Mean Euphotic Depth 

C Accounts for only 1% of the 
surface irradiance in 1995 

- - 1995 Mean Eu~hotic Devth 

Figure 5.2 Profiles of the iight environment found in the Red River 
water column during 1994 and 1995. 



over 80 % of the light extinguished by 0.2 and 0.4 m in 1994 and 1995, 

respectively. While in 1994, only 1 % of the total surface irradiance was 

available below 0.5 m, this was found deeper in the water column, below 0.9 

m, in 1995. Based on these findings, it appeared that there was more light 

available within the water column in 1995 in contrast with 1994. 

Regression analyses were performed to identify the parameters that 

were correlated with these changes in the light environment. Factors that 

were considered included concentrations of PC and PN and flow rate, as these 

were shown to fluctuate in a similar fashion to the light environment (refer 

to Chapter 4). Overall, precipitation was not shown to be an important factor 

defining the light environment and was therefore exduded from the andysis. 

There were strong correlations between the concentrations of PC, and 

to a lesser extent of PN, with light extinction and euphotic depth in 1994, for 

which data was available (Figure 5.3). Indeed, these measures seemed to be 

appropriate surrogates for suspended particdate matter in the water column. 

It was found that overail, PC explained 72.4 % of the variation in extinction 

obsewed in the Red River whïie PN explained 33.7 % (Figure 5.3). In the case 

of euphotic depth, 75.2 % of the variabiiity was explained by PC, and 41.2 % by 

PN (Figure 5.4). 

When each group was exarnined separately, it was found that the 

relationship between partidates and the underwater light environment 

differed spatiaily. In particular, it was shown that the concentration of PC 

explained more of the variability in light extinction and euphotic depth 

upstream in group 3 when compared with the downstrearn group 1. For 

example, the correlation between PC concentration and light extinction in 

group 3 was 89.4 %, while only 46.9 % in group 1 (Figure 5.3). 



(a) R2 = 72.4 % * a x  
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Figure 5.3 Scatterplots of partidate carbon and light extinction 
for (a) all locations in the Red River, (b) locations in group 1 and 
(c) locations in group 3 in 1994. Similar scatterplots for particulate 
nitrogen exhibited correlations of (a) 33.7 %, (b) 18.4 % and (c) 55.3 %. 
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Figure 5.4 Scatterplots of particdate carbon and euphotic depth in 
1994 for (a) d locations in the Red River, (b) locations in group 1 and 
(c) locations in group 3 in 1994. Similar scatterplots of particualte 
nitrogen exhibited correlations of (a) 41.2 %, @) 27.6 % and (c) 61.4 %. 



Red River flow rate was also found to infiuence the extinction of light 

and euphotic depth in the water column (Figures 5.5 and 5.6). However, of 

the variability in light parameters obsewed, only approximately 30 % was 

explained solely by River flow rate. As was found with PC, however, the 

correlation was much higher in group 3 (R* - 50 %) as compared with group 1 

( ~ 2  = 19 O/,). 

Upon further examination it was found that flow rate was correlated 

with PC and PN (Figure 5.7). Even though flow rate and PC concentration 

were poorly correlated overall, (i.e., ~2 = 23.2% for PC and 7.5 % for PN), it 

was found that flow rate accounted for a significant portion of the variability 

in concentrations of particulates among sampling locations in group 3 ( R ~  = 

57.4 % for PC; 40.0 % for PN). There were only "nearly" significant 

correlations obcerved in group 1 (p 1 0.08). 

The overall impact of flow rate and particulate concentration on 

parameters that defined the light environment was evaluated by PCA using 

the 1994 dataset. A multiple parameter axis of physical factors was derived in 

PCA and induded flow rate, PC and PN. The fiist axis from the PCA was 

regressed against euphotic depth and light extinction. The correlations of this 

physical PCA axis to light extinction and euphotic depth were 62.5 % and 65.8 

%, respectively (Figure 5.8). On a group basis, however, these correlations 

ranged from approximate 45 % for group 1 to 75 % for group 3. 

Phvto~lankton Parameters in Relation to the Lieht Environment 

The 1994 and 1995 P vs. 1 relationships are presented in Figure 5.9. 

These curves are based on means for each year from Table 5.2 and exclude 

weeks 1 to 7 in 1994 and week 11 in 1995, for which comparable data between 

1994 and 1995 were not available. 
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Figure 5.5 Scatterplots of flow rate and light extinction in both 
1994 and 1995 for (a) all locations in the Red River, (b) all locations 
in group 1 and (c) all locations in group 3. 
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Figure 5.6 Scatterplots of flow rate and euphotic depth in both 
1994 and 1995 for (a) ail locations in the Red River, (b) locations 
in group 1 and (c) locations in group 3. 



(a) ~2 = 23.2% 
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Log Flow Rate (m sol) 
Figure 5.7 Scatterplots of flow rate and particdate carbon for 
(a) aIl Red River locations, (b) locations in group 1 and (c) locations 
in group 3 in 1994. Similar scatterplots for partidate nitrogen 
exhibited correlations of (a) 33.7 %, (b) 18.7 % and (c) 55.3 %. 
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Figure 5.8 Scatterplots of PCA axis 1 (comprising 80w rate, 
particdate carbon and partidate nitrogen) with 
(a) light extinction and (b) euphotic depth in 1994. Axis 1 
maintained 70.6 % of the total variability in flow rate, PC and PN. 



Figure 5.9 (a) Profiles of photosynthetic parameters vs. 
irradiances (i.e., P vs 1 curves) for 1994 (-) and 1995 (-) 
@) The same profiles as based on chiorophyll normalized 
values. Profiles are based on summary statistics found in 
Table 5.2. 



Table 5.2 Statisticd means for phytoplankton parameters in 1994 and 1995 for 
the Red River. Exduded from these means are weeks 1 through 7 in 1994 and 
week II in 1995. 

Biomass (pg Chl a 1-11 
P, (pg C 1-1 h-1) 
Alpha (pg C 1-1 h-1 po le - '  m-2 sl) 
It (mole  m-2 s-1) 

It was found that significant yearly differences existed between al1 

photosynthetic parameters (Figure 5.9). In particular, the higher alpha 

observed in 1994 suggested that a greater arnount of carbon was fixed at lower 

irradiances when contrasted with 1995. Consequently, photosynthesis was 

found to be saturated at a lower irradiance in 1994, as evidenced by the lower 

Ik value. While SPalpha was shown to differ significantiy between 1994 and 

1995, when normalized for chlorophyll a,  SP,,, was not (Table 5.2). 

Therefore, the rate of carbon uptake at saturating irradiances was considered 

to be equivalent between years. 

Yearly differences in photosynthetic parameters was aiso shown by 

auto-correlation (Figure 5.10). Furthermore, the relationship between Pm,, 

and alpha was shown to retain a high degree of correlation within each year. 

The notable exception was found during seasonal episode 5, in 1995. in which 

values of alpha appeared to deviate from the point cioud for the year. Alpha, 

during this period, exhibited greater similarity to conditions in 1994. 

