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Ecological Effects of a Bleached Kraft Pulp Mill on Benthic Biota of the
Athabasca River

The effects of nutrient enrichment and contaminant toxicity from a bleached kraft mill
effluent (BKME) on the benthic biota of the Athabasca River were assessed using an
integrated assessment approach. Components of the research included a stream
mesocosm experiment, field observations, and chronic and behavioral laboratory bioassays
using mayfly species from the feceiving environment. Effluent and nutrient additions to
stream mesocosms resulted in marked increaées in periphyton biomass, greater abundance
and size of some grazing insects, and altered diatom and insect community composition.
In all cases, responses to 1% BKME and the nutrient addition were remarkably similar,
indicating that the primary effect of this discharge was nutrient enrichment. These findings
were corroborated by observations in field samples from reference and exposed river
reaches.

Laboratory bioassays addressed the effect of exposure to BKME in water alone, or
both water and food, on feeding behavior of the mayfly Ameletus subnotatus. BKME in
water had no effect on feeding, but exposure through both food and water resulted in
decreased Aconsumption in BKME treatments; contrary to expectations, mayflies
preferentially fed on diatoms exposed to BKME. Exposed diatom cultures contained
more lipid and bacteria than control algae, and these observations, combined with results
from feeding bioassays, indicated that exposure to effluent increased algal food quality.

Chronic toxicity of the effluent was assessed for A. subnotatus and Baetis

tricaudatus. In both taxa, exposure to effluent in food and water increased growth,



supporting the conclusion that BKME exposure increased food quality of algae. First
instar B. tricaudatus were sensitive to BKME, with mortality at concentrations above 1%,
while mortality in older nymphs increased at 7%. Effluent-exposure had no effect on
hatching success of B. tricaudatus. A. subnotatus exhibited increased mortality at 1%.
Increased mortality with faster growth indicates that these insects may not expend
resources on defense.

This research demonstrates a new approach for assessing the environmental effects of
BKME release, and has resulted in new understanding of the impacts of this industry on

the benthic community of this and perhaps other, northern rivers.
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ABSTRACT

The effects of nutrient enrichment and contaminant toxicity from a bleached
kraft mill effluent (BKME) on the benthic biota of the Athabasca River were
assessed using an integrated assessment approach. Components of the
research included a stream mesocosm experiment, field observations, and
chronic and behavioral laboratory bioassays using mayfly species from the
receiving environment. Effluent and nutrient additions to stream mesocosms
resuited in a 7-fold increase in periphyton biomass (Chla), a doubling of insect
abundance, approximately 30-100% increase in individual dry weight of some
grazing insect taxa, and altered diatom and insect community composition. in
all cases, responses to 1% BKME and an equivalent nutrient addition were
remarkably similar, indicating that the primary effect of this discharge was
nutrient enrichment. These findings were corroborated by observations in field
samples from reference and exposed river reaches.

Laboratory bioassays addressed the effect of exposure to BKME in water
alone, or both water and food, on feeding behavior of the mayfly Ameletus
subnotatus. BKME in water had no effect on feeding, but exposure through
both food and water resulted in 26-33% reduced consumption in BKME
treatments. Contrary to expectations, when given a choice, mayflies
preferentially fed on diatoms exposed to 1-7% BKME. Exposed diatom cultures
contained more bacteria than control algae, and total lipid content of the
diatoms ranged from 11.7% in the controls to 16.9% in 7% BKME. These
observations, combined with results from feeding bioassays, indicated that
exposure to effluent increased algal food quality.

Chronic toxicity of the effluent was assessed for A. subnotatus and Baetis
tricaudatus. In both taxa, exposure to effluent in food and water increased size
(total length) by 10-30%, supporting the conclusion that BKME exposure
increased food quality of algae. First instar B. tricaudatus were sensitive to

BKME, with >50% mortality at concentrations above 1%, while mortality in older



nymphs increased by at 7% BKME. Effluent-exposure had no effect on
hatching success of B. tricaudatus. A. subnotatus exhibited increased mortality
at 1%. Increased mortality with faster growth may indicate that these insects do
not expend metabolic resources on defense.

This research demonstrates a new approach for assessing the
environmental effects of BKME release, and has resulted in new understanding
of the impacts of this industry on the benthic community of this and perhaps

other, northern rivers.
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Chapter 1

Introduction to the Research Topic and Overview of the Thesis

1.1 Introduction

About 120 pulp mills operate across Canada (Fig. 1.1), with most of
these mills releasing effluent to surface waters. This effluent is a complex and
highly variable mixture of hundreds of compounds, many of which remain
unidentified (Suntio et al. 1988). Broad classes of compounds found in pulping

effluent include phenolics, resin and fatty acids, polycyclic aromatic

=
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Figure 1.1. Location of pulp mills in the Dominion of Canada.
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hydrocarbons (PAHSs), and metals, as well as particulate and dissolved forms of
carbon, phosphorus, and nitrogen (for a more detailed discussion of effiuent
components, see Appendices 1 and 2). Many of these compounds have
demonstrated toxicity to aquatic life (e.g. Rogers 1973, Leach and Thakore
1973, 1975, 1976, Rogers et al. 1979, Hattulla et al. 1981, Neilson et al. 1984,
Peterson and Peterson 1984, and Appendix 2), and pulping effluents have
historically been associated with the loss of aquatic life (Whitney and Spindler
1959, Smith and Kramer 1963).

The pulp and paper industry has undergone substantial technology
change in the last 20 years. As a result, effluents from mills with modern
process and treatment systems are usually considered to be only weakly toxic
(Walden 1976, Walden and Howard 1977, Solomon et al. 1993), meaning that
exposure to undiluted effluent will not cause acute toxicity (McCubbin and Folke
1993). However, effluent discharge resuits in continuous long-term exposure to
many compounds that are potentially harmful, and this chronic exposure may
have deleterious effects on aquatic life.

Research into the environmental effects of pulping effluents has focused
on issues such as biological and chemical oxygen demand (BOD, COD), colour,
particulate matter, chlorinated organic compounds such as dioxins and furans,
and identifying compounds responsible for acute toxicity of effluents. One
aspect that has received little attention, and is perhaps due more study given
the current reduction in effluent toxicity, is nutrient enrichment of receiving
waters. Pulping effluents generally contain concentrations of nitrogen and
phosphorus 1-2 magnitudes higher than their receiving waters; these
compounds come from wood and from fertilizers added to enhance secondary
treatment and, thus, reduce toxicity and oxygen demand of the effluent. As
phosphorus and nitrogen are often limiting nutrients in aquatic systems, the
addition of these compounds via effluent discharge can stimulate primary
productivity. While severe eutrophication can lead to excessive algal growth,

depletion of dissolved oxygen, and loss of species, at low to moderate levels of



enrichment increased primary productivity may lead to increased density,
productivity, and diversity of consumers (e.g. Peterson et al. 1985, Hershey
1988, Johnson et al. 1990, Hart and Johnson 1990, Hinterleitner-Anderson et
al. 1992, Hiltner and Hershey 1992, Harvey et al. 1998). However, because the
regulation of effluents has always been toxicity-oriented, there has been a bias
against recognizing stimulatory responses as an effect. Eutrophication of rivers
by pulping effluent has only recently been recognized as an issue requiring
aftention (Bothwell et al. 1992).

Nutrient enrichment by pulp mill effluents not only creates confusion
when value-judgements are incorporated into impact assessments, but also has
the potential to mitigate or mask toxic effects of effluent. Feminella and
Hawkins (1995) reviewed studies published between 1972-1993, of periphyton-
herbivore interactions in streams and concluded that there was good evidence
that abundance and growth of grazers are generally limited by periphyton
abundance. Thus, while chronic toxic effects include decreased growth,
increased mortality, and decreased reproduction, an increase in food
availability may increase growth and reproduction, and reduce mortality of
grazing insects. Nutrient additions and the resultant increase in primary
production may aiso lead to “biomass dilution” of contaminants, reducing
exposure to toxicants (Gunnarsson et al. 1995, Taylor et al. 1996).

The nutrient-contaminant interaction is depicted in Fig. 1.2. At low
concentrations of effluent, nutrient concentrations will stimulate productivity and
toxicity will be minimal, thus the net effect will be stimulation. As effluent
concentrations increase, the effects of nutrient additions quickly plateau;
periphyton growth rate saturation occurs at phosphorus (P) concentrations as
low as 3-4ug/L in the Thompson River, British Columbia (Bothwell et al. 1985,
1989), and at concentrations of 2-5 pg/L P in the Athabasca River (Chambers
1996). However, as effluent concentrations increase, toxicity will strengthen,
decreasing growth and/or reproduction and eventually increasing mortality. The
interaction of nutrients and contaminants in pulp mill effluent is a subject about
which we have limited understanding; it had not been investigated when this

3
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Figure 1.2. Schematic representation of the nutrient-contaminant interaction.

research was initiated (subsequently two studies have been published: Lowell
et al. 1995,and Dubé and Culp 1996, 1997), and it is a focus of this thesis.

1.2  Outline of Research & Organization of the Thesis

Research into the effects of pulping effluent on non-vertebrate members
of riverine communities has been almost exclusively in the form of biological
surveys of upstream and downstream communities. Surveys are rarely able to
infer causality, yet little experimental work has addressed the effects of effluent
on riverine invertebrates. Experimental work that has been carried out has
generally been done in poorly replicated, large experimental channels working
at the community level (e.g. NCASI streams, Hall et al. 1991). As a result,
although we may be able to say that density or community composition changes
downstream of a discharge, we have difficulty assigning responsibility for
changes to the discharge, and little understanding of the mechanisms

responsible for observed changes. The primary goal of my research was to
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examine effects of a modern pulp mill discharge in an integrated way to better
understand the mechanisms through which nutrients and contaminants in the
effluent affect the benthic community, and in particular, grazing insects. The
term “integrated” is used to mean a research approach in which linked
laboratory and field investigations are used to assess the effects of a discharge.
Integrated assessment is a relatively new method that yields a more reliable
measurement of environmental effects than either laboratory bioassays or field
surveys are capable of producing alone (Chapman 1996, Hall 1996, Hall and
Miner 1997).

Fig. 1.3 is a conceptual model of the mechanisms through which effluent
may affect a simplified food chain; the mechanisms or effects that were
addressed in this research are indicated. Nutrient enrichment of periphytic food

resources will, in general, lead to faster growth, larger body size, shorter
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Figure 1.3. Conceptual model of the effects of pulp mill effluent on a simplified
food chain. Mechanisms or effects that were addressed in this research are
indicated by a *.



generation time and/or increased fecundity of grazers. However, toxicants in
pulp mill effluent may decrease growth rates (and therefore increase time to
reproduction), decrease reproductive success, and increase mortality rates.
The net effects of the interaction of these components will determine the effects
on the population. At the community level, different sensitivities to toxicants
may change community composition. Increased primary production may also
change community composition, because changes in productivity of the system
and the physical habitat provided by primary producers may confer a
competitive advantage on a different suite of species.

Table 1.1 outlines the various objectives of my research, gives a brief
description of my approach to meeting these objectives, and identifies where
they are found in the thesis. Chapter 2 describes the study site for this
research, the Athabasca River at the town of Hinton, Alberta; the operations
and effluent composition of Weldwood of Canada, Hinton Division’s bleached
kraft pulp mill; and reviews what is known about the impact of this discharge on
the Athabasca River. The results of field observations and an experiment
designed to separate the effects of nutrients from those of contaminants on
community composition and growth of algae and grazing insects are discussed
in Chapter 3.

Laboratory bioassays were conducted to examine sublethal and chronic
effects of effluent, and to look at mechanisms responsible for these effects. The
species used for these bioassays were the mayflies Baetis tricaudatus and
Ameletus subnotatus, both identified in the field mesocosm work as numerically
important community members. Sublethal effects include behavioral changes
such as alterations in foraging activity and predator avoidance; and changes in
parameters such as generation time, body size, and fecundity.

The sublethal effect investigated was the effect of effluent on feeding
behavior. Nutrient enrichment may partially or completely mitigate increased
costs of toxicant exposure by increasing availability of food resources.

However, toxicants may affect energy intake; a reduction in feeding rates is a



well-documented sublethal response in a variety of aquatic invertebrates (e.g.,
McNaught 1989, Naylor et al. 1989, Férnandez-Casalderry et al. 1994, Wicklum
and Davies 1996). This toxicant-induced decrease in energy intake is largely
responsible for changes in energy available for production (Baird 1990, Naylor
et al. 1989, Maltby and Naylor 1990). Thus, compounds in pulp mill effluent
may not only affect food resource availability, but also the utilization of those
resources. A change in feeding behavior in response to exposure to pulp mill
effluent is likely because effluent contains specific compounds, such as resin
acids, that are known to affect insect feeding. Resin acids are secondary
compounds produced by trees that are “washed out” in the pulping process (see
Appendix 1, section 4). The natural function of these compounds is to protect
the tree from herbivore damage through antifeedant and other insecticidal
activities. Although they are “aimed” at terrestrial insects, it is possible that
these compounds may have similar effects on aquatic insects. [f so, increased
primary production resulting from nutrient enrichment by effluent may not
actually represent increased food resources for grazing insects.

To conduct feeding experiments, | first needed to determine if the food
supply, in this case the pennate diatom Navicula, could be cultured in effluent,
and if exposure to effluent would affect rates of growth. This information was
required because it was necessary to present animals with an equal biomass of
food to avoid possible confounding of a functional response with effluent effects
on feeding rate. Algae were cultured in effluent rather than exposing it for a
short period of time before the feeding trial because: (1) there are no published
accounts of the uptake kinetics of effluent compounds, and (2) | felt that this
technique would more properly simulate natural exposure downstream of a
continuous discharge. An experiment testing the effects of effluent on growth
rates of Navicula, and what was learned about how Navicula differs in quality as
food after being cultured in effluent are presented in Chapter 4. The effects of
effluent on feeding of Ameletus subnotatus, a grazing mayfly, are discussed in

Chapter 5.



Effects of toxicants on life history parameters are often attributed to
increased energetic costs associated with detoxification/repair and the resulting
reallocation of resources (Sibley and Calow 1989, Calow and Sibley 1990,
Calow 1991,1992). An animal may respond in many ways to a non-lethal
exposure to a toxicant (Calow 1991, Sibley 1996, Fig. 1.4): (1) the animal may
initiate evasive behavior to avoid exposure; (2) exposure to the toxicant may be
tolerated through the use of a variety of physiological defensive mechanisms
that prevent damage, for example, active transport, the induction of
detoxification enzymes (Terriere 1984), and the production of mucus (Wicklum
and Davies 1996) or sequestering proteins (e.g. metallothionens); and finally,
(3) damage may occur and may be repaired. All of these mechanisms,
behavioral, defensive, and repair, cost energy that is then no longer available
for growth and/or reproduction (Calow 1991). The energy available for

production, i.e., energy intake minus total metabolic costs, is known as “scope
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Figure 1.4. Toxicant effects on individuals and consequences to life table
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for growth” (Walker et al. 1996), and the measurement of toxicant effects on
scope for growth is an accepted approach in physiological ecotoxicology (e.g.,
Bayne et al. 1979, Naylor et al. 1989, Maltby and Naylor 1990, Wicklum and
Davies 1996). Changes in scope for growth may be measured indirectly by
examining toxicant-induced alterations in growth rate, reproduction and
mortality. Measurement of these life table parameters is believed to be one of
the most sensitive indicators of anthropogenic stress (Schindler 1987). Chapter
6 discusses bioassays designed to look at the effects of chronic exposure to
pulp mill effluent on growth, mortality, and/or reproduction of Ameletus
subnotatus and Baetis tricaudatus respectively. All results are summarized and
directions for future research are presented in Chapter 7.

Finally, many appendices containing supporting information are included.
Readers unfamiliar with the operations of a pulp mill, impact assessment as
applied to this industry, and effluent composition are directed to Appendix 1.
Appendix 2 contains a list of compounds commonly reported in kraft pulp mill
effluent and, where available, the concentration of those compounds in effluent
and their ecotoxicity. Appendix 2 illustrates the point that, although there are
numerous compounds in effluent that have demonstrated toxicity to aquatic life,
in general, these compounds are found in concentrations orders of magnitudes

smaller than required to cause acute toxicity.
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Chapter 2
Study Site and the Pulp Mill

2.1. Athabasca River

The Athabasca River originates in the meltwaters of the Columbia ice
fields, located in Jasper National Park, Alberta (Fig. 2.1). It travels
approximately 1,231 km, draining a 159,000 km? watershed before emptying
into Lake Athabasca. The river is unregulated and is fed largely by glacial

meltwaters and mountain runoff, resulting in seasonally variable discharge with
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Figure 2.1. Athabasca River drainage.
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peak flows in the spring and low flow between January and March. Near the
headwaters, Athabasca River water quality reflects the glacial origin and
sedimentary rock geology of its catchment. The water is alkaline, turbid, and
hard, containing relatively high concentrations of calcium, magnesium, sulfates,
and suspended solids, and low concentrations of dissolved organic carbon, and
phosphorus (Table 2.1). As the river flows eastward, water hardness drops as
tributaries dilute the river, and concentrations of nitrogen, sodium, chloride,
silica, barium, and dissolved organic carbon gradually increase (Noton and
Saffran 1995). The Athabasca River and its tributaries receive continuous
effluent discharges from 5 pulp mills and 9 municipalities. An additional 40
municipalities and 2 oil sands extraction plants discharge effluent to the river or

other water bodies within the catchment in spring and/or fall (Chambers 1996).

Table 2.1 Concentration of some major ions in the
Athabasca River at Hinton (upstream of discharge, 1988-
1993) compared to mean values for North American rivers.

Mean concentration (mg/L)

Parameter Athabasca River' North American
Rivers?

Ca* 46.2 21.2

Mg®* 14.4 4.9

SO.” 65.5 18.0
HCO* 135.9 72.3

DOC 0.8 5.0

TDP 0.003 0.025

" Noton and Saffran (Appendix D1,1995);
2Allan (1995)

At Hinton, Alberta, the Athabasca is a shallow rocky bottomed river, with
most areas less than 1m deep (R.L. & L. 1994). River banks are primarily
composed of small and large boulders with irregular outcroppings forming

occasional backwaters. The canopy is open (Plate 2.1) and there is little
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riparian vegetation except in areas with erosional/depositional silt banks, which
make up 11% of bank types (R.L & L. 1994). The dominant substratum type in
the river channel is cobble, with some gravel and silt in slower moving
backwaters. A hydrograph for the Athabasca at Hinton shows low flow periods
extend from September to mid-May, with lowest discharge (mean = 30.6 m*/sec,
1961-1990) occurring in March; and peak flows (mean = 501 m%sec, 1961-
1990) occurring in June (Fig. 2.2). Water during high flow is a milky colour due
to entrained rock flour. During low flow periods, the water is quite clear; light
attenuation measurements indicate that the average depth of the euphotic zone
is 2.8 m and, thus, periphyton could conceivably colonize the entire width of the
channel (Chambers 1996). Periphyton growth is limited by turbidity and flow
during high flow and by low temperatures and nutrient concentrations during
low flow periods (Chamber 1996). The river's oligotrophic nature and large

euphotic zone predispose it to respond to nutrient additions.
1200 -

1000 o

[0+

o

o
i

Discharge (m3lsec)

0 30 60 90 120 150 180 210 240 270 300 330 360
Julian Day

Figure 2.2. Athabasca River discharge at Hinton, Alberta, 1980-1994
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Fish species in the Athabasca at Hinton ,
include brook trout (Salvelinus fontinalis), bull = s =87 , e -
trout (S. confluentus), Arctic grayling = ¥
(Thymallus arcticus), rainbow trout
(Oncorhynchus mykiss), mountain whitefish
(Prosopium  williamsoni), longnose sucker
(Catostomus catostomus), burbot (Lota lota),
white sucker (C. commersoni), longnose dace

(Rhinichthys cataractae), iake chub (Couesius

plumbeus), and spoonhead and slimy sculpins
(Cottus ricei and C. cognatus) (R.L. & L. 1994,

1995). The macroinvertebrate community is Plate 2.1. Athabasca River at

Hinton, Alberta. Upstream
composed  primarily of Ephemeroptera view.

(Baetidae, Ephemerellidae, Heptageniidae), Plecoptera (Perlidae, Capniidae),
Diptera (Chironomidae, Athericidae), and Trichoptera (Hydropsychidae,
Brachycentridae) (Anderson 1989, R.L. & L. 1993).

2.2 Weldwood of Canada, Hinton Division

Weldwood of Canada Ltd., Hinton Division, operates a large bleached
kraft mill in Hinton, Alberta. This mill is the oldest one in the area, having
started operations in 1957 as North Western Pulp and Power Ltd. The mill
produces an average of 1150 air-dried metric tonnes of market pulp per day
from a softwood furnish blend of 65-70% lodgepole pine, 20-25% black and
white spruce, and 10% balsam fir. Weldwood harvests approximately 50% of
its wood supply within its forest management area, with the remaining supply
from purchased chips. Chips from both wood supplies are combined in a
continuous, 2-vessel hydraulic MCC Kamyr digester where they are immersed
in an alkaline solution containing sodium hydroxide and sodium sulfide, and are
subjected to heat and pressure. The resulting pulp is washed, then put through

a staged bleach process consisting of oxygen delignification (O) and 100%
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chlorine dioxide substitution (D,,,), caustic extraction reinforced with oxygen
and peroxide (Egp), chlorine dioxide (D), short stage caustic extraction (Eg) and

finally, chlorine dioxide (D). Since July 30, 1993, the mill has used this bieach

sequence (OD,uEop(DEsD)) to produce elemental chlorine free pulp (Golder

1994). Major changes affecting effluent discharge that have occurred within the
mill since its start-up in 1957 are listed in Table 2.2.

The mill provides the town of Hinton with drinking water and also treats
municipal sewage. Municipal effluent represents approximately 7.5% of the
volume of the mill’s effluent. Average water usage by the mill is 113,000
m/day, with approximately 110 m® of effluent produced for every tonne of air
dried pulp produced. Effluent first passes into a 13,753 m?® (61 m diameter)
primary mechanical clarifier to remove solids. Primary treated effluent is then
combined with municipal sewage, and the combined effluent flows into a 6.5
day aerated stabilization basin that has 41 mechanical aerators (2700 Hp total,
Weldwood of Canada, Ltd. 1996). Granular 12-51-0 fertilizer is added to the
basins to enhance secondary treatment, which generally achieves a 91.8%
BOD reduction. Prompted by concerns about nutrient loading to the river,
Weldwood has been reducing nutrient additions to the stabilization basins since
1992.

Since 1995, the basins have been fertilized only during winter months,
with municipal sewage providing sufficient nutrients during the rest of the year
(T. Andrews pers comm.). After passing through a quiescent zone to reduce
suspended solids, treated effluent is then mixed with non-contact cooling water
from the mill and discharged to the Athabasca River. At low winter flows (30-35
m®), effluent comprises up to 3% of the river's discharge. Weldwood effluent is
the second point source discharge to the river, sewage discharge from the town
of Jasper, Alberta, being the first. Discharge from the town of Jasper
represents 5% of the volume of the combined discharge at Hinton (Noton and
Saffran 1995).
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Table 2.2. Major changes in Weldwood process or equipment that may affect
effluent quality or quantity (summarized from Golder 1994).

Date Description of process or equipment change

1957 Pulp mill start up, production 91,000 tonnes/year, 780,000 hectare
FMA

1966 Effiuent diffuser installed in river bottom

1967 Mechanical clarifier installed, original settling basin converted to 5-
day ASB

1975 Secondary treatment system expanded, ASB enlarged to 6.3 d
retention, total aeration increased to 1425 Hp

1978-1979 Installation of low rate stream stripper, new line of black liquor
evaporator and low odour recovery boiler

1957-1987 Pulp production increased in incremental stages to 193,000
tonnes/yr

1988 Installation of new brownstock screening system

1989-1990 Spill recovery systems installed

1989 Chlorine dioxide plant start-up, bleach sequence upgraded to

1990 (June)
1990-1993

1990
1991 (February)
1993 (February)

1993 (February)
1993 (June 30)

1993 (September)
1994

1994

1996 (July)
1996
1996

1997

CpEOCDED
First run with 100% CIlO, substitution

100% CIlO, pulping conducted as 3-7 day runs making up 15-30%
of total mill production

Installation of oxygen delignification system
ASB aeration increased to 3000 Hp

Quiescent zone of ASB doubled to reduce total suspended solid
(TSS) discharge

Replacement of old (1967 vintage) aerators with new more
efficient units (3000 Hp maintained)

Complete elimination of elemental chlorine bleaching, bleach
sequence DigoEor(DESD)

Nutrient additions to ASB greatly reduced

50% of evaporator
brownstock

100% of evaporator contaminated condensate
brownstock

contaminated condensate recycled to

recycled to

Discontinued use of liquid SO in bleach plant
Installation of 2 new 75 Hp aerators in ASB

Installation of floating boom in quiescent zone of ASB to further
reduce TSS

Completion of spill containment system for weak black liquor and
green liquor clarifiers
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2.3 Effects of Weldwood Effluent on the Athabasca River

Weldwood effluent enters the river via a multiport diffuser located in the
middle of the river channel. The effluent plume hugs the south bank (Plate 2.2),
and is not completely mixed until 11 km downstream (TAEM 1996). The 20-
30°C effluent raises river water temperature by approximately 1°C as far as 0.8
km downstream, and creates a winter ice-free zone extending approximately 1
km downstream of the diffuser (Plate 2.3). River water samples taken in March
1994 (low flow) as part of the mill's Environmental Effects Monitoring program,
indicated that the effluent discharge increases concentrations of total Kjeldahl
nitrogen, total phosphorus, orthophosphate, total dissolved phosphorus,
dissolved organic carbon, sodium, and true colour, downstream of the outfall
(TAEM 1996). A general description of effluent composition is in Table 2.3, and
more detailed information is provided in Appendix 3 and Chapter 4.

Before the addition of a mechanical clarifier and aerated stabilization
basin in 1967, effluent treatment consisted of a 3-4 day settling basin. Benthic
surveys indicated that the invertebrate community immediately downstream of
the outfall was dominated by oligochaetes and chironomids, indicating organic
pollution. After modification of the effluent treatment system in 1975, the
downstream community showed signs of recovery (SENTAR 1993). River
sampling since 1980 has detected increased invertebrate density downstream
of the outfall, and a community dominated by mayflies and chironomids at both
upstream and downstream sites (SENTAR 1993, TAEM 1996, Golder 1996).
Increased density of macroinvertebrates is likely due to the increase in
periphytic algae that has been reported to occur for about 22 km downstream of
the effluent outfall (TAEM 1989, 1991a,b, 1992, 1993). The mill’s effluent
contains phosphorus and nitrogen, the most common limiting nutrients in
freshwaters. Upstream of the mill, algal growth is phosphorus limited (Perrin et
al. 1995; Dale and Chambers 1995a,b; Scrimgeour et al. 1995). This nutrient
limitation is relaxed at the Weldwood outfall and does not reappear until just

upstream of Whitecourt (Scrimgeour and Chambers 1996).
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Table 2.3. Range and mean values of Weldwood effluent BODs, pH,
temperature, conductivity, TSS, TKN, NO,, NO;, NH;, TP, DP, AOX, phenolics,
and resin and fatty acid concentrations for the period of January 1993 -
December 1995. Data are summarized from monthly effluent reports submitted
to Alberta Environmental Protection in compliance with the mill’'s water license.
Raw data and a more compete chemical characterization are available in
Appendix 3.

Parameter Range Mean

BODs (mg/L) 10.5-27.0 16.79
pH 7.4-8.4 7.9
Temperature (°C) 21 -34 27
Conductivity (umhos) 896 - 2491 1614
TSS (mg/L) 17 - 60 28
TKN (mg/L) 2.68-6.15 4.0
NO, (mg/L) 0.05-0.46 0.2
NO; (mg/L) 0.05-0.58 0.2
NH; (mg/L) 0.48 - 2.63 1.41
TP (mg/L) 0.33-1.46 0.7
DP (mg/L) 0.07 -0.76 0.3
AOX (mg/L) 1.7 -12.1 3.3
Total phenolics (pg/L) ND - 80.9 0.055
Total Resin and Fatty Acids (mg/L) ND - 0.79 0.057

Acute toxicity tests of Weldwood's effluent are conducted regularly as a
part of the mill's license agreement, and indicate that full strength effluent is
consistently non-toxic to rainbow trout fry and Daphnia magna. Chronic toxicity
tests using fathead minnows (Pimephales promelas), Ceriodaphnia dubia, and
Selenastrum capricornutum are a relatively recent addition to Weldwood’s
monitoring regime. The effluent displayed little or no toxicity to fathead
minnows in 7-day exposures; the mean ICys (concentration which reduces
growth by 25%) was >100% (n=8) (Golder 1996). Effluent inhibited
reproduction of Ceriodaphnia at concentrations ranging from 41-79%, with a

mean IC,s of 58.3% (n=8). The green alga Selenastrum was most sensitive to
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the effluent, showing growth inhibition (IC.s) at concentrations ranging from 14-
82%. As the concentrations at which toxicity was observed are higher than
those observed in the receiving environment (except in the mixing zone directly
below the diffuser), it is believed that effluent inputs from the Weldwood mill do
not result in toxicity problems in the Athabasca River (Golder 1996).

Weldwood effluent, like all pulp mill effluent, contains nutrients and
contaminants, and both may affect organisms in the receiving environment.
The consistent low toxicity of this effluent, and the considerable dilution that
occurs, suggest that toxic effects of the discharge will be minimal. However, the
toxicity of the effluent to indigenous species has not been determined,
consequently, the possibility that chronic growth or reproductive effects may
occur cannot be discounted. The most prominent effect of effluent additions to
the Athabasca River is likely to be fertilization by phosphorus in the effluent; the
river is oligotrophic, primary production is know to be phosphorus-limited, and
the river has a large euphotic zone where primary production may take place
(Chambers 1996). Stimulation of primary production, as well as the addition of
particulate organic matter via effluent, may increase production at higher trophic
levels, and mask any contaminant effects on these organisms. The separation
of nutrient and contaminant effects is a difficult problem, as the removal of
nutrients from effluent without affecting composition is problematic. An
experiment comparing the effects of effluent with the effects of a comparable
nutrient (N and P) addition on the benthic community and, thus, identifying the

dominant influence of this discharge, will be presented in Chapter 3.
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Chapter 3
Effects of BKME on the Athabasca River- An Artificial Stream Study

3.1 Introduction

Pulp and paper mill effluents contain a complex array of compounds and
their effects on aquatic organisms and food webs can be stimulatory or
inhibitory (McLeay 1987, Bothwell 1992, Lowell et al. 1995). Although recent
regulations have emphasized toxicity (Owens 1991), improvements in pulping
and waste treatment processes have raised effluent quality to the point that
most are only weakly toxic (Walden and Howard 1977). In contrast, high levels
of nitrogen and phosphorus contained in pulp mill effluents have produced
significant changes in primary productivity in some rivers in western Canada
and the United States (Bothwell 1992). Given our poor understanding of the
nutrient and contaminant effects of pulp mill effluents on riverine biota, it is
difficult to predict impacts on aquatic systems receiving these effluents, and to
set rigorous regulatory guidelines (Owens 1991).

A variety of inhibitory compounds in bleached kraft mill effluent (BKME)
are derived from the wood (e.g., resin acids, phenolics and PAHs). Resin acids
often provide terrestrial plants with resistance to insect herbivores, and can
inhibit feeding and growth (Chapman 1974, Elliger et al. 1976, Rosenthal and
Janzen 1979, Wagner et al. 1983, Harborne 1990, Xie et al. 1993). Catechol, a
phenolic lignin residual, can reduce food assimilation (Reese and Beck 1976)
and cause developmental abnormalities and increased mortality in mosquito
larvae (Desmarchelier and Fukuto 1974). Chlorinated lignin residuals may
affect feeding in hydropsychid caddisflies by causing the production of
deformed feeding-net structures (Petersen and Petersen 1984). Similarly, pulp

mill effluent inhibits feeding in a variety of aquatic organisms (McLeese 1973,
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Cooley 1977, Crane and Maltby 1991, Bitton et al. 1995). Thus, inhibitory
compounds in BKME may lead to a suite of ecological effects, including
decreased feeding, growth, and fecundity of riverine grazers.

Alternatively, nutrients (N and P) can counter or modify the effect of
contaminants in BKME. Addition of limiting nutrients can increase food
resources for invertebrates, which are an important nutritional base for riverine
fish. This elevated production of plant material may increase invertebrate
growth and fecundity (Hershey et al. 1988). Nutrient stimulation of primary
production can also alter the amount and route of exposure of aquatic biota to
contaminants through biomass dilution of contaminants (Taylor et al. 1996) and
increased sedimentation rates (Kramer et al. 1996). Addition of nutrients can
reduce toxicity of contaminants to primary producers (Lozano and Pratt 1994),
and nutrient-related changes in algal community structure (i.e., increased
predominance of inedible blue-green algae) may affect bioaccumulation in
higher trophic levels (Kramer et al. 1996). Finally, contaminants can reduce
grazing rates (toxic anorexia) thereby increasing the biomass of primary
producers (toxic eutrophication) (Scholten et al. 1996).

The Athabasca River is oligotrophic in its upper regions, with soluble
reactive phosphorus concentrations (SRP) usually below 2 pg/L (Chambers
1996). Dale and Chambers (1995a,b) reported that additions of phosphorus as
low as 1 pg/L to this system increased periphyton biomass. A combined pulp
mill and municipal effluent outfall at Hinton, Alberta is the first continuous
discharge to the river. Nutrient loading from the Weldwood outfall (combined
with Hinton municipal effluent) causes a 33% and 58% increase in TP and TN,
respectively (Chambers 1996), thus nutrient addition via bleached kraft mill
effluent is likely to significantly affect this nutrient-poor system. Since 1990,
effluent from this mili has consistently shown low toxicity in bioassays (SENTAR
1997). Given the low toxicity of this effluent and the oligotrophic nature of the
river, the impact of nutrients in the effluent may outweigh contaminant effects. [f

nutrient enrichment from pulp mill effluent has a more significant impact on this
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system than contaminants, the current practice of not regulating effluent nutrient

content (Chambers 1996) may need to be re-evaluated.

3.2 Obijectives and Experimental Design

My main research objectives were to measure the effects of a bleached
kraft pulp mill effluent on benthic biota of the Athabasca River and, through a
comparison with an equivalent nutrient addition, determine if the primary effect
of effluent was nutrient enrichment or whether significant evidence of toxicity
also existed. Specifically, the effects of an addition of BKME to a 1% dilution
and that of an addition of nutrient (nitrogen and phosphorus) contained in the
effluent were compared. A 1% dilution was chosen because, based on
historical flow data, this is the approximate dilution in the Athabasca during
early autumn when this experiment was conducted (Fig. 3.1). A comparison of

the control and nutrient treatments provided a measurement of nutrient effects,
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Figure 3.1. Seasonal variation in effluent (Weldwood outfall) dilution in the
Athabasca River at Hinton, Alberta.

32



and a comparison of the nutrient and effluent treatments provided a measure of
contaminant effects. Although this approach does not address the question of
an interaction in a statistical sense, there was no feasible means to provide
contaminants separately, and thus complete a factorial experiment. Response
variables included community composition and biomass (measured as ash-free
dry mass (AFDM) and chlorophyli a (Chia)) of periphyton, abundance and
community composition of benthic insects, and biomass of abundant
invertebrates including specific mayfly and stonefly taxa. Autumn was chosen
as the season for study because it is a period of low flow when effluent
concentration is relatively high, water temperatures are adequate for algal
growth, and turbidity is low. Thus, autumn is predicted to be a time of maximum
effluent influence.

The experiment was carried out in an artificial stream system designed
specifically for this work. Inferential hypothesis testing through field
assessments is often impossible due to the challenge of obtaining true
replicates in a lotic environment, and because of the high degree of spatial
heterogeneity typical of benthic communities (Stewart-Oaten et al. 1992;
Cooper and Barmuta 1993, Buikema and Voshell 1993, Forbes and Forbes
1994). Artificial streams allow control of environmental conditions, eliminating
confounding factors and reducing “noise” due to spatial heterogeneity (Mclntire
1993). Most importantly, treatments (e.g., addition of effluent) are applied to
true replicates, allowing uncompromised hypothesis testing. Concurrent field
sampling for the same response variables provides weight-of-evidence for
concluding that field patterns are caused by effluent discharge, and provides
some reassurance that the experimental system adequately simulated the

natural environment.

3.3 Methods

3.3.1 The Stream System

This section provides a brief description of the experimental stream

facility (Plate 3.1); a detailed description of the system is available in Appendix
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4. The stream system was constructed beside the Athabasca River to allow the
experimental streams to experience ambient temperature, water quality, and
light regimes. The stream system consisted of 16 circular, 0.9 m® surface area
tanks made of polyester fiberglass. Theses tanks were placed in pairs on
tables that were 74 cm high. Water from the river was pumped into a 378 L
polyethylene head tank placed on a 1.2 m high platform, and gravity-fed
through a system of pipes to the stream tanks. Gate valves controlled water
flow to individual streams, and allowed flow rate calibration for each stream.
Water flow to each stream was set at 2 L/min and residence time for each tank
was about 2 h. Water depth in the tanks was maintained at 27 cm by an
overflow drain that was screened to limit emigration of insects; each stream
contained 227 L of water. Current in each stream was created by a beit-driven
propeller. The head tank and all water delivery lines were wrapped with heat
tape and insulated to allow the system to be operated in the late autumn when
freezing temperatures often occurred. Waste-water from the streams was
returned directly to the river.

Experimental treatment solutions were delivered independently and
continuously to individual streams by peristaltic pumps (Masterflex ® L/S
Nema-type 13 wash down controllers and cartridge pump heads) and a series
of insulated tubes for solution delivery. Peristaltic pumps were kept in insulated
boxes to keep them within approved operating temperatures. Effluent and
nutrient solutions were heated (25-30°C) and stored in insulated containers to
prevent the < 2 mm supply lines from freezing. Tubes carrying treatment
solutions were threaded through foam pipe insulation to the streams, then fed

into the water delivery spout.
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Plate 3.1 Artificial stream system: (a) stream system; (b) close-up of individual
streams; (c) motor and propeller used to create water flow; and (d) stream
substratum and tiles used for periphyton sampling.
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3.3.2 Methods of Artificial Stream Operation

A standardized benthic environment was created in each stream to
simulate riffle substrate found along the upper Athabasca River, upstream of the
Weldwood mill outfall. The bottom of each stream was covered with an 8 cm
layer of washed gravel (1-2 cm diameter stones) upon which 10 larger stones
(%o surface area = 535 cm?) from the river were placed. These stones stocked
the streams with a natural community of periphyton. Unglazed porcelain tiles
(23.5 cm?®) were used to provide a standardized substratum for periphyton
development and accumulation. During collection, the stones were enclosed
with a 0.1 m? U-net (Scrimgeour et al. 1993), carefully lifted from the streambed
and placed into a container (two stones per container) with river water so that
the periphyton and invertebrates associated with the stone were not dislodged.
In addition, the substratum beneath the stones was gently disturbed to collect
any invertebrates under and around the base of the stone. The stones and
their biota were immediately transported and randomly assigned to the artificial
streams. An additional 30 benthic samples (biota only) were collected from a
second upstream riffle and 2 samples were randomly assigned to each stream.
This random allocation of 12 samples per stream ensured that invertebrate
composition was initially similar among streams. Sampling sites and location of
the stream system with respect to the mill's outfall are shown in Plate 3.2. One
additional stream was not seeded with invertebrates so that immigration of
invertebrates via inflow water could be estimated. Ten days after initial
colonization of the streams, the peristaltic pumps were started and the
experiment began.

The distribution of water velocities in the streams was characterized in
the laboratory with a substratum similar to the Athabasca experiment, using a
Nixon Instruments ® velocity meter. Mean velocities (+ SE) recorded at 21
locations around the stream were similar for all 3 water depths: 0.20 + 0.03
m/sec, 4 cm below the water surface, 0.20 + 0.02 m/sec at the water column

mid-point, and 0.23 + 0.02 m/sec just above the highest point of each stone.
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Mean velocity in the field experiments (above stones) was similar to laboratory
tests (%o = 0.26 + 0.01 m/sec, n= 150), and was also similar to water velocity
measured above stones at a similar water depth in the Athabasca River at
Hinton (water velocity %o = 0.26 + 0.01 m/sec, water depth %o = 24.8 £ 0.72 cm,
n = 30) while the experiment was being conducted. Visual observations of dye
traces indicated that full mixing occurred within the first quarter of the stream
length (Appendix 4).

Water temperature was monitored with Ryan® thermographs placed in a
stream and the head tank. Temperatures in the head tank reflected the
temperature of incoming river water. A comparison of data from the 2
thermographs indicated that the 2 h hydraulic residence time in the streams
resulted in slight heating or cooling of water in the streams depending upon
ambient air temperatures. For example, over a 3 d period, the streams were
cooler at night and warmer during the day as compared to the incoming river
water (Fig. 3.2). The maximum instantaneous difference between water
temperature in the river and the streams was < 5 °C.

Streams were inspected daily and drain screens were brushed clean to
prevent clogging and overflow of the streams. Motors were lubricated with non-
toxic, Permatex Superlube ® (food grade USDA H1) every 3-6 d to prevent
seizing of the propeller shafts. The 10 cm water delivery lines were flushed
regularly to remove silt and sand deposits. Water and treatment solution flows
to each stream were calibrated regularly. Effluent and nutrient delivery tubing
had to be inspected for blockages and wear from the pump heads, and changed

as required.
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Plate 3.2 Aerial Photograph of Hinton, Alberta (August 1996), with
the following locations indicated: (1) and (2) upstream riffles where
rocks and invertebrates were collected to seed the streams; (3)
location of the artificial stream system; (4) mill effluent. Photo
courtesy of Airphoto Services, Alberta Environmental Protection.
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Figure 3.2. Temperature of incoming river water and in the artificial streams.

3.4 Treatments
The experiment included three treatments: (1) a control receiving raw river
water from upstream, (2) a 1% dilution of treated mill effluent (BKME treatment),
and (3) a 1% dilution of the N and P (NP treatment) found in the effiuent (i.e.,
same N and P concentrations as in the 1% effluent). Replicate streams (n = 5)
were randomly assigned to each treatment, and the experiment ran for 28 d.
Continuous delivery of the treatment solutions was accomplished by peristaltic
pumps (Masterflex ® L/S Nema, type 13 wash down controllers and cartridge
pump heads). Effluent was collected daily from the mill treatment system just
prior to release to the river. Samples of the effluent were collected daily and
immediately shipped, on ice, to the University of Alberta, Limnology Laboratory,
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to be analyzed for soluble reactive phosphorus (SRP) and dissolved inorganic
nitrogen [N as ammonium (N-NH,") and N as nitrate + nitrite (N-NO,+N-NO3)].
Throughout the thesis the dissolved inorganic nitrogen components, ammonium
and nitrate + nitrate, are abbreviated as N-NH," and N-NO,+NOj, respectively.
A solution with concentrations equivalent to the median values of the effluent
samples was added to the NP streams for 8 d, followed by a 1 d nutrient spike
application containing concentrations equivalent to the highest effluent value
recorded during the previous 8 d. A nutrient spike was used because effluent
concentrations were highly variable (Fig. 3.3) and Bothwell (1992) showed that
periphyton communities were able to utilize nutrient spikes to achieve higher
long-term growth rates. This nutrient delivery schedule (8 d median, 1d spike,
8 d median etc.) was used because the laboratory processing time for the
effluent analysis was 7-9 d. Median and spike effluent concentrations are listed
in Table 3.1.

Table 3.1. Median and spike concentrations (pg/L) of SRP, N-NO+NO;, and
N-NH," during the 28d experiment. Note that these are the effluent

concentrations used to set the nutrient solution concentrations, and that
streams contained a 1% dilution of these concentrations.

Day Treatment Nutrient Concentration

SRP NO.+NO; NH,
pg/L

1-8 median 218 548 1502
9 spike 240 761 1578
10-17 median 222 683 1311
18 spike 219 251 3390
19-26 median 161 245 942
27 spike 307 217 2762
28 median 257 151 1965
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upstream river water during the experiment.

41



3.5 Data Collection

Water samples were collected from each experimental stream once
every 5 d. Samples were packed on ice and shipped the same day to the
University of Alberta, Limnology Laboratory, for analysis. Samples for P
analysis were placed in Nalgene polyethylene bottles and samples for N
analysis were placed in polystyrene bottles. Samples for TDP and SRP were
filtered through pre-washed 0.45 mm Millipore filters; TP and TDP samples
were digested and analyzed by Menzel and Corwin's (1965) potassium
persulfate method. Samples for N-NO,+NO; were filtered through pre-washed
0.45 mm Millipore membrane filters. A Technicon autoanalyzer (Stainton et al.
1977) was used to analyze for N-NH,” and N-NO,+NO;. Alkalinity and
bicarbonate were detemined following standard methods (APHA 1985).

Periphyton samples were collected every 5 d from 1 randomly selected
stone and one tile in each replicate stream. Rocks were sampled by using a
scalpel to remove periphyton from within a 9.6 cm?® template. The entire top
surface (23 cm?) of a tile was sampled. Periphyton samples were placed in
vials and held on ice until frozen later the same day. Samples were collected
from rocks in a similar manner at sites in the river, upstream and downstream of
the BKME discharge. In the laboratory, each sample was homogenized,
partitioned into two parts, and each portion filtered through a GF/C filter.
Chiorophyll a (Chia) concentration was determined by extracting the filter and
retained material in an 80 °C bath of 90% ethanol for 5 min, then measuring
fluorescence with a Turner Designs, model 10 series fluorometer. Ash-free dry
mass (AFDM) was determined by weighing the sample after drying for 24 h at
105 °C, then combusting the filter at 500 °C and determining the weight loss
upon ignition.

At the end of the experiment, periphyton samples from a rock in 4
streams per treatment and from 4 rocks in the river above and below the
effluent outfall were collected in the same manner as samples for biomass

determination, and were preserved in Lugol's solution for later taxonomic
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identification. At the downstream site, samples were collected from both north
and south banks as the effluent is incompletely mixed at this point (see Chapter
2, Plate 2.1). Identification and enumeration of the algal community was done
by a research laboratory specializing in this fieid. Detailed methods for
enumeration and identification of these samples are in Appendix 5.

For analysis of contaminants, samples of periphyton were collected from
the sides of 2 streams in the nutrient and effluent treatments. The NP treatment
served as a control for exposure to pulp mill contaminants as there was
insufficient material for analysis of the control treatments. Samples were
collected with a clean, acetone and hexane-rinsed metal spatula, placed in
clean, acetone and hexane-rinsed glass bottles, and kept on dry ice while being
transported to the laboratory. These samples were shipped to Zenon
Environmental Laboratories, Vancouver, British Columbia, for analysis of
chlorophenolics and PAHSs, and to Enviro-Test Laboratories, Edmonton, Alberta,
for analysis of resin acids, polychlorinated dibenzo-p-dioxins, and
polychlorinated dibenzofurans.

All invertebrates in the streams were collected by washing the entire
contents of each stream through a 250 um sieve (an upper layer of 0.63 cm
hardware cloth was used to remove gravel). Benthic samples were also
collected in the river, upstream and downstream of the effluent discharge.
Invertebrates were preserved immediately in 10% formalin. The majority of
invertebrates were insects, thus, analysis focused on this taxonomic group.
Samples were sorted under 12x magnification, identified and enumerated. All
insects were identified to genus whenever possible (taxonomic references
included Merritt and Cummins (1984), and Stewart and Stark (1993)), however,
due to the large numbers of immature animals, many individuals were identified
only to family. Size of numerically dominant taxa (excluding Chironomidae) was
estimated by measuring thorax length with the aid of a camera lucida and a

digitizing pad system. Biomass (as dry mass) was measured by drying
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individual animals at 60°C for 48 h, allowing them to cool in a dessicator and

then weighing them on a CAHN C-31 Series microbalance.

3.6 Statistical Analysis

The Chla content and AFDM of periphyton on rocks and tiles at the end
of each experiment was compared with a one-way ANOVA after the data were
checked for heteroscedasticity and normality. Transformations were applied if
necessary. Means were compared with Fisher's protected Least Significant
Difference (LSD) with (a=0.05). Principal component analysis (PCA) was used
to identify treatment-related patterns in periphyton community composition.
Community composition data was first converted to percent abundance as the
large range in the raw data would have resulted in the first component
representing changes in abundance rather than community composition.

Insect community composition was compared by pooling all genera up to
the level of family, removing all taxa present in only one stream, then analyzing
the reduced data set using principal components analysis. The data set was
reduced in this manner after it was observed that relatively unimportant genera
(i.e., found in low abundance and in a few streams) were influential in the
genera-level PCAs. Thorax lengths and weights of the insects were compared
by one-way ANOVA after checking for heteroscedasticity and normality, and
applying transformations if necessary. Mean comparisons were done using
Fisher's protected LSD with o=0.05. Kruskal-Wallis analysis was used if

transformations were not successful in reducing heteroscedasticity.

3.7 Results

3.7.1 Effluent and Water Chemistry
Soluble reactive phosphorus (SRP), N-NO,+NO,;, and N-NH," were

measured in the effluent each day throughout the 28 d experiment (Fig. 3.3).

With the exception of one observation for N-NOx+NO;, effluent concentrations
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experiment
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were always greater than those in the Athabasca River upstream of the effluent
discharge. All three variables fluctuated widely throughout the experiment; the
value of a particular variable sometimes changed up to 1 order of magnitude
over a 24 h period. The greatest 24 h change was 153 to 282 pg/L for SRP (7-8
October), 187 to 18 pg/L for N-NO,+NO; (7-8 October), and 2211 to 588 ug/L
for N-NH4* (24-25 October). Over the course of the experiment, effluent
concentrations of SRP, N-NO,+NO;, and N-NH," ranged between 122-515
ug/L, 18-430 pg/L, and 315-2365 ug/L, respectively.

Most of the total dissolved phosphorus (TDP) in all three treatments was
in the form of SRP (Fig. 3.4). Total dissolved phosphorus concentrations never
exceeded 23% of the total phosphorus (TP) in any treatment, thus ,> 75% of the
TP was in particulate form. Although NP and 1% BKME treatments received
continuous inputs of 1-5 pg/L of phosphorus, uptake in the streams was rapid
enough that SRP concentrations were similar among treatments. Total
phosphorus in effluent streams was generally higher than in NP and control
streams. Additionally, N-NO,+NO; and N-NH," concentrations were similar
across treatments despite the fact that the NP and BKME treatments were
enriched with nitrogen (Fig. 3.5). As expected, nutrient concentrations in the
streams had a narrower range relative to the effluent samples (Figs 3.4 and
3.5), changing < 3.6 times in magnitude over each 5-d sampling period. The
largest proportionate change was observed for the 1% BKME treatment
between 15-20 October: 0.5 to 1.4 pg/L for SRP, 15 to 40 pg/L for N-NO+NO; ,
and 7 to 25 pg/L for N-NH,". For all treatments, N-NO>+NO3, and N-NH," were
at higher concentrations at the end of the experiment compared with initial
values (Fig. 3.5). Conductivity, alkalinity, bicarbonate and pH (Table 3.2) were

similar among treatments except for the higher conductivity in effluent streams.
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Table 3.2. Mean (+SE) conductivity (umhos/cm), alkalinity (mg/L as CaCO3),
bicarbonate (mg/L), and pH in the control, nitrogen-phosphorus (NP), and 1%
BKME treatments.

VARIABLE TREATMENT

CONTROL NP 1% BKME
Conductivity (umhos/cm) 315+ 12 314 £ 13 328 +13
Alkalinity (mg/L as CaCQ,) 130 £2 129 = 1 131 +2
Bicarbonate (mg/L) 159+ 3 152 + 3 155+ 4
pH 8.1 +0.1 8.2 +0.1 82 +0.1

3.7.2 Periphyton in Artificial Streams and the Athabasca River

3.7.2.1 Biomass
Periphyton Chla on rocks and tiles increased rapidly in streams receiving

either 1% BKME or NP additions compared to control streams (Fig. 3.6). After
25 d, periphyton Chla on tiles in effluent- and nutrient-treated streams was
approximately 30 times greater than in control streams (Fig. 3.6). There was a
significant treatment effect (F;:,=242.77, p<0.001) with NP and BKME
treatments significantly different from the controls (p<0.050). There was no
difference in the Chla content of effluent and nutrient streams. Significant
differences among treatments were also found in the Chla content of periphyton
on rocks (Fz12=7.14, p< 0.009; Fig. 3.6). Again, Chla in control streams was
significantly lower than that of the effluent treatment (p<0.050), and the Chia
content of periphyton in the BKME and NP streams did not differ.

As observed for Chlia, there was a significant treatment effect on the log-
transformed AFDM of periphyton on tiles (Day 25 F;:,=8.53, p<0.050) (Fig.
3.7.). Biomass levels were significantly higher in streams receiving BKME or

nutrient additions compared with control streams (p<0.05), and AFDM in the
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effluent and NP streams were similar. Measurements of AFDM on tiles were
not made during the first 14 d of the experiment because the amount of material
on tiles was insufficient for measurements of both Chia and AFDM. Unlike the
Chla findings, final periphyton AFDM on rocks was similar among treatments
(F»12=0.87, p>0.445).

Mean (+SE) periphyton biomass (expressed as Chla) on Athabasca
River rocks was 58.5 (+12) pg/cm® 0.8 km downstream of the effluent
discharge, almost 9 times higher than the mean biomass on rocks at the
upstream reference site (%o= 6.60 ug/cm’ + 1.8; t cos2 = -4.21, p= 0.014).
There was no significant difference between the AFDM on rocks at upstream
(%o= 5.66 +1.1 ug/cm? and downstream sites (%o= 7.32 1.4 pg/cm’ t,
00s2=0.9, p>0.372; Fig. 3.8).

3.7.2.2 Diatom Community Composition
Periphyton communities in the artificial streams and the river were

numerically dominated by diatom species. In the stream system, diatom
species richness declined from an average of 41.5 species in control streams,
to 31.8 and 26.5 in the NP and BKME treatments, respectively. A PCA of the
community composition data showed treatment separation along the first axis
(Fig. 3.8a), which accounted for 89% of the variation in the data set. An
examination of eigenvectors indicated that only 2 taxa, Diatom tenuis and
Achnanthes minutissima, contributed to this axis. Diatom tenuis, a numerically
dominant member of the algal community, increased from 12.36% in the
controls to 36.3% and 51.0% of total abundance in the NP and BKME
treatments, respectively (Fig. 3.8b). The relative abundance of Achnanthes
minutissima decreased from 22.8% in the controls to 13.1% and 7.7% of total

abundance in the NP and BKME treatments, respectively.
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Diatom species richness on rocks in the Athabasca River declined
similarly with exposure to effluent, averaging 38.2 species at the upstream site
and 33.8 and 29.0 species at the downstream site on the north and south
banks, respectively. A PCA on the community composition data accounted for
69.8% of the variation in data in the first two axes. Upstream and downstream
sites separated along the first axis, which accounted for 48.7% of variation in
the data (Fig. 3.9). Achnanthes minutissima at the upstream site, was relatively
more abundant, similar to the control streams, while periphyton at the
downstream site had a greater relative abundance of the diatoms Fragilaria
vaucheriae and Cymbella silesiaca (Fig. 3.10). Community composition at the
downstream north bank was intermediate between the upstream and
downstream south-bank sites, and was similar to the BKME and NP treatment
streams. North-bank periphyton had a lower relative abundance of Achnanthes
minutissima and higher relative abundance of Diatoma tenuis than the upstream
site and had a greater relative abundance of Achnanthes minutissima, and less

Fragilaria vaucheriae and Cymbella silesiaca than south-bank periphyton.

3.7.2.3 Periphyton Contaminant Analysis

Contaminant analysis was done on only 4 streams (2 exposed 2 non-
exposed), thus statistical analysis was not attempted. Results suggest that
there was little difference in the dioxin and furan content of exposed and non-
exposed periphyton (Table 3.3). Exposed periphyton had a higher
concentration of dehydroabietic acid than unexposed periphyton, and there was
a slightly higher concentration of phenanthrene, the only PAH detected, in

unexposed periphyton.
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samples on the first and second principal component axes, with variance
accounted for by each axis and taxa with eigenvector loadings greater than 0.25
on the first axis indicated; and (B) relative abundance of five most common
diatom taxa at the upstream and downstream (north and south banks) sites.
Note that the downstream north bank (N) site receives less exposure to effiuent
than the south bank (S) (see Chapter 2).
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Table 3.3. Concentrations of polychlorinated dibenzo-p-dioxins and
dibenzofurans (pg/g), resin acids (pg/L), and PAH’'s (pg/g) in periphyton
samples collected from 2 nutrient (unexposed) and 2 BKME (exposed) streams
at the end of the experiment; (ND = nondetectable, *=did not meet ratio criteria).

Unexposed Exposed
sample 1 sample 2 sample 1 sample 2

Polychlorinated Dibenzo-p-dioxins and Dibenzofurans (pg/g)

DiCDD ND ND ND ND
TriCDD ND ND ND ND
TDCC ND ND ND ND
PeCDD ND ND ND ND
HxCDD ND ND ND ND
HpCDD 0.2 0.2 0.4 0.3
OoCDD 3.3 2.6 2.9 4.7
DiCDF ND ND ND ND
TriCDF ND ND 0.2 ND
TDCF ND ND ND ND
PeCDF ND ND ND ND
HxCDF ND ND ND ND
HpCDF ND ND ND ND
OCDF 0.5 0.3 ND ND
Resin Acids (pg/g)

Abietic acid ND ND ND 0.36*
Dehydroabietic acid 0.20 ND 0.63 0.44
12,14 dichlorodehydroabietic ND ND ND 0.019*
12-chlorodehydroabietic acid ND ND ND 0.022*
14-chlorodehydroabietic acid ND ND ND ND
PAH'’s (ng/g)

Benz(a)anthracene ND ND ND ND
Dibenz(a,h)anthracene ND ND ND ND
Chrysene ND ND ND ND
Benzo(b+k)fluoranthene ND ND ND ND
Benzo(g,h,l)perylene ND ND ND ND
Pyrene ND ND ND ND
Benzo(a)pyrene ND ND ND ND
Ideno(1,2,3-c,d)pyrene ND ND ND ND
Acenaphthene ND ND ND ND
Acenaphthylene ND ND ND ND
Anthracene ND ND ND ND
Fluoranthene ND ND ND ND
Fluorene ND ND ND ND
Naphthalene ND ND ND ND
Phenanthrene 0.011 0.013 0.006 0.006
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3.7.3 Insect Abundance and Biomass

Total insect abundance was significantly increased by the 1% BKME and
NP treatments (F,1,=5.15, p<0.024) (Fig. 3.10). Five taxa, Ameletus and baetid
mayflies, capniid and nemourid stoneflies, and the Chironomidae, comprised >
85% of insect total numbers in the treatments. Of these, the chironomids
(F212=11.09, p<0.002) and the capnids (F2:,=4.68, p<0.031) were more
abundant in the 1% BKME and NP treatments relative to the controls (Fig.
3.10). Abundance of the remaining three taxa was similar among all treatments.

The first axis of a principal components analysis ordination (PCA)
explained 25.9% of the variation in community structure among replicate
samples of the treatments (Fig. 3.11). The nutrient and effluent treatments
changed insect community composition as replicates of these treatments
overlapped with one another more than with control replicates along the first
axis. This axis indicates that replicates from the NP and 1% BKME treatments
tended to have more baetid and ephemerellid mayflies, capniid and chloroperlid
stoneflies, and chironomids. In contrast, brachycentrid caddisflies were more
abundant in control streams. The second axis explained an additional 19.7% of
the variance, but did not provide a further separation of the three treatments.
Despite these treatment-related shifts in community composition, family
richness (i.e. no. of famiiies) was similar among treatments, ranging between
12-13.

Immigration to the streams, likely though the water supply, was
measured in a stream that had been treated as a control stream, except that
river rocks placed in this stream were first scrubbed clean to ensure that no
animals or eggs were transferred. At the end of the experiment, this stream
contained 275 insects: 235 baetid mayflies, 32 chironomids, 5 capniid
stoneflies, 2 unidentified stoneflies, and 1 Taenionema (Plecoptera,
Taenioptyerigidae). Emigration from the streams, measured by running drain
lines through sieves overnight (approximately 12 hours) was minimal, averaging

1.3 animals (always a baetid or a capniid) per stream.

56



1500

1000- = 1

500 T

Total insect abundance

1000

500

Chironomidae abundance

1500

80 A T

20-

Capniidae abundance

0 S . .
Control Nutrients 1% BKME

Figure 3.10. Total numbers (per stream) of insects, chironomids and
capniid stoneflies in the control, NP, and BKME treatments. Bars
connect means that are not significantly different from each other
using Fisher's protected LSD (o=0.05).
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Figure 3.11. Ordination (PCA) of insect community composition in the
control, NP, and BKME treatments. The proportion of total variation
accounted for by each axis and taxa with high loading (eigenvectors) on the
first axis are indicated.
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Insect weight was significantly affected by experimental treatments in
these three taxonomic groups: Ameletus (F,1,= 5.57, p=0.021), Capniidae
(Fo12=12.55, p= 0.001) and Nemouridae (F,,= 16.76, p<0.001). Mean thorax
length was also affected by treatment: Ameletus (F.1= 5.57, p= 0.021),
Capniidae (F212=7.53, p=0.008) and Nemouridae (F;,= 8.41, p<0.005). For
these taxa, individuals in streams receiving effluent or nutrient additions were
longer and heavier when compared to nymphs from control streams (p<0.05).
Furthermore, insect sizes in effluent and nutrient addition streams were similar
(Fig. 3.12).

in the Athabasca River, Ameletus were heavier at the downstream site (t-
test, ty00s2 26=2.46, p=0.021), as were Ephemerellid mayflies (Kruskal-Wallis,
H=13.93, DF=1, p<0.001), and capniid stoneflies (Kruskal-Wallis, H=35.39,
DF=1, p<0.001). There was no difference in the weights of baetid mayflies (t-
test, ty-0.0s2 191=0.30, p=0.77) from upstream and downstream sites.