A profile of the in  situ estimated productivity in the Red River is 

presented in Figure 5.11. It is based on the mean light profile and Ik for each 

year (Tables 5.1 and 5.2). Ik defined the boundary between saturated and light- 

205 

-- . 
SP, (pg C h-1 pg Chl a -1) 

' SPalpha (pg C h-1 v o l e - l  m-2 s-l pg Chi a-') 

24.00 
141.60 

0.94 
141.00 

31.30 
187.30 

0.54 
367.00 

5.98 

0.04 

5.90 

0.02 



Figure 5.10 Autocorrelation of Red River Pm, and alpha 
in 1994 and 1995. 0 represent measurements in seasonal 
episode 5 in 1995. 
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Figure 5.11 Profiles of productivity found at subsaturating and 
saturating irradiances in 1994 and 1995. Results are based on the 
light profile found in Figure 5.1 and statistics presented in Table 5.3. 
Euphotic depths have been adjusted to reflect the depth to which only 
1% of surface irradiance is available. 



limited productivity. In 1995, this boundary occurred at an average irradiance 

of 367 pmoles m-2 s-1 but was significantly lower, at 141 pmoles m-2 s-1, in 

1994. When this was considered in addition to the light profile for each year, 

it appeared that the depth to which Ik irradiances penetrated was equivalent 

between years (Figure 5.1 1). Furthermore, the quantity of saturated 

productivity, represented by the area above the light profile, was found to be 

equivalent between years (Table 5.3). In contrast, the amount of estimated 

productivity that occurred at light-limiting irradiances was considerably larger 

in 1995. The net outcome was that total estimated daily productivity was 

higher in 1995. The notable exception was found in seasonal episode 4, when 

total estimated productivity was higher in 1994. While light-limited 

productivity during this episode was equivalent between years (p = 0.462), 

there was greater saturated productivity found in 1994 (p = 0.000). 

Table 5.3: Mean 5 standard deviation and ANOVAs (year * parameter) for 
production estimates in the Red River during 1994 and 1995. Exduded are 
weeks 1 to 7 in 1994 and week I l  in 1995. 

Estimated Daily (Total) 
Productivity (mg C m-2 day-1) 

Light-saturated 

As shown in Table 5.3 and Figure 5.12, the contribution of saturated 

productivity to the total estimate was considerably higher in 1994 when 

contrasted with 1995. Only 47 % of the total daily estimated productivity in 

1995 was achieved under light-saturation. This contrasted with 65 % in 1994. 

Ligh t-limi ted 
Light saturated/Total Production 
Light limited/Total Production 
Light saturated /limited 

1994 
635 + 661 

404A418 
231+24û 
0.65 + 0.06 
0.35 + 0.M 
1.96 2 0.57 

1995 
770 + 714 

3722372 

P Value 
0.000 

0.375 
397i354 
0.47 i 0.13 
0.53 2 0.13 
0.99 + 0.51 

0.000 
0.000 

1 

0.000 
0.000 
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Figure 5.12 Boxplots of yearly cornparisons in ratios of productivity. 
Cornparisons were made between (a) saturated to total daily estimated 
production (total prod), (b) light-limited to total prod and (c) saturated 
to light-limited production estimates. 



The overall impact was that the saturated to light-limited ratio of production 

was considerably higher in 1994. 

There were significant shifts noted in the ratios of light-saturated to 

limited production estimates between seasonal episodes in both 1994 and 1995 

(Figure 5.13). For group 3, these differences were noted between each episode. 

While in 1994, ratios were found to be lower during episodes 2 and 4 (p = 

0.001), they were shown to increase from episode 3 to 5 (p = 0.028) in 1995. In 

contrast, ratios differed only behveen episodes 4 and 5 in 1995 for locations in 

group 1 (p = 0.003). 

Cornparisons between groups 1 and 3 revealed that chlorophyll- 

normalized parameters of photosynthesis differed significantly between 

groups (Figure 5.14). Consistently, photosynthetic parameters were 

significantly lower among locations in group 3 when compared with group 1 

(p = 0.000 in ail cases). 

There were relationships observed between flow rate and PC 

concentration with production ratios for locations in group 3 (Figure 5.15). 

Both flow rate and PC concentration were found to positively influence the 

ratio of saturated to light-limited productivity (R* = 23.6 %). As flow rate and 

PC concentration inaeased, the contribution of light-saturated productivity to 

the total estimate was found to inaease as well. These relationships between 

flow rate and/or PC concentration and productivity were not significant in 

group 1. 

5.3 Discussion 

The Light - Environment 

It was found that parameters su& as flow rate and particdate carbon 

represented effective measures of, and perhaps determinants of, the degree of 
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Figure 5.13 Boxplots displaying the relationçhip of saturated to 
light-limited productivity in Group 3 in (a) 1994 and @) 1995 and 
(c) Group 1 in 1995. One way ANOVA (seasonal episode * product 
-ivity) results were p = 0.001,0.028 and 0.003, respectively. 
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Red River Group Red River Group 

Figure 5.14 Boxplots for Red River groups 1 and 3 during 1994 and 
1995. (a) ChlorophyU-normaiized Pm, and (b) chlorophyll- 
normalized alpha. ANOVAs showed that sipifkant differences 
were always observed between groups 1 and 3 during the study 
(p = 0.000). 



Log light-satura ted / 
lirnited produc tivity 

Log light-satura ted / 
limited productivity 



light extinction and the depth of the euphotic zone in the Red River (Figure 

5.8). During those periods of high flow rate and/or elevated concentrations of 

PC and PN, the light environment in the Red River was characterized by 

shallow euphotic depth and high light extinction. Conversely, when 80w 

rate dedined and/or the concentration of PC in water column dropped, there 

was an overall inaease in the depth of the euphotic zone and concomitant 

reduction in the extinction of light. Although PC and PN determinations 

were not performed in 1995, it has been s h o w  that particdate phosphorus 

concentration was significantly lower when compared with 1994 (Figure 4.61). 

When considered in addition to the overall lower flow rate encountered 

during 1995, these factors may provide insight into the marked difference 

observed in the light environment between the two years of the study (Table 

5.1). 

It was important to recognize, however, that the degree to which flow 

rate and PC and PN concentration influenced the light environment was not 

constant in the River but rather displayed a spatial gradient between groups 3 

and 1. This was evidenced by the stronger correlations observed for locations 

in group 3 (Figures 5.3 to 5.7). For example, over 89.0 % of the variability that 

was observed in the light extinction could be explained by the concentration 

of PC in group 3, but this was reduced to 46.9 % in group 1 (Figure 5.3). 

Based on these findings, it was likely that additional factors were 

responsible for modifying the light environment in group 1. Perhaps the 

greatest evidence for this is found in the disparity in the relationship between 

flow rate and concentration of PC. Either through runoff or scouring of the 

River banks and bed, the concentration of PC within the water column in 

group 3 was increased during higher flow periods and thus contributed to the 

reduced light environment (Figures 5.3, 5.4 and 5.7). In contrast, there waç no 
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significant relationship observed between flow rate and concentration of PC 

in group 1 (Figure 5.7). In group 1, the influence of flow rate on the light 

environment (Figures 5.5 and 5.6) was shown to be independent of the 

relationship between PC/PN and the light environment (Figures 5.3 and 5.4). 

This spatial disparity between groups 1 and 3 may be related to both the 

morphometric features of the Red River for each group and possibly the 

exposwe to anthropogenic activities within the City of Winnipeg. Due to the 

significant differences in cross-section areas between River groups, group 3 

locations experienced higher flow rates when compared with group 1 (Figure 

4.35). In addition, the concentrations of PC and PN were fomd to dedine 

between these groups (Figures 4.56 and 4.67). However, dong this spatial 

gradient was greater urban activity that may have negatively influenced the 

attenutation of light in group 1. The net result may have b e n  to reduce the 

importance of flow rate in defining the light environment among locations 

in group 1. Still, the concentration of PC was significantly lower in group 1 

when compared to group 3 and this was most-Iikely the factor that resuited in 

a spatial gradient in the availability of light within the water column (Figures 

4.35,4.38,4.40,5.3 and 5.4). 