Benthic insect community composition data collected upstream and
downstream of the effluent discharge during autumn 1992 (TAEM 1993) were
compared to artificial stream data. Total insect density was higher 0.8 km
below the effluent discharge relative to the reference site (&, 0.052=-4.41, p<0.05)
(Fig. 3.14), as were the densities of the Chironomidae (fg, o.052=-3.44, p<0.05),
Capniidae (&, 00s52=-2.89, p<0.05) and the Baetidae (s, 00s2=-2.60, p<0.05) (Fig.
3.14). The first axis of the autumn 1992 PCA explained 50.8% of the variation
in benthic insect community composition at sites above and below the
discharge (Fig. 3.13). Discharge of BKME appeared to change benthic insect
composition as samples below the discharge had higher abundances of several
families of stoneflies (Capniidae, Chloroperlidae, Perlodidae and
Taeniopterygidae), mayflies (Baetidae, Heptageniidae, and Ephemerellidae),

and dipterans (Chironomidae), while the upstream samples
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Figure 3.12. Mean density (no./m? = SE) of insects, chironomid midges and
capniid stoneflies at sites 2.1 km upstream (U/S) and 0.8 km downstream (D/S)
of the BKME discharge at Hinton, Alberta (data from TAEM 1993).
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Figure 3.13. Ordination (PCA) of autumn 1992 insect communities at sites
2.1 km above and 0.8 km below the BKME discharge at Hinton, Alberta (data
from TAEM 1993). Proportion of total variation accounted for by each axis
and taxa with eigenvectors > 0.25 on axis 1 are indicated.

had higher abundances of the caddisflies, Hydropsychidae and Hydroptilidae.
Axis 2 explained an additional 19.5% of the variance but added no further
separation of the sites (Fig. 3.13). These in-river changes in benthic insect
communities are similar to community shifts attributed to the effects of the NP

and 1% BKME treatments in the autumn 1993 experiment (Fig. 3.11). For
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example, the PCA ordinations indicate that compositional changes in
downstream river samples, and in the nutrient and BKME treatments, were
mostly the result of abundance changes in stonefly, mayfly and dipteran families
(i.e., Capniidae, Chloroperlidae, Baetidae, Ephemerellidae, Chironomidae). As
in the artificial stream experiments, family richness above and below the

discharge was not significantly different (£, 0.0s2=1.72, p>0.12).

3.8 Discussion

Pulp mill effluents contain a variety of compounds that can have
inhibitory effects on aquatic organisms in receiving waters (MclLeay 1987).
Alberta pulp mills are modern by international standards, and discharge weakly
toxic effluents that normally do not cause acute lethality (McCubbin and Folke
1993, SENTAR 1997). Thus, if inhibitory effects in the Athabasca River at
Hinton, Alberta occur as a result of the combined BKME and municipal sewage
discharge, these would be expected to be of the chronic variety, such as
reductions in growth rates or fecundity. In contrast, pulp mill effluents often
contain high levels of the algal nutrients, phosphorus and nitrogen. Previous
research in marine and freshwater ecosystems suggests that these nutrients
can lead to an enrichment effect in aquatic systems (Hansson 1987, Feder and
Pearson 1988, Hall et al. 1991, Bothwell 1992). In particular, nutrients in BKME
discharges can cause changes in benthic algal and insect community
composition (Hall et al. 1991) and affect insect growth (Dubé 1995, Lowell et al.
1995).

Experimental resuits, along with in-river observations, suggests that the
Weldwood combined discharge had a significant effect on benthic biota of the
upper Athabasca River. Furthermore, this research provides strong evidence
that the dominant effect of this discharge was that of nutrient enrichment and
stimulation of food web productivity. Both the NP and BKME treatments
stimulated primary production of the largely diatom algal community. These

experimental findings corresponded with in-river trends, where periphyton
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biomass was approximately 9x higher downstream of the outfall, relative to the
upstream reference site. The increased accumulation in the artificial streams
occurred both on rocks with existing periphytic communities, and on tiles which
experienced rapid accumulation of algae over the experiment's course (Figs
3.6, 3.7). The rapidity of the response to nutrient or effluent additions suggests
that algal community biomass downstream of the effluent discharge can recover
rapidly after scouring disturbance events (e.g., annual summer peak flows). On
average, background SRP concentration in the river upstream of the effluent
outfall was 1 pg/L. Phosphorus enrichment from effluent during the experiment
usually exceeded 2-3 pg/L SRP with excursions to 5 pg/L on several days.
Thus, the periphyton community response is consistent with Dale and
Chambers' (1996) observation that the addition of low P concentrations (2-5
pg/L) can cause substantial increases in periphytic algae at this location along
the Athabasca River.

Algal community composition is sensitive to water quality (Round 1991,
Dixit et al. 1992), and has been used to monitor or infer changes in trophic
status, pH, salinity, organic poliution, and sedimentation (Watanabe et al. 1986,
Dixit et al. 1992, Zeeb et al. 1994, Kelly 1998). In the stream experiment and
the Athabasca River, exposure to BKME or nutrients resulted in reduced
species richness and an altered community composition. The relative
abundance of the diatom Achnanthes minutissima was reduced by the addition
of effluent or nutrients to the experimental streams, and was similarly reduced
downstream of the effluent outfall in the Athabasca River. A reduction in A.
minutissima in response to a BKME addition occurred in a similar experiment,
performed on the Fraser River at the Northwood pulp and paper mill at Prince
George, British Columbia (Cash and Culp 1996). Achnanthes minutissima is a
relatively small species that is typical of oligotrophic to mesotrophic, well
oxygenated waters (Lowe 1974). The diatom Diatoma tenuis responded to
effluent and nutrient additions in the stream experiment, becoming the

numerically dominant taxa in both treatments. However, in the Athabasca
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River, this species increased at one of the downstream sites, but not the other.
In contrast, the relative abundance of two diatom species, Fragilaria vaucheriae
and Cymbella silesiaca, showed clear increases at both downstream sites, but
showed little change in the stream experiment. The relative abundance of F.
vaucheriae also increased in response to an effluent addition in the Fraser
River work (Cash and Culp 1996). Fragilaria vaucheriae is reported to be
typical of eutrophic or moderately polluted waters (Lowe 1974). Although
community composition differed somewhat between the stream system and the
river, in a second, longer (42d) experiment (Podemski and Culp, unpublished
data) A. minutissima and F. vaucheriae responded similarly in the experimental
system and the river, suggesting that F. vaucheriae requires a longer duration
experiment for effluent responses to be evident.

Besides increasing the quantity of periphytic food, effluent and nutrient
additions may increase periphyton quality through shifts in algal community
composition. Achnanthes minutissima, the numericaily dominant species in the
control treatments and at the upstream site, is a small adnate (i.e., tightly
adherent) species, while F. vaucheriae and D. tenuis are larger filament-forming
species (Patrick and Reimer 1966). Achnanthes minutissima and other adnate
diatoms are less accessible to grazers (Sumner and Mcintire 1982, Peterson
1987) and mats dominated by these species are, thus, a lower quality resource.
Effluent discharges appear to shift the algal mat away from dominance by
adnate forms, thereby enhancing the quality of food available to grazers.

The artificial stream study provides experimental evidence that
substantiates speculation from earlier field studies which attributed the
increased insect abundance downstream of the Hinton discharge to BKME-
induced nutrient enrichment (Anderson 1989, 1991). Abundance of insects,
and specifically of several dominant taxa (stoneflies, mayflies and midges),
increased in the NP and BKME treatments, a trend that corresponds to the
autumn 1992 in-river samples, when abundance increased downstream of the

effluent discharge. Insect communities in the NP and BKME treatments were
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more similar to one another than to the control biota and were dominated by
mayflies, stoneflies and midges. Communities in the Athabasca River
downstream of the BKME discharge exhibited a similar shift and were likewise
dominated by mayflies, stoneflies and midges. Anderson's (1989, 1991) field
studies also noted an increase in mayflies and midges downstream of the
effluent outfall. Although these community shifts are clearly effluent-induced,
the BKME-exposed communities included many taxa (mayflies and stoneflies)
that are considered to be sensitive to pollution (Rosenberg and Resh 1993),
suggesting that composition shifts were a response to enrichment rather than
toxicity. The Athabasca River upstream of the BKME discharge is phosphorus-
limited and oligotrophic, and the current effluent-loads provide levels of nutrient
enrichment that increases benthic riverine productivity without the biotic
changes associated with severe eutrophication.

Studies of other mills indicate that biotreated BKME can enhance the
growth of fish and insects through nutrient enrichment as the resultant increase
in food availability is transferred to consumer trophic levels (McLeay 1987, Hall
et al. 1991, Dubé 1995, Lowell et al. 1995). In the Athabasca River
experiment, sizes of herbivores and detritivores were increased, suggesting the
nutrient enrichment response is not restricted to algae and their grazers.
Effluent biosolids may represent a supplemental food supply for animais that
normally ingest particulate organic matter (NCASI 1978, Dubé and Culp
1996,1997). Although experiments conducted in the Thompson River, British
Columbia, indicate that BKME exposure can stimulate mayfly growth beyond the
increase attributable to nutrient-induced availability of food (Lowell et al. 1995),
this was not apparent in the artificial stream experiment where insect size in the
NP and BKME treatments was similar. Results from the experimental streams
agreed with those of in-river sampling, which detemined that capniid stoneflies
and the mayflies, Ameletus and Ephemerella, were heavier downstream of the
effluent discharge. Lack of a growth response in baetid mayflies, in the

experimental streams and the river, may be explained by examining data from
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the experimental stream that was not seeded with invertebrates. By the end of
the experiment, this stream contained a total of 275 animals, 235 of which were
small baetid mayflies. The other experimental streams contained an average of
160, 272, and 376 baetid mayflies in the control, NP and BKME treatments,
respectively. These data suggest that the majority of baetid mayflies in all
streams were the result of immigration, likely via the water supply but possibly
the result of eggs laid in the streams during the experiment. The small size of
the insects (mean thorax length was approximately 0.5 mm), suggests that
these animals may be only recent recruits and may not have been exposed to
effluent long enough for a growth response to occur.

if the BKME treatments had deleterious effects on the benthic biota,
these would be expected to be manifested through reductions in insect growth,
fecundity, and diversity, and through an increasing dominance of pollution
tolerant taxa. Exposure to pulp mill effluent has the potential to reduce insect
growth because effluents contain low concentrations of compounds known to
act as antifeedants or growth inhibitors (Rosenthal and Jansen 1979).
However, our experiments do not support the growth inhibition hypothesis
because insect size in the control streams was always lower than the NP or
BKME treatments, and size was never lower in the effluent streams than in NP
streams. In addition, the fact that size was similarly increased in the NP and
BKME treatments indicates that nutrient enrichment effects were not masked by
deleterious contaminant effects. Effluent exposure also produced no
measurable effect of contaminants at the community level. Shifts in community
composition in the NP and BKME treatments were similar and, thus, largely
reflect the abundance of taxa responding to increased periphytic resources.
McCubbin and Folke (1993) indicate that effluents discharged to the Athabasca
River exhibit low toxicity, but may have the potential to produce chronic effects.
This study provides evidence that effluent loadings to the upper Athabasca
River in autumn 1993, produced no measurable chronic toxicity effects at the

population or community level. | caution that the experiment did not examine
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reproductive effects or the bioaccumulation of lipophilic contaminants that may
not affect insects, but could be concentrated by higher consumers including fish
and birds.

Despite the common perception that pulp mill effluents may induce
chronic toxicity in the benthic biota, this study does not provide evidence that
this is occurring in the Athabasca River. The experimental exposure of
mesocosms to BKME concentrations equivalent to present loadings to the
upper Athabasca River produced no measurable chronic toxicity as measured
by insect size or community structure. The results instead suggested that
BKME-associated increases in SRP were responsible for increased periphytic
algal biomass and, thus, increased food availability that had direct effects on
the abundance and growth of aquatic insects. Effects of BKME and NP
treatments were similar, suggesting that the dominant effect of BKME discharge
to the upper Athabasca River at Hinton, Alberta, was that of nutrient enrichment
and stimulation of food web productivity. Pulp mill effluents contain high levels
of nutrients that can induce increased levels of primary production when the
receiving waters are oligotrophic (McLeay 1987, Bothwell 1992, Lowell et al.
1995). In the upper Athabasca River, phosphorus limits primary production
(Scrimgeour and Chambers 1996), and biomonitoring programs have noted
increased biomass of periphyton and abundance of many benthic invertebrates,
including some poliution sensitive taxa, for several kilometres below Hinton,
Alberta. Because insects are an important food source for many fish, the
nutrient-induced stimulation of secondary producers in the benthos is probably
transferred upward through the food web. Gibbons et al. (1995) reported that
an insectivorous fish (spoonhead sculpin) was larger and in better condition
downstream of the effluent discharge. Under the present nutrient regime in the
upper Athabasca River, effluent loading provides levels of nutrient enrichment
that increase benthic riverine productivity, but do not cause biotic changes
normally associated with severe eutrophication. Pulp mill effluent is currently

not regulated for nutrient content (Chambers 1996), however, nutrient

68



enrichment can have profound impacts on aquatic systems. With improvements
in pulping and treatment technologies, toxicity of effluent is no longer as great a
concern, thus, enrichment effects may become a new focus for reducing this

industry’s impact on aquatic resources.
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Chapter 4.
Toxicant Interactions with Food Algae: A Missing Link Between

Laboratory and Field Effects?

4.1 Introduction

Single-species laboratory bioassays are frequently criticized for being
unrealistic, overly simplified, and producing data with limited relevance or
capacity to extrapolate to field conditions (Cairns 1983, Kimball and Levin 1985,
Malins 1989, Maltby and Calow 1989, Forbes and Forbes 1994). To reduce
variability and facilitate toxicant comparisons, these bioassays are conducted
under conditions that are rigorously controlled, and, as a consequence, artificial
compared to field conditions. For example, during chronic toxicity testing, the
diet of invertebrate species (e.g. Daphnia, Ceriodaphnia, Baetis) often includes
cultured algae (e.g. Cowgill 1987, Cowgill et al. 1988, Enserink et al. 1990,
Environment Canada 1992, Lowell and Culp 1996, Himbeault 1995). Typically,
algae are cultured without exposure to test substances and uneaten material is
removed regularly. This approach is problematic because it assumes not only
that bioconcentration is the only important uptake route, but that an interaction
between toxicant and algae does not occur or is not relevant to the effect of the
toxicant on test animals. In the natural environment, however, multiple trophic
levels may be exposed and affected by stressors, and organisms may take up
contaminants via bioconcentration or ingestion. The predictive ability of chronic
bioassays might therefore be improved by exposing both trophic levels (e.g. 1°
producer—consumer) to toxicants. This procedure wouid allow toxicants to
partition to algae, resulting in uptake via ingestion or bioconcentration by test
animals, thereby allowing the direct and indirect effects of toxicants to be

included.
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Algae react to toxicants with changes in growth rate, photosynthetic
activity, and pigment content (Torres and O'Flaherty 1976, Soto et al. 1977,
Blanck 1985, Blanck and Wangberg 1988, Visviki and Rachlin 1994, Parrish
1995, Lewis 1995, El Jay 1996, Genter 1996, Hoaglund et al. 1996). Algae also
react to nutrient or toxicant stress with a change in cellular macromolecule
content. Cellular content of lipid, carbohydrate, and protein can respond to a
variety of factors including cation deficiency, heavy metal exposure, and organic
contaminants (Table 4.1). The importance to chronic bioassay results of these
changes in cellular composition is that it can represent a change in nutritional
quality that can affect the consumer’s growth and reproduction (e.g., Kigrboe
1989, Groeger et al. 1991, Sterner 1993, Sterner and Hessen 1994).
Furthermore, nutritional content and/or food availability can affect consumer
response to toxicants (Mehrle et al. 1974, Sosnowski et al. 1979, Phillips and
Buhler 1979, Hilton and Hodson 1983, Dixon and Hilton 1985, Holdway and
Dixon 1985, Cowgill 1987, Hickie and Dixon 1987, Dahlgren 1988, Hickie et al.
1989, LaRocca et al. 1994, Farkas et al. 1996). As responses measured in
chronic toxicity testing usually include mortality, growth, or reproduction, it is
clear that the exposure of food algae to the test substance may produce an
important interaction that is currently being ignored.

The research presented in this chapter focuses on the effects of a
bleached kraft mill effluent (BKME) on algae used as food for test animals, and
the possible consequences of this exposure to bioassay results. Specifically,
the influence of BKME exposure on important growth and food quality variables
of a pennate diatom, Navicula sp., including biomass, carbon:nitrogen ratio,
total lipid content, and elemental composition of the algae were examined. This
alga has been used as a food source for mayflies in bioassays of municipal and
pulp mill effluent (Himbeault 1995, Lowell and Culp 1996). In my research on
the environmental effects of pulp mill effluent, | proposed to increase the

realism and, thus, the accuracy of bioassays conducted on mayflies by culturing
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Table 4.1. Biochemical response of algae species to nutrient and/or toxicant

stress.
Reference Algal Species Stress Response
MacCarthy and  Chlorella sorokiniana K deficiency T lipid, nitrogen
Patterson 1974 Mg deficiency T nitrogen

Ca deficiency no effect

Soto et al.
1977

Piorreck et al.
1984

Ben-Amotz et
al. 1985

Sicko-Goad et
al. 1989b

Sicko-Goad et
al. 1989a

Thompson and
Couture 1991

Sicko-Goad
and Andresen
1993

Harrison et al.
1990

El-Dib et al.
1997

Chlamydomonas
angulosa

Chlorella vulgaris
Scenedesmus
obliquus

Ankistrodesmus sp.
Botryococcus braunii
Botryococcus braunii
Dunliella salina
Dunliella salina
Isochrysis sp.
Isochrysis sp.
Nannochloris sp.

Cyclotella
meneghiana

Cyclotella
meneghiana

Selenastrum
capricornutum

Cyclotella
meneghiana
Melosira varians
Melosira italica
Synedra filiformis

Isochrysis galbana
Chaetoceros
calcitrans
Thalassiosira
pseudonana

Selenastrum
capricornutum

Naphthaiene
crude oil extract

N deficiency

N deficiency
N deficiency
NaCl
N deficiency
NaCl
N deficiency
NaCl
N deficiency

1,2,3-Trichloro-
benzene

Pentachloro-
benzene

Cadmium

1,2,3-Trichloro-
benzene

Si deficiency
N deficiency

fuel oil

lprotein, Tcarbohydrate, Tlipid
lprotein, Tcarbohydrate, Tiipid

T lipid and
| protein

lprotein, Tlipid Tcarbohydrate
Tlipid

lprotein

lprotein, lipid Tcarbohydrate
Tprotein, Llipid Lcarbohydrate
lprotein, Tlipid Tcarbohydrate
lprotein, Tlipid Tcarbohydrate
Tlipid Tecarbohydrate

T lipid
T lipid
T lipid, protein and carbohydrate

Tpolar lipid
 polar lipid
! polar lipid
T polar lipid

no effect (all species)
lprotein, Tcarbohydrate (all
species)

lprotein, Lcarbohydrates

diatoms in effluent, as would occur for algae eaten by these animals in

receiving waters.

Results of this research can be used to support the

interpretation of bioassays in which this algae was used as food.
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4.2 Methods

The experiment consisted of exposing Navicula cultures to a range (O-
7%) of BKME concentrations. The effect of effluent on algal growth rate was
measured by comparing biomass over time, with biomass measured as ash free
dry mass (AFDM) and chlorophyll a (Chla). The carbon:nitrogen ratio, total lipid
content, and elemental composition were measured as indicators of food quality
(Cummins and Klug 1979). Measures of food quality were made when cuitures
were 15 days old, as cultures are normally fed to mayflies after 2 weeks

development (Scrimgeour et al. 1991, Himbeault 1995).

4.2.1 Laboratory Methods

A non-axenic unialgal culture of Mavicul/a sp. was obtained from Carolina
Biological Supply Company. Cultures were immediately transferred to fresh
WC media (a modified Chu no. 10, Guillard and Lorenzen 1972) by transferring
0.1 mL of stock culture into 25 mL of media in 50 mL culture tubes. All
glassware and other materials used for culturing were acid-washed and
autoclaved at 121°C before use, and culture media was autoclaved at 121°C.
Inoculated culture tubes were placed in a Percival® controlled environment
chamber at 16°C, with a 16:8h light:dark cycle. Light was provided by
Durotest®, Vitalite broad spectrum bulbs. After 16 days, cultures were
transferred into 250 mL Erlenmeyer flasks (2 mL into 150 mL fresh media) and
were allowed to grow for 11 days. The purpose of culturing diatoms in tubes,
and then in flasks, was to increase the quantity of algae until there was
sufficient biomass available to initiate the experiment. After 11 days, the entire
contents of each Erlenmeyer flask was added to 3 L Pyrex® trays containing 0.5
L media, 1 Erlenmeyer flask per tray. The bottom of each tray was covered with
a single layer of unglazed ceramic tiles (2.3 x 2.3 cm), and the top was covered
with an acrylic sheet to limit evaporation.

While standard culture media was used for Mavicula grown in tubes and
flasks, media used to fill trays also contained secondary-treated effluent from
Weldwood of Canada’'s bleached kraft pulp mill in Hinton, Alberta. Detailed
information regarding the mill’s furnish, bleach sequence and effluent treatment
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are in Chapter 2. Effluent for this experiment was collected on a single day
from the mill's effluent stream just before discharge, and was stored in
polyethylene containers at -40°C until used. Pulp mill effluents are often frozen
before use in toxicity tests (Ahtiainen et al. 1996; Eklund et al. 1996; Priha
1996; Verta et al. 1996). Effluent replaced distilled water in media to create
treatments (n=4) of 0, 1, 3, 5, and 7% on a volume to volume basis. Thawed
effluent was added to cooled, autoclaved media to avoid any heat-related
changes in chemical composition. The effluent was not filter-sterilized as it was
felt that this would also constitute a change in composition. Trays were
completely drained and media replaced every 48 h.

Every 3 days, 3 tiles from each tray were sampled by scraping algae from
the top surface of tiles with a scalpel and samples were immediately frozen at
-40°C. Each sample was later homogenized, split into two, and each portion
filtered through a precombusted GF/C filter. Chlorophyll & concentration was
determined by extracting the filter and retained material in an 80°C bath of S0%
ethanol for 5 min, then measuring fluorescence with a Turmer Designs, model 10
series fluorometer. Ash-free dry mass (AFDM) was determined by weighing the
sample after drying for 24 h at 105°C, then combusting the filter at 500°C and
determining the weight loss upon ignition. On days 3 and 6 there was insufficient
material to measure both Chla and AFDM from each sample. For these days 1
tile was used for each response variable. On remaining days, Chia and AFDM
were measured from 3 tiles in each tray and the means of the values were used
for statistical analysis.

On day 15, all remaining tiles were scraped and the algae frozen. These
samples were used to measure total lipid content, carbon:nitrogen ratios, and
elemental composition. Only the 0, 1, 3, and 7% treatments were analyzed for
lipids, C:N and elemental composition because these concentrations had, by
this time, been chosen for mayfly bioassays. Samples for lipid analysis were
frozen at -75°C until analyzed for total lipid content using microgravimetric
methods of Gardner et al. (1985). Samples for CHN analysis were freeze-dried

and analyzed by a Control Equipment Corporation 440 Elemental Analyzer at
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the University of Alberta, Limnology Laboratory. Samples for elemental
composition were freeze-dried and sent to Saskatchewan Research Council
Analytical Services for analysis. Samples were digested with 5ml of 50% nitric
acid in a closed Teflon vessel using a microwave digester, CEM Model MDS
2000. The digest was diluted with de-ionized water to a final volume of 25 mL,
and analyzed by ICP-AES (inductively Coupled Plasma-Atomic Emission
Spectroscopy) using a Jarrell-Ash TJA ICAP-61E spectrometer.

4.2.2 Statistical Analysis

The effect of treatment on the slopes of the Chla and AFDM accrual
curves was tested by analysis of covariance (ANCOVA) with time as the
covariate. For Chla, both dependent and independent variables required log10
transformation. A significant difference in slopes, indicated by a significant
Treatment x Time interaction, would indicate differences in the rate of biomass
accrual. Individual regressions for each treatment were determined if the
ANCOVA indicated that BKME concentration affected the rate of biomass
increase. Residual plots were examined to verify that models were appropriate.
Relationships between treatment and total lipid content were also investigated
by regression. Treatment effect on carbon:nitrogen ratios of Navicula was
determined by using ANCOVA to test the effects of treatment on adjusted mean
nitrogen content, using carbon as the covariate (Atchiey 1978, Green 1979).
The ICP-AES scan measured the concentration of 24 elements, and principal
component analysis was used to identify patterns in the variation in this data
set. Analysis of covariance and comparisons of adjusted means were
performed using SAS (SAS Institute 1988), and regressions and PCA were
performed with Minitab (release 11.0, Minitab Inc. 1996).

4.3 Results

A chemical profile of the effluent, after freezing, is found in Table 4.2.
Concentrations of nitrogen and phosphorus were typical for this mill. Only 2
resin acids, pimaric and dehydroabietic acid, were detected in the effluent and

these were in low concentrations (Costle et al. 1980). Very few PAHs were
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detected, and those were also in low concentrations. The analysis of
chlorophenolic compounds was limited by the high number of compounds that
did not meet ratio criteria (17 out of 24). Although concentrations for these
compounds are given, the identity and/or amounts are of questionable
accuracy.

Chlia and AFDM increased over time for the 5 treatments (Fig. 4.1), with
Chla accrual leveling off after 12 days and AFDM still increasing at day 15.
Although there was no effect of treatment on either the slopes or intercepts of
Chla accumulation (Table 4.3), the p-value for slope differences is suggestive
of a difference, and final Chla concentrations were greater in the 5 and 7%
BKME treatments (Fig. 4.2). Effluent concentration had a significant effect on
the rate of AFDM accumulation (Table 4.5)., with day 15 ADFM significantly
higher in 5, and 7% treatments than in 0, 1, and 3% BKME (Fig. 4.2; Table 4.4).
Regression equations describing AFDM increase over time in the 5 treatments
are in Table 4.6.
Nutritional quality of algae was assessed by measuring total lipid content and
carbon:nitrogen ratios. Total lipids ranged from an average (+ 1SE) of 11.7%
(+0.95) for control Navicula, to a high of 15.9% (+0.82) for the 7% treatment.
The regression of percent lipid on the log of effluent concentration was
significant (Fig. 4.3) but had a low coefficient of determination (lipid% = 11.4 +
4.33logo(%BKME + 1), # = 36.9, p = 0.01). Mean carbon:nitrogen ratios
ranged from 1.37 to 1.51 for 7% and 3% BKME, respectively, while Navicula
from 0 and 1% BKME treatments had C:N ratios of 1.40 and 1.48, respectively.
The effect of treatment on carbon:nitrogen ratios was tested by using analysis
of covariance to compare the mean nitrogen content for each treatment,
adjusted for carbon content. Navicula grown in 7% effluent had a significantly
lower adjusted nitrogen content than other treatments, and the 3% treatment
had a significantly lower adjusted nitrogen than the 1% treatment (Table 4.7),

indicating either increased lipid or carbohydrate content in these treatments.
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Table 4.2. Chemical composition of BKME after freezing (* failed to meet
ratio criteria: values reported for those compounds are maximum concentrations

(ug/L ) that may be present if the identity is correct).

Compound (Hg/L) Compound (ug/L)
N-NO; 278.01 Pimaric acid 150
N-NH; 915.94 Dehydroabietic acid 110
TDN 1721.20 Capric acid 280
TKN 3137.10 Myristic acid 1800
Particulate N 1036.40 Palmitic acid 6900
SRP 179.60 Linolenic acid 550
TP 386.40 Linoleic acid 700
TDP 248.40 Oleic acid 1400
DOC 56.70 Behenic acid 180
Particulate C 8370.40 4-chlorophenol 6.3"
Si 1795.00 2,8-dichlorophenol 18.0"
Cl 154.35 2,4/2,5-dichlorophenol 20.7
SO, 471.76 3,5-dichlorophenol 5.3*
Na 310.00 6-chloroguaiacol 1.2*
K 6.23 4-chloroguaiacol 98.0*
Ca 79.40 5-chloroguacicol 280.0
Mg 18.10 2,4,6-trichlorophenol 6.6
Fe 0.08 3-chlorocatechol 5.5*
Conductivity 1722.00 4-chlorocatechol 71"
TDS 132.10 4 ,6-dichloroguaiacol 3.1
NFR 48.80 3,4-dichloroguaiacol 19.0*
pH 8.62 4,5-dichloroguaiacol 33.7*
Alkalinity 218.75 3-chlorosyringol 8.4*
HCO, 237.44 3,6-dichlorocatechol 6.8"
CO; 14.39 4,5-dichlorocatechol 15.0*
Colour 430.20 5-chlorovanillin 7.1*
Naphthalene 27.50 6-chlorovanillin 330.0
Acenapthene 1.00* 3,4,5-trichloroguaiacol 2.9*
Fluorene 0.69 3,4,6-trichlorocatecho 3.7*
Phenanthrene 2.00 5,6-dichlorovanillin 3.9"
Fluoranthene 1.90 3,4,5,6-tetrachloroguaiacol 1.7*
Pyrene 1.40" tetrachlorocatechol 3.2*
C1 napthalenes 8.50 3,4,5-tetrachloroveratrole 7.2*
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Figure 4.1. Increase in Chla and AFDM of Navicula cultured in 0,1,3,5, and 7%
effluent for 15 days; values are the mean + 1SE.
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Figure 4.2. Mean (+ SE) Chla (ug/cm®) and AFDM (mg/cm?®) of Navicula
cultures after 15 days in 0, 1, 3, 5, and 7% BKME; means with shared letters
are not significantly different at p=0.05.
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Table 4.3. Results of analysis of covariance (time as covariate) of the effect of
BKME treatment on Navicula biomass on Day 15. Biomass was measured as
Chla (pg/cm?).

Source DF SS F p
Treatment 4 3.344 1.08 0.373
log (day+1) 1 68.6044 956.8 0.000
Treatment x log(day+1) 4 0.6855 2.39 0.057
Error 90 6.4532

Total 99 79.0871

Table 4.4. ANOVA of effect of BKME on Day 15 Chla and AFDM content of
Navicula cultures.

Chla Day15

Source DF SS MS F p
Treatment 4 153.52 38.38 11.44 0.000
Error 15 50.31 3.35

Total 19 203.83

Fishers protected LSD 4-005=2.758

AFDM Day 15

Source DF SS MS F p
Treatment 4 0.09139 0.02285 8.04 0.00t1
Error 15 0.04261 0.00284

Total 19 0.13400

Fishers protected LSDy-005=0.080
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Table 4.5. Results of analysis of covariance of the effect of BKME treatment on

AFDM over time (time as covariate).

Source DF SS F p
Treatment 4 1.26881 809.19 0.000
day 1 0.08013 2.72 0.030
Treatment x day 4 0.07630 12.17 0.000
Error 90 0.14112
Total 99 1.56636

Table 4.6. Regression equations for AFDM accrual by Navicula cultures in O, 1,

3, 5, and 7% BKME. All equations had significant constants (p<0.05).

Treatment(%) Regression Equation p< I
0 AFDM= -0.0389 + 0.0180Day 0.001 91.5
1 AFDM= -0.0786 + 0.0249Day 0.001 85.7
3 AFDM=-0.0797 + 0.0251Day 0.001 85.8
5 AFDM= -0.0846 + 0.0266Day 0.001 87.7
7 AFDM= -0.1350 + 0.0381Day 0.001 9438
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Figure 4.3. Effects of BKME concentration on total lipid (as % of dry wt.) of
Navicula; regression line, and 95% confidence belts around predicted Y
values are shown.
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Table 4.7. Analysis of covariance testing the effects of %BKME on adjusted
mean nitrogen content of 15d old Navicula cultures. Adjusted mean nitrogen
concentration, SE of the adjusted means, and means comparisons are given.

Source DF SS MS F P
Model 4 1.66869 0.4171 17.05 0.001
Error 7 0.1713 0.0245

Total 11 1.8398

Source DF SS MS F p
Treatment 3 0.8336 0.2779 11.36 0.0044
Carbon 1 0.1390 1.1390 46.55 0.0002
TREATMEN LSMean N SE

T

0 5.67 0.136

1 5.69 0.090

3 6.03 0.094

7 4.91 0.152

p Ho: X,=X,

TRT 0 1 3 7

0 -

1 0.1035 -

3 0.8247 0.0341 -

7 0.004 0.0030 0.007 -
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Figure 4.4. Principal components analysis of elemental composition of
Navicula; ®= 0, A= 1, B=3, €=7%. Proportion of total variance explained by
each axis and elements with eigenvectors >0.25 are indicated.

Elemental composition of Navicula was analyzed to measure }any
effluent-related changes in concentrations of essential elements (Table 4.8).
Principal component analysis of the correlation matrix of the elemental
composition data separated treatments along the second axis, which was
responsible for 16.5% of the variation (Fig. 4.4). An examination of
eigenvectors indicated that barium, strontium, cobalt, and iron contributed to
this variation. As effluent concentration increased, Navicula contained greater

quantities of barium and strontium, and decreasing quantities of cobalt and iron.
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Table 4.8. Elemental composition of Navicula sp. exposed to 0, 1, 3, and 7%

effluent; * indicates essential or beneficial element (Sterner 1995).

ELEMENT CONCENTRATION (SE) (ng/g)
Effluent %

0 1 3 7
Aluminum 997.5(37.9) 1030.0(59.7) 1055.060.8) 947.5(21.4)
Barium 11.3(1.89) 19.0(2.65) 26.5(3.07) 27.8(0.946)
Beryllium 0.6(0.125) 0.6(0.125) 0.6(0.125) 0.8(0.125)
Boron* 10.3 (3.09) 8.8(2.90) 10.0(3.34) 8.5(3.28)
Calcium* 7325.0(719) 8850.0(166) 8000.0(414) 8225.0(520)
Cadmium 0.6(0.125) 0.6(0.125) 0.6(0.125) 0.8(0.144)
Chromium 8.3(0.620) 21.0(14.7) 9.6(2.13) 4.1(0.392)
Cobalt* 14.0(1.08) 11.1(1.39) 10.0(2.04) 6.7(0.550)
Copper* 12.5(0.645) 14.3(1.25) 21.8(5.20) 15.0(0.401)
Iron* 12425.0(1141) 9950.0(633) 8575.0(1468) 5900.0319)
Lead 2.0(0.000) 1.5(0.289) 1.8(0.250) 2.0(0.000)
Magnesium* 4750.0(323) 4450.0(218) 4150.0(253) 4875.0(307)
Manganese* 322.5(32.8) 337.5(13.1) 290.0(49.2) 310.0(21.2)
Molybdenum* 0.6(0.125) 6.5(5.83) 0.6(0.125) 0.8(0.144)
Nickel* 117.5(49.2) 101.2(23.9) 87.3(30.2) 33.8(9.66)
Phosphorus*  10575.0(397) 12300.0(548) 10775.0(642) 10575.0(496)
Potassium 2250.0(263) 2200.0(252) 1975.0(345) 2175.0(609)
Silver 0.6(0.125) 0.6(0.125) 0.6(0.215) 0.8(144)
Sodium* 808.0(148) 827.0(102) 747.5(26.9) 1018.0(170)
Strontium 2.4(0.485) 9.6(0.232) 15.8(1.03) 22.5(0.645)
Titanium 36.2(16.6) 8.4(0.584) 12.0(3.54) 10.2(3.30)
Vanadium 4.0(1.00) 4.0(1.00) 4.0(1.00) 4.0(1.00)
Zinc* 25.3(6.17) 26.3(1.55) 38.8(9.97) 30.0(1.08)
Zirconium 7.2(1.24) 14.6(2.91) 12.0(3.65) 8.8(1.65)
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4.4 Discussion

Most chronic bioassays do not take into account an interaction between
food organisms and the toxicant. However, results of the present experiment
demonstrate that food quality, growth rate, and elemental composition of algae
were affected by exposure to bleached kraft mill effluent. In the natural
environment, algae and herbivores would be exposed to the toxicant.
Therefore, allowing toxicant effects on food algae to occur in bioassays may
increase realism and, thus, the capacity of simple laboratory bioassays to

predict field effects.

4.4.1 Effect of Effluent on Algal Quality

Total lipid content of Mavicul/a increased with effluent concentration, a
response also reported for other algal species exposed to nutrient or toxicant
stress (MacCarthy and Patterson 1974, Soto et al. 1977, Sicko-Goad et al.
1989a,b). Increased lipid content of food algae has the potential to affect
bioassay results because changes in food quality can modify toxicity. Indeed,
increased dietary lipid reduces toxicity (Hickie and Dixon 1987, Hickie et al.
1989). Lipids also are phagostimulants to some aquatic insects (Cargill et al.
1985), thus, algae that increase in lipid content in response to toxicants may
become more palatable or attractive to grazers. Furthermore, algae with
greater lipid content may also bioconcentrate greater quantities of hydrophobic
contaminants (Barron 1990), thereby increasing intake of potentially deleterious
compounds by herbivores.

Diatoms in the 3% and 7% treatments had significantly higher C:N ratios
than the other treatments, as indicated by the lower adjusted nitrogen content.
Increased carbon content indicates the presence of more lipids or
carbohydrates, corroborating my direct measurement of lipid content. Although
a higher C:N ratio is normally viewed as an indicator of poorer quality food in
aquatic environments (lverson 1974, Cummins and Klug 1979, Newman et al.
1996), this general assumption is made because ambient sources of C, such as
natural detritus, are refractory carbohydrates, such as poorly digestible
cellulose, rather than lipids. [n this experiment, higher C:N ratios for cultured
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algae were indicative of increased lipid content, and therefore of higher food
quality. Because C:N ratios cannot distinguish between changes in
carbohydrate versus lipid content, | recommend that direct measurement of
lipid, carbohydrate, and protein content be used in future studies. Direct
measurement is particularly important given that dietary lipid may decrease
toxicity, while increased dietary carbohydrates may increase toxicity (Hilton and
Hodson 1983, Dixon and Hilton 1985).

Exposure to effluent changed biochemical composition of the algae and
bacterial content of the cultures. Micrographs, generated by a confocal laser
scanning microscope, of Mavicula exposed to O, 1, and 7% treatments (Plate
4.1) revealed that the bacterial population was more abundant in Navicula
exposed to effluent. Bacteria are abundant in pulp mill effluent (Fulthorpe et al.
1992, Mohammed 1997), are a natural component of periphyton (Wetzel 1983,
Newman and Mcintosh 1988, Stevenson 1996) and are nutritionally important to
various groups of aquatic insects (Cummins and Klug 1979). An increased
microbial population may, therefore, represent an additional change in
nutritional value of the biofilm.

It is surprising that Navicula exposed to effluent grew faster than
controls, because Chu no. 10 culture media is designed to contain all required
nutrients for algal growth (Nichols 1973), and media was completely replaced
every 48h so that nutrient limitation was unlikely. In addition, effluent presence
did not change the media N:P ratios to any great extent, as they ranged from
20:1 to 19.5:1 for 0% and 7% treatments, respectively. Possible explanations
for increased growth are: (1) the effluent contained some unrecognized
micronutrients; (2) diatoms were able to utilize organic carbon sources in the
effluent, as stimulation of algal growth by dissolved organic matter has been
reported by Geisy (1976), Prakash and Rashid (1968), Tulonen et al. (1992),
Vrana and Votruba (1995), and Steinberg and Bach (1996), (3) bacterial
respiration resulted in increased C availability, (4) hormesis, the stimulation
resulting from exposure to low levels of toxicants (Calabrese 1987); or (5) rapid
nutrient cycling occurred within the mat as a function of bacterial abundance.
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Navicula exposed to pulp mill effluent had more strontium and barium,
and lower concentrations of iron and cobalt than control diatoms. Pulp mill
effluents contain many metals, as metals can be accumulated by trees from the
soil (McCubbin and Folke 1993). Cobalt (Krishnamurthy and Bharatai 1995,
Reddy and Venkateswarlu 1985), strontium (Krosshavn et al. 1996), barium,
and iron (Michigan Dept. of Public Health 1990) have all been associated with
pulp mill effluents. The predictive relationship between strontium content and
effluent exposure was very strong (strontium (ug/g) = 2.41 + 9.7 In(%BKME +
1), #=97.0, df..,.=14, n=1), suggesting the potential use of this metal as an
effluent marker for kraft mills. The reason why concentrations of iron and cobalt
were reduced in algae exposed to effluent is not clear, but this observation may
be due to dissolved organic material in BKME. Lignins in pulp mill effluent
(Lalvani et al. 1997) and other dissolved organic molecules bind to and, thus,
affect the availability of iron and other metals (Shapiro 1966, 1969, Suzuki et al.
1992). Metal-metal interactions may also affect accumulation and toxicity of
metals in animals and plants (Hewitt 1948, Harrison and Morel 1983, Tomasik
et al. 1995). Of the 4 metals, cobalt and iron are considered essential nutrients
(Sterner 1995), although the actual requirements for these substances by either

diatoms or mayflies is not known.

4.4.2 Potential for Trophic Transfer of Contaminants

Navicula cultured in effluent would likely contain greater quantities of
contaminants such as PAHSs, resin acid derivatives, and phenolics (Headley et
al. 1995: Cash and Culp 1996) that would be available for transfer to higher
trophic levels. Although laboratory bioassays frequently assume that uptake
from water is the only important exposure route, dietary exposure can be
important for substances that sorb to particulate matter (Schrap 1991).
Bleached kraft mill effluent contaminants, such as resin acids (Carlberg and
Stuthridge 1996) and PAHs (Dobroski and Epifanio 1980, Barron 1990, Harkey
et al. 1994), as well as some metals (Kooijman 1991, Allen et al. 1995, Taylor et
al. 1998), are likely candidates. Furthermore, dietary uptake is believed
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Plate 4.1. Confocal image of Navicula mats cultured in (a) 0, (b) 1, and (c)
7% BKME. The red colour is the autofluorescence of diatom chloroplasts, while
bacteria are stained green with a nucleic acid stain.
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important for lipophilic compounds with log n-octanol/water partition coefficients
> 5 (Lanno 1989, Boese 1990), such as tetrachlorophenol, pentachiorophenol,
PAHs such as fluoranthene and pyrene, PCBs and a number of pesticides
(Jarvinen and Tyo 1978, Thomann and Connolly 1984, Oliver and Nimi 1985).
The route of uptake (bioconcentration or ingestion) can modify exposure
to a contaminant, as absorption efficiencies from food are usually lower than
absorption efficiencies associated with bioconcentration (Jarvinen and Tyo
1978, Cleveland et al. 1993, Kéck and Bucher 1997). However, while exposure
via ingestion may contribute only a small amount to body burdens, it has an
additive effect (Fisher et al. 1986), and may have a significant impact on the
effects of exposure. For example, dietary exposure to the organochlorine
pesticide, Endrin, increased mortality rates of fathead minnows (Pimephales
promelas) by 80% relative to water exposure alone (Jarvinen and Tyo 1978)
even though uptake via food was minimal compared to bioconcentration. In
addition, although bioconcentration was the most important source of cadmium
and chromium to Daphnia (Kungolos and Aoyama 1993), the addition of uptake
via food significantly increased toxicity. Dietary exposure may be particularly

important for toxicants that produce effects by inhibiting feeding or digestion.

4.4.3 Implications for Bioassays with Exposure at 2 Trophic Levels

When live organisms are provided as food to the subjects of toxicity
tests, any interaction between food organisms and the toxicant is usually
ignored. The present research demonstrated that exposure to pulp mill effluent
changed the growth rate and chemical composition of algae. This interaction
could affect results of bioassays, as changes in food abundance and dietary
lipid, carbohydrate, and protein content modify toxicity (Mehrle et al. 1974,
Sosnowski et al. 1979, Phillips and Buhler 1979, Hilton and Hodson 1983,
Dixon and Hilton 1985, Holdway and Dixon 1985, Hickie and Dixon 1987,
Dahigren 1988, Hickie et al. 1989, Farkas et al. 1996). As algae would be
exposed to the toxicant in field situations, allowing this interaction to occur in
bioassays represents an increase in realism rather than a confounding factor.

Increasing test realism should be a priority when the purpose of the bioassay is
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to predict field effects rather than to simply measure potential toxicity of
samples. The effects on algae in receiving waters should be verified, if
possible, by field sampling, and because algal species do not exhibit consistent
responses to stress (Table 4.1), it would also be advisable to use species found
in the natural environment of the test herbivore. Exposing both food and test
organisms to the toxicant would also allow more natural partitioning and uptake
through bioconcentration and ingestion.

In a typical bioassay on a sample of pulp mill effluent, test animals are
exposed to effluent only in the water (Environment Canada 1992). In the
natural environment, some effluent components may bind to dissolved organic
matter, reducing uptake by living cells or sorption to particulate matter (Cariberg
and Stuthridge 1996). Other components may sorb to particulate matter and
settle to be eaten, degraded, mineralized, or released into interstitial and
overlying water. Compounds in effluent may also bioconcentrate in plants and
animals and be transferred via trophic interactions. By considering only
bioconcentration in bioassays, we ignore all of these possibilities and their
potential modifying effects on toxicity, thus reducing the likelihood that bioassay
data will be useful for predicting field effects. While it may be difficult to
replicate all of these processes, the cumulative effects of direct toxicity and
indirect effects, via secondary poisoning and changes in food quality, might be
assessed by exposing both test organisms and their food supplies to the
toxicant. This approach, while more complicated, may serve to enhance the

predictive ability of simple bioassays.
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Chapter 5

But Does it Taste Better? Effects of Bleached Kraft Pulp Mill Effluent on
Feeding Behavior of the Mayfly Ameletus subnotatus

5.1 Introduction

Feeding inhibition is one of the most frequently measured behavioral
responses to toxicants, with effects documented for a variety of organisms
including protozoa (Doucet and Maly 1990), rotifers (Juchelka and Snell 1994
1995), flatworms (Ham et al. 1995), molluscs (Laskowski and Hopkin 1996,
Marigomez et al. 1986), cladocerans (Allen et al. 1995, Bitton et al. 1995,1996),
amphipods (Weeks 1993, Blockwell et al. 1998), amphibians (Schuytema et al.
1993, Brady and Griffiths 1995), fish (Foster et al. 1966, Mathers et al. 1985,
Little et al. 1990, Weber 1996), and rodents (Linder and Richmond 1990).
Causes of feeding inhibition are varied, including damage to sensory apparatus
(Foster et al. 1966, Lemly and Smith 1985), taste aversion (Linder and
Richmond 1990), and damage to digestive tissues (Laskowski and Hopkin
1996). Feeding inhibition is seen in response to a wide variety of compounds,
and often provides a more sensitive endpoint than acute toxicity (Jones et al.
1991) (Table 5.1). When the altered behavior has the potential to affect fitness
(e.g. a reduction in feeding), the effective concentration for behavioral changes
may indicate the concentration at which chronic effects will occur.

Feeding inhibition can occur with exposure to pulp and paper mill
effluents (MclLeese 1973, Cooley 1977, Crane and Maltby 1991, Bitton et al.
1995), and this reduction in feeding may contribute to chronic growth and
reproductive effects of these effluents. Pulp mill effluent is a compiex mixture of
hundreds of compounds (Suntio et al. 1988), including some that are, or are

structurally very similar to plant allelochemicals (e.g. diterpene resin acids and
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Table 5.1. Literature survey of feeding inhibition studies (see literature cited for
a list of surveyed literature). The sensitivity of feeding endpoints (subscript F)
is compared with the median lethal concentration (LCso); (<) indicates increased
sensitivity, (=) indicates equal sensitivity, and (>) indicates decreased
sensitivity. Table values are the number of published accounts meeting the
indicated criteria. Studies in which more than 1 taxa or effects of more than 1
toxicant were measured are counted once for each toxicant/taxa combination.

Toxicant class ECrso' vs.LCsy?> LOEC? vs.LCso NOECk* vs. LCso
< = > < = > < = >
Metals 3 1 7 2 - 1 - 2
Phenolics 1 - 3 3 - 0 - 1
Pesticides 7 - 3 4 1 0 13 - 1
Petroleum products - - - - - - 0 - 1
Complex effluents 5 2 2 - - - - - -
PAHs - - - - - - 2 - 0
Miscellaneous 6 - 0 1 - 0 3 - 0

'EGrso=concentration that inhibits feeding by 50%; °LCso= median lethal concentration;
3LOEC= lowest observable effect concentration; “NOEC = no observable effect concentration

phenolics). A primary function of allelochemicals is to reduce herbivore
damage through mechanisms including general toxicity, hormonal disruption,
and feeding inhibition or deterrency (Slama 1971, Jacobson et al. 1975, Panda
and Kush 1995). For example, terpenes are a widespread group of secondary
compounds, found in effluents from mills pulping softwoods (Leach and Thakore
1973,1976, Leach et al. 1975, McKague et al. 1977; Rogers et al. 1979;
O’Connor et al. 1992; Zang et al. 1997), which may act as feeding deterrents to
taxa including insects, snails, and fish (Mabry and Gill 1979, Bell and Harestad
1987, Hay et al. 1990, Harbone 1988, Chan et al. 1990, Young 1993, Xie et al.
1993, Gonzales-Coloma et al. 1995, Panda and Kush 1995, Carotenuto et al.
1996, Hagele et al. 1996). Resin acids reduce feeding rates and food
assimilation efficiencies, and decrease growth and fecundity of terrestrial
insects (Wagner et al. 1983, Schuh and Benjamin 1984, Elliger et al. 1976,
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Saikkonen et al. 1995). Phenolics, another common component of PME (Suntio
et al. 1988, McCubbin and Folke 1993), are also a common group of secondary
compounds (Panda and Kush 1995) that are mildly toxic to a wide spectrum of
organisms (Singleton and Kratzer 1969). Phenolics can damage membranes,
disrupt metabolic processes, act as feeding deterrents (Slansky 1992), and
interfere with nutrition by binding to proteins (Reese and Beck 1976, Reese
1979) decreasing growth. It is likely that these plant extractives are an
important contributor to any feeding inhibition resulting from exposure to pulp
mill effluents.

The objective of this research was to measure the effect of biologically-
treated BKME on the feeding behavior of a grazing insect found in the receiving
water of a mill. The test species chosen, the mayfly Ameletus subnotatus
(Ameletidae), is a univoltine mayfly found in lotic waters of the foothills of
Western Canada and United States (Merritt and Cummins 1996, Zloty and
Pritchard 1997). This insect feeds on diatoms and detritus in both erosional
and depositional areas (Muttkowski and Smith 1929, Gilpin and Brusven 1970,
Merritt and Cummins 1996). As many effluent components sorb to particulate
matter (including algae), Ameletus living in water receiving mill effluent may be
exposed to effluent-related toxicants in their diet as well as the surrounding
water. Three experiments were conducted to determine whether BKME caused
feeding inhibition in A. subnotatus. The first experiment measured the effect of
effluent in the water on food consumption by larvae; this is the most common
route of exposure for feeding inhibition bioassays. In contrast, the second
experiment measured the effect on consumption when food and water were
contaminated. Because insects are generally exposed to feeding deterrents in
their food supply (Slansky 1992), | hypothesized that larvae would be more
responsive to this route of exposure. Exposure via food and water also
represents a more realistic situation, as in the field, both algae and mayfly
would be exposed to effluent. If exposure to effluent causes feeding inhibition,
then the expected result is a decrease in consumption in the presence of

effluent, and this inhibition would likely be greater when water and food were
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contaminated. Finally, an experiment meésuring the effect of effluent on food
choice of A. subnotatus was conducted. Surprisingly, choice assays are
uncommon in behavioral ecotoxicology. However, in experiments specifically
designed to test the feeding deterrency of allelochemicals, choice tests are
often used because they are more sensitive than no-choice assays
(Schoonhoven 1982). The rationale is that insects may eat substances that

they would otherwise avoid if the only alternative is starvation.

5.2 Methods

Ameletus subnotatus were collected from the Athabasca River, upstream
of the pulp mill's effluent discharge. Nymphs were brought back to the
laboratory, where they were held in plastic tubs containing aerated water from
the South Saskatchewan River, collected just upstream of Saskatoon. South
Saskatchewan River water is similar in quality (conductivity, alkalinity, pH,
soluble reactive phosphorus, ammonia, nitrate/nitrites) to the Athabasca
(Chambers and Prepas 1994, Lowell and Culp 1996). Animals were held at
10 C under a 18:6 light dark cycle, and were fed cultured Navicula for at least 2
weeks before being used in a bioassay. Three experiments were conducted:
(1) test animals were exposed to 0, 1, and 7% effluent in water and were fed
uncontaminated food; (2) test animals were exposed to 0, 1, 3, and 7% effluent
in food and water; and (3) test animals in uncontaminated water were offered a
choice of Navicula that had been grown in 0, 1, 3, or 7% effluent. The general
methods for each experiment are the same and follow.

Feeding trials were conducted at 10°C, in recirculating, artificial streams
in a controlled environment room at the National Water Research Institute in
Saskatoon, Saskatchewan. The streams (Fig. 5.1) were 250 mL circular,
plexiglas containers with a central standpipe and water jets on either side
(Walde and Davies 1984, Scrimgeour1992 Scrimgeour et al. 1991, Himbeault
1995, Lowell et al. 1995a,b, Dubé and Culp 1996). All streams were washed
with soap, acid-washed, and soaked in distilled water before use, and all tubing
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Figure 5.1. Plexiglass artificial stream used for feeding trials. Modified from
Himbeault (1995).

used in the system was food grade PVC. Filtered (20 pm), UV sterilized, and
aerated South Saskatchewan River water was pumped to the streams from 100
L, food grade, low density polyethylene reservoirs by magnetically driven
impeller pumps (Hagen Fluval® 403). Water current in each stream was
generated by water jets placed approximately 3 cm above the stream bottom;
the jets produced a mean velocity of 5.2 cm/sec (SE=0.24, n=40). Three
animals were placed in each stream approximately 16 hours in advance of a
trial, and they were not fed during this period. Three animals were used
because preliminary experiments indicated that the use of a single animal
produced too much within-treatment variance. Animals were supplied with a
clean ceramic tile during the acclimation period, and most animals were found

on this tile by the end of this period.
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Feeding trials took place during the dark cycle, as mayflies often restrict
foraging activity to periods of darkness (Harker 13853, Culp et al. 1991,
Scrimgeour 1992). To start a feeding trial, clean tiles were removed from each
stream and were replaced by a tile upon which a layer of Navicula had been
cultured. In the case of experiments 2 and 3, Mavicula had been cultured in the
appropriate concentration of effluent (see Chapter 4 for methods), and cuilturing
times for the various treatments had been adjusted to produce tiles with similar
biomass to avoid confounding by functional feeding responses. When placing
tiles in the experimental streams, water pumps were turned off and care was
taken to touch only the sides of the tile. Where applicable, effluent was added
to the water reservoir to make up the appropriate dilution, and the water pumps
were then turned on again. This process was carried out by 2 people and took
approximately 15 minutes to complete. The animals were then left in the dark
for 1 h for experiments 1 and 2, and 4.5 h for experiment 3. Videotaped
observations of feeding trials indicated that mayflies did not eat continuously
during feeding trails; they fed in short bouts separated by periods of movement
around the stream or inactivity. At the end of a trial the lights were turned on,
and the animals were removed from each stream and preserved in 10%
formalin. Tiles were then carefully removed from the streams and all algae on
the top surface was removed with a scalpel blade. In addition, algae was
collected from tiles that had not been grazed, 5 tiles per treatment. Dry mass
was measured by filtering the algae through precombusted, preweighed GFC
filters and drying at 40°C for 48 h. For experiment 1, the initial starting biomass
was the same for all streams because the tiles were all taken from the same
culture, therefore for this experiment the dry mass remaining on the tiles at the
end of the feeding trial was compared. In experiments 2 and 3, the initial
starting biomass varied slightly between treatments because the algae had
been cultured under different treatment conditions. For these experiments, the
dry mean mass remaining after the feeding trial was subtracted from the mass
on ungrazed tiles from the same treatment, and in this way, the amount

consumed was estimated. Data were checked to ensure that assumptions of
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normality and equality of variances were met and ANOVA was used to test for
treatment effect in both feeding rate and choice experiments. Statistical

analysis was performed with Minitab (release 11, Minitab Inc., 1996).

5.3 Results

Experiment 1: Effluent present in water only
In the first experiment, nymphs (mean total length 8.14 mm + 0.20 SE)

were exposed to treated pulp mill effluent in water at concentrations of 0, 1, and
7%, and were presented with uncontaminated food. The initial biomass on the
tiles was 2.93 mg per tile (+ 0.63 SE, n=5). There was no difference in the
amount of biomass grazed (Fig. 5.2) ANOVA, Fages 220= 2.96, p= 0.075,
although there is some suggestion of higher feeding in the effluent-exposed
groups. Data from 7 tiles, 3 from the control and 2 from both effluent
concentrations, were omitted from the analysis because these tiles showed

evidence of loss of aigae due to sloughing.

Experiment 2: Effluent in water and contaminated food

In the second experiment, nymphs (mean total length 8.58 mm + 0.23
SE) were exposed to effluent in food and water. Despite efforts to adjust
culturing times among treatments, control tiles and tiles cultured in 7% effluent
had more dry mass than tiles cultured in 1% and 3% effluent, and 7% tiles had
significantly more dry mass than the control tiles (Table 5.2). Mayflies
consumed significantly less algae in all of the effluent treatments than in
controls (Fig. 5.3, ANOVA Fogs334=3.75, p=0.019), and there was no

difference between the 3 effluent concentrations.
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Figure 5.2. Mean dry mass (mg + SE) of Navicula remaining on tiles after 1h
feeding trial. Effluent was present in water only, and treatment (%BKME) did
not have a significant effect on biomass consumed by Ameletus (ANOVA, Fa
=0.05, 2,20— 2.96, F 0075)
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Figure 5.3. Mean dry mass (+ SE) of Navicula consumed in 1 h by A
subnotatus when both food and water were contaminated with O, 1, 3, and 7%
BKME (experiment 2); means with common letters do not differ significantly
(Fisher's protected LSD.¢05=0.19).
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Table 5.2. Initial dry mass of Navicula, and amount consumed by Ameletus
nymphs when algae and water were contaminated with 0, 1, 3, and 7% BKME.

Treatment Mean (g/tile) SE
Initial dry mass

0 0.00182 0.00003

1 0.00164 0.00004

3 0.00162 0.00006

7 0.00204 0.00006
Source df SS MS F p
Treatment 3 0.000006 0.0000002 17.24 <0.01
Error 16 0.0000002 0.0000000
Total 19 0.0000008

(Fisher's protected LSD,0s2 = 0.0001499)

Amount consumed

Source df SS MS F p
Treatment 3 0.0000005 0.0000002 3.75 0.019
Error 36 0.0000016 0.000000044

Total 39 0.0000021

(Fisher's protected LSD,_q0s2 = 0.0001902)

Experiment 3: Contaminated food clean water, choice

The third experiment was designed to test whether mayflies showed a
preference for control algae and, thus, evidence of feeding deterrency by
effluent. In this experiment, each stream contained control water, three
mayflies, and 4 tiles, 1 tile from each treatment. The position of tiles was such
that, between replicate streams, a specific treatment was not always found in
the same location with respect to the water jets. Initial biomass measurements
are in Table 5.3; no significant differences existed between the various
treatments. A. subnotatus nymphs (mean total length 8.03 mm + 0.16 SE)
consumed a greater biomass (dry mass per tile) from tiles in the 3 and 7%
BKME treatments (Table 5.3, Fig. 5.4).
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Table 5.3. Initial biomass (dry mass) of Navicula and amount consumed by
Ameletus in 4.5h. Nymphs were given a choice of Navicula cultured in 0, 1, 3,
and 7% BKME, and there was no effluent in water.

Treatment Mean dry SE
mass (g)

Initial dry mass

0 0.00189 0.00006

1 0.00170 0.00004

3 0.00174 0.00004

7 0.00167 0.00013
Source df SS MS F P
Treatment 3 0.0000001 0.0000000 1.63 0.258
Error 8 0.0000001 0.0000000
Total 11 0.0000002
Dry mass consumed

Treatment Mean dry SE
mass (g)
consumed

0 0.00037 0.00008

1 0.00076 0.00024

3 0.00114 0.00028

7 0.00131 0.00017
Source df SS MS F p
Treatment 3 0.0000032 0.0000011 4.06 0.021
Error 20 0.0000052 0.0000003
Total 23 0.0000083

Fisher's Protected LSDg.-¢0s2 = 0.000511
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Figure 5.4. Mean dry mass (mg +SE) consumed in 4.5 h by A. subnotatus in
experiment 3; means with common letters are not significantly different
(Fisher's protected LSDy-g0s = 0.511).

5.4 Discussion

This research compared the effect of exposure to pulp mill effluent in
water with a more realistic exposure via contamination of both water and food.
Feeding of A. subnotatus was not affected by exposure to effluent in water, up
to a 7% dilution, indicating either that exposure to effluent in water does not
affect feeding, or simply that a 7% concentration was not sufficient to inhibit
feeding. Results should be interpreted with caution, however, because of the
reduced statistical power resulting from the loss of replicates. Pulp mill effluent
affects feeding of Daphnia retrocurvata (5%, Cooley 1977), and lobster
(Homarus americanus) (2.5%, McLeese 1973), and in both cases, the test

animals were exposed to effluent in water. It is impossible to quantitatively
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compare the present study with these other examples, however, as the older
studies almost certainly used effluent that was not biologically treated and was,
consequently, more toxic. In contrast to the apparent lack of feeding inhibition
of larvae exposed to contaminated water, A. subnotatus exposed to effluent in
water and food consumed significantly less than control larvae. This reduced
feeding occurred equally at all concentrations indicating there was no dose
response.

Although no-choice bioassays are typically used in studies of feeding
inhibition, these tests are understood to be less sensitive (Schoonhoven 1982),
and may fail to elucidate mechanisms responsible for altered feeding behavior.
Had a choice bioassay not been performed in this study, | would have
concluded that effluent contaminants sorbed to algae caused reduced
consumption. Furthermore, BKME concentrations as low as 1% would have
been interpreted to induce chronic growth and reproductive effects as a result of
this reduction in feeding. However, when a choice assay was conducted, A.
subnoftatus unexpectedly exhibited a clear preference for feeding on Navicula
cultured in 3 and 7% effluent. Mayflies should not have exhibited a preference
for consuming contaminated algae if this algae caused feeding inhibition.
Findings indicate that there was some qualitative difference between control
and contaminated algae that the mayflies were able to detect, and that the
observed decrease in consumption in the no-choice assay (experiment 2) was
not feeding inhibition.