Phvto~lankton Parameters in Relation to the Light Environment 

Photosynthetic parameters were found to differ markedly between 

years of this study (Figures 5.9 and 5.10). Reflected in a higher alpha, 

incubation experiments indicated that phytoplankton populations in 1994 

were more efficient in photosynthetic activity when exposed to light-limiting 

conditions when compared with 1995. Furthermore, populations had lower 

irradiance requirements to saturate photosynthesis as evidenced by lower Ik 

values. These differences remained significant in values of SPalpha (Table 



5.2). However, there were no significant differences in rates of saturated 

photosynthesis, as evidenced in equivalent values of SPmax 

When these photosynthetic relationships were superimposed on the 

light profile for each year, two significant trends were obsewed. First, while 

light extinction was significantly higher in 1994, there was an equivalent 

amount of saturated production estimated between years (Table 5.3 and 

Figure 5.11). This was reflected by a similar depth to which Ii, irradiances 

penetrated into the water column. The lower II, in 1994 resulted in an greater 

range of the light profile capable of supporting saturated photosynthesis. 

Consequently, although light extinction was much greater in 1994, saturated 

production could be found at equivalent depths in the water column when 

compared to 1995. 

Secondly, there were significantly higher estimates of light-limited 

production in 1995. This was due, in part, to the onset of light-limited 

photosynthesis at a higher irradiance but also to the reduced attenuation of 

light within the water colurnn. This contributed to an 80 % inaease in the 

euphotic depth from 1994. In contrat, the light profile in 1994 was severely 

truncated by higher extinctions and consequently was related to less 

production at light-limi ting irradiances (Figure 5.1 1). 

The net result was that of the total estimate, significantly greater 

contributions from saturated production occurred in 1994 when contrasted 

with 1995 (Figure 5.12). While in 1995, only 48 % of the total estimate was 

derived from saturated photosynthesis, this increased to 65 1 in 1994. In fact, 

the higher total estimate found in 1995 was shown to be the result of 

significantly greater contributions of light-limi ted production (Table 5.3). 

This pronounced difference in daily production was clearly shown in the 

ratio of saturated to light-limited productivity. While contributions were 



nearly equivalent between saturated and light-limited production in 1995, 

contributions of saturated production far exceeded light-lirnited estimates in 

1994 (Table 5.3). 

This relationship between saturated to light-limited production 

deviated from expectations based solely on the light environment. It was 

hypothesized that the greater light extinction would be correlated with an 

increase in the contribution from light-limited productivity in 1994, as 

evidence by a higher alpha. The depth to which Ii, irradiances penetrated in 

the water column was postulated to be more shallow due to light extinction 

and consequently, the increased photosynthetic effiuency would enhance the 

production that occurred below saturating, or IL irradiances. However, this 

was not the case. It was found that the increased photosynthetic effiuency 

observed in 1994 enhanced the range of irradiances for which saturated 

photosynthesis could be supported (Figure 5.9). Furthermore, this 

adjustment was shown to compromise the contributions from light-limited 

activity when compared with 1995 (Figure 5.12). The net result was that daily 

productivity in 1994 was predominantly supported by saturating rates and the 

impact of the reduced light environment was dampened and restricted to 

only a srnall region of the light profile (Table 5.3 and Figure 5.11). 

Curiously, the depth to which Ik irradiances penetrated was found to be 

relatively conservative between years (p = 0.391 ), even though the light 

profile could have potentially supported saturated production to greater 

depths in 1995 (Figure 5.2). In this interpretation, it has been assurned that 

there is a continuous mixing of the phytoplankton population within the 

water column and that the population was exposed to the entire light profile 

(Reynolds 1994). Thus, it is speculated that the changes observed in 

photosynthetic efficiency may have conserved the depth to which saturated 



production occurred (Dokulil 1994). This would optimize production during 

fxrbid periods and possibly minimize photo-oxidation during dear periods. 

In so doing, the contribution from saturated productivity would be 

guaran teed. 

It was found that factors induding flow rate and PC were correlated 

with the ratio of sahirated to light-limited production (Figure 5-15). High 

flow rate and PC concentration were shown to reduce the contribution from 

light-limited production. However, these relationships were restricted to 

group 3 and were not prevalent, for the most-part, among Locations in group 

1. These differences between groups 1 and 3 may have been related to the 

spatial disparity in the factors that control the light environment as 

previously described. The episodic shifts in flow and particdates would have 

strongly influenced the light environment in group 3. However, these 

episodic shifts would have been dampened among locations in group 1, and 

this may have offset the influences of flow rate and PC on the ratio of 

saturated to light-limited production. 

The significant shift in the saturated to light-limited ratio in group 1 

during seasonal episode 5, in 1995, was likely the result of changes in alpha 

and Pm,, and not correlated to changes in flow rate and/or PC concentration 

(Figure 5.10). Upon closer examination, the changes observed in 

photosynthetic parameters and biomass coinàded with the occurrence of 

heterocystous cyanobacteria, that included An ab a e n  a spp. and 

A~hanizomenon spp. 

There were significant differences observed in parameters of 

photosynthesis between River groups 3 and 1 (Figure 5.13). Locations in 

group 3 were shown to display significantly lower parameters when 

contrasted with group 1. Whether these differences can be attributed to the 



gradient observed in light responses is difficult to quantify as there were 

dramatic differences observed between River sections in other factors such as 

nuhient staius (see Chapter 4). 

Lastly, the fact that SPalpha remained significantly different between 

years suggests that there may have been either a shift in taxonornic 

composition and/or a significant production of accessory pigments in 1994 

(Richardson et al. 1983). The latter has ken  shown to enhance the activity of 

the iight harvesting complew and thereby inaease photosynthetic efficiency. 

Unfortunately, the higher concentrations of accessory pigments would not 

have been detected in the chlorophyll determinations performed. 



There was a signihcantly higher euphotic depth and lower degree of light 

extinction in 1995 when compared with 1994. In 1994, the higher 

extinction resulted in severe tnincation of the light profile. 

There were significant relationships between both River flow rate 

and/or PC concentration with the light available in the water column. 

Both flow rate and PC concentration were correlated with a reduction in 

the availability of light in group 3. However, this relationship was only 

significant for PC in group 1. 

There was a spatial disparity between River groups. In particular, 

correlations between flow and the light environment and PC 

concentration and the light environment were stronger in group 3 when 

contrasted with group 1. Changes in flow rate contributed to the 

fluctuations observed in PC concentration in group 3. Conversely, there 

was no significant relationship obsewed in group 1. 

It is proposed that this spatial disparity in 80w related dianges in PC 

concentration is related to the River morphometry and possibly a greater 

urban influence on group 1 conditions. Further study is required in 

order to quantify this relationship. 

There were significant differences observed in phytoplankton 

parameters between years of the study and between River groups 3 and 1. 

A higher estimate of daily production was found in 1995 and this was 

highest in group 1. 

Of the total estimate, there was a greater contribution from saturated 

productivity in 1994 when compared with 1995. This was a result of a 
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higher photosynthetic efficiency and consequentiy, a reduction in the Ik 

irradiance. Furthermore, the ratio of saturated to light-limited 

production was significantly higher in 1994 than in 1995. 

The trends observed in the ratio of saturated to light-limited 

productivity deviated from the expected as based solely on the light 

profile. The higher extinction and shallower euphotic depth, typical of 

1994, were hypothesized to have reduced the rate of saturated 

photosynthesis. The higher photosynthetic efficiency observed in 1994 

was hypothesized to have enhance productivity below Ik irradiances. 

Instead, the phytoplankton response was found to influence to range of 

irradiances that supported saturated rates of productivity. 

Consequently, production estimates in 1994 were higher than expected. 

And although light extinction was significantly higher in 1994, the 

saturated production estimate was equivalent between years. The 

difference in the total estimate between 1994 and 1995 was due to the 

production under light-limitation. 