The apparently contradictory results of the choice vs. no-choice
bioassays may be explained through the mechanisms of dietary self-selection
and compensatory feeding. Dietary self selection is a behavioral phenomena
observed when animals are presented with more than 1 food type, all deficient
in some dietary component (e.g. protein). The animals consume varying
quantities of the food types such that their overall consumption more closely
resembles their dietary requirements (Cohen et al. 1987). Compensatory
feeding, observed in taxa ranging from slugs to rats (Booth 1974, Rueda 1991),
is an increase in ingestion that occurs in response to a decrease in food quality.
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The increased ingestion usually partially compensates for the reduced
nutritional value of the food, and this response is sometimes accompanied by
increased assimilation efficiency (Slansky and Wheeler 1989). Stress, either
nutrient or toxicant, can affect macromolecule content (i.e., lipid, carbohydrate,
protein) of algal cells (MacCarthy and Patterson 1974, Soto et al. 1977, El Dib
et al. 1997, Thompson and Couture 1991, Sicko-Goad et al. 1989a,b). Navicula
mats grown in pulp mill effluent have greater lipid content, the same N content,
more bacteria, and grow more quickly than control algae (Chapter 4). Insects
and other herbivores are capable of assessing food quality (Sterner 1993,
Slansky 1992,1993, Schoonhoven 1982), and selectively feeding to maximize
quality of ingested material (Starkweather 1980, DeMott 1989, Simpson et al.
1988, Slansky 1993). This selection typically takes the form of a preference for
plants exhibiting faster growth or higher nitrogen content (Mullin 1963, Sterner
1993, Cowles et al. 1988, Kigrboe 1989), however lipids may also be attractive
to some aquatic insects (Cargill et al. 1985). Thus, a preference for algae
grown in effluent is consistent with nutritional ecology. Compensatory feeding
occurs in the absence of choice, and consumption and food quality are
inversely correlated (House 1965, Phillips 1984, Slansky 1993). This
mechanism has been reported in insects and other animals including
cladocerans, copepods, snails, slugs, and mammals (Arnold 1971; Booth 1974,
Calow 1975, Webster and Peters 1978 Rollo and Hawryluk 1988, Slansky and
Feeny 1977, Slansky and Wheeler 1989, 1992a, Rueda et al. 1991). Increased
consumption of control algae in the absence of choice, and a preference for
contaminated algae when presented with a choice suggests a difference in the
nutritional quality of these food sources. Effluent-related changes in the
nutritional content of algae may prove an overriding influence on feeding
behavior, even if PME contains feeding inhibitors, as suggested by the literature
(e.g., McLeese 1973, Cooley 1977, Crane and Maltby 1991, Bitton et al. 1995).
Insects may ingest damaging or even lethal doses of allelochemicals when

feeding responses attempt to compensate for nutritionally dilute food (Stamp
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1990, Slansky and Wheeler 1992b, Slansky 1992), suggesting some
precedence of nutrition over toxicity.

An increase in the nutritional quality of algae may help to explain
reported increased growth rates resulting from effluent exposure. Lowell et al.
(1995a) and Dubé and Culp (1996, 1997) reported that mayflies and
chironomids respectively, exhibited increased growth when exposed to low
concentrations of pulp mill effluent. Dubé and Culp (1996, 1997), suggested
that increased growth of chironomids resulted from increased periphyton
biomass and the possible utilization of effluent biosolids as a higher quality food
source. Lowell et al. (1995a), reported that growth of Baetis tricaudatus
exposed to 1 and 10% effluent was greater than controls, even when controls
experienced unlimited food-availability. Explanations offered included
increased palatability of algae leading to increased food consumption,
increased nutritive value of algae, stimulation of growth by plant extractives in
the effluent, or hormesis. The research presented in this chapter supports the
suggestion that the nutritional value of algae is increased by exposure to
effluent, and that this increased nutritional value may be responsible for
increased growth of grazers.

Laboratory toxicity tests are often criticized for being oversimplified and
failing to adequately predict field effects (Cairns 1983, Kimball and Levin 1985,
Malins 1989, Maltby and Calow 1989, Brouwer et al. 1990, Forbes and Forbes
1994). In this research, it is apparent that the use of a common test procedure
i.e., exposure of animals in water alone, would have failed to identify the effects
on feeding behavior and the casual mechanisms responsible for those effects.
Simple feeding bioassays may have the potential to act as inexpensive, quick
surrogates for other laboratory tests (Bitton 1995, Bitton et al. 1996), but care
should be taken to avoid confounding exposure to toxicants with differences in
nutritional quality. However, if the intention is to make inferences about field
effects, then toxicant influences on nutritional quality of food represents not so
much a confounding factor as an increase in environmental realism. Our

understanding of toxicant effects on feeding behavior may be improved through
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the use of experimental designs that include the following four components: (1)
a realistic exposure of both test species and food to toxicants; (2) a
measurement of toxicant effects on feeding rate in a no-choice situation; (3)
preference testing of contaminated and clean food, and; (4) an assessment of

the nutritional quality of control and exposed food.
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Chapter 6

Effects of Chronic Exposure to Bleached Kraft Mill Effluent in Two Mayfly
Species: Ameletus subnotatus (Ameletidae) and
Baetis tricaudatus (Baetidae).

6.1 Introduction

Bleached kraft pulp mill effluent (BKME) is a complex mixture containing
nutrients and potentially toxic compounds, including chiorinated phenolics, resin
acids, polycyclic aromatic hydrocarbons (PAHs), and many other substances
(Suntio et al. 1988, Government of Canada 1991). Improvements in effluent
treatment and reduction or elimination of molecular chlorine in the bleaching
process have substantially reduced toxicity of these effluents (Solomon et al.
1993). Effluents from Canadian mills are rarely acutely toxic at full strength
(Environment Canada 1997), however, exposure to these effluents may cause
chronic growth and reproductive effects. Chronic effects often result from
toxicant-related changes in the acquisition or utilization of metabolic resources
(Sibley and Calow 1989, Naylor et al. 1989, Baird et al. 1990, Calow and Sibley
1990, Calow 1991, Maltby et al. 1990, Sibley 1996, Wicklum and Davies 1996),
and they have the potential to affect population growth and community
composition (van Leeuwen et al. 1986, Klok and de Roos 1996, Sibley 1996).

Despite the important role that benthic insects play in riverine
communities by making energy from both primary and microbial production
available to fish, little is known about the chronic effects of effluent on these
organisms. Field-assessments of effluent effects are typically done at the
community level, and insects such as mayflies, caddisflies and stoneflies are
only occasionally used in laboratory bioassays (Petersen and Petersen 1988,
Diamond et al. 1992,). This is despite the fact that sensitivity of these taxa to
poor water quality is well established (Wiederholm 1984, Buikema and Voshell

1993, Norris and Georges 1993). Chronic exposure to toxicants can reduce
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growth rate, increase time to emergence, and increase mortality of mayflies
(Hatakeyama 1989, Diamond et al. 1992). Measurements of the chronic effects
of BKME on benthic insects include Lowell et al.’s (1995a) measurement of
BKME effects on the mayfly Baetis tricaudatus, and Dubé and Culp’s (1996,
1997) study of the effects of effluent on chironomid growth. Both studies found
that low concentrations (<5%) increased size of animals and suggested that
changes in food quality, hormetic effects, or the presence of phytochemicals
might be responsible. Dubé and Culp (1996, 1997) reported reduced growth of
midges (relative to 1%) at concentrations >5%, while Lowell et al. (1995a) saw
no evidence of toxicity to mayflies at 10% BKME. Reproductive effects were not
measured. A major difference between the two studies was that the fooc supply
for chironomids was grown in effluent, while algae fed to mayflies had been
grown in control water, suggesting that contaminants sorbed to algae may have
been responsible for the increased toxicity observed in Dubé and Cuip’s (1996,
1997) experiment.

The objective of this research was to measure the effects of BKME in a
realistic exposure to contaminated food and water on the growth, survival, and
reproduction of mayflies. Two species were chosen: Ameletus subnotatus
(Ameletidae) and Baelis tricaudatus (Baetidae). Ameletus subnolalus was
chosen because this species responded to effluent additions in both mesocosm
and feeding experiments (Chapters 3 and 5). In this study, the effect of BKME
on growth over a 98-day exposure was measured; no attempt was made to
measure reproductive effects because of the long life-cycle of this species.
Baetis tricaudatus was chosen because it is a very widespread species, and
because use of this species would allow a comparison to Lowell et al. (1995a)
using a different bleached kraft mill. Two experiments measured: (1) the effects
of BKME on early life stages; and (2) the effects of BKME on growth, survival,
and fecundity of this species.6.2 Methods

Ameletus subnotatus bioassay
Ameletus subnotatus nymphs, less than 4 weeks old, were used for the

bioassay. The animals were obtained by in vitro fertilization of eggs from adults
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collected as young nymphs in the Athabasca river and reared in the laboratory.
Nymphs were collected in late October in the Athabasca River at Hinton,
Alberta, upstream of the mill outfall. They were kept in the lab and fed cultured
Navicula until their emergence in late May. In vitro fertilization of eggs was
accomplished by removing the seminal vesicle and testes from males,
macerating these tissues in an insect Ringers solution, and mixing this with
eggs removed from subimago females. Eggs and sperm were combined for
about 75 minutes before being transferred to glass Petri dishes containing 10°C
autoclaved river water. Fertilized eggs were held at 10°C with a 16:8 light:dark
cycle until hatching and were checked weekly to monitor development.
Hatching occurred over the course of a week in mid-August, and during this
time nymphs were transferred daily to glass Petri dishes in which Navicula had
been cultured. Nymphs were held at 10 °C until the start of the bioassay.

The bioassay was conducted in new, Costar© polystryene 12-well plates.
Before the bioassay, the well plates were acid-washed and Navicul/a had been
cultured in a standard WC 10 media in the wells for approximately 3 weeks to
provide a food source for the nymphs during the bioassay. The bioassay was
started in mid-September, when nymphs were about 4 weeks old, and
continued for 98 days. Cuiture media in the wells was replaced with test
solutions just before adding animals; effluent concentrations of 0 and 1% were
used. Five Ameletus were randomly allocated to each of 6 replicate wells. The
approximate volume of test solutions was 4 mL per cell. Test solutions were
made with water from the South Saskatchewan River that had been passed
through a 20 um filter, autoclaved, and cooled to 10°C. Animals were kept at
10°C with a light dark cycle of 12:12 h. Test solutions were replaced weekly by
using a clean pipette to remove most (about 80%) of the solution in the well,
and new solution was added very slowly. Navicula growth in the well plates was
sufficient to maintain ad /ibitum food until the last 2 weeks of the bioassay at
which time additional Navicula, cultured in the appropriate concentration of
effluent, was added once. Mean concentrations of dissolved oxygen (DO) in

the wells, measured at the end of the dark cycle (i.e., at the lowest point during
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the day), were 6.08 mg/L in the controls and 6.78 mg/L in the 1% treatment (t-
test, DF=10, t=-1.62, p=0.14). During the light cycle, oxygen concentrations
averaged 7.38 mg/L in the controls and 7.97 mg/L in the effluent treatment wells
(t-Test, DF=10, t=-2.23, p=0.057).

The chronic bioassay ran for 98 days, at which point surviving Amelefus
were killed and fixed in 10% formalin. Thorax length was measured at 500x
magnification using a stereomicroscope with a camera lucida, and digitizing
pad. Thorax length was measured as the distance from the anterior medial

edge of the prothorax to the posterior redial edge of the metathorax.

Baetis tricaudatus Methods

1. Baetis Growth Bioassay

The bioassay took place in an artificial stream system similar to that used
by other investigators (Walde and Davies 1984, Scrimgeour 1992, Scrimgeour
et al. 1991, Himbeault 1995, Lowell et al. 1995 a,b, and Dubé and Culp 1996,
1997). The stream system was modified to reduce operating difficulties
experienced by previous users, in particular, frequent clogging of water jets by
algae (Himbeault pers comm, Dubé pers comm), and to ensure that all
components were constructed with food-grade materials (Plate 6.1). Treatment
solutions were stored beneath the streams in 40 L reservoirs made of food
grade, low density polyethylene. Little Giant 3-SC-MD magnetic impeller pumps
circulated test solutions from the reservoirs through a check valve and a ball
valve (preventing backflow and allowing flow adjustment, respectively), tubing,
and a manifold to the test streams. The streams were constructed from food
grade, low density polyethylene. They were 6.9 cm deep, with a diameter of
10.3 cm, a 3.3 cm center standpipe, and a 435 mL volume. The jet system of

Walde and Davies (1984) was replaced with a single water port, a 4 mm (outer

136



Plate 6.1. Stream system used for the chronic Baetis tricaudatus assay.

diameter) polystyrene tube located 3 cm from the bottom. A 210 um Nitex bag
slipped around the outside of the streams and was held in place with aquarium
safe silicone and a nitrile rubber O-ring. This bag acted as a screen to prevent
animals from leaving the streams and had a band of Velcro along the top edge,
allowing the bag to be closed to capture emerging insects. Treatment solutions
were allowed to continuously overflow the streams and, by means of a wet table
and tubing, were returned to the reservoir. All components of the stream
system (except the reservoirs) were new and acid-washed before use. The
water reservoirs were soap-washed and soaked in 3 changes of distilled water
for 96 h before use. Test solutions were made with water from the South
Saskatchewan River that had been filtered though a 20 um particle filter and
then UV sterilized.
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Baetis tricaudatus were collected from the South Saskatchewan River, 21
km downstream of Saskatoon, and were kept in cool, aerated water while being
transported to the laboratory. The insects were held in aerated tanks and fed
cultured Navicula for 2 days before starting the bioassay. Twenty-five insects
were randomly allocated (in groups of 5) to each of 60 streams (n=20 per
treatment). All animals were examined under a dissecting microscope to
ensure that mechanically damaged individuals were not used. A subset of
these animals was randomly chosen and preserved in 10% formalin to allow
body size at the beginning of the experiment to be measured. After all animals
were added to the streams, effluent was added to water reservoirs to create the
desired effluent concentrations of 0, 1, or 7%. Animals that died overnight the
first day were presumed to have died due to handling stress and were replaced.
The streams were held at 17°C with a light:dark cycle of 16:8 h, with 30 min
dawn/dusk periods. Light was provided by 4', 2 tube, electronic ballast,
fluorescent fixtures suspended directly above each stream table. The fixtures
were equipped with Duro-Test® Vitalite® tubes which provide a close
simulation of the natural spectrum.

Streams were checked daily for dead animals, and Navicula, cultured in
the same dilution of effluent, was provided ad /ibitumn. Every 48 hours, test
solutions were replaced with a fresh solution made from UV sterilized, river
water and BKME. Effluent composition is given in Chapter 4. Dissolved oxygen
concentration in the streams ranged from 7.3-8.45 mg/L, and current velocity
was approximately 3 cm/sec. After 11 days, 6 animals (2 from controls, 4 from
1% BKME) had emerged and many others had developed dark wingpads. At
that time, all animals from 15 replicates of each treatment were preserved in
10% formalin. The remaining 5 streams were left running to collect emerged
individuals. Emerged males were weighed and the eggs from female last
nymphal instar, subimagos or imagos (depending upon at which stage they
died) were counted.

Nymphs from the 15 replicates collected on day 11 were measured with

the aid of a stereomicroscope, camera lucida and a digitizing pad. Total body
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length was measured as the distance from the anterior edge of the labium to the
tip of the abdomen, excluding the cerci. Animals were individually placed in
preweighed foil boats, dried at 60°C for 48 hours and weighed on a CAHN C-31

Series microbalance.

2. Early life stage test

Baetis tricaudatus with dark wingpads, indicating that emergence was
imminent (Clifford 1970), were collected from the South Saskatchewan River at
the Clarkboro ferry crossing, about 21 km downstream of Saskatoon. These
animals were held in the laboratory at 18°C until they became imagos
(approximately 2 days). In vitro fertilization of eggs was accomplished by
removing the seminal vesicle and testes from males, macerating these tissues
in an insect Ringers, and mixing this with eggs removed from females. The
combined eggs and sperm were left for 10 minutes before the eggs were
transferred to glass Petri dishes containing 16°C river water (similar to river
water temperatures at that time). Small quantities of eggs were then removed
using a glass pipette and randomly assigned to treatment wells. Due to the
difficult nature of this operation and the desire to minimize handling of the eggs,
the number of eggs transferred to wells could not be standardized. The mean
number of eggs per well was 40.9 (n=42, s=13.26). Treatment concentrations
were 0, 1, 5, 10, 15, 20 and 50% (n=6 per treatment). A preliminary experiment
using effluent concentrations ranging from 0-100% indicated that 95% of all
hatching that occurs within 45 d from fertilization does so on days 9 and 10.
Therefore, the number of hatched eggs and the number of live and dead

nymphs were counted on day 10.

6.3 Results

6.3.1 Ameletus growth bioassay

Exposure to effluent had a significant effect on mortality and growth of A.
subnotatus nymphs. Mortality was significantly higher in the effluent treatment
(Kruskal Wallis, H=4.49, DF=1, p=0.034) averaging 53.4% in the controls and
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83.3% in 1% BKME. Even though mortality was greatest in the effluent
treatment, growth was also increased; the thorax length of animals exposed to
1% BKME was significantly larger (1.2mm + 0.06) than that of control animals
(0.9mm #+ 0.03) (t-test, T=-4.30, DF= 8, p=0.0027).

Baetis growth bioassay

During the experiment, total length of nymphs increased from an average
of 2.12 mm (s=0.349, n=14) to an average (+SE) of 3.68 (+0.13), 4.17 (£0.10)
and 4.37 (+0.11) mm in control, 1, and 7% treatments respectively. Growth of
Baetis increased with exposure to BKME; there was a significant treatment
effect on total length (ANOVA, F£,,,=9.27, p<0.001), and dry weight (ANOVA,
F4,=9.26, p<0.001) (Fig. 6.1). Dry weight had to be transformed to it's
reciprocal to correct for a non-normal error distribution. Baelis exposed to 1
and 7% effluent were larger and heavier than control insects, and there was no
difference between the 2 effluent concentrations (Fisher's protected LSD..qps
TL= 0.33, 1/Wt =1.92). There was a significant treatment effect on nymph
mortality (ANOVA £, ,=3.24, p=0.049, Fisher's protected LSDg.0s=2.43, Fig.
6.2) with significantly fewer live Baetis recovered from 7% BKME streams.
There was no effect of treatment on the dry weight of adult males (ANOVA £, ,,=
0.12, p=0.891), or fecundity (ANOVA F,,=1.84, p=0.213) (Fig. 6.3). Dry weight
of females could not be accurately determined after the dissection necessary to
remove and count eggs. The lack of effect on fecundity should be interpreted

with caution as female Baelfis were recovered from only 3 of the control streams.

6.3.2 Baetis Early Life Stage Test

There was a significant treatment effect on the number of eggs hatched,
due largely to a decrease in hatching success at 5% BKME (ANOVA F;.=7.06,
p<0.001, Fig 6.4). There was also a significant treatment effect on nymph
mortality (ANOVA F;35=15.41, p<0.001), with mortality >50% in BKME

concentrations over 1% (Fig. 6.4).
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Figure 6.1. Dry weight of Baetis tricaudatus nymphs after exposure to 0, 1, and
7% BKME in food and water for 11 days. Means with common letters are not
significantly different based upon a Fisher's Protected LSD (a=0.05) of 1.92 for
the reciprocal of weight.
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Figure 6.2. Number (+SE) of B. tricaudatus surviving to the end of an 11 d
exposure to 0, 1, and 7% BKME. Means with a common letter are not
significantly different based on Fisher's Protected LSD(a=0.05)=2.43.
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Figure 6.3. (A) Mean (+SE) number of eggs per female, and (B) mean (+SE)
adult male dry weight of Baetis tricaudatus exposed to 0, 1, and 7% BKME for
11 days.
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Figure 6.4. (A) Hatching success and (B) nymph mortality of Baetis
tricaudatus exposedto 0, 1, 5, 10, 15, 20, and 50% BKME throughout
embryonic development.

144




6.4 Discussion

Chronic exposure of both species of mayflies to bleached kraft mill
effluent resulted in increased growth, but also increased mortality of Amelefus
subnotatus at 1% and Baelis tricaudatus at 7%. Increased size in response to
pulp mill effluent has been reported for Baelis tricaudatus by Lowell et al.
(1995a), for Ameletus subnotatus (Podemski and Culp 1996, Chapter 3), and
for chironomids by Dubé and Culp (1996, 1997). In this study, the effluent is a
combination of pulp mill and municipal wastes, and Himbeault (1995) reported
that Baelis tricaudatus size increased in response to exposure to municipal
effluent.

Pulp mill effluent is a complex mixture, and mechanisms responsible for
the observed growth response are not obvious. In field studies, exposure to
pulp mill effluent can increase size and/or density of grazing invertebrates (Hall
et al. 1991, Dubé et al. 1997), and this response is typically attributed to
increased algal or detrital food resources resulting from nutrients and
particulate matter in the effluent. For the single species bioassay mentioned,
food was not limited, thus, increased food availability cannot be solely
responsible. Alternate explanations include hormesis (Lowell et al. 1995a,
Himbeault 1995), an increase in feeding rates caused by some unidentified
compound(s) in the effluent (Lowell et al. 1995a, Himbeault 1995, Dubé and
Culp 1996), a change in food quality (Lowell et al. 1995a, Dubé and Culp
1996,1997), or the presence of phytochemicals with insect hormonal activity
(Lowell et al. 1995a, Dubé and Culp 1996,1997). Hormesis, a biphasic dose-
response with stimulation at low and inhibition at high concentrations (Southam
and Erlich 1943, Calabrese et al. 1987), cannot be ruled out, and stimulation at
low concentrations (typically at 6.5 and 12.5%) has occurred in chronic
Ceriodaphnia assays of pulp mill effluent (Hatfield Consultants Ltd. 1996a,b;
Environment Canada 1997). While increased feeding can occur in fish exposed
to pulp mill effluent (McLeay and Brown 1979), it is not likely to be responsible

for the observed effects on mayflies, as feeding assays demonstrated a
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decrease in consumption by Ameletus subnotatus exposed to effluent in food
and water (Chapter 5).

The most likely explanation for increased growth is that bleached kraft
mill effluent enhances the quality of food available for these insects.
Preferential feeding by Ameletus on diatom mats cultured in effluent (Chapter 5)
supports the idea that food quality is improved by exposure to effluent. This
change in quality may be the result of effiluent-related biochemical changes in
algal composition; a change in the lipid, carbohydrate, or lipid content of algae
is @ common response to toxicant or nutrient stress (Soto et al. 1977; Piorreck
et al. 1984; Ben Amotz et al. 1985; Sicko-Goad et al. 1989a,b; Thompson and
Couture 1991). Navicula cultured in effluent exhibited a small but significant
increase in lipid content in response to effluent (Chapter 4). Addition of effluent
also increased the microbial population of the cultured diatom mat that was fed
to mayflies in this study (Chapter 4). Effluent has been reported to increase
microbial production in riverine periphyton (Mohammed 1997). Pulp mill
effluent contains particulate matter including cellular fragments, protozoa, algae
and bacteria (Zanella et al. 1978, NCASI 1978), and Dubé and Culp (1996,
1997) hypothesized that this particulate matter might represent a high quality,
leading to increased growth rates of chironomids. Bacteria and particulate
organic matter may represent a high quality, more easily digestible food source
for insects, like Baetis and Ameletus, that feed on detritus in addition to diatoms
(Muttkowski and Smith 1929, Moore and Love 1977, Gray and Ward 1979,
Ciborowski and Clifford 1983, Matthews and Tarter 1989, Rader and Ward
1989, Mihuc and Minshall 1995). Sivaramakrishan and Venkataraman (1987)
reported that two Baelis species had higher growth rates on a detrital diet than
when fed algae. Bacteria may be an even more important food source for
mayflies fed laboratory-cultured diatoms because mayflies rely on small sand
grains ingested normally with their food to aid in the mechanical damage of
diatom frustules necessary for digestion (Arens 1989).

While exposure to effluent increased mayfly size, toxicity was also

observed, with increased mortality at 1% in Ameletus subnotatus and at 7% in
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Baetis tricaudatus (5% for first instars). Toxicity at 5-7% agrees with the
observations of Dubé and Culp (1996,1997) who reported decreased growth in
chironomids at concentrations >5%. Lowell et al. (1995a) did not report any
evidence of toxicity at effluent concentrations as high as 10%, however, in that
study, Baetis were fed algae that had not been pre-exposed to effluent and
therefore would have had less exposure to contaminants in their diet. Exposure
to contaminants in food in addition to a water-exposure can significantly
increase mortality in daphnids (Kungolos and Ayoama 1993). The effluents
used in Lowell et al. (1995a) and this study were also from different sources
and, thus, may differ in toxicity. Dubé and Culp (1996, 1997), while reporting
toxicity effects in the form of decreased growth of chironomids, did not,
however, report increased mortality.

Simultaneous observation of increased mortality and increased growth is
unexpected because a reduction in growth would typically precede mortality
along a toxicity or stress gradient. There was no evidence of an energetic cost
associated with effluent exposure in terms of growth of nymphs, adult size, or
fecundity of Baetis tricaudatus. While the small sample size demands that
these results be interpreted with caution, trends suggest that mayflies allocate
little energy to defensive mechanisms. Sibley and Calow (1989) predicted that
animals subjected to naturally high mortality rates should exhibit short life-
cycles and invest little in defense. Estimated mortality rates (i.e., mortality
before reproduction) in unimpacted populations of mayflies are high, ranging
from 91-99.9% (Werneke and Zwick 1992, Clifford and Boerger 1974).

There were differences in the sensitivity of mayflies to BKME, both
between species and between different life stages of a single species. The
reduced geographic range of Amelefus compared to Baetis (Edmunds et al.
1976, Edmunds and Waitz 1978, Zloty 1996) suggests it has a narrower range
of environmental tolerances, thus greater sensitivity to chemical stressors is not
unexpected. Baetis has been reported to be less sensitive than other mayflies
to coal-ash (Scullion and Edwards 1980). Sensitivity to BKME was age-
dependent; egg hatching was not affected by effluent concentrations as high as
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50%, while first instar nymphs were more susceptible than older nymphs,
showing high mortality at concentrations above 1%. The developing embryo is
well protected from the outside environment by the chorion, and hatching
success may be unaffected by quite high concentrations of toxicants (Sweeny et
al. 1993). Conversely, young mayfly nymphs tend to be more sensitive to
chemical stress than older nymphs (Fiance 1978, Allard and Moreau 1987,
Diamond et al. 1992); increased sensitivity of young individuals is a well
recognized phenomena in toxicology (Rand et al. 1995, McKim 1995, Green et
al. 1986). A concentrated hatching period at days 9-11 with many unhatched
eggs remaining is typical for baetids (Elliot 1972, Benech and Vignes 1972).
Had the bioassay been allowed to continue it is likely that further hatching
would have occurred; typically baetid egg masses show a brief period of
hatching followed by delayed, sporadic hatching occurring over several months
(Elliot 1972).

The poor performance of control mayflies in this study indicates that the
use of Baelis for chronic toxicology testing requires further development. In
aquatic toxicology, high mortality in controls is believed to indicate that the test
animals were in suboptimal condition, which can result in increased
susceptibility to toxicants. Poor control performance may suggest that the
toxicity of pulp mill effluent was overestimated in this study. However, high
mortality is not uncommon in natural populations (Werneke and Zwick 1992,
Clifford and Boerger 1974) or laboratory experiments with mayflies. For
example, Brittain (1976) reported 90% mortality in laboratory-reared
Leptophlebia vespertinag, Clifford et al. (1979) estimated a daily mortality rate of
2.5% in Leptophlebia cupid Sweeney et al. (1986) reported 50-97% mortality in
Leptophlebia intermedia, and Gerhadt (1990) had control mortalities ranging
from 20% for Leptophlebia marginata, to 65% in Baetis rhodani. One possible
explanation for the poor performance of controls is that the diet, a monoculture
of the pennate diatom Navicula, did not provide sufficient nutrition. Although
diatoms are reported to be a high quality food source for grazing insects
(Anderson and Cummins 1979, Sweeney and Vannote 1984), these insects

148



would not naturally feed on a single-species diet. Single-species diets produce
daphnids that are more sensitive to toxicants than those produced on muiti-
species diets (Cowgill et al. 1987, Knight and Waller 1992), and some unialgal
diets have proved unacceptable for rearing copepods (Hart and Santer 1994).
The diet of a test species is recognized as an important modifying factor in
toxicity testing (Dixon and Hilton 1985, Cowgill 1987, Hickie and Dixon 1987,
Dahigren 1988, Hickie 1989, Hickie et al. 1989, Farkas et al. 1996), and the
smaller size and high mortality in controls seen in this study agree with the
characteristics of mayflies raised on inadequate diets (Larsen 1978, Sweeney
et al. 1986, Sdéderstréom 1991). Studies that have not reported high mortality
(e.g. Scrimgeour 1992, Sweeney et al. 1993, Lowell et al. 1995a) provided a
natural assemblage of periphytic organisms as food. As a defined diet is more
preferable for organisms used for toxicity testing, this is an area that will require
further research.

Biologically-treated pulp mill effluent can have stimulatory or inhibitory
influences on aquatic communities, with the balance between these influences
shifting as effluent concentration increases. At low concentrations of
biologically-treated kraft miil effluent (i.e., <5%) the dominant effect of effluent is
enhanced growth. Nutrient enrichment by effluent and the resultant increase in
primary production cannot be entirely responsible for stimulation at higher
trophic levels, as enhancement has been observed in grazing insects in food-
unlimited situations in this study and that of Lowell et al. (1995a). The most
likely explanation, one that is supported by feeding experiments (Chapter 5), is
that effluent exposure increases the quality of food available for these insects.
However, hormesis or the presence of phytochemicals with insect hormonal
activity may also play a role. As effluent concentrations increase to 5% and
above, contaminant effects appear in the form of decreased growth (Dubé and
Culp 1996, 1997) or increased mortality (this study). Young mayflies and some
species, e.g. Ameletus subnotatus, may be more sensitive to effluent than
others. At concentrations between 5 and 10%, animals were larger than control

animals, but were in poorer condition than animals exposed to 1% effluent. It
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appears that in this concentration range, the balance of stimulatory and
inhibitory effects of effluent begins to shift towards inhibition. However, aside
from restricted areas within the mixing zone, effluent concentrations in the
receiving waters of Canadian pulp mills are generally below 5%, suggesting that
these discharges are unlikely to have deleterious effects on aquatic
communities.

The use of stream organisms for effluent toxicity testing is an area
requiring further research. The test organisms normally used to monitor effluent
toxicity of the mill in this study are the cladoceran Ceriodaphnia dubia, the
green alga Selenastrum capricornuturn, and the fathead minnow (FPimephales
promelas). None of these organisms are indigenous to the Athabasca river
headwaters. Chronic toxicity tests from 1993-1995 using these organisms have
generated estimates of the LOEC (lowest observed concentration that causes
an effect) ranging from 80-100% BKME for Ceriodaphnia mortality, 40-100% for
Ceriodaphnia reproduction, 100% for growth and mortality of fathead minnows,
and 12.5-100% for Sefenastrum growth (Golder Associates 1996). It is
apparent that these tests may not adequately protect water quality for
indigenous species of mayflies. McKinney and Wade (1996) reported that
Anodonta imbecilis was more sensitive to pulp and paper mill effluents than
Ceriodaphnia dubia, and that reliance on the Ceriodaphnia 7d chronic test
would be unlikely to protect an already threatened native mussel fauna.
Buikema and Voshell (1993) suggested that development of toxicity tests using
insects, particularly mayflies and stoneflies, should be a priority to improve our
ability to protect the aquatic environment. Baetid mayflies may be an ideal
group to focus on, as these insects are sensitive to toxicants (Oseid and Smith
1974, Mayer and Ellersieck 1986), they develop quickly compared to many
aquatic insects (Jackson and Sweeney 1995), and perhaps most importantly,
are one of the few mayfly genera found in the rivers and lakes of northern
Canada (Lehmkuhl 1973, Edmunds et al. 1976), where increasing industrial

natural resource exploitation may threaten the quality of aquatic ecosystems.
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Chapter 7

Synthesis and New Horizons

7.1 Introduction

My research focused on disentangling the influence of nutrients and
contaminants in a bleached kraft pulp mill effiuent (BKME) and determining
which of these components contributed most to the impact of this effluent
discharge on benthic producers and consumers of the upper Athabasca River at
Hinton, Alberta. Enrichment effects of pulp mill effluent have, until recently,
been largely overlooked in the pursuit of measures of toxicity. However,
nutrient addition can have significant and far-reaching influences on an
ecosystem, and should not be ignored simply because responses may be
stimulatory rather than inhibitory. Effects of BKME on benthic insects and
periphyton of the study river were assessed by using an integrated approach
which linked a field experiment, field observations, and behavioral and chronic
laboratory bioassays. This approach produced a more complete understanding
of the effects of pulp mill effluent on benthic biota than has been gained by
more traditional means. Conclusions of this research have been dealt with in
the preceding chapters, therefore the following discussion summarizes the
various studies and places them in the perspective of what might occur in the

Athabasca River.

7.2  Effects of BKME on Benthic Primary Producers

Primary producers showed growth stimulation in response to effluent
additions in field and laboratory experiments. This conclusion is, of course,
restricted to the effluent concentrations tested as growth inhibition, either
through toxicity or colour-related light reduction, could occur at higher
concentrations. In the field experiment, periphyton biomass responded quickly
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to a 1% effluent treatment, achieving substantially greater biomass than
controls by the end of the 28 d experiment. This result was clearly due to
nutrient enrichment by the effluent, as the responses of the effluent and nutrient
treatments were remarkably similar. In contrast, effluent-stimulation of Navicula
growth in the laboratory was not likely to have been a nutrient response. The
culture media used and the frequency of renewal would have made nutrient
limitation highly unlikely. Possible explanations for this laboratory observation
include the presence in effluent of unidentified micronutrients, algal utilization of
dissolved organic carbon, and stimulation by low levels of toxicants in the
effluent. Laboratories conducting toxicity testing with algae may add nutrients
to test media in an attempt to remove “interference” by nutrients. My results
suggest that, at least for some algae, nitrogen and phosphorus in effluent may
not be solely responsible for increased growth.

Diatom community composition is extensively used as an indicator of
water quality, and my research demonstrates that it responds to exposure to
pulp mill effluent. Exposure to effluents reduced species richness of diatoms
and the relative abundance of a few, numerically dominant species changed.
Specifically, the relative abundance of Achnanthes minutissima decreased
while that of Diatoma ftenuis, Fragilaria vaucheriae, and Cymbella siliesiaca
increased in response to BKME-exposure. Nutrient additions caused similar
changes in community composition, confirming that nutrients in the effluent
were responsible for observed changes. Changes in community composition in
the artificial stream study resembled differences between communities in the
Athabasca, upstream and downstream of the discharge. Periphyton community
composition also showed similar changes when exposed to pulp mill effluent in
an artificial stream experiment on the Fraser River (Cash and Culp 1996).
Thus, it appears that diatom community composition would be a valuable and
inexpensive addition to biomonitoring programs in these rivers. Results of the
present studies can also offer guidance for future studies of diatom response to
BKME. First, results suggest that artificial stream experiments should be at

least 6 wk. in duration. Some differences were noted in the response of diatom
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community composition in the artificial stream experiment and the Athabasca
River. Diatorna tenuis became numerically dominant in treatment streams, but
was the dominant species only at the downstream site with the least exposure
to effluent, and Fragilaria vaucheriae exhibited less of a response to effluent in
the artificial streams than in the river. | hypothesize that these differences
occurred because 28 d was insufficient for communities in the artificial streams
to reach equilibrium. This conclusion was reached because, when the duration
of the experiment was increased from 28 to 42 days, these differences did not
occur (Podemski and Culp unpublished data). Second, artificial substrates,
while beneficial for obtaining reliable data for biomass measures, may not be as
useful for examining community responses. In a second artificial stream
experiment at the same location, a change in diatom community composition
was not observed in response to nutrient additions (Chambers 1996). That
study used artificial substrates rather than a transplanted periphytic community.
Similarly, in a second, 42 d run of my artificial stream experiment, BKME-
induced community composition shifts observed on natural substrates (i.e.,
rocks) did not occur on artificial substrates (Podemski and Culp unpublished
data). Thus, it appears that short-term colonization processes override BKME
effects on tiles, while responses of transplanted periphyton appear to be the
result of shifts in relative abundance of established taxa.

The key ecological effect of BKME-induced increases in primary
production has been assumed to be more abundant food for higher trophic
levels (Dubé et al. 1997). However, this research indicates that an additional
complication may be a change in food quality. While looking for feeding-
deterrent activity of effluent, an unexpected finding was the discovery that the
mayfly Ameletus subnotatus showed a consistent preference for feeding on
diatoms cultured in bleached kraft mill effluent. This result, combined with
results of other feeding trials and analysis of the chemical composition of the
diatoms, suggested that exposure to effluent increased lipid and bacterial
content and, thus, quality of the algae as food for mayflies. Increased food
quality may explain observations of increased growth in situations where
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insects were exposed to effluent in food unlimited conditions (this research,
Lowell et a/. 1995). A change in periphyton macromolecule content has been
observed in response to sewage or industrial effluents (Himbeault 1995,
Guckert 1992), but has yet to be measured at a pulp mill. Mill effluent also
contains particulate material that may represent high-quality food for collector-
gatherers (NCASI 1978, Zanella 1978, Dubé et al. 1996,1997). In the field,
altered community composition may also have increased food quality as larger,
erect or filamentous (more easily grazed) diatoms became more abundant.
Although an increase in “edibility” occurred in the Athabasca River, this would
not be the case for all receiving environments because eutrophication can
increase the relative abundance of inedible blue-green aigae (Wetzel 1983,
Elwood et al. 1981, Fairchild et al. 1985).

A potentially useful applied observation from this research was the
strong relationship between strontium concentration of diatoms cultured in
effluent and concentration of effluent to which the algae was exposed. The kraft
process concentrates by 25-200 x, elements from groups 1 and 2 of the periodic
table that are contained in the process water and wood (Ravila and Holm 1994).
Of the elements that showed a relationship with effluent concentration (Fe, Co,
Ba, Sr), the predictive relationship was strongest for strontium. Within the
Environmental Effects Monitoring program for pulp mills, the concentration of
resin acids (typically dehydroabietic) is used as a marker of effluent exposure.
However, resins acids are not present in effluents from mills pulping hardwoods,
and in many softwood effluents, resin acids are in such low concentrations after
secondary treatment that they are not detectable in the receiving environment
and, thus, are poor markers. The relationship between effluent concentration
and strontium concentration (or other elements in groups 1 or 2) should be

assessed to determine if a predictive relationship exists in the field.

162



7.3 Effects of BKME on Benthic Consumers

Effects of low concentrations (1-7%) of BKME on benthic insects was
largely stimulatory. In the artificial stream experiment, an increase in the
abundance of insects and faster growth of certain taxa occurred in streams
receiving effluent (1%) additions. The response was not different from that
which occurred in streams receiving a comparable nutrient addition, leading to
the conclusion that the predominant effect of effluent was that of nutrient
enrichment. In contrast to Lowell et al. (1995), there was no evidence of
stimulation by effluent beyond that achieved by increasing food availability (i.e.,
nutrient enrichment). The reason may lie in the differences in the test systems
used (single species versus mesocosm) because, in single species tests in
streams similar to that used by Lowell et al. (1995), growth stimulation by BKME
was observed in food-unlimited situations. Alternatively, the difference may lie
in the effluents used; in 2 of 4 chronic Ceriodaphnia tests conducted as part of
cycle 1 of the EEM program, a 12.5% dilution of effluent from the mill used in
the Lowell ef a/. (1995) study, showed 60 and 100% stimulation of reproduction
(Hatfield Consultants Ltd. 1996). No such response was observed in the
chronic Ceriodaphnia tests conducted with Weldwood effluent (Golder
Associates Ltd. 1996). Changes in community composition of benthic insects,
although relatively minor, were again similar between nutrient and effluent
treatments, and resembled changes that occurred in the river downstream of
the mill outfall, supporting a conclusion of nutrient enrichment.

In laboratory bioassays, increased growth was observed in 2 species of
mayflies exposed to BKME, even though food limitation did not occur. This
result further supports the hypothesis that food quality of diatoms was improved
by exposure to BKME. However, effluent also increased mortality of mayflies at
concentrations where growth was still greater than that of controls. Mortality
occurred at 7% BKME in mid-late instar Baetis tricaudatus, and at 1% BKME for
Ameletus subnotatus. Lowell et al. (1995) did not observe any signs of toxicity
at concentrations up to 10%, however, they did not pre-expose food algae to
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effluent, and thus mayflies would have had less exposure to contaminants than
in this study. Although mortality of Amelefus at 1% BKME was not evident in
the field experiment, the duration of the laboratory experiment was >3 x that of
the field experiment, and almost all mortality in the laboratory bioassay occurred
in the last month. In what was, to my knowledge, the first use of in vitro
fertilized mayfly eggs in a toxicity test, high mortality of first instar Baefis
tricaudatus was observed at concentrations above 1%. Increased sensitivity of
early life stages is well known (e.g., Powlesland and George 1686, Mayer and
Ellersieck 1986), however, whether this mortality occurs in the Athabasca or
whether this increased mortality would have a significant effect on population
dynamics is not clear. Petersen and Petersen (1988) suggested that toxicant-
induced mortality of early life stages Kills individuals that would have normally
been removed by density-dependent mortality. In addition, the impact at the
population level of increased mortality is not known; Kammenga et al. (1996)
demonstrated that a change in time to first reproduction in an aquatic nematode
had a greater effect on fitness (as measured by the intrinsic rate of population
increase) than increased mortality. In aquatic insects such as mayflies,
alterations in generation times may have significant consequences at the
population level if those changes reduce emergence synchrony (and, thus,
difficulty finding mates), or result in emergence during seasons that are not
conducive to survival in the aerial environment. The impact of changes in
growth rates, mortality rates and fecundity on population parameters of riverine
insects is clearly an area that requires further research, as is the identification
of the effect of chemical stressors on these parameters. An additional, related
area requiring attention is the thermal effects of pulp mill effluent on riverine
biota. Effluents are generally 20-35°C when released, and may be released in
sufficient volume to affect water temperatures (see Chapter 2). Small increases
in water temperature can result in earlier emergence and increased separation
of male and female emergence times (Nebeker 1971), and this particular aspect

of effluent impacis has yet to be addressed.
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Figure 7.1 depicts effects that occur along a concentration gradient of
Weldwood effluent. The median SRP concentration in effluent during the 1993
experiment was 263 ug/L, and the median in-river SRP concentration upstream
of the outfall was 1 pg/L. Using these data, SRP loadings from effluent can
therefore increase in-river SRP by a high of 8 pg/L when the in-river effluent
concentration is 3%, to lows of 0.4 ug/L during high flows. Cellular growth rate
of algae in the Athabasca River saturates at SRP 2-5 ug/L (approximately 2%
BKME) and peak biomass is achieved at 14 ug/L (5% BKME) (Dale and
Chambers 1995). No further stimulation of periphyton biomass will occur if
effluent concentration increases beyond 5%, although increased colour and
toxicity may eventually occur as effluent concentrations increase. Note too, that
in winter, algal growth is limited by cold temperatures and poor light
penetration, while in the summer algal biomass is limited by the scouring effect
of high water flows (Chambers 1996). Thus, effluent-stimulation of periphyton
biomass is likely limited to the fall (September through November) and in
periods of low flow in spring.

At low concentrations of effluent, increased food availability results in
increased abundance and size of some invertebrates (Fig. 7.1). This
enrichment effect is carried upwards through the food web; Gibbons et al.
(1996) reported increased size and condition of an insectivorous fish
(spoonhead sculpin) in the Athabasca downstream of the effluent discharge. At
1%, increased mortality begins to occur in young mayflies (this study), above
5% chronic growth effects begin to occur in chironomids (Dubé and Culp 1996,
1997) and at 7%, mortality of older baetid mayflies increases. Note, however,
that at all of these concentrations, animals exposed to BKME still grow faster
than controls. It is not known at what specific effluent concentrations the growth
of these insects would be reduced with respect to controls. Lack of a growth
effect while exhibiting increased mortality may indicate that mayflies do not
allocate substantial energetic resources to defense and, thus, growth or
reproductive effects will not occur. However, the effect, or lack thereof, of

BKME-exposure on mayfly fecundity has not yet been convincingly

165



"usipelb Jusniye [iw dind ey payoes|q e Buoje sejeigeuau) pue si1eanpoid Arewnd uo sjoaye [eolbojoo] L 2 ainbig

sydwAu 18pjo jo Aepow

(ainsodxa 2|u01yd) paseaIoul ‘safhew
gjuydepoyen JO uojRINWHS YIMOLB sydwAu BunoA
%001 e jo Ayjepow uoponposdel jo Ayjepow pasealou
Ayoixo) \ giuydepoled ‘sa|jhew jo
8)noe ou 10 uolaIyu uoleInW)S Yimolb

yimoib ajel yimolb
wnJseus|es paA8|yoR SSBWOIq 18jn)|8d Jo
JO uoIqIyu aA)IBj3) WnwiXew uolje|NWIIS WNUXew

166



demonstrated. In chronic toxicity tests, inhibitory effects in Ceriodaphnia and
Selenastrum appear at effluent concentrations of 65-87%, and no acute toxicity
of this effluent to Daphnia magna or fathead minnows (Pimephales promelas)
has been detected. Given that effluent concentrations (at complete mix) in the
river range from well below 1% to 3%, it is unlikely that inhibitory effects of this
effluent occur in receiving waters. These conclusions are limited to periphyton
and benthic grazing insects, as biomagnification of contaminants may affect

higher trophic levels.

7.4 New Horizons for Riverine Ecotoxicology

My research utilized several novel approaches to assess the effects of
BKME on benthic organisms. The artificial stream system developed for this
work is a significant addition to the tools available for impact assessment in
river systems. Impact assessment through field sampling is often confounded
by other discharges or downstream changes in the physicochemical
environment. High variability and the inability to apply treatments to true
replicates results in the collection of observations that cannot definitively
identify the effects of a discharge. Through an experiment in the artificial
stream system and concurrent field sampling, effects of effluent discharge were
identified and it was shown that these effects were largely attributable to
nutrients in the effluent. These accomplishments would not have been possible
without the use of the artificial stream system. A mobile version of this system
has since been used to assess pulp mill effluent effects on the Fraser River,
B.C. (Cash and Culp 1995), and is currently being considered as a technique
for the Environmental Effects Monitoring program for pulp mills (Dubé et al.
1997).

Several non-standard bioassays were conducted that may be useful
approaches in ecotoxicology. Behavioral bioassays are more sensitive and
produce results more quickly than chronic bioassays (Jones et al. 1991), and in
the present work, they provided insight into the mechanisms through which

effluent effects occur. The use of indigenous organisms rather than standard
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bioassay organisms, and preexposure of food algae to toxicants are both
methods through which the realism and, thus, accuracy of bioassays may be
improved. When the intention of a bioassay is to predict field effects, rather
than to simply measure or compare the potential toxicity of different effluents,
priority should be placed on improving the realism, not precision, of such
bioassays. Standard chronic bicassays currently used to monitor toxicity of
effluents from Canadian pulp mills do not include food as an exposure route,
nor do they use riverine species such as mayflies or stoneflies, which are
sensitive to poor water quality. Chronic effects in Ceriodaphnia, Selenastrum
and Pimephales promelas occurred at effluent concentrations ranging from 66%
to >100% (Fig. 7.1), while chronic effects occurred in mayflies at lower
concentrations. The development of a bioassay using an organism such as
baetid mayflies would improve our ability to protect aquatic resources. These
animals can be reared to emergence in the laboratory (this study, Scrimgeour
1992) and in vitro fertilization of eggs is possible. Thus, laboratory culturing,
which is the first step in the development of a bioassay protocol, seems
feasible. Alternatively, side-by-side testing of surrogate and indigenous species
could be done to “calibrate” toxicity tests and improve our ability to set
regulatory guidelines that protect the environment.

Finally, an integrated approach was used to provide weight-of-evidence,
and a better understanding of effluent effects. Integrative monitoring involves
the use of several measures, typically chemical analysis, experimental results
and field observation, to assess an impact (Chapman 1995, 1996). More
information emerges from this linking of components than simply the sum of the
various individual components. Integrated studies may be particularly valuable
for assessing less severe impacts (Clements and Kiffney 1994). The
mesocosm experiment generated definitive cause-effect data, and linking this
experiment with field observations allowed me to assign causality for
downstream changes in the river to the effluent discharge. Behavioral
bioassays and algal culturing helped to identify the cause of mayfly growth-

stimulation by effluent, a phenomena observed in both field and laboratory.
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Use of realistic laboratory bioassays, i.e., using relevant species exposed
through both water and food supply, allowed the determination that BKME
concentrations causing chronic effects in these species were lower than the
lowest concentrations identified by regulatory testing. Overall, the combination
of the varied approaches has provided a new understanding of the effects of
BKME discharge on the benthic community of this and perhaps other, northern

rivers.
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Appendix 1

Ai1. Pulp Mills, Pulp Mill Effluent, and Methods for Assessing the Impacts of
this Industry on the Aquatic Environment.

The purpose of this Appendix is to provide background information for
readers not familiar with pulp mills, effluent composition, and/or methods for
assessing the impacts of effluent discharge. The chapter is organized into 4
sections, each of which may be read independently of the others. Section A1.1
briefly describes the various methods that are used to assess the environmental
effects of pulp mill effluents. Section A1.2 provides a brief literature review of
effluent effects in the freshwater environment. Section A1.3 describes the
workings of a pulp mill and identifies process contributors to the effluent stream;
this knowledge is fundamental to an appreciation of effluent composition and
variability. The final section (A1.4) discusses effluent composition and, briefly,

the environmental fate and effects of selected effluent components.

A1.1 Current techniques for Assessing the Environmental Effects of Pulping
Effluents

A variety of methods have been used to predict or assess the effects of pulp
mill effluent on the aquatic environment. The most commonly employed
methods are chemical evaluation of effluents, single-species toxicity testing,
and field surveys of fish and/or invertebrate communities in the receiving
environment. Each method produces a different type of information, and has

advantages and disadvantages particular to it.

A1.1.1Chemical analysis of effluents

Analysis of effluent composition is largely done as part of the regulatory
process. In Canada, mill licenses are generally under the jurisdiction of
provincial governments, and therefore monitoring requirements may vary from
province to province. Mill effluents may be monitored for a variety of
parameters including biological oxygen demand (BOD), chemical oxygen
demand (COD), quantities of suspended solids, forms of nitrogen and
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phosphorus, pH, some metals, chlorinated phenolics, resin and fatty acids,
polycyclic aromatic hydrocarbons (PAHs), and polychlorinated dioxins and
furans (PCDD and PCDF). The frequency of measurement varies from weekly
to yearly, depending upon the parameter and the mill. A knowledge of effluent
composition is of limited use for predicting environmental effects because: (1)
this method relies upon knowiedge of the environmental effects of various
compounds, which does not exist for many effluent components; (2) most
chemical analyses measure only a target suite of compounds rather than
providing a complete analysis of the effluent, thus, the effects of unidentified
compounds cannot be considered; and (3) it is very difficult to predict the
toxicity of mixtures of toxicants without knowledge of the modes of action and
interactions between the various compounds (Suter 1993). This is knowledge

that at the current time we simply do not have.

A1.1.2Laboratory bicassays

The standard bioassays used to assess toxicity of effluents from Canadian
mills include acute bioassays using rainbow trout (Oncorhynchus mykiss) and
the cladoceran Daphnia magna; and chronic bioassays using the green alga
Selenastrum capricornutum, fathead minnows (Pimephales promelas), and
Ceriodaphnia dubia. In Alberta, mills are required to conduct acute trout
bioassays monthly, acute Daphnia bioassays weekly, and to sample benthic
communities in receiving environments at varying intervals (SENTAR
Consultants Ltd. 1997). The use of chronic tests has recently been added as a
part of the new federal Environmental Effects Monitoring program (Environment
Canada 1992), and is required quarterly in 1 of every 3 years.

Single-species toxicity testing has the advantage of providing quick, cost-
effective results that are reproducible and, because bioassays are done using
standardized methods and species, the results are comparable between mills
and other toxicants (Kimball and Levin 1985). There are, however, significant

drawbacks to single-species toxicity testing. While the strictly standardized and
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controlled conditions reduce variability, an additional consequence is that these
tests take place under biotic and abiotic conditions that are far removed from
field conditions. Laboratory bioassays fail to include toxicant effects on inter-
and intraspecific interactions, and do not assess toxicant effects under ambient
physicochemical conditions, resulting in some question as to the relevance of
results. In many cases the test species used for bioassays do not occur in the
receiving waters. It is assumed that these surrogate species are more
sensitive, and, thus, no observable effect concentrations (NOEC) generated
from laboratory bioassays will protect the natural community. However, species
used for toxicity testing are chosen not only for their believed sensitivity, but
largely for their amenability to lab rearing (Cairns et al. 1992). Clearly, the
requirement to be lab cultured will rule out more sensitive species. Thus,
standard bioassay organisms may underestimate toxicity and as a result fail to
protect more sensitive species in the receiving environment (LaPoint et al.
1996). For example, McKinney and Wade (1996) reported that the NOEC for
Anodonta imbecilis exposed to a pulp and paper mill effluent averaged 38.36%
of the NOEC calculated from 7d Ceriodaphnia bioassays. The appropriateness
of surrogate species is particularly a concern for riverine environments, as there
is currently no standard test protocol using an organism typical of flowing water.
These shortcomings give rise to the biggest criticism of single-species toxicity
testing - that it does not and cannot accurately predict real-world effects (Crow
and Taub 1979, Kimball and Levin 1985, Cairns 1983).

A1.1.3Field surveys

Surveying of receiving environments to detect effluent effects is a part of
routine monitoring programs; this is also the most common experimental design
in published studies of effluent effects on benthic invertebrates. Types of data
collected inciude concentrations of specific compounds in water, sediment,
and/or tissues; fish abundance and community composition; various

measurements of fish age, size or condition; biomarkers such mixed function
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oxygenases; invertebrate community structure and biomass; and algal biomass
measured either as chlorophyll a or ash free dry mass. Field surveys generally
take more time to complete and are more expensive than laboratory bioassays.
The data collected are more realistic than laboratory bioassays, but at the same
time tend to suffer from high variance due to the spatial and temporal variability
typically encountered in field situations, making detection of effects less likely.
Field surveys also tend to suffer from pseudoreplication, which makes
inferential hypothesis testing impossible without use of complex experimental
designs such as BACI (Green 1979, Stewart-Oaten et al. 1986, Stewart-Oaten

et al. 1992) which are limited to situations in which some preimpact data exist.

A1.1.4Field experiments and mesocosms

A third approach to assessing effluent effects is the use of in situ
experiments, and microcosms/mesocosms. These methods provide an
intermediary between the high precision-low realism of single-species
bioassays, and the realistic but highly variable data from field surveys.
Experimental investigations can cover a broad range of complexity, from large
artificial stream channels (e.g., NCASI's experimental stream system, Hall et al.
1991) to smaller systems containing simplified food webs, food chains, or single
species (e.g., caged fish or mussel studies). A wide range of responses can be
measured, including variables normally measured in both lab bioassays and
field surveys. An experimental approach allows for the collection of data that
are not compromised by pseudoreplication, and allows for some control of
confounding variables. The degree of precision and realism obtained in these
investigations will depend upon the complexity of the system, the degree of
control over environmental conditions, and the number of replicates.
Experimental investigations still tend to be restricted to basic research rather
than monitoring or impact assessment, as they are perceived to be prohibitively

expensive and/or too complex for routine monitoring.
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A1.1.5Integrated approaches to impact assessment

Single-species toxicity testing, chemical analysis of effluents, field surveys,
and experimental investigations all provide useful data, yet each approach has
it’s limitations and shortcomings, and none in isolation will completely reveal the
effects of an effluent discharge. More recently, it has been suggested that the
strongest evidence for effluent-related effects could be obtained through the
use of an integrated approach (Hall and Miner 1997). Hall (1996) has applied
the term “integrated” to studies in which laboratory bioassays are linked with
measures of effects in receiving waters, as a form of validation of laboratory
results. One example of an integrated approach is Chapman’s (1990) Sediment
Quality Triad. In the triad, chemical analysis of contaminated sediments is
linked with laboratory bioassays using the sediment and an examination of field
effects. Chapman (1996) requires three components in order for a study to be
considered to have been integrative: chemical analysis, experimentation, and
observation (field monitoring). Integrated approaches, regardless of definition
followed, result in a more comprehensive understanding and provide greater

weight-of-evidence for assessing effluent effects.

A1.2 Environmental Effects of Pulp Mill Effluent

A literature review of the environmental effects of pulping effluents is
necessarily complicated by the fact that regular improvements occur in cooking
methods, pulp washing and bleaching techniques, as well as effluent treatment.
A consequence of these changes on our scientific understanding of
environmental effects is that older published works are of limited relevance
today. As pulping technology has changed, so have the problems associated
with effluent discharge; pulping effluents today are without a doubt less toxic
than those discharged a couple of decades ago. However, the net impact of the
industry may indeed be greater due to the increased loading to receiving waters
as a result of more mills operating. It is also important to recognize that the

furnish, pulping process, bleaching, and effluent treatment must be similar for
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any data regarding environmental effects to be comparable. These details have
an unfortunate tendency to be absent in many primary literature publications,
and this absence lessens the usefulness of such investigations.

Prior to the mid-1960’s, most mills released untreated effluent, and the
impact of these discharges was associated with high BOD loading, high colour
and large quantities of settleable organic materials. Reported effects included
the presence of large quantities of settled wood fibres, bark and wood pieces;
bacterial slimes (“sewage fungus”) coating the substratum; a decrease in
dissolved oxygen; and fish kills and a severely affected benthic community
(Whitney and Spindler 1959, Hynes 1971, NCAS! 1989a,b,c). Mercury
contamination was aiso a concern due to the use of phenyl-mercury acetate as
a fungicide, a practice that was discontinued in Canada in the late 1960’s
(McCubbin and Folke 1993). A few Canadian mills still release effluent that has
received only primary treatment; the effects of these effluents are usually
associated with low dissolved oxygen concentrations, organic enrichment and
deposition of solids (e.g., Robinson et al. 1994). A benthic invertebrate
community dominated by pollution tolerant taxa, such as tubificid oligochaetes
and chironomids, are common observation in the receiving waters of these mills
(Vander Wal 1977, Hilton 1980). In more modern pulping operations, improved
fibre recovery during pulp washing and the addition of secondary treatment
have greatly reduced these problems.

In the 1970’s, research into effluent impacts emphasized toxicity, largely
attributed to resin acids in effluent (e.g., Leach et al. 1975, Leach and Thakore
1976, McKague et al. 1977, Holbom and Lehiten 1980). During the 1970’s,
most mills in the United States added secondary (biological) treatment systems
which effectively reduce both BOD and many toxicity related problems (see
section A1.3). At present, most but not all mills in Canada utilize secondary
treatment. Mills with properly operating biological treatment systems generally
do not produce acutely toxic effluent. [n the late 1970-80’s, the focus of

research shifted to the effects of chlorinated organic materials, usually

177



measured as adsorbable organic halogens (AOX) in effluent. Research during
the 1980’s focused on the biomagnification and effects of chlorinated organics
on aquatic life, and on developing analytical techniques and learning more
about AOX formation, composition, and removal in effluent treatment systems.
AOX was the subject of regulation in many countries (Cook 1990), and today,
the movement towards both elemental chlorine free bleaching (ECF) and totally
chlorine free bleaching (TCF) has significantly reduced or eliminated AOX
loading to receiving waters. Effluent toxicity is no longer correlated with AOX
(McCubbin and Folke 1993), and the focus is now shifting towards the effects of
nutrient discharge (e.g., Bothwell 1992, Scrimgeour et al. 1995, Scrimgeour and
Chambers 1996, Dale and Chambers 1995 a,b, Podemski and Culp 1996) and
to the potential of pulping effluents to cause reproductive dysfunction in fish
(e.g., Munkittrick et al. 1992, 1994, 1996; Gagnon et al. 1994,1995; McMaster
et al. 1996).

Research on the environmental effects of pulping effluents has focused on
fish populations. In general, effluents from modern mills with complete or
substantial chlorine dioxide substitution and biological treatment of effluent
show little acute toxicity to fish (Robinson et al. 1994). Sublethal effects include
induction of liver detoxification enzymes (Swanson et al. 1992, Munkittrick et al.
1994, Hewitt et al. 1996, Martel et al. 1996, Williams et al. 1996); changes in
immunological function (Kennedy et al. 1996) and parasite loads (Bagge and
Valtonen 1996); and decreased growth and reproduction (Munkittrick et al.
1991, 1992). Reproductive effects such as delayed maturation, decreased
ovary/testicular size (Munkittrick et al. 1994), and changes in plasma stress and
sex steroid levels (McMaster et al. 1991, Munkittrick et al. 1992,1994) are seen,
suggesting that some as yet unidentified component(s) of effluent are disrupting
hormone function in these animals.

Effects on freshwater invertebrate communities have received considerably
less attention, at least in the primary literature. Scrimgeour (1989) reported that

benthic communities in areas of Lake Maraetai, New Zealand, affected by
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effluent were dominated by tubificid oligochaetes and chironomids. Water in
affected areas was highly coloured, had visible foam rafts, high concentrations
of suspended solids, and low dissolved oxygen. These are problems more
typically associated with mills with only primary treatment, although the mill in
question was reported to treat effluent in a system of settling and aeration
ponds (Scrimgeour 1989). Several studies on riverine receiving environments
have reported no association between benthic community structure and the
location of mill discharges (Stone et al. 1974, Scarlett and Harris 1990, Harris et
al. 1992). These studies were surveys rather than experimental investigations,
and they suffer from both high variability and pseudoreplication. NCASI's
(1989b) review of unpublished studies on effluent impacts on instream biota
included 110 studies of riverine benthic invertebrates, representing 29 different
receiving waters. At 13 of the 29 sites, at least one study reported a “negative”
impact on benthic invertebrates (35 studies out of 110). These effects included
decreased diversity, a shift in community composition towards more pollution-
tolerant taxa, and changes (both increases and decreases) in animal
abundance. However, there were some inconsistencies in what was considered
an impact: some studies that were reported as showing no “negative impact’
indicated that there were signs of nutrient enrichment at downstream sites,
while in other cases, enrichment was considered to be a “negative impact”. In
general, insufficient information was presented to determine clearly what
proportion of studies had demonstrated effects, which should more properly
have been evaluated as differences from upstream conditions without the
application of value judgments.