It is suggested that the differences observed in photosynthetic parameters 

reflects a conservative strategy to optimize the depth to which Ii, 

irradiances penetrate. In so doing, light-saturated production estimates 

are not impacted by turbidity and high extinctions. 

The marked differences observed spatiaiiy between River groups 3 and 1 

in production ratios is speculated to be correlated with the vulnerability 

of each River section to physical factors. In group 3, the saturated to 

light-limited production ratio was found to be correlated with flow rate 

and PC concentration. This was not observed in group 1. 



11. The ciramatic shift observed in alpha and Pm,, during seasonai episode 5, 

in 1995, may be a contributing factor to the observed change in the 

sahirated to light-iimited production ratio. 



Chapter 6 Physical and Chernical Limitations to 

Phytoplankton Activity in the Red River 

6.1 Introduction 

The assessment of River community dynamics is a particularly 

interesting issue since running waters are becoming increasingly affected by 

anthropogenic discharges. Close to home, the Clean Environment 

Commission Hearings as recently as 1992 called for the greater understanding 

of biological activities in the receiving waters of the Red and Assiniboine 

Rivers. These Rivers are exploited by several municipalities for effluent 

discharge. Yet little information has been gathered on the influence of these 

activities on resident biological communities. 

It cannot be disputed that any assessment of phytoplankton dynamics 

in Rivers impacted by anthropogenic inputs must consider the influence of 

chernicals such as nitrogen, phosphorus and/or carbon (Schindler 1977, 

Tilman et al. 1982). However, attention must also be focused on physical 

factors, induding residence time/flow rate (Le., Ssballe and Kimmel 19871, 

turbidity (Jewson and Taylor 1978, Grobbelaar 1989, Cuker et al. 1990, Dokulil 

1994, Reynolds 1994) and temperature (Baker and Baker 1979). 

Compounding the complexities in Rivers are the pronounced seasonal 

variabilities in physical elements in temperate regions. In the Red and 

Assiniboine Rivers, the catchment area receives significant amounts of snow 

during the winter that greatly enhance River discharge during spring runoff. 

Indeed, these flows sharply contrast with the lows that are experienced both 

in late summer and mid-winter (Figure 2.5). These seasonal fluctuations are 

also evident in incident light intensities and water temperatures (Figure 4.1). 



In addition to the seasonal cycles, there may be cross-correlations 

between chemical status in Rivers and physicd factors such as flow rate that 

cycle annually (Davis and Keller 1983). Runoff from agricultural fields may 

increase nutrients, pesticides and particulates in Rivers during spring nin-off 

or rain storms. Urban nuioff due to preupitation may be uncorrelated with 

River discharge and consequently, the increases observed in nubient 

concentrations may appear negatively correlated to flow rate. Lastly, in urban 

regions that are impacted by pollution discharge, higher flow rates may 

significantly modify and even reduce concentrations of chemicals 

downstream of point sources (Meybeck 1993) (Figure 1.1). 

Early attempts to quantify the impact of pollution in watenvays aimed 

at the identification of indicator species (Le., Çladecek 1973). This approach, 

however, has met with limited success since community alterations do not 

typically involve profound compositional changes (Cairns 1972, del Giorgio et 

al. 1991). This limitation has been offset considerably with the development 

of multivariate techniques that correlate community structure with 

environmental conditions. del Giorgio et al. (1991), for example, used PCA to 

show that along a pollution gradient, there was an alteration in community 

distribution that favored more tolerant species. Varis (1991) employed 

canonical correlation analysis techniques to identify environmental 

conditions that favored the occurrence of cyanobacteria in Finnish lakes. This 

researcher found that of the chemical factors, N/P ratios and P concentrations 

strongly influenced community structure. Fangstrom and Willen (1987) 

employed detrended CCA to ordinate species along lake types, from acid 

humic to acid impoverished, and subarctic. 

Multivariate approaches will be integral in ecological modeling of 

Rivers. The appreciation of physico-chernical factors that influence the 
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structural and functional community dynamics cm only be ascertained when 

al1 parameters are considered jointly. As pointed out by Varis (1991), a 

characteristic of water quaiity studies is the large number of variables 

involved. Indeed, when you consider a.ii of the physical and chemical factors 

that are relevant to water quality studies, as well as the dynamics of the biotic 

communities, the utility of traditional univariate and bivariate statistical 

analysis appears very limiting. Conclusions that may be derived from such 

conventional applications will be simplistic and unappreciative of the 

dynamic environment of these communities. 

Unfortunately there have been few studies which apply multivariate 

techniques to the functional or physiological dynamism of phytoplankton 

communities along pollution gradients. Indeed, Allen and Koonce (1973) 

argued that in ecological studies of phytoplankton, it rnay be more important 

to analyze aspects of growth and physiology rather than standing a o p  alone. 

Baker and Baker (19791, Grobbelaar (1989) and Dokulil (1994), for example, 

point to the utility of photosynthetic processes to hilfill this end. Thus, the 

goals of this chapter were to quantify relationships between phytoplankton 

activity, as measured by alpha, Pmax8 (the defining characteristics of 

photosynthetic response to light), Ch1 a (an estimate of phytoplankton 

biomass) and daily estimated productivity with physico-chernical factors in 

the Red River using multivariate techniques. To this end, the following 

objectives have been identified: 

1). Definition of the temporal variability in physical and chemical 

parameters in the Red River including the quantification of seasonal 

variation in nutrients as a function of physical factors (Davis and 

Keller 1983, Meybedc 1993). 



2). Quantification of spatial heterogeneity between Red River groups. 

3). Evaluation of the importance of physico-chernical factors in modifying 

phytoplankton performance and in so doing, iden* the aiticai factors 

that m o w  phytoplankton activity in Red River groups. 

4). Quantification of the (dis)similarities in phytoplankton activity 

between Red and Assiniboine Rivers and the impact of Assiniboine 

discharge on phytoplankton processes downstream of it's confluence 

with the Red. 

6.2 Results 

Crossu-Correlations Between Phvsical and Chernical Parameters 

As previously desaibed in Chapter 4, there were significant seasonal 

features in the physical, chemical and phytoplankton parameters in both 1994 

and 1995 (Figures 4.2 to 4.7). Perhaps the most profound observations were 

the fluctuations in nutrients and phytoplankton parameters that coincided 

with flow rate changes. Those seasonal episodes associated with low flow 

rates had a tendency to display markedly lower concentrations of particdates 

and totals of carbon, nitrogen and phosphorus. Furthermore the cycling 

patterns differed between seasonal episodes in each year. Whiie in 1994, there 

were crests and troughs in these physical, chemical and phytoplankton 

parameters, they appeared to gradually decrease or increase with less 

pronounced fluctuations between episodes in 1995. These episodic features 

were so pronounced that this feature became the basis for analysis of variance 

that defined the temporal variabili ty in physical and chemical parameters in 

Chapter 4. 



As pointed out by Davis and Keller (1983), it is necessary to consider 

annual and/or cyclical patterns when quantifying the impact of dissolved 

loads. in this study, there were ofien sipifkant correlations between physical 

and chemical factors when regressions were performed but these 

relationships could not be distinguished as solely impacting on 

phytoplankton processes. In order to establish nutrient relations with 

phytoplankton activity, it was cowidered important to quantify the variability 

in chemistry and phytoplankton activity that may have been correlated to 

changes in physical factors. 

To examine these relationships, a series of CCAs were performed. 