There have been few experimental investigations into the effects of pulp mill
effluent on riverine invertebrates and periphyton. The National Council for Air
and Stream Improvement (NCASI) has conducted a series of artificial stream
studies (NCASI 1982, 1983, 1984, 1985, 1989a) looking at effects of
biologically-treated pulp mill effluent on cold water streams; these were long

term studies, ranging from 10 to 44 months in duration. They measured effects

179



of effluent addition on water quality, periphyton, macroinvertebrates, and trout
production. While the experimental approach taken by NCAS|I was a
substantial improvement over biological surveys of receiving environments,
these studies suffered from inadequate replication, having only 2 replicates per
treatment, and the results were somewhat inconsistent, making the formulation
of general conclusions difficult. In general, effluent reduced periphyton growth
in pools, a response attributed to a reduction in light penetration resulting from
effluent colour. The response of periphyton growth in riffles was highly variable,
with seasonal increases at effluent concentrations of 1.3% and 2.2%, and an
inhibition of growth at 4.5 and 5.1% effluent. Macroinvertebrate density and
biomass was increased by exposure to 1.3% effluent (NCASI 1982), but showed
no response in a second study at a similar concentration (NCASI 1989). An
addition of effluent to a 2.2% concentration initially increased, and then
decreased macroinvertebrate density and biomass (NCASI 1983); exposure to
4.5% effluent resulted in a significant increase in macroinvertebrate density and
biomass (NCASI 1984); and the highest effluent concentration tested (5.1%)
resulted in a decrease in macroinvertebrate density and biomass (NCASI 1985).
One consistent observation was higher trout survival in control streams but
increased growth in effluent streams (Hall et al. 1991)

A more recent study using the same stream system compared effects of 1.5
and 5% effluent before and after a mill’'s conversion to chlorine dioxide
substitution (60-70%). A significant increase in macroinvertebrate biomass in
the 5% effluent treatment was seen post-conversion (Haley et al. 1995),
otherwise no significant differences in biomass, species richness or diversity
were seen in either 1.5 or 5% effluent. However, it should be noted that in the
pre-conversion study only 1.5% effluent was used and there were 2 replicate
streams per treatment, while in the post-conversion study both 1.5 and 5%
effluent were used and only the control treatment was replicated.

More recent artificial stream studies carried out by Dubé and Culp (1996,

1997) and Lowell et al. (1995) have used smaller outdoor stream systems
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containing simplified food webs, and increased replication (n=5-7). While these
systems were less realistic than the large NCASI streams, these experiments
were able to provide some clear conclusions about the effects of effluent. Dubé
and Culp (1996, 1997) found that the addition of biologically treated bleached
kraft mill effluent (BKME) increased periphyton growth at all concentrations
tested (ranging from 0.1 to 10%). Chironomid growth was stimulated by all
effluent concentrations, but peaked at 1%, indicating that toxic effects were
starting to occur at higher concentrations. Lowell et al. (1995) found that 1 and
10% dilutions of effluent from the same mill stimulated growth and development
of the mayfly Baetis tricaudatus . This stimulation could not be completely
explained by increased periphyton growth in the effluent treatment because
access to food was controlled and growth stimulation had occurred in food-
unlimited conditions. Hypotheses for this stimulation included an increase in
food palatability or quality, hormesis, or the action of hormone-mimicking
compounds potentiaily present in the effluent.

The observation of stimulatory effects of pulp mill effluent is not uncommon,
and the combination of stimulatory and inhibitory effects makes bioassay results
difficult to interpret. These effluents contain nitrogen and phosphorus, which
will stimulate algal growth in nutrient-limited situations. This can complicate
interpretation of Selenastrum bioassays because effluent treatments may show
higher growth than controls (Ahtianen et al. 1996, Priha 1996). Pulp mill
effluents also contain quantities of settleable organic matter that may represent
a food source to bioassay organisms and, in the field, may enrich sediments
and result in increased invertebrate biomass (Sodergren et al. 1988).
Stimulation of Ceriodaphnia reproduction has been observed in chronic toxicity
testing (e.g., Hatfield Consultants Ltd. 1996a, b), and causes of this are

undetermined.
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A1.3 Brief Overview of the Pulping Process

Effluent from a pulp mill is a highly complex mixture containing hundreds of
different compounds, many of which remain unidentified (Suntio et al. 1988).
To best understand the composition of pulping effluent, it is useful to consider
the processes that occur within a pulp mill and, thus, the origins of effluent
components. The following information has been summarized from Lavigne
(1979), Sjéstréom (1981) and McCubbin and Folke (1993).

The objective of the pulping process is to transform wood into separate
cellulose fibres, and a number of techniques for attaining this objective have
been developed. There are 2 basic types of pulping processes: mechanical
and chemical. In mechanical pulping, physical force is applied to wood to pull
the fibres apart; chemical pulping uses various chemical solutions to dissolve
the lignin that binds cellulose fibres together. Hybrid pulping is a term used to
describe operations in which logs or chips are softened briefly with a chemical
solution (usually sodium sulfite) before being mechanically pulped. Only
chemical pulping will be discussed in any detail.

Chemical pulping may be broken into 2 main categories- sulfite and sulfate
(kraft) pulping. Sulfite pulping is the oldest technique; the first sulfite mill
started operations in Sweden in 1874. Kraft pulping was first patented in 1870,
but did not become a feasible technique until the 1930’s, with the development
of a recovery furnace by Canadian G.H. Tomlinson (Sjéstrém 1981). The
processes differ largely in the cooking chemicals used; sulfite pulping uses
sulferous acid (H>SOs) and a solution of bisulfite salit (sodium, ammonium and
magnesium salts are common, i.e., NaHSO;) as the cooking liquor, while the
kraft process uses a solution of sodium hydroxide (NaOH) and sodium sulphide
(NasS). The kraft process is used on all types of wood, while the sulphite
process is used mainly for pulping spruce, hemlock and fir. Kraft mills typically
recover pulping chemicals in a process which results in the incineration of many
of the organic compounds dissolved from the wood. Chemical recovery is not

always possible in sulfite pulping, making this process less economical, and
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producing an untreated effluent with considerably higher BOD and toxicity than
that produced by kraft mills. Kraft pulping produces a higher quality pulp, and is
the most common process worldwide; only this process will be discussed
further. Of the approximately 120 mills currently in operation in Canada, 46 use
the kraft process.

A kraft pulp mill's furnish arrives at the mill in the form of logs or as wood
chips purchased from a chipping operation. Logs are first cut into smaller
lengths and are washed with warm water to remove any dirt. This process does
not add to the effluent stream because used wash water is screened and
reused. Bark is then removed by either wet or dry debarking. Wet debarking
produces a very toxic effluent containing high concentrations of resin acids and
other naturally occurring compounds leached from the bark (McKague et al.
1977, Holmbom and Lehinten 1980, Talka and Priha 1987). Dry debarking has
become more common because it removes bark by abrasion and no effluent
stream is produced.

The logs are next chipped and screened, and pieces that are too small,
along with removed bark, are used as fuel for the hog boilers that produce
steam and electricity used in the mill. Appropriately sized chips are steamed
briefly, and then move into the impregnation vessel where heated cooking liquor
is added; these steps are designed to ensure that chips and cooking liquor are
very close to cooking temperature when they enter the digester. The kraft
digestion process is the addition of a 10% solution of NaOH and Na,S (white
cooking liquor), under temperatures of approximately 120-130°C and raised
pressure. Digesters may be batch or continuously fed; continuous digesters are
the newer technology, and are more common.

The digestion process dissolves the lignin that binds cellulose and
hemicellulose fibres together. When cooked chips, now called pulp, are
removed from the digester, the used cooking liquid (weak black liquor) is
washed from the pulp. This process, called brownstock washing, removes not

only cooking chemicals, but also lignin residuals and other dissolved
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constituents from the pulp (Crotogino et al. 1987). Weak black liquor is routed
to the chemical recovery plant where it is condensed in a series of evaporators
and then undergoes a series of processes that result in the recovery of much of
the cooking chemicals and the recreation of white liquor. Naturally occurring
chemicals extracted from wood during the cooking process may be recovered
from black liquor (as tall oil) if they have some commercial value. The
remainder is burned in the recovery furnace. The digestion process and the
chemical recovery plant do not add to the mill's effluent stream under proper
operating conditions. However, spills and contamination of the evaporator
condensate with black liquor may occur, and can result in highly toxic materials
ending up in the untreated effluent as the condensate is recycled to be used in
brownstock washing.

Brownstock washing is never completely effective, and lignins and other
chemicals remaining in the pulp enter the bleach plant and eventually the
effluent stream. Mills may employ oil-based additives to reduce foaming during
brownstock washing. These additives may slightly increase the creation of
2,3.7,8-tetrachlorodibenzo-p-dioxin and 2,3,7,8-dibenzofuran when the
brownstock is bleached (Voss et al. 1988); this occurs when defoamers contain
dibenzodioxin (the DBD content of defoamers is now regulated). Compounds
remaining in brownstock include sodium salts derived from cooking liquor,
naturally occurring compounds from wood (e.g., terpenes), lignins not
solubilized by the cooking process, and the products of the breakdown of lignin.
As lignins, lignin residuals, and other wood extractives are precursors of many
of the chlorinated organic components of effluent, poor brownstock washing will
lead to increased formation of these compounds (Hise and Hintz 1990).
Additional measures designed to reduce the amount of lignin entering the
beach plant may be implemented. This process, known as delignification, may
be done in a variety of ways, including the use of gaseous oxygen under

alkaline conditions, enzymes (xylenase), or ozone.
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in a bleached kraft mill, the compounds created and washed from pulp in
the bleach plant form the bulk of the effluent stream. The bleaching process is
designed to remove as much of the remaining lignin as possible and in this way
reduce colour of the pulp. Lignin removal is accomplished by making lignin
soluble in alkali through the application of elemental chlorine or chlorine
dioxide. The pulp is further whitened through the use of hydrogen peroxide or
sodium hypochlorite. A bleach sequence typically consists of a series of
applications of bleaching agents and caustic extractions. The type of bleaching
agent used has important consequences for effluent composition. When
elemental chlorine is used during bleaching, chlorinated organic compounds
such as dioxins, furans, chlorinated resin acids and chlorinated phenolics form.
Chlorinated compounds are generally more refractory and toxic than their
unchlorinated forms (LeBlanc et al. 1988), and have been the focus of much
research and legislation aimed at reducing effluent toxicity. The substitution of
chlorine dioxide for elemental chlorine in the bleaching process will
substantially reduce but not completely eliminate the formation of these
compounds. Elemental chlorine often becomes substituted on aromatic
compounds while chlorine dioxide breaks aromatic rings, hence the reduction in
formation of chlorinated phenolics, PAHs and polychlorinated dioxins and
furans. Furthermore, chlorine dioxide is a stronger oxidizing agent, requiring
less chlorine per tonne of pulp bleached (Tana and Lehtinen 1996).

Pulping effluent is treated in a variety of ways prior to being discharged.
The first step is usually removal of solids by screening, and then settling in a
primary clarifier. Sludge from the screening process and the clarifier is usually
disposed of in a landfill. The remaining effluent is pH adjusted, if required, and
then passes into the secondary (biological) treatment system. Biological
treatment is accomplished by a variety of methods, but most commonly by either
activated sludge treatment (AST) or aerated stabilization basins (ASB). Both
AST and ASB utilize bacteria and other microorganisms to break down toxic

materials in the effluent. Organic compounds in the effluent provide a carbon
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source for microbial growth, while oxygen, nitrogen and phosphorus must be
added. AST is a very high rate process, with effluent treatment complete in a
few hours to a day. Effluent is mixed with nutrients (nitrogen and phosphorus)
and a sludge containing microorganisms, and is then aerated. After a period of
time, effluent flows to a secondary clarifier where sludge settles. Some sludge
is rerouted to the aeration tank and the rest is dewatered and landfilled or
incinerated. AST's efficiency depends upon maintaining the correct ratio of
sludge to nutrients to incoming effluent. This process is considerably faster and
requires less land than the use of ASB, while at same time produces more
sludge (requiring increased landfill capacity). Aerated stabilization basins are a
slower rate process, usually requiring retention times of several days to a week.
After primary treatment, effluent is pH balanced and added to the basin.
Nutrients in the form of inorganic fertilizers are usually added to increase BOD
removal. The basins are aerated over their initial section and then have a
quiescent zone that acts to reduce discharge of settleable materials. Aerobic
decomposition occurs in overlying waters of the aerated section, while
anaerobic process (including dehalogenation, Amy et al. 1988) occur in
sediment and in water overlying the sediment. In a well designed ASB,
microbial biomass generated in system is also decomposed within the system,
thus ASBs produce less sludge than AST. A properly operated ASB will require
infrequent dredging to remove accumulated biomass (NCASI 1989b, McCubbin
and Folke 1993). In general ASBs are slightly less efficient at removal of BOD,
and are more susceptible to cold temperatures, while activated sludge plants
are less efficient at removing organohalogens (e.g., chlorinated phenolics,
chlorolignin, Saski et al. 1996).

Secondary treatment is effective at removing many effluent components.
Volatile compounds like chloroform, turpentine, methyl mercaptans and
hydrogen sulfide will be largely removed by aeration (Wilson and Hrutfiord
1975). The majority of labile organic compounds will be broken down, this is

witnessed by the substantial reduction in biological (BOD) and chemical oxygen
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demand (COD) that is accomplished by secondary treatment (usually >90%
BOD, 45-55% COD; NCASI 1989b, Tomar and Allen 1991, Stromberg et al.
1996). Approximately 90% of resin acids, 73% of sterols, 70-85% of fatty acids
and 25-70% of chlorinated phenolic compounds (13-54% in AST, Leuenberger
et al. 1985) will be broken down (Bonsor et al. 1988, NCASI 1989b, Stromberg
et al. 1996). Non-chlorinated phenolics will be virtually eliminated (Leuenberger
et al. 1985), and removal of halogenated organics will be on the order of 15-
47% for TOX, and 43-50% for the low molecular weight AOX (Tomar and Allen
1991). A substantial reduction in effiuent toxicity is accomplished by secondary
treatment; biologically treated effluents generally display little acute toxicity to
common test biota including Selenastrum capricornutum, fathead minnows
(Pimephales promelas), rainbow trout (Oncorhynchus mykiss), zebrafish
(Brachydanio rerio), and the crustaceans Ceriodaphnia dubia and Daphnia
magna (Tomar and Allen 1991, McCubbin and Folke 1993, Ahtiainen et al.
1996).

A1.4 Composition of Pulp Mill Effluent

A considerable number of compounds have been identified in pulp mill
effluent, and this section briefly describes some of the major effluent
components. The discussion is not exhaustive as only compounds that are
regularly tested for, or those that have be identified as of potential interest are
discussed. Components are broken into categories based upon their origin: the
first section describes components that originate from wood, the second section
describes components that are added during processing. Appendix 2 presents
further information regarding the concentrations and toxicity of specific effluent

components.

A1.4.1 Compounds originating in wood

Most compounds in pulp mill effluent originate in the wood itself rather than

in chemicals added during the pulping process, (Figure A1.1). These
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compounds may be broken into two categories: compounds that are virtually
unchanged by the pulping process, and residuals, which are the breakdown
products of compounds occurring in wood. Residuals most often have their

origin in the chemica! destruction of lignins.

Al1.4.1.1 Compounds unchanged by the pulping process

Compounds in effluent that are basically “washed out” during the pulping
process include terpenes, sterols, fatty acids, lignins (discussed separately, see
A1.4.1.2), nitrogen, phosphorus, and metals. Terpenes are volatile compounds
with a carbon skeleton made up of isoprene (CsHg) units; their basic chemical
structure is (CioHie)n (e.g., monterpene =CioH,s, sesquiterpene = CisHoa,
diterpene = CxHgz). They are natural secondary compounds found in the
essential oils and oleoresins of plants, and play a major role in plant resistance
to microbes, insects and other herbivores. Defensive functions of terpenes
include repellency and feeding inhibition. Insects ingesting these compounds
may also experience a variety of effects including early death, reduction in food

reserves, smaller size, and reduced fecundity (Painter 1958).
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Resins acids are diterpene acids found in wood resin, particularly pine and
spruce, and are commonly identified as compounds responsible for a major
portion of the toxicity of pulping effluents (Rogers 1973, Rogers et al. 1975;
Rogers et al. 1979, D. MclLeay and Associates 1987). There are seven
commonly occurring resins acids, with dehydroabietic, isopimaric, abietic, and
pimaric the most common. Leach and Thakore (1973) attributed over 80% of
the toxicity of kraft effluent to the presence of three resin acid soaps (salts of
isopimaric, abietic and dehydroabietic). Resin acids do not occur in hardwood,
and this is thought to be why untreated effluents from mills using hardwood
furnish are less toxic than mills using softwood. Although these compounds are
very toxic, secondary treatment of effluent generally results in very effective
removal of resin acids (Stromberg et al. 1996). Resin acids released in effluent
are believed to sorb to sediment particles and are removed from the water
column through sedimentation (Tana and Lehtinen 1996). Although fungal
degradation of resin acids occurs, dehydroabietic acid has been found in
elevated concentrations in sediments up to 15 km from the source (Brownlee et
al. 1977).

Resin acids can be quite toxic to fish (Leach and Thakore 1973, Rogers
1973, Rogers et al. 1975), causing liver disfunction resulting in jaundice (Oikari
and Nakari 1982). These compounds are also likely to affect insects because a
main function of resin acids is to deter insect herbivores; the most common
effect of resin acids on terrestrial insects is feeding and growth inhibition (Van
Beek 1986, Harborne 1990). Resin acids are split into 2 categories: the abietic-
type (1 isopropyl group at C13) and the pimaric-type acids (methyl and vinyl
substituents at C13). Abietic-type acids, in particular dehydroabietic acid, are
the resin acids found in the greatest concentrations in pulp mill effluent. Abietic
acid and several of its derivatives have antijuvenalizing activity towards insects
(Murakoski et al. 1976), meaning that exposure to these compounds may result
in precocial adults or moulting to forms exhibiting both adult and larval features;

in both cases sterility may result. Abietic acid also exhibits estrogenic activity,
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enhancing proliferation of estrogen-dependent breast cancer cell lines in vitro
and causing vitellogenin gene expression when fed to juvenile rainbow trout
(Mellanen et al. 1996). Resin acids also exhibit toxicity toward algae;
dehydroabietic acid inhibits photosynthesis of Cryptomonas erosa at a
concentration of 500ug/L (Moore and Love 1977).

Other terpenoids include dehydrojuvabione, juvabiol and juvabione. These
compounds are very toxic to fish (Leach et al. 1975) and are found in balsam fir,
douglas fir, and alpine fir (Bowers et al. 1966, Leach et al. 1975) and, thus, may
be found in pulping effluents from mills using these species as furnish. These
compounds may also affect aquatic insects, as they are analogs of an insect
growth regulating hormone, juvenile hormone (JH). The application of
exogenous JH or a JH analogue can disrupt the moulting cycle and normal
development of insects, and may resuit in death (Staal 1975). Man-made JH
analogs are used as insecticides (Staal 1975). For example the products
Farsenol and Methoprene, both JH analogues, have been used to control
aquatic insects (Mulla et al. 1974, Mulligan and Schaefer 1990). Application of
JH to eggs can reduce hatching success (Staal 1975), application to immatures
can cause disorders in metamorphosis (Gelbic et al. 1994) while application to
adults may result in reduced fecundity and/or egg viability and death (Hicks and
Gordon 1992). Reduced reproduction in Ceriodaphnia in response to exposure
to dehydrojuvabiol was demonstrated by O'Connor et al. (1992a) at
concentrations as low as 0.5ug/l. There have been no studies of the toxicity of
these compounds to aquatic insects.

Sterols are steroid-based alcohols with a hydrocarbon side chain of 8-10
carbon atoms. Sterols reported in kraft pulping effluent, in order of decreasing
concentration, are: B-sitosterol, stigmastanol, stigmasterol, and campesterol
(Cook et al. 1997). Although secondary treatment usually removes between 61-
96% of most sterols, stigmasterol content of effluent can actually increase 2-3x
after treatment in an aerated stabilization basin (Cook et al. 1997). Kraft mills

release in their secondary-treated effluent between 0.2-19.2 g of sterols per ton
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of pulp produced (Cook et al. 1997). Plant sterols released in effluent may be
responsible for hormone disruption; female mosquitofish (Gambusia affinis)
exposed to degradation products of B-sitosterol and stigmastanol can develop
masculine secondary sexual characteristics (Denton et al. 1985, Hunsinger et
al. 1988, Howell and Denton 1989). Masculinization has also occurred in wild
populations of mosquitofish exposed to pulp mill effluent (Howell et al. 1980).
B-sitosterol is estrogenic in rainbow trout, causing expression of the vitellogenin
gene in juveniles (Mellanen et al. 1996). Compounds with estrogen activity
have been reported to inhibit moulting in the cladocera Daphnia magna (Zou
and Fingerman 1997). Because all arthropods utilize similar moulting
hormones, plant sterols may therefore affect moulting in aquatic insects. Note
however, that as most insects cannot synthesize a steriod nucleus, sterols are
also an essential component of their diet (Fast 1964, Chapman 1982).

Fatty acids are organic acids found in natural fats, oils, and waxes and are
natural constituents of most plants. Many fatty acids are essential dietary
components for animals. In the pulping process, most fatty acids are recovered
as a constituent of tall oil (tall oil = 50-60% fatty acids, 35-40% resin acids) and
are sold; the most abundant fatty acids in pulping effluents are oleic acid and
linoleic acid. Commercial uses include the manufacture of cosmetics,
ointments, soaps, and flavourings. Fatty acids are not very soluble in water,
degrade quickly, and are toxic only at high concentrations (Leach and Thakore
1973, Appendix 2). Both myristic and palmitic acid increase copper toxicity to
Photobacterium phosphoreum, possibly due to the formation of lipophilic
complexes (Carlson-Ekvall and Morrison, 1995).

Other constituents of pulping effluent that originate in wood are small
quantities of various metals, phosphorus, and nitrogen (nitrate and ammonia)
(McCubbin and Folke 1993). The majority of the nitrogen and phosphorus in
effluent originates in fertilizers added in the secondary treatment system, and
will therefore be discussed in a later section. Metals found in pulp effluents

include zinc, copper, thallium, vanadium, chromium, cadmium, cobalt,
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molybdenum, titanium, strontium, barium, tin, and lead (McCubbin and Folke
1993, Verta et al. 1996). McCubbin and Folke (1993) report that zinc is the only
metal originating in wood that is found in pulp effluents in concentrations
averaging higher than 50ug/l. Zinc is an essential micronutrient in the diets of
many animals, including insects, due to it's role in enzyme structure. While zinc
may exhibit high toxicity in laboratory testing, it associates with humic and other
organic material in nature and is usually not bioavailable (McCubbin and Folke
1993).

Al1.4.1.2 Lignin and lignin residuals

Lignins are a group of over 200 phenolic polymers found in all parts of
plants, including tree resin (MacRae and Towers 1984). Lignins constitute 16-
33% of wood (Sjostrom 1981, LaFleur 1996) and provide rigidity and act as a
bonding agent between cellulose fibres (Kringstad and Lindstrdm 1984).
Besides providing structural rigidity, biological activities of lignins include
antifungal, antimicrobial, and antiviral action as well as inhibition of various
enzyme systems including mixed function oxygenases. Activities towards
insects include growth inhibition, weak juvenile hormone activity, and feeding
inhibition (MacRae and Towers 1984).

The cooking process dissolves lignin, separating the cellulose fibres. In the
cooking process, and in the oxygen delignification step used by many mills,
lignin molecules are broken into a wide array of compounds. Figure A1.2
shows the prominent structures of softwood lignin, which is formed by the
copolymerization of coumaryl, sinapyl and coniferyl alcohols (Kringstad and
Lindstrém, 1984). The sodium hydroxide and sodium sulfide used in kraft
pulping promotes cleaving of ether bonds (-O-) in this structure; it is obvious
that a great variety of degradation products are possible. Both molecular
chlorine and chlorine dioxide react with lignins, and with any lignin-residuals or
other wood extractives that were not washed from the brownstock. Both
bleaching agents oxidize aromatic compounds to form open-ring compounds,
and molecular chlorine also becomes substituted on aromatic rings
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Figure A1.2 Prominent structures of softwood lignin, redrawn from Kringstad

and Lindstrom (1984).

(LaFleur 1996). Compounds arising from breakdown of lignin include
chloroform, polycyclic aromatic hydrocarbons, chlorinated dioxins and furans,

and chlorinated and nonchlorinated phenolics including catechols, guaiacols,
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vanillins, syringols, (Hrutfiord and Negri 1992, LaFleur 1996). Chlorine-
substituted forms of lignin residuals are not only more toxic, but are also more
persistent in the environment (LeBlanc et al. 1988, Kuivasniemi et al. 1986).
Chlorinated organic compounds in effiuent are split into two categories: a low
(<1000 D) and a high(>1000 D) molecular weight group. The high molecular
weight compounds are largely unidentified and the group as a whole is referred
to as chlorolignins. Low molecular weight lignin residuals include phenols,
catechols, guaiacols, syringols, veratroles, syringaldehydes, vanillins, and
polycyclic aromatic hydrocarbons. Whether chlorinated or not, these
compounds show toxicity to aquatic species (Appendix 2). The higher
substituted forms are more lipophilic and, therefore, more toxic and more likely
to bioaccumulate. Catechols, guaiacols, and veratroles bind to particulate
matter (Remberger et al. 1986), humic materials, and chlorolignin. The mobility
of compounds bound to chlorolignins is substantially increased (Grimvall et al.
1991), while those bound to particles are sedimented quickly and generally are
not transported long distances in receiving waters. Under aerobic conditions,
bacteria biotransform chlorophenols to anisoles, and catechols and guaiacols
are methylated to veratroles (Neilson et al. 1983, Neilson et al. 1990,
Remberger et al. 1986); these metabolites are more toxic and more likely to
bioaccumulate than their precursors (Neilson et al. 1984). Under anaerobic
conditions in sediments, chloroguaiacols and chloroveratrols are transformed to
chlorocatechols (Remberger et al. 1986, Neilson et al. 1987). Catechol reduces
efficiency of food assimilation in insects, resulting in decreased growth (Reese
and Beck 1976). A chlorinated guaiacol caused filter-net deformities in a
hydropsychid caddisfly (Petersen and Petersen 1984). Filter-net deformities
have the potential to affect growth of these insects as this structure is
responsible for collection of food particles.

Chloroligins represent 80-95% of the chlorinated organic material in effluent
(Kringstad et al. 1984, Stromberg et al. 1996, Saski et al. 1996), and the

environmental effects of these high molecular weight compounds are unclear.
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The molecules are too large to pass across cell membranes (Kukkonen 1992),
and produce no acute toxicity in Daphnia magna (Sagfors and Stark 1988).
However, these compounds accumulate in sediments (Saski et al. 1996) and
may breakdown to release more toxic low molecular weight compounds
(Neilson et ai. 1983, Millar et al. 1996). Lignins and chlorolignins are very
similar in structure to natural humic substances (Kukkonen 1992), and both
substantially decrease bioavailability and resultant bioconcentration of organic
xenobiotics including, DDT, Benzo[a]pyrene, polychiorinated biphenyls, and
various other polycyclic aromatic hydrocarbons (Landrum et al. 1985, Black and
McCarthy 1988, and Servos and Muir 1989). For example, chlorinated and
non-chlorinated lignins from pulp mill effluent can reduce bioconcentration of
hydrophobic contaminants by 60%-80% (Kukkonen 1992, Kukkonen and Oikari
1992). It is believed that the mechanism responsible is the binding of
contaminants to the lignins. This increases their solubility in water and prevents
them from penetrating though cell membranes (Black and McCarthy 1988). The
presence of humic material can also reduce the sorption of some hydrophobic
organic contaminants to sediments (Hassett and Anderson 1982, Caron et al.
1985)

Polycyclic aromatic hydrocarbons (PAHs) are compounds containing only
carbon and hydrogen atoms (usually) in the form of 2 or more fused benzene
rings. Many PAHSs are naturally found in petroleum products and are ubiquitous
products of incomplete combustion. PAHs with 2-3 benzene rings, such as
acenapthylene and acenapthene, are biodegraded in a matter of days in water
(Ogawa et al. 1981), while PAHs with >3 benzene rings (e.g., fluoranthene and
pyrene) are likely to be more persistent (Verschueren 1983). PAHs in general
show less acute toxicity than chlorinated phenolics (Appendix 2), however many
members of this class of compounds are carcinogenic. PAHs have log octanoi-
water partition coefficients close or above 4, indicating the potential to
bioaccumulate. Cash and Culp (1996) reported that concentrations of fluorene,

phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, and
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chrysene were elevated in periphyton tissue exposed to a 3% dilution of effluent
from a bleached kraft mill. Many animals, including mammals, fish, and insects,
are capable of metabolizing PAHs with microsomal cytochrome enzyme
systems, however, in some cases the biotransformation results in the
production of carcinogenic metabolites (e.g., bezanthracene and
benz(a)anthracene, Hawkins et al. 1995). Some PAHs (e.g., anthracene)
exhibit phototoxicity, in which the toxicity of the compound is substantially

increased in the presence of ultraviolet light (Allred and Giesy 1985).

A1.4.2Compounds added during pulping process

Compounds found in effluents that are added by mill processes include
chlorate, chelating substances, defoaming agents, surfactants, aluminum,
nitrogen and phosphorus. In addition, the interaction of molecular chlorine with
wood extractives and lignin residuals during pulp bleaching results in the
formation of many chlorinated organics, as described in the previous section.
Chlorate (CIO,) is produced by mills using chiorine dioxide as a substitute for
molecular chlorine. While chlorate is toxic to marine algae (Lehinten 1988), no
adverse effects of chlorate exposure have been found in freshwater algae
(Perrin and Bothwell 1992) or aquatic invertebrates (van Wuk and Hutchinson
1995). Aluminum may be added as alum to water and effluent in primary
clarifiers to act as a chemical coagulant (McCubbin and Folke 1993), but is not
believed to pose any environmental problems (McCubbin and Folke 1993).
Chelating substances such as EDTA (ethylene diamine tetra-acetic acid) and
DTPA (diethylene triamine penta-acetic acid) are used in the bieaching of pulp
to stabilize hydrogen peroxide and ozone (Hinck et al. 1997). These
compounds are released in the effluent and are very resistant to degradation
(Hinck et al. 1997), though no harmful effects in a freshwater environment been
identified (McCubbin and Folke 1993).

The most notorious compounds in pulp mill effluent are the polychlorinated
dioxins and furans (PCDDs and PCDFs). There are 75 possible PCDD
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congeners and 135 possible PCDFs; they are very persistent and may
bioaccumulate (log Kow range = 6.8-8.2). These compounds are ubiquitous in
the environment in trace amounts (Jones and Stewart 1997) because they form
naturally during combustion as well as during various industrial processes.
Toxicity of polychlorinated dioxins and furans varies widely; tetrachlorinated
forms (TCDDs and TCDFs) are the most toxic and 2,3,7,8-TCDD is considered
most toxic of all {Jones and Stewart 1997). 2,3,7,8-TCDD and 2,3,7,8-TCDF
are the tetrachlorinated forms found in the highest concentrations in pulp mill
effluent (Amendola et al. 1989a b). TCDDs and TCDFs in pulp mill effluent
originate with the condensation of phenolics during pulp bleaching; this occurs
when wood chips are contaminated with polychlorinated phenols, used by
sawmills as anti sap-stain agents (Luthe et al. 1993). TCDD and TCDF may
also form with the chlorination of dibenzodioxin, which occurs in small quantities
in the wood, but more often as a contaminant in process water or in oil-based
defoamers used during brownstock washing (Berry et al. 1989, Voss et al.
1988). Strategies designed to reduce dioxin and furan release in effiuents have
generally been quite successful, as evidenced by a 95% reduction in
TCDD/TDCF (measured as 2,3,7,8-TEQ - toxic equivalents) from 1988 to 1991
(Luthe et al. 1992).