Weekly measures of chemical and phytoplankton parameters comprised the 

first dataset while the physical variables induding flow rate and light 

extinction represented the constraining environmental dataset. Precipitation 

was exduded since it was previously shown to be poorly correlated with other 

ph ysical, chemical or phytoplankton parameters (no t shown). Group 1, 

induding locations 7 to 10, was chosen in this anaiysis as it consisted of sites 

that were downstream of the NEWPCC that would be most substantially 

impacted by anthropogenic activity. These relationships were contrasted with 

locations 1 to 3 from group 3 that were either upstream or adjacent to the 

SEWPCC. Site 4 was excluded since it was previously shown to differ 

significantly in concentrations of N-+/NHs-N (Figure 4.20 and Tables 4.4 

and 4.7). The CCAs were performed on Red River group means for the 

following datasets: phytoplankton activity induding biomass (ie., chiorophyll 

a), alpha, Pm,, and daily estimated productivity; TN and TP; PN, PP and PC; 

NH4+/NH3-N and SRP; and ratios of (Na4/NH3-N)/SRP, TON/SRP and 

SIN/SRP. Results are presented in Figures 6.1 to 6.6. 
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Figure 6.1 Canonicd correlation analysis results for the relationship 
between light extinction and flow rate with biological activity 
(biomass, Pm=, alpha and productivity) in (a) group 3 and 
(b) group 1 for all sampling weeks in 1994 and 1995. Numbers 
represent individual sampling weeks as found in Appendix A.6.1. 
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Figure 6.2 Canonical correlation analysis results for the relationship 
between light extinction and flow rate with total nitrogen (TN) and 
total phosphorus (Tl?) in (a) group 3 (locations 1 to 3) and @) group 1 
for all sampling weeks in 1994 and 1995. Numbers represent 
individual çampling weeks as found in Appendix A.6.1. 
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Figure 6.3 Canonical correlations analysis results for the relationship 
between light extinction and flow rate with particdate nitmgen (PN), 
phosphorus (PP) and carbon (PC) in (a) group 3 (locations 1 to 3) 
and (b) group 1 for al l  sampling weeks in 1994. Numbers represent 
individual sampling weeks as indicated in Appendix A.6.1. 
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Figure 6.4 Canonical correlation analysis results for the relationship 
between light extinction and fiow rate with ammonia-N 
(Nq+/NH3-N) and phosphoms (SRP) in (a) group 3 (locations 1 to 3) 
and @) group 1 for all sampling weeks in 1994 and 1995. Numbers 
represent individual sampling weeks as found in Appendix A.6.1. 
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Figure 6.5 Canonical correlation analysis results for the relationship 
between Zight extinction and flow rate with N/P ratios in group 1 in 
(a) 1994 and (b) 1995. Numbers represent individual sampling weeks 
as found in Appendix A.6.1. 
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Figure 6.6 Canonical correlation analysis results for the relationship 
between light extinction and flow rate with N/P ratios in group 3 in 
(a) 1994 and @) 1995. Numbers represent individual sampluig weeks 
as found in Appendix A.6.1. 



In each CC& there were positive correlations observed between flow 

rate and light extinction. Higher flow rates were typically associated with 

reductions in available light, as evidenced by higher measures of light 

extinction. However, these were not direct relationships as evidenced by the 

angle shared between vectors. Furthermore, flow rate appeared to be better 

correlated with light extinction in group 3 when contrasted with group 1. 

Results from the examination of phytoplankton response to flow rate 

and light extinction are presented in Figure 6.1. Typically, phytoplankton 

activity was significantly reduced by high flow rate and/or light extinction. In 

group 1, this relationship to flow rate was, however, less significant. There 

were times when phytoplankton activity in the group was poorly correlated 

to flow rate directly (i.e., p 2 0.05). However, the strong negative response to 

light extinction remained. It appeared that, regardless of the River section 

phytoplankton activity was markedly influenced by light extinction. This was 

clearly evidenced by the segregation of biomass, alpha, Pm,, and daily 

estimated productivity from light extinction. 

There were also pronounced correlations between physical and 

chemical parameters. This was observed, for example, in measures of TN and 

TP as well as PC, PN and PP (Figures 6.2 and 6.3). Typically, higher 

concentrations of totals and particulates were observed during higher flow 

and/or higher light extinction periods. 

As first described in Chapter 5, there were striking differences in the 

relationship of flow rate to concentrations of particulates between groups 1 

and 3 (Figure 6.3). Concentrations were highly correlated with both flow rate 

and light extinction in group 3 while only light extinction in group 1. Higher 

flow rates may have increased the particdate load in the water column in 

group 3, thereby increasing the extinction of light. In contrast, the 
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particulateconcentrations in group 1 locations were uncorrelated to flow rate 

and concentrations were significantly lower when contrasted with group 3. 

The relationships between physical factors and soluble inorganic 

nutrients is shown in Figure 6.4. It was found that the concentrations of SRP 

were higher during periods of higher light extinction. There were no 

significant relationships observed with flow rate (p 2 0.05). Flow rate was 

shown, however, to have a profound influence on the concentration of 

N H4+ / NH3-N in group 1. Higher flow rates were found to dilute 

concentrations in the water column downstream of the NEWPCC. In 

contrast, there were no dear correlations for locations in group 3. Often, as 

evidenced in Figure 6.4, concentrations were inaeased by higher rates of flow, 

presumably because of activities occurring upstream of the study area. 

When ratios of (Na+/NH3-N)/SRP were ordinated by CCA, it was 

found that ratios were typically higher during lower flow and/or lower light 

extinction periods in group 1 in both 1994 and 1995 (Figure 6.6). These 

relationships were, however, poorly correlated among locations in group 3 

(Figure 6.6). Furthermore, there were no significant relationships observed in 

the ratios of SIN/SRP and TON/SRP in both groups 1 and 3 to flow rate or 

light extinction in 1994 (Figures 6.5 and 6.6). In sharp contrast, higher ratios of 

SIN/SRP and TON/SRP were correlated with higher flow rates and Light 

extinction in 1995 (Figure 6.5). It appeared that (Nm+/NH3-N)/SRP ratios 

were not always parallel to ratios of SIN/SRP and TON/SRP. 

These findings confirmed the occurrence of "crossw-correlations 

between physical and chemical factors. Consequently, individual factors 

could not be considered solely without their relationship to other parameters. 

Generally speaking, there appeared to be greater nutrients available within 

the water column during higher flow periods but were shown to dramatically 



reduce the availability of light. The notable exception appeared in 

concentrations of m + / N H 3 - N  which were higher in concentrations during 

lower flow, lower light extinction periods. 

Spatial Heteroeeneitv in Phvto~hnkton Parameters in the Red River 

Along the Iength of the Red River, there was significant spatial 

heterogeneity observed in phytoplankton activity (Figures 4.71 to 4.75 and 

5.14). While anthropogenic activity was a possibly factor that modified this 

activity, the influence of the Assiniboine River discharge, downstream of the 

confluence, had to be considered as well. In order to establish the factors 

responsible for these spatial differences in phytoplankton activity in the Red 

River, MDAs were performed using ratios of SIN/SRP, TON/SRP and 

( N a +  / NH3-N) /SRP as well as euphotic depth and chlorophyll-normalized 

photosynthetic parameters (i.e., SP,,, and SPalpha). AU Red River groups 

were used as well as the Assiniboine downstream location. Results are 

presented in Figures 6.7 and 6.8. 

Although there were significantly lower ratios of SIN/SRP and 

TON/SRP observed in the Assiniboine River, there were no significant 

modifications observed in the chernical status downstream of the confluence 

in the Red River group 2 (Figure 6.7). Indeed, the SIN/SRP and TON/SRP 

ratios were indis tinguishable among Red River groups. The (NH4+ / NH3- 

N)/SRP ratios were not found to be important in defining the differences 

between the Red and Assiniboine Rivers. Significantly higher ratios were, 

however, observed in group 1 in the Red when cornpared with groups 2 and 

3. These findings were consistent between years of the study. 
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Figure 6.7 Multiple disaiminant anaiysis of the N/P ratios found 
between Red River groups 1,2 and 3 and the Assiniboine downstream 
location in (a) 1994 and (b) 1995. 95 % confidence intervals are indicated 
by the spheres. Individuai sampling weeks have ken removed for darity. 
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Figure 6.8 Multiple discriminant analysis of the biological 
parameters found between Red River -goups 1,2 and 3 and 
the Assiniboine downstrearn location in (a) 1994 and 
(b) 1995. 95 % confidence intervals are indicated by spheres. 
Individual sampiing weeks have been removed for darity. 



The MDAs of photosynthetic parameters for 1994 and 1995 are found in 

Figure 6.8. There were no significant differences observed between the 

Assiniboine River and groups 1 and 2 in 1994. There were, however, 

significantly higher measures of SPma, in the Assiniboine River and group 1 

of the Red River when contrasted with group 3. There were also differences 

found in the euphotic depths between Rivers and groups in the Red River. 

In 1995, there was greater disparity between the Assiniboine and Red 

Rivers and between the Red River groups 1 and 3. The separations between 

Rivers was shown to be resultant of significantly higher euphotic depths, and 

to a lesser extent, phytoplankton activity in the Red River. These factors also 

separated groups in the Red River. Activity was highest in group 1 (Figure 

6.8)- 

Factors That Modified Phvtoplankton Activitv During 1994 and 1995 

While it was shown that there were many factors which fluctuated in 

concert with flow rate (refer to chapter 4), flow rate itself appeared to be poorly 

correlated with phytoplankton parameters in regression analysis (not shown). 

In order to quantify the factors that were influential on phytoplankton 

activity during 1994 and 1995, a series of CCAs were performed among 

locations in groups 1 and 3. This was based on the premise that 

phytoplankton response to anthropogenic activity would be most quantifiable 

if River groups were substantially isolated. Since group 2 did not consistently 

separate from either group 1 and/or 3 (Figures 6.7 and 6.8), it was exduded 

from this approach. Phytoplankton parameters induding biomass. Pmaxr 

alpha and daily estîmated productivity were ordinated in CCA with euphotic 

depth and N/P ratios represenüng the constraining environmental variables 

(Figure 3.4). These environmental parameters were chosen as they were 
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consistently correlated with phytoplankton activity. Neglected from this 

approach were the total, particdate and organic sources of carbon, nitrogen 

and phosphorus since these were either cross-correlated with light avaiiability 

(Figures 6.2 and 6.3), or were not significantly correlated with phytoplankton 

activity in simple regression analyses (i.e., p 2 0.05). The results from the CCA 

ordinations are presented in Figures 6.9 and 6.10. 

In both 1994 and 1995, the euphotic depth was dearly identified as the 

primary factor responsible in defùiing phytoplankton activity in both groups 

1 and 3 (Figures 6.9 and 6.10). This was evidenced by the length of the vector 

in the CCA scatterplot and also in follow-up regression analyses. In 1994,SS.l 

% of the variability in phytoplankton parameters was explained solely by 

euphotic depth (Figure 6.11). This was reduced to 43.7 % in 1995. The 

importance of euphotic depth was also evidenced by the placement of 

phytoplankton activity in the CCA nearest the axis weighted by euphotic 

dep th. 

In 1994, euphotic depth and phytoplankton activity were both shown to 

be greateçt during episodes 2 and 4, intermediate in episode 1 and very low 

during episodes 3 and 5 (Figures 6.9 and 6.10). In 1995, episode 3 was 

characterized by lower euphotic depths and phytoplankton parameters than 

in either episodes 4 or 5. Episode 4 was intermediate in terms of both 

euphotic depth and phytoplankton activity. Week 15 was an exception in 

which extremely high euphotic depth and consequently high phytoplankton 

activity was observed (Figures 6.9 and 6.10). Lasdy, there were both high 

euphotic depth and phytoplankton activity observed during episode 5. 

The second series of axes created in the CCA were the N/P ratios. In 

1994, these vectors were much shorter than in 1995, highlighting their 

secondary role in defining the phytoplankton relationships. Indeed, when 
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Cm. var. 1 from left set 
Figure 6.9 Canonical correlation analysis results for the relationships 
between biological activities and euphotic depth and N/P ratios as 
environmental variables in (a) 1994 and @) 1995 for locations in group 1. 
Seasonal episodes as indicated by numbers 1 to 5. Key to individual 
sampling weeks is presented in Appendices A.6.2 and A.6.3. 
(ai = ChlorophylI a; b = P,; e = alpha and dl = daily estirnated 
productivity). 
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Can. var. 1 from left set 
Figure 6.10 Canonical correlation analysis results for the relationships 
between biological activities and euphotic depth and N/P ratios as 
environmental variables in (a) 1994 and @) 1995 for locations in group 
3. Seasonal episodes as indicated by numbers 1 to 5. Key to individual 
samphg weeks is presented in Appendices A.6.2 and A.6.4. 
(ai = ChlorophylI a; b = Pm; s = alpha and d = daily estimated 
productivity). 
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Figure 6.11 Scatterplot of principal component axk 1 (comprising 
Ch1 a, P m ,  alpha and productivity) with euphotic depth in (a) 1994 
and (b) 1995 in the Red River. PCA I maintained 91.5 % and 87.7 % 
of the variabiiity in biological parameters in 1994 and 1995, 
respectively . 



the 1994 regressions were compared, it was found that euphotic depth 

explained an equivalent proportion of the variability in phytoplankton 

activity as did a physico-chernical multivariate axis that included both 

euphotic depth and N/P ratios (Figures 6.11 and 6.12). Conversely, 

correlations were much higher when ratios of TON/SRP and SlN/SRP were 

induded in the regression analysis in 1995, thereby suggesting a greater role in 

defining phytoplankton activity. 

In 1994, all N/P ratios in the CCAs were related with euphotic depths, 

indicating that higher N/P ratios were typicaily observed during periods of 

deeper euphotic depths (Figure 6.9). Lower N/P ratios were only obsewed 

during periods when euphotic depths were extremely shallow, as were 

observed during episodes 3, 4 and 5 (Figure 6.9). In 1995, the opposite 

relationship was found. In particular, TON/SRP and SIN/SRP ratios were 

negatively correlated with euphotic depths. High euphotic depths were now 

shown to be related to low N/P ratios. These high euphotic depth and low 

N/P events were dearly observed during week 15 and seasonal episode 5 in 

1995. Correlated with this condition was heightened phytoplankton activity. 

During seasonal episode 5 in 1995 there was also a significantly higher ratio of 

(NH4+/NH3-N) /SRP observed. This condition was clearly unique to episode 

5 and not observed during any other period in 1995 (Figure 6.9). 

Coinciding with the shift in N/P ratio during episode 5 in 1995 were 

dramatic alterations in the behavior of alpha and Pm,. As clearly observed in 

Figure 5.10, there was a "tight" relationship between Pmax and alpha for most 

of 1995. The notable exception, as shown in Figure 6.13, was found in week 20 

and episode 5 when SP,,, and SPalpha differed significantly from most 

observations in 1995. 
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Figure 6.12 Scatterplot of the physico-chernical axis 1 (comprising 
euphotic depth and N/P ratios) with phytoplankton axis 1 
(comprising Chl a, Pm=, alpha and productivity) in (a) 1994 
and (b) 1995 in the Red River. 
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Figure 6.13 Scatterplot of autocorrelations between photosynthetic 
parameters. (a) Pmaand alpha and (b) SP,, and SPalpha 
during episodes 3 and 4 ( - ) and episode 5 ( 0  ) in 1995. 
Week 20 of episode 4 was also markedly different from 
other weeks in episode 4 ( ). 