Alkylphenol polyethoxylate surfactants are used by a variety of industries
including the pulp and paper industry (Field and Reed 1996). Microbial
degradation of these surfactants produces alkylphenols, including nonylphenol
and octylphenol. Alkylphenols are more toxic than their precursors (Renner
1997), and appear to be estrogenic. When male rainbow trout undergoing
sexual maturation were exposed for 3 weeks to a 30pug/L nominal concentration
of nonylphenol, octylphenol, nonylphenol ethoxy carboxylate, or
nonylphenoldiethoxylate, the fish exhibited vitellogenin production and an
inhibition of testicular growth (Jobling et al. 1996). Octylphenol produced a
significant increase in vitellogenin production at a concentration of 4.8ug/l, in

comparison with 20.3ug/L for nonylphenol. I[n Field and Reeds’ (1996) survey
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of fifteen paper mill effluents, concentrations of nonylphenol ethoxy
carboxylates ranged from below detection limits (1 mill, detection limits =0.04-
0.4 ug/L) to 1269.7 ug/L (median= 22.6 pug/L). These compounds are believed
to bioaccumulate, and therefore chronic field effects may occur at
concentrations lower than those observed in the 3 week laboratory exposure.
The use of alkyphenol ethoxylate surfactants has already been restricted in
Europe (Renner 1997).

As the preceding discussion has indicated, pulp mill effluents contain a
wide variety of compounds that have the potential to adversely affect the
aquatic environment. However, for the most part, these compounds are
released in concentrations below those which have been observed to cause
effects, at least on an acute basis (see Appendix 2). Possibly the most
important compound currently added by mills to the aquatic environment is
phosphorus. Phosphorus and/or nitrogen are added to waste treatment
systems because they are limiting nutrients for microbial growth. Insufficient
quantities of nutrients in biological treatment systems will result in increased
toxicity and decreased removal of biological oxygen demand and settlable
solids in the effluent (McCubbin and Folke 1993). Phosphorus however, is also
a limiting nutrient in most freshwater systems, and phosphorus additions via
pulping effluents can result in greatly increased primary production in receiving
waters (Bothwell 1992). Fertilization can have profound effects on an
ecosystem. Probably the most comprehensive study of effects of fertilization on
a riverine ecosystem is the long-term research on the Kuparak River, Alaska.
Responses to increases in phosphorus content of the river included increased
biomass of primary producers and some consumers (Peterson et al. 1993;
Hershey et al. 1988), changes in growth rates of aquatic insects and fish
(Hiltner and Hershey 1992; Peterson et al. 1993), decreases in drift in the
fertilized section of the river (Hinterleitner-Anderson et al. 1992), increased
body size of insects (Hershey et al. 1988), changes in community composition

of benthic invertebrates (Hiltner and Hershey 1992), increased microbial activity
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(Hiltner and Hershey 1992; Peterson et al. 1993) and changes in the energy

base of ecosystem from heterotrophy to autotrophy (Peterson et al. 1985).

A1.4.30ther Effluent Parameters

Mills discharge quantities of both settleable and non-settleable solids in
their effluents.  Settleable solids include wood fibres and flocculated
bacterial/algal materials. While these substances used to be of major concern
in receiving waters, in mills with modern treatment systems the majority of these
solids are settled prior to effluent discharge. Non-settleable solids in
biologically treated effluents are largely bacterial in origin (NCASI 1978a b,
Costa et al. 1979) and are generated in the secondary treatment system. A
study by Zanella et al. (1978) showed that these solids could be utilized as food
py a filter feeding caddisfly (Hydropsyche), and Daphnia. A tracer study
(NCASI 1978b) has demonstrated that non-settleable solids labeled with "“C
were incorporated by periphyton, grazers (Physa, Chironomidae, Elmidae), a
filter feeding Trichoptera (Cheumatopsyche), detritivores (Gammarus,
Helobdella)), and a  macroinvertebrate-feeding fish  (Notemagonus
chrysoleucas). A radioisotopic study of the food web downstream of a pulp mill
in the Thompson River, B.C. (Wassenar and Culp 1996) indicated that the
macroinvertebrates and fish in this rivers utilize, to a substantial degree, a
terrestrially-derived carbon source. Organic material in pulp mill effluent may
therefore represent a route through which terrestrially-based carbon moves into
these systems. Non-settleable solids also represent a phosphorus source for
primary producers; as these solids decompose the majority (67-79%) of

phosphorus released is in the form of orthophosphates (Lee et al. 1978).

A1.5 Conclusion

A final cautionary note about the composition of pulp mill effluent is required
at this point. [t is important to realize that no 2 pulp mills are identical and

sweeping generalizations about effluent composition and related environmental
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effects should be made with caution. Effluent composition can be highly
variable, not only between mills but on a daily basis within a mill.
Concentrations of wood extracts (sterols, resin acids, fatty acids) are highly
dependent upon the furnish used, a significant fact since these compounds
have been identified as components largely responsible for effluent effects.
The wood species, age and condition of the wood when cut, storage times, and
storage conditions will all have significant effects upon the concentrations of
these compounds (Swan 1973 O’Connor et al. 1992b). The configuration, age,
and condition of equipment will vary from mill to mill and, consequently, so will
the potential for spills and suboptimal operation of equipment designed to
reduce effluent toxicity. Finally, a secondary treatment system is a biological
system and thus subject to greater variability than a purely chemical or

mechanical system.
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Appendix 3

Appendix 3 contains data on effluent composition and toxicity for the period
of January 1993 to December 1995. The data has been summarized from
monthly reports by Weldwood of Canada Ltd., Hinton Division, to Alberta
Environmental Protection, in compliance with the mill's water license. There are
five tables: A3.1 contains general quality parameters, A3.2 contains the results
of dioxin and furan analyses, A3.3 contains results of analysis for heavy metal
composition, A3.4 contains data from analyses of resin and fatty acids, and
finally, A3.5 gives the results of chronic toxicity tests that have been conducted
as a part of the mill's environmental effects monitoring program. Empty cells
indicate that analysis for that parameter was not required during that sampling
period. Data are available courtesy of Weldwood of Canada, Hinton Division,

and Alberta Environmental Protection.
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Appendix 4

Appendix 4 contains a detailed description of the artificial stream system that
was designed for my field experiment (Chapter 3). This appendix was originally
published as: Culp, J. M., C. L. Podemski and C. Casey 1996. Design and
application of a transportable experimental stream system for assessing effluent
impacts on riverine biota. Project Report No. 128, Northern River Basins Study,
Edmonton, Alberta.
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1.0 INTRODUCTION

Artificial streams (i.e., mesocosms) have been used as tools for investigating
ecological interactions in running waters since the 1960s (see Lamberti and
Steinman 1994 for a review). This approach has been used to investigate a
variety of ecological phenomena including: effects of environmental factors
such as irradiance, temperature, and nutrients on algae (Mcintire 1966a;
Mcintire 1968b; Bothwell 1988; Bothwell 1989); and to examine specific trophic
relationships among algae, insects, and fish (Lamberti et al. 1987; Schlosser
1988; Lamberti et al. 1989; Culp et al. 1991; Scrimgeour et al. 1991). In the
Northern Rivers Basin Study, mesocosms will be used to investigate effects of
treated pulp mill effluents and nutrients on complex food webs, including
primary and secondary producers.

The high degree of spatial heterogeneity and challenge of obtaining true
replicates in natural environments like the Athabasca River often makes it
difficult to predict or verify, quantitatively, the impacts of complex effluents on
riverine biota. Therefore, an important advantage of mesocosm research lies in
our ability to investigate complex, benthic food webs in model systems that
simulate specific riverine conditions. It is important to recognize that the goal of
mesocosm research is to simulate, rather than reproduce exactly, key aspects
of the riverine environment. By locating the experimental system beside the
study river, the stream mesocosm can be supplied with natural river water under
ambient water temperature and light regimes. Muitiple trophic level
communities can be examined by seeding the mesocosms with natural
substratum and biota (i.e., biofilm, invertebrates, and fish) from the river.

The objective of this project was to design and construct a transportable
mesocosm for testing impacts of nutrients and contaminants from pulp mill
effluents on abundance and taxonomic composition of aquatic invertebrate
communities in the Athabasca River. The experimental apparatus will be used
in a variety of experimental settings, and the results will be used to address
impacts of nutrients, contaminants, and their interaction on benthic invertebrate
and biofilm productivity. This information is critical for assessing nutrient and
contaminant impacts on biota (Questions 1A, 4A & 5) and for preserving aquatic
life and habitat (Question 6). The report describes mesocosm design, specific
hydraulic characteristics, important details and procedures of installation, and
results obtained during initial tests of the system at the Hinton, Alberta
experimental site.
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2.0 DESIGN AND CONSTRUCTION

This section provides a brief description of the experimental stream facility
(Plate 1) and basic requirements for setting up such a system as it was
constructed in the summer of 1993. The facility was designed to withstand air
and water temperatures near 0°C since it would be used for experiments
conducted during autumn and early spring. Throughout the description, metric
units are used except for materials which are normally sold in Imperial units.

2.1 SITE REQUIREMENTS

The site for the facility requires a cleared 9 x 5 m area. The site must be
accessible by road since some materials require transport by truck trailer.
Availability of a water intake system and electrical power is required, otherwise
generators and pumping systems must be added to the facility design. Ground
at the site should be made as level as possible because a flat working surface
will save a great deal of time and effort during setup of platforms and
installation of plumbing. A layer of gravel or crushed rock spread over the site
will drain excess water away from the working area.

2.2 STREAM FACILITY DESIGN

The experimental stream facility consists of 16 circular tanks placed in pairs on
platforms. Water from the study river is pumped into a head tank reservoir and
delivered through a system of pipes to the tanks. Water flow to individual tanks
is controlled by a gate valve, and water movement in each stream is created by
a belt-driven propeller system. Water depth in the tanks is maintained by an
overflow drain and wastewater is returned to the study river.

2.2.1 Water Delivery

In Autumn 1993, water from the study river was pumped via a water intake and
pumping system operated by the mill into a head tank, then gravity-fed to the
streams. Water demand by the system depends upon the flow rate chosen by
the experimenter. In the first run of this system, water flow was set at 2 L/min to
each stream; therefore, water in excess of 32 L/min was required. The head
tank was a 378 L polyethylene tank placed on a 1.22 m (4 ft) high platform.

Schematic diagrams of the head tank and head tank platform are shown in
Figures 1 and 2, and both are pictured in Plate 2. Water input was controlled
by gate valves at each stream; therefore, the flow rate into each stream could
be calibrated. The head tank and all water delivery lines were wrapped with
heat tape (Plate 3) and insulated to prevent freezing (Plate 4). Figures 3 and 4
show diagrams of the system. A materials list for the water delivery system is
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found in Appendix A.

2.2.2 Streams and Platforms

The streams were circular tanks (107 cm diameter; 42 inch) made out of
polyester fibreglass. These were constructed by cutting 38 cm (15 inch)
sections of 107 cm pipe and bonding a fiat sheet of fibreglass to one end. A 25
cm (10 inch) diameter section of pipe was then centred in the larger pipe and
the bottom cut out to form a standpipe. A completed stream is shown in Plate 5.

Streams were placed on eight, 74 cm (29 inch) high platforms, two to a platform.

Each platform was 1.22 m x 2.44m (4 x 8 feet) long, made of 1.9 cm (3/4 inch)
plywood and 7.6 x 7.6 x 0.6 cm (3 x 3 x 1/4 inch) angle aluminium. Plans for the
platforms are given in Figure 5, and materials are listed in Appendix A. When
assembling this system, care must be taken to ensure that the platforms are
completely level and that pairs of tables sharing 2.54 cm (1 inch) feed lines are
level with each other.

2.2.3 Wastewater System

A 3.5 cm (1 3/8 inch) drain hole was cut in the standpipe approximately 27 cm
above the bottom of the tank. Height of this drain determined water depth in the
streams. A 2.54 cm (1 inch) MTxS male adapter served as the drain on the
inside wall of the tank. The adapter was screened with fibreglass door screen
(Plate 6 a) and was screwed into a 1 inch elbow on the other side of the tank
wall (Plate 6 b). Rubber gaskets placed on either side of the tank wall
prevented leakage. Water flowing into the drain passed through a 1 inch pipe
running vertically down through the platform (Figure 6). The 2.54 cm (1 inch)
drain lines emptied into 5.1 cm (2 inch) drain lines which ran under the
platforms (Plate 7 a & b) and were connected to a wooden trough (Plate 8).

The 5.1 cm (2 inch) drain lines were heat taped and insulated. Wastewater
from the troughs was returned to the study river through a length of 10.2 cm (4
inch) Big-O hose (Plate 9). A materials list for the wastewater system is
provided in Appendix A.

2.2.4 Motor and Propeller System

Current velocity in the stream was created by a belt-driven propeller system.
The motor assembly was comprised of a geared-head motor (250 rpm, 1/40
amp) driving a 22.6 mm pulley. A flat drive belt transmitted power to a 49.3 mm
pulley mounted on the propeller shaft. The motor and associated electronics
were mounted on an aluminum frame in a weather proof enclosure. This frame
clamped to the top, outside edge of the circular tank (Plate 10). A 16 mm x 230
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mm long, copper strut extending downward from the aluminium frame held the
propeller shaft, bushing, and grease seal. A grease nipple at the top of this
tube allowed for lubrication of the propeller shaft and bushing. The propeller
was a 22.8 cm (9 inch) aluminium fan blade which rotated at a no-load speed of
115 rpm. Materials for the motor and propeller system are listed in Appendix A.

2.2.5 Contaminant Delivery System

Contaminants were delivered continuously to individual streams by peristaltic
pumps and a series of insulated tubes for solution delivery. In the first run of
this system, 2 Masterflex L/S Nema, type 13, wash down controllers and
cartridge pump heads were used to deliver solutions to ten of the 16 streams.
Pumps were kept in insulated boxes to keep them within approved operating
temperatures (Plate 11). Solutions were stored in insulated containers (Plate
12) and immersion heaters were used to heat the solutions to approximately 27
/C. Tubes carrying contaminant solutions were run through 1.9 cm (3/4 inch),
foam, pipe insulation to the streams. The tubes were then fed into small holes
drilled into the water delivery spouts. Heating of solutions and insulation of all
supply lines is recommended to prevent the thin supply lines (< 2 mm) from
freezing.

2.2.6 Electrical System

If power is supplied by an existing electrical source, a step-down transformer
may be required to deliver correct voltage and amperage to the experimental
facility. In the autumn 1993 experiments, the 600 voit a.c. electrical power
supplied by the mill was stepped down by a 7.5 KVA distribution transformer
which provided four 120 volt, 15 amp circuits. Each of the circuits was used as
follows: two circuits, consisting of four duplex outlets each, were needed to
power the circulation motors; one circuit of two duplex outlets supplied power to
the metering pumps; and one circuit of two duplex outlets was used for other
needs as they arose.
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3.0 OPERATION

This section provides a brief description of the operation of the artificial stream
system as it was used in the initial run of the system during autumn, 1993.

3.1 SUBSTRATUM

A variety of substrata types including natural and artificial materials can be
used in the mesocosms. In our initial operation of this system, the bottom of
each stream was covered with a thin layer of thoroughly washed, crushed rock.
One hundred and sixty stones (mean surface area = 535 cm?) were collected
from the study river, and ten were placed in each stream on top of the crushed
rock, as illustrated in Plate 13. Using substratum from the study river provided
a natural community of biofilm and invertebrates for experimental tests that
incorporate multiple trophic levels. Porcelain tiles (23.5 cm?) were used to
provide a standardized substratum to compare biofiim development and
accumulation. Two sets of tiles were used; one set was placed on top of the
crushed rock, the other was suspended above the bottom on aluminum bars
(Plate 14).

3.2 WATERDEPTH

Water depth in the streams was controlled by adjusting the height of the drain
tube. In the initial experiment, mean water depth over gravel in the streams was
27 cm (x = 26.9 cm, SE = 0.09) and 22 cm (x = 22.5, SE = 0.14) over rocks.
Note that water depths in this experiment were measured at the highest point of
each rock in the stream. Water depth over suspended tiles was 10 cm (10.0
cm, SE = 0.6).

3.3 CURRENT VELOCITY AND CONTAMINANT MIXING

A test stream was set up in the laboratory in order to determine the range of
water velocities that could be produced in the streams. In this test, the stream
substratum was similar to that used in the autumn 1993 experiments, and
velocity was measured with a Nixon Instruments velocity meter. Specifically,
the substratum consisted of a thin layer of gravel upon which larger rocks were
placed. The test stream did not contain tiles suspended over the stream
bottom. Measurements were taken at 21 locations around the stream at three
depths: immediately below the surface, at the mid-point of the water column,
and just above the highest point of each rock. For the tests, water depth in the
stream was approximately 31 cm. Mean water velocity, measured
approximately 4 cm below the water surface, was 0.196 m/sec (n=21, SE =
0.029), and ranged from 0.006 to 0.479 m/sec. Average mid-water velocity was
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0.20 m/sec (n=21, SE = 0.0223) with velocities ranging from 0.021 to 0.344
m/sec. Velocities just above rock surfaces ranged from 0.006 to 0.378 m/sec
with a mean velocity of 0.225 m/sec (n=25, SE = 0.0194). During the autumn
experiment, we suspended tiles on aluminium bars above the stream bottom
and found that these created enough drag to reduce overall current velocity in
streams relative to our laboratory tests. The mean velocity in streams at the mill
site was 0.26 m/sec (n= 150, SE = 0.014, mean depth = 25 cm). Observations
of dye traces indicate that contaminants mix within the first quarter of stream
length (Plate 15).

3.4 HYDRAULIC RESIDENCE TIME AND WATER TEMPERATURES

Hydraulic residence time in streams was adjusted by changing the inflow rate.
In the initial run of this system, inflow was set to 2 L/min. The tanks have a
volume of 227 L resulting in a residence time of just under 2 h.

Water temperature was monitored by placing a Ryan thermograph in one of the
streams and another in the head tank (Plate 16). Temperatures in the head
tank reflect temperatures in the incoming river water. In contrast, relatively long
residence times in streams resulted in some heating or cooling of water
depending upon ambient air temperatures. Figure 7 shows heating and cooling
of water in experimental streams relative to incoming water over a 72 h period.

3.5 MAINTENANCE

The stream system required a moderate amount of regular maintenance as
motors had to be inspected daily for loose or misaligned belts. Loose belts
were commonplace, particularly in the first three weeks of operation but were
relatively easy to fix. In addition, motors were lubricated with non-toxic grease
every three days to prevent seizing of propeller shafts. Leaves falling into the
streams during autumn had to be removed daily as they caught on the
propellers and caused them to become unbalanced and rotate unevenly. Drain
screens were cleaned daily. The 4 inch water delivery lines were flushed on a
weekly basis to remove any build-up of sand that settled in the lines (Plate 17).
Finally, contaminant delivery lines had to be inspected for blockages and
tubing changed as required, this was only a problem in lines carrying pulp mill
effluent.
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Figure 6. Close-up, schematic view of the plumbing used for the drain
line from each stream tank and connection to the shared 2
inch drain line running under the platforms.
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6.0 PLATES
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Piate 2. Head tank and head tank platform used for experimental stream
facility.
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Plate 3. Water delivery line wrapped with heat tape to prevent freezing.
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Plate 4. Insulating head tank to prevent freezing.
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Plate 5. Completed stream tank showing: water intake, centre standpipe
with drain, and motor assembly (attached to side of tank).
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Plate 6. Drain assembly showing (a) fibreglass screen and (b) elbow
connection.

272



Plate 7. Waste lines showing (a) 1 inch drain lines from each tank and
their (b) connection to the 2 inch drain lines running under the
platforms. Note insulation of 2 inch drain lines.
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Plate 8. Two inch drain line and wooden collection trough located at
downstream end of the stream facility.
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Plate 10. Motor assembly and propeller system showing: attachment to tank
wall, copper strut and grease nipple, belt and pulley system, and
propeller shaft and propeller.
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Plate 11. Contaminant solution pump and insulated hoiding box used to
maintain the pump within approved operating temperatures.
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Plate 12. Insulated storage container used for contaminant solutions.
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Plate 13. Placement of stones in the artificial streams. Stones were
collected from the Athabasca River upstream of the mill effluent

outfall.
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Plate 14. Experimental streams showing placement of porcelain tiles on the
gravel and suspended from aluminium bars.
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Plate 15. Dye trace showing mixing within first quarter of stream length.
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Ryan thermograph used to monitor stream temperature.

Plate 16.
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Plate 17. Four inch water delivery line being flushed into wooden trough at
downstream end of facility.
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Appendix A. Components of Artificial Stream.

1) Materials list for water delivery system.

Description Dimension Quantity
Class 63 PVC pipe 4" 110
Sch 40 PVC tee 4" 9
Sch 40 PVC 90 deg. 4" 6
elbow

PVC ball valve 4" 4
PVC reducer bushing 4" to 2"

PVC reducer bushing 2"to 1"

Class 63 PVC pipe 1" 60
Gate valve 1" 16
Sch 40 PVC 90 deg. 1" 48
elbow

Sch 40 PVC tee 1" 8
PVC pipe flange with 4" 1
gasket

Vanstone flange with 4" 2
gasket

Polyethylene tank with lid 378 litre 1
Bolts 3 1/2" 18
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(@) Materials list for platforms (includes materials for head tank
platform).

Description Dimension Quantity
3/4" plywood 4'x 8 9
3/4" plywood 4' x 8" 18
3/4" plywood 8' x 8" 18
Aluminum angle 4"x4"x4"x 1/4" 162
brackets

Aluminum angle stock 3"x3"x 1/4" 120"
Aluminum stock 1" x 1/4" 24
Bolts with washers 1/4" 56
Latex paint
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(3) Materials list for wastewater system.

Description Dimension Quantity
Class 63 PVC pipe 2" 70
Sch 40 PVC pipe caps 2" 4
Sch 40 PVC tee 2" 16
PVC socket flanges with gasket 2" 4
Flexible tubing (silicone 1" 16’
recommended)

Class 64 PVC pipe 1" 32'
Sch 40 PVC 90 deg. elbow FTxS 1" 16
Sch 40 PVC male adapter SxMT 1" 16
Circular rubber gasket 2"x1/4" with 1" hole 32
3/4' plywood 4'x 8

Vanstone flanges with gaskets 6" 2
Vanstone flanges with gaskets 4" 1
Class 63 PVC pipe 6" 2'

Flexible pipe strapping
Big O hose 4" *

*quantity dependent upen distance to receiving water
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(4) Materials list for motors

Description Dimension Quantity
250 RPM, 1/10 H.P,

Geared-head 110 V 1
motor

1591 DBU Hammond box

Pulley 22.6 mm diameter

Pulley 49.3 mm diameter

Copper tube 16 mm x 230 mm

Copper tube 8 mm x 230 mm

Brass bar 3" x 3/4"

Stainless steel shaft 4" x 1/4*

Aluminum fan blade 9"

Grease nipple

C/R oil seal

Flat belt 14.5" x 0.5"
Set screws 10-32

NC bolt 1/2" x 1"
Nuts 1/2"

Lock washer 1/2"
SJTW wire 8' 16-3 gauge
U ground plug

Sheet aluminum 8" x 15" x 0.032"
Angle aluminum 8"x 1.5"x2"
Aluminum box tube 3" piece of 1"x1"x1/8"
Fuse holder

Fuse 1/2 amp
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Appendix 5

Procedures for Periphyton Enumeration

The periphyton samples will be agitated and aliquots drawn off for
enumeration in either Sedgewick-Rafter Cells or Palmer Cells, depending on
density of sample. Filamentous eukaryotic algae will be counted by the cell.
Colonial algae will be counted by the cell as well. For filamentous
cyanobacteria number of cells will be estimated by dividing filament length (in
the field) by average cell length. Diatoms will be counted but not identified
beyond centric/pennate level in wet mounts.

Permanent quantitative diatom slides will be prepared for each site. These
slides will be made at several dilutions to ensure that one of the dilutions will be
an appropriate thickness for counting. At least 500 valves will be counted for
each sample.

All counts will be reported as cells per cm of substrate, provided that the
surface area of the sample is provided with the sample. One set of slides will be
prepared for deposit in the collection of your choosing. There is an excellent
curated diatom collection in Toronto, or you may wish to have them placed in
the collection at the Academy of Natural Sciences in Philadelphia.

| currently have a graduate student, Anessa Dodge, that will be counting
these samples. She is currently enrolled in our phycology class, and will be
working on a diatom project for her thesis starting this summer. i have over
twenty years experience in diatom and algal taxonomy, having done my first
funded work as a student in this area in 1974. In order to assure accuracy we
will take the following measures.

1. The standard procedure for diatom work in my laboratory is to have
students keep an exhaustive photo record of their taxa. Thus, they examine

a diatom slide for some time, taking photographs of all taxa. Coordinates of

all photos are recorded so that we can return to individual specimens if

necessary. We have a diamond scriber for circling unusual or new taxa. |

288



then sit down with them and help them identify the taxa to the lowest
taxonomic level possible. They then put the photos on cards and begin to
make a reference set with which to identify diatoms during counts. | also
examine the slide to see if | can find taxa the have missed.

Once the reference set of photos with measurements and notes is
assembled, the student begins the count. Any new taxa observed are
photographed, given a designation such as "Navicula species 3" to keep
track of them during counts, and are later identified when sufficient photos
have bteen taken to make a determination. Especially difficult taxa (ones |
cannot find after a short search), carry the genus and species number
designation for most of the study. | then sit down with the student at some
point and we go through the more scattered literature to find the names of
these taxa. If we still cannot find the taxa, we must consider the possibility
that the taxa are new species, varieties, etc. At the conclusion of the study,
if we have a number of such potentially new taxa, we will make a trip to the
Academy of Natural Sciences in Philadelphia and examine their new
species file. If a search in this file does not result in a taxonomic
identification, the taxa will be described as new.

Non-diatom algae will be identified using the same protocol, only we will
document these species by capturing the images on video in order to save
photo expenses. Specimens of non-diatom algae are often not identifiable
to species even when fresh and in excellent shape. For example,
Oedogonium, Spirogyra, Hougeotia, Zygnema, and Vaucheria species
cannot be identified without reproductive stages, which are very rarely in
field samples. Flagellates often lose their flagellar structure in Lugol’'s (or
any preservative for that matter). Discoloration by the Lugol's can also
make determination of genus difficult when color cues are needed for
recognition of the division in which the algae belongs. However, | have
many years experience in identification of field samples, and feel confident |

will be able to be as accurate as anyone with similar problematic samples.
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Sizes of algae will be recorded, so that with problematic filamentous algae
we will at least be able to determine if more than one species within such
genera are present in the sample.

4. All samples will be worked blind (with number codes known only to me). To
check the quality and replicability of the student’s work, | will pick some of
these samples and check them to see if she is getting all of the taxa. | will
check all of the slides at first during the primary training period. Then | am
confident that she is doing well, the frequency of such checks will decrease.

5. For further QA/QC assurance, we will examine 10% of the samples twice
(again blind). 1 will have Anessa examine one of these replicates every 10
samples she does (without letting her know that it is a replicated sample). |
am not sure at this point what level of similarity is acceptable in such
situations, but | will calculate both a quantitative similarity index (Ruzicka’s)
and qualitative similarity index (Jaccard’s) to help in assessing her skill. If
replicates are grossly dissimilar, | will examine them myself to see what
level of dissimilarity | produce. All replicate data will be reported. Cost of the
10% replicated samples is included in the cost per sample (i.e. charges

assessed for 10 samples pay for 10 samples plus 1 replicate).

PERSONNEL
Anessa Dodge: Anessa Dodge is a master's level graduate student

interested in water quality analysis using diatoms as indicator species. She is
conducting her research on the river mouth areas of several rivers emptying
into Lake Erie. She is studying the periphytic diatom flora as collected on
artificial substrates. This work will bolster her skills as a diatomist, as will as
help support her during the summer, when the work will primarily take place.
We anticipate being able to finish most of the samples by the end of August
(particularly if the number of samples is near 50). If upwards of 100 samples are
needing analysis, then it will likely take longer. Data will be provided as it is
completed, so that you will have a good idea of our progress. | suspect that the

first samples will take a long time to complete, but that as summer progresses,
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Anessa’s speed will improve. She strikes me as a very bright student, and | am
confident in her abilities.

Jeff Johansen: | have done algal and diatom floristics for over 20 years. |
started doing phycological research as an undergraduate student, and now
have over 40 referreed publications in the area of phycolcgy. A full curriculum
vitae is attached.

| have worked on algae in lakes, rivers, saline springs, oceans, subaerial
habitats, and soils. | am broadly interested in the taxonomy and ecology of
freshwater algae. | have regularly attended the North American Diatom
Symposia and the meetings of the Phycological Society of America. E am
familiar with a variety of multivariate methods, including clustering, PCA,
CANOCO, and weighted averaging. | would be interested in providing analysis
of the data for free if Anessa and | could be included as an authors on some

publications. Indeed, this arrangement would be preferable to me.

Facilities

We have the finest light microscopes currently available. We have a Zeiss
Axioscope photomicroscope with camera and video capabilities (3 chip camera,
high resolution monitor). This microscope has the high end Nomarski DIC
objectives (63X, 100K, both with 1.4 NA, plus a condenser with 1.4 NA). We
also have an Olympus B-Max photomicroscope with high end Nomarski DIC
objectives (60X, 100K, both with 1.4 NA, and 1.4 NA condenser). These
microscopes will be suitable for recognizing diatoms to the lowest taxonomic
levels to which they are described. We have an additional Olympus BH-2
photomicroscope with Nomarski DIC Optics. This is also an excellent
microscope, but does not have the resolution of the newer microscopes. The
paper on the algae of Seneca Cavern shows the resolution of this microscope,
which is still well above average.

We also have an excellent collection of algal and taxonomic references,

including the appropriate volumes in the Pascher's Suessvasser Flora (the
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Krammer and Lange-Bertalot series), most diatom fioristic texts in the Nova

Hedwigia/Bibliotheca Diatomologica series, a number of the Bihliotheca

Phycologica volumes, the Binnengevasser volumes, a complete set of the
journal Diatom Research, the muiti volume algal flora of Poland edited by
Starmach, the series on algal genera put out by Bourelly, Prescott’s flora of the
Western Great Lakes Region, the Patrick and Reimer volumes on The Diatoms
oS the United States, Simonsen’s Atlas and Catalogue on the Diatom Types of
Friedrich Hustedt, all of the proceedings volumes of the International Diatom
Symposium, Several major floras by Hustedt, and a host of reprints on diatom
and algal taxonomy. We follow the taxonomic system of Krammer and Lange-
Bertalot for the most part, but can recognize morphotypes (such as those of

Achnanthes minutissima) if desired.
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