When CC& from group 1 were contrasted with those of group 3, there 

were few inconsistenaes observed. For the most part, the relationships were 

similar between groups (Figures 6.9 and 6.10). In particular the downward 

shift in the N/P ratio that was observed in group 1 during seasonai episode 5 

in 1995 was also observed in group 3. These conse~ative responses between 

River sections were related to the constancy in SIN/SRP and TON/SRP ratios. 

By analysis of variance, it was found that spatial differences in these 

parameters were restricted to seasonal episode 5 in 1994 and episode 3 in 1995 

(p = 0.000 in both instances). During episode 5, the ratios were found to be 

significantly higher in group 1 but higher in group 3 during episode 3 (Figures 

6.14 and 6.15). 

6.3 Discussion 

Phytoplankton in the Red River was shown to exhibit pronounced 

seasonal fluctuations that were based on the cyding in physical and chernical 

parameters. Although factors such as water temperature have been shown to 

strongly influence photosynthesis (Davison 1991, Baker and Baker 19791, in 

this study it was flow rate and/or the light environment that imposed the 

greatest limitation on phytoplankton activity (i-e., Grobbelaar 1989, Dokulil 

1994 and Reynolds 1994). As Grobbelaar (1985) and others have pointed out, 

there are significant increases in abiogenic suspended loads during high flows 

that dramatically increase turbidity and the attenuation of light within the 

water column. In this study, the impact of higher concentrations of PC, PN 

and PP on the extinction of light were dearly evident (Figure 6.3). Ssbaile and 

Kimmel (1987) have reported that biogenic factors such as TP and TN may not 

be highly correlated with phytoplankton activity in turbid systems. In this 

study, inaeases in TP and TN were correlated with inaeased light extinction 



Red River Group 

Figure 6.14 Boxplots of N/P ratios in the Red River during 
seasonal episode 5 in 1994 during whidi significant differences 
(p = 0.000) were observed betwezn groups. 



Red River Group 

Figure 6.15 Boxplots of N/P ratios in the Red River during 
seasonal episode 3 in 1995 during which signfiicant differences 
(p = 0.000) were observed between groups. 



(Figure 6.2) and consequently with pronounced reductions in phytoplankton 

photosynthesis (Figure 6.1 ). 

Perhaps the greatest evidence for the overwhelming influence of light 

on phytoplankton activity in the Red River was observed in the disparity of 

responses during episode 5 in 1994 and 1995 (Figures 6.9 and 6.10). In 

particular, phytoplankton activity du ihg  1994 were measurably lower than 

had been found in previous episodes and was correlated with significant 

reductions in the light environment. In contrasi, episode 5, in 1995, was 

characterized by deep euphotic depths, low light extinctions and high 

phytoplankton activity. Furthemore, phytoplankton activity was profoundly 

influenced by the low N/P ratio, as evidenced in both changes in alpha and 

Pm,, (Figure 6.13) that coincided with the occurrence of the cyanobacteria 

Anabaena and Aphanizomenon spp. While this low N/P ratio was obsemed 

during the same episode in 1994, it was inconsequential in defining 

phytoplankton activity because it's importance was offset by the poor light 

environment. Consequently, phytoplankton activity during episode 5 in 1994 

were significantly reduced when contrasted with 1995. 

There were other periods in this study found to exhibit these light 

driven responses in the phytoplankton community. During episode 3 in 

1994, there were significantly lower SIN/SRP ratios observed in group 1 than 

in any other period during the year. However, the significant reduction in 

available light suppressed any biogenic response to diemical changes. As 

weil, there was unusually low phytoplankton productivity in weeks 11 and 13 

in 1995. In simple regressions of physico-chernical factors with 

phytoplankton parameters, these weeks appeared as strong outliers. 

However, both events were shown by CCA to be resultant of a pronounced 

reduction in the light environment. While the phytoplankton activity 
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observed in week 13 was considerably lower that most weekç in episode 4, 

there was significantly higher activity observed in week 15. Again, it was 

correlated with dramatic changes in the light environment (Figures 6.9 and 

6.10). Indeed, the contrast between weeks 13 and 15 in 1995 provides an 

appreciation of the osullating nature in phytoplankton activity in the Red 

River in response to the dynamic light environment. 

The importance of physical and chemical factors in  modifying 

phytoplankton activity is therefore best viewed dong a gradient of River 

discharge (Ssballe and Kimmel 1987). During high flow periods, the light 

environment is the principle factor that determines phytoplankton 

performance. Although the environment may be nutrient sufficient, 

phytoplankton biomass is limited by the rapid attenuation of light by non- 

phytoplankton turbidity (Grobbelaar 1985, Lind et al. 1992). Consequently, the 

relationships between chernical status and phytoplankton activity are offset 

and ambiguous. In 1994, only poorly correlated nutrient relationships were 

observed. The most highly correlated relationships with phytoplankton 

activity were those to physical factors rather than a combined physico- 

chemical axis (Figures 6.1 1 and 6.12). 

Reynolds et al. (1994) described few situations in which chemical 

factors defined biotic activity in turbid systems. In this shidy, chemical status 

did become a factor in defining phytoplankton dynamics after the light 

environment and physical constraints were removed. This was dearly 

shown when the low N/P ratio, observed during episode 5 in 1995, becarne a 

dominant factor correlated with heightened phytoplankton activity and the 

occurrence of cyanobacteria (Figures 6.9,6.10 and 6.13). Jacobsen (1994) found 

that after the physical factors were lessened, chemical status became a 



dominant influence on the assembly and succession of the phytoplankton 

communi ty. 

Phytoplankton responses to low N/P ratios are dearly documented 

(Le., Schindler 1977, Healey and Hendzel 1980 and Hedcy et al. 1993). As 

pointed out by Flett and CO-workers (1980), the correlation of bloom formation 

is stronger with the low SIN/SRP ratio and not the concentration of N&+-N 

itself. As shown in this study, the higher N&+/NH3-N concentration that 

was concurrently obsemed with changes in phytoplankton activity and the 

occurrence of cyanobacteria was not aitical in modifying phytoplankton 

responses. Rather, it was the overall SIN/SRP ratio that evoked these 

changes (Figures 6.9 and 6.10). 

In this study, there was significantly greater phytoplankton activity 

observed in group 1 when contrasted with group 3. Biomass, alpha, Pm,, and 

daily estimated productivity were al1 significantly higher in locations R7 to 

RIO when contrasted with locations R I  to R4 (Figures 4.71 to 4.75). However, 

as dearly shown in this study, the dynamism in phytoplankton did not M e r  

markedly between groups. In particular, the CCAs showed that 

phytoplankton performance was conserved between upstream and 

downstream sections and that the light environment retained it's over-riding 

influence on phytoplankton activity downstream of the NEWPCC (Figures 

6.9 and 6.10). Furthermore, during periods when chernical status was a 

defining factor (i.e., episode 5 in 1995), phytoplankton responses were similar 

in both groups 1 and 3. This was evidenced in comparable shifts in alpha and 

Pm, (Figure 6.13) as well as substantially heightened phytoplankton activity 

(Figure 

effluent 

was not 

6.9 and 6.10). It appeared that while group 1 locations received 

and urban mnoff from the City of Winnipeg, phytoplankton activity 

profoundly different from that in group 3. 
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The factor likely responsible for the conservative phytoplankton 

response was the SIN/SKP ratio. Even though m+/NH3-N concentrations 

were shown to inaease dramaticaliy through the City of Winnipeg, it did not 

appear to influence the SIN/SRP ratio. Spatial differences in the SIN/SFü? 

ratio were restricted to few periods and in particuiar, seasonai episode 5 in 

1994 and seasonal episode 3 in 1995 (Figures 6.14 and 6.15). 

The Assiniboine River had little influence on the chemical status of 

the Red River. As was shown previously, the discharge at the confluence was 

found to result in a dilution of N&+/NH3-N concentrations between R4 and 

R5 (Figure 4.82). Furthermore, the differences in SIN/SRP and TON/SRP had 

negligible influences on group 2 chemical status (Figure 6.8). Indeed, both 

group 3 and 2 were equivalent. 

In contrast, the Assiniboine River was shown to exhibit differences in 

phytoplankton activity from that in group 3 in 1994, and all Red River groups 

in 1995. This separation was manifested as higher SP,, when contrasted to 

group 3 and in 1995, by euphotic depth. 

Aithough the influence of the Assiniboine discharge on phytoplankton 

dynamics downstream of the confluence can not be dismissed, it is proposed 

to have only a minor role in defining spatial heterogeneity, if it has a role at 

all. While there were significant differences found between groups 3 and 2 

that were potentially the resuit of Assiniboine discharge, these were restricted 

to 1995 (Figure 6.8) Furthermore, these differences were correlated with 

euphotic depth which has been clearly shown to be the most aitical factor 

defining phytoplankton activity. Thus, it is difficult to quantify the 

differences between groups 2 and 3 based solely on the discharge from the 

Assiniboine River when these differences may have been related to the light 

environment. 



Rather, it is proposed that the greater phytoplankton activity observed 

downstream of the Assiniboine confluence and the City of Winnipeg is 

primarily resultant of the morphometric features of the Red River and 

secondarily, the enridunent by anthropogenic discharges. Furthermore, this 

is proposed to have influenced only the standing crop of the phytoplankton 

community. As has been desaibed in Chapters 2 and 4, there are reductions 

in flow rate, enhancement of light availability and nutrients downstream of 

group 3 and it is therefore difficult to discount the influence of one parameter 

for another. However, as has been clearly established in îhis study, the 

foremost factor that determined phytoplankton activity was the availability of 

light. Because of the Lockport Dam, there are both greater euphotic depths 

and lower light extinctions found in locations in groups 1 and 2 (Figures 4.38 

and 4.40) that would permit greater phytoplankton photosynthesis. 

It does not appear that the higher N&+/NH3-N concentrations 

inhibited phytoplankton activity downstream of the SEWPCC or the 

NEWPCC. In fact, there is no evidence that N&+/NH3-N influenced 

phytoplankton activity either positively or negatively. Indeed, there appeared 

to be spurious relationships between ( N a +  / NH3-N) /SRI? ratios and 

phytoplankton activity in seasonal episode 5 in 1995. Rather, the occurrence 

of heterocystous cyanobacteria was correlated with a downward shift in 

SIN/SRP ratios (Flett et al. 1980). 

The high m + / N H 3 - N  concentrations that coinaded with enhanced 

phytoplankton adivity during this study c m  not be quantified because of the 

"cross"-correlation between light availability and NH4 + / N H 3- N 

concentrations. In particular, higher phytoplankton activity was observed in 

conjunction with enhanced light availability and higher NH4+/NH3-N 

concentration (Figure 6.4). Therefore, the influence of N ~ + / N H 3 - N  on 
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phytoplankton activity could not be isolated from the influence of enhanced 

light availability on phytoplankton activity. The latter was dearly shown in 

this study to markedly influence phytoplankton response. 



6.4 Summarv 

1. There were significant seasonal cycles observed in phytoplankton 

activity that were correlated with changes in physical and chemical 

parameters. During high flow periods, there were typically low light 

environments and low phytoplankton activity observed. 

2. The light environment was shown to be significantly altered by flow 

rate and/or PC, PN and PP concentrations. Strong correlations existed 

in group 3 between flow rate and light extinction with concentrations 

of TN and TP and PN, PP and PC. In group 1, correlations were 

observed between particulates and light availability only. 

3. Although nutrient concentrations were typically higher in 

concentration during higher flow periods, there was a pronounced 

reduction in light environment. Consequently, phytoplankton activity 

was poorly correlated with high nutrient levels. 

4. The factor that ovenvhelmingly determined phytoplankton activity in 

this study was the availability of light within the water colurnn. This 

influence was so strong that it suppressed chemical influences on 

phytoplankton activity during light-limiting periods (Grobbelaar 1985, 

Lind et al. 1992). 

5. The influence of light availability on phytoplankton production was 

highlighted by the oscillations in phytoplankton activity within eadi 

seasonal episode. Examples of these oscillating respowes were dearly 

observed during episode 4 in 1995. 

6. The influence of chemical factors on phytoplankton activity were 

restricted to a few seasonal episodes in 1995. The most pronounced 
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influence was observed during episode 5 when lower N/P ratios were 

correlated with pronounced changes in alpha and Pm,,. The 

occurrence of cyanobacteria, Anabaena and Aphanizomenon spp- 

during this period was also noted. 

There was a constancy of phytoplankton responses found between 

River sections that was, in this study, unaltered by City of Winnipeg 

activity. It appeared that the low ratios of N/P observed late in 1995 

were equivalent among locations in groups 3 and 1. 

The consistency in phytoplankton responses is proposed to be the 

result of a relatively stable SIN/SRP ratio between locations dong the 

Red River. Few periods were found during this study in which these 

N/P ratios differed significantly. 

This study was not able to distinguish any influences of N-+/NH3-N 

on phytoplankton activity from the significant "crossw-correlations it 

shared with flow rate and light availability. There were two reasons for 

this. Firstly, elevated River flow rate was shown to diiute NH4+/NH3- 

N concentration. However, correlated with this action was a 

significant reduction in the light environment that had a profound 

influence on phytoplankton activity. Secondly, there was a gradient 

between locations of reduced flow rate, greater euphotic depth, and 

reduced light extinction that coinuded with a higher concentration of 

N H 4+ / N H 3-N from anthropogenic activity. Thus, a higher 

NH4+/NH3-N concentration was always observed in conjunction with 

more available light. Consequently, the influence N-+/NH3-N on 

phytoplankton performances could not be isolated from the issue of 

light availabili ty. 



10. There did not appear to be any negative influences of w + / N H j - N  

concentrations on phytoplankton activity. Indeed phytoplankton 

activity was significantly higher among locations downstream of the 

NEWPCC in conjunction with higher concentrations of m + / N H 3 - N .  

Furthemore, ratios of (m+/NH3-N)/SRP were spunous in defining 

phytoplankton activity as was evidenced during seasonal episode 5, in 

1995. 

11. Although there were signifiant differences obsemed in phytoplankton 

activity and SIN/SRP ratios between the Assiniboine and Red Rivers, 

there appeared to be little impact of these differences upon activity 

downstream of the confluence. SIN/SRP ratios did not differ 

significantly between groups 2 and 3 and the phytoplankton responses 

in group 2 were comparable to group 3 and/or 1. 
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Table A.6.1 Key to the numbering of sampiing weeks employed in canonical 
correlation analysis in Figures 6.1 to 6.6. Means of locations within each 
group were used. 

Canonical Correlate Number 
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Year 
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1994 
1994 
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1994 
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1994 
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1994 
1994 
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1994 
1994 
1994 
1994 



Table A.6.2 Key to the numbering of sampling weeks employed in canonical 
correlation 
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Figures 6.9a and 6.10a. analsyis in 
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Table A.6.3 Key to the numbering of sampling weeks employed in canonical 
correlation andysis in Figure 6.9b. 

Week 

8 
8 
8 
8 
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Seasonal 
Episode 

3 
3 
3 
3 
3 

CCA 
Number 

1 
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3 
4 
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Table A.6.4 Key to the numbering of sampling weeks employed in canonad 
correlation anaksis in Figure 6. lob. 
